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Abstract: Convergent plate margins where large turbidite fans with slivers of oceanic
basement are accreted to continents represent important sites of continental crustal growth
and recycling. Crust accreted in these settings is dominated by an upper layer of recycled
crustal and arc detritus (turbidites) underlain by a layer of tectonically imbricated upper
oceanic crust and/or thinned continental crust. When oceanic crust is converted to lower
continental crust it represents a juvenile addition to the continental growth budget.
This two-tiered accreted crust is often the same thickness as average continental crustal
and is isostatically balanced near sea level. The Paleozoic Lachlan Orogen of eastern
Australia is the archetypical example of a tubidite-dominated accretionary orogeny. The
Neoproterozoic-Cambrian Damaran Orogen of SW Africa is similar to the Lachlan Orogen
except that it was incorporated into Gondwana via a continent-continent collision. The
Mesozoic Rangitatan Orogen of New Zealand illustrates the transition of convergent
margin from a Lachlan-type to more typical accretionary wedge type orogen. The spatial
and temporal variations in deformation, metamorphism, and magmatism across these
orogens illustrate how large volumes of turbidite and their relict oceanic basement
eventually become stable continental crust. The timing of deformation and metamorphism
recorded in these rocks reflects the crustal thickening phase, whereas post-tectonic
magmatism constrains the timing of chemical maturation and cratonization. Cratonization
of continental crust is fostered because turbidites represent fertile sources for felsic
magmatism. Recognition of similar orogens in the Proterozoic and Archean is important
for the evaluation of crustal growth models, particularly for those based on detrital zircon
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age patterns, because crustal growth by accretion of upper oceanic crust or mafic
underplating does not readily result in the addition of voluminous zircon-bearing magmas
at the time of accretion. This crust only produces significant zircon when and if it partially

melts, which may occur long after accretion.

Keywords: continental growth; tectonics; turbidites; subduction; Gondwana; Damara Orogen,;
Lachlan Orogen; New Zealand

1. Introduction

The growth and evolution of continental crust through geological time is the result of a balance
between the magmatic extraction of juvenile material from the mantle and the return of continental
material to the mantle via sediment subduction, subduction erosion, and delamination. Continental
growth occurs at plate boundaries and within plates via plumes, and the relative importance between
these has changed over time. The record of continental growth remains elusive because orogenic
processes often lead to significant recycling of continental material, and the record of juvenile material
added to the crust is often not directly preserved (e.g., through detrital zircon ages).

Turbidite fan systems deposited on oceanic crust or within oceanic back-arc basins form the basis
for constructing stable continental crust consisting of a mixture of juvenile mafic material from the
asthenospheric mantle along with recycled continental detritus [1-3]. Turbidite-dominated orogens
develop a layered crust with a mafic lower and felsic upper crust [2]. Turbidite-dominated orogens
throughout geological time are variable mixtures of recycled continental and mantle-derived materials.
Their recognition in the rock record depends on resolving the nature of the lower crust, sources of
subduction/accretion related magmas, and provenance of the turbidites.

This paper summarizes the architecture of continental crustal formed by accretion of turbidite
sequences using three examples. Controls on turbidite fan deformation and accretion include the plate
tectonic setting, the tectonic position (either on the overriding plate or subducting plate), the degree of
coupling between overriding and subducting plates that controls accretion vs. sediment subduction, the
original thickness of the fan, the residence time of the fan on the seafloor, the degree of lithification
(diagenesis/metamorphism), the depth of the lower-upper crust boundary in the accretionary wedge,
the age of the oceanic basement, and the availability of fluids. Examples from the Cambrian
Damara Orogen, Paleozoic Lachlan Orogen, and Mesozoic Rangitatan Orogen highlight the widely
variable templates of turbidite-dominated orogens and their similarities using regional to meso-scale
structures to delineate tectonic and magmatic evolution. We also discuss implications of accreted
turbidite-dominated orogens as a crustal growth process in the Precambrian, as well as the lack of
expression of these orogens in global detrital zircon U-Pb age distributions.

2. Orogen Architecture

The Neoproterozoic-Cambrian Damara Orogen in Namibia, the Paleozoic Lachlan Orogen
of eastern Australia and the Mesozoic Rangitatan Orogen of New Zealand are examples of
turbidite-dominated orogens within and along the margin of the Gondwanan supercontinent (Figure 1).
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The Damara Orogen (Figure 2) is a doubly vergent orogen between the Congo and Kalahari cratons
with thrusting of the carbonate platform and passive margin sequences to the north and south over the
bounding cratons. The core is dominated by granitic batholiths and high-T/low-P metamorphism. The
location of the felsic magmatism, as well as the structural asymmetry, reflects subduction dipping
beneath attenuated Congo craton [4]. The Lachlan Orogen (Figure 2) is made up of an Ordovician
oceanic volcanic arc, a high-T/low-P metamorphic complex, structurally thickened quartz-rich submarine
fans and inverted Siluro-Devonian basins [2]. The Rangitatan Orogen of New Zealand (Figure 2) is
made up of a structurally thickened sediment wedge abutting arc-forearc sequences and a deformed
turbidite fan system (Torlesse of Rakaia wedge) separated by a steeply dipping, fault-bounded,
ophiolite belt [5]. Structural vergence in the schists suggests NE thrusting of the trench volcaniclastic
sedimentary sequence over a subducted quartz-rich sedimentary fan [6].

Figure 1. (a) Map of Gondwana at about 530 Ma showing the distribution of Precambrian
cratons and Neoproterozoic, Paleozoic, Paleozoic-Mesozoic and Mesozoic-Cenozoic
orogenic belts. The locations of schematic crustal profiles A—A’ (Lachlan), B-B’ (Damara)
and C—C' (Rangitatan) in Figure 2 are shown as solid lines (modified from Foster and
Gray [2]). SF—Sao Franscico; RP—Rio de la Plata; (b) Map showing the timing of
accretion of oceanic successions along the Australia and Antarctica segment of the East
Gondwana margin. Map modified from Veevers [7].
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Figure 2. Schematic structural profiles across the Lachlan, Rangitatan, and Damara
orogens showing the locations of turbidites with respect to other tectonic and elements.
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2.1. The Lachlan Orogen, Australia

The Paleozoic Lachlan Orogen is a composite accretionary orogen that forms part of the Paleozoic
Tasman orogenic system of the eastern Australia and Gondwana (Figures 1 and 3) [2,8,9]. The Lachlan
Orogen is dominated by Cambrian and Ordovician turbidites that formed a large submarine fan system
comparable in size to the Bengal fan [10]. On the basis of paleocurrent information, the U-Pb ages of
detrital zircons *’Ar/’Ar ages of detrital muscovites, and Nd—-Sm whole rock isotopic data, the
quartz-rich turbidites and black shales were sourced mainly from the Cambrian Delamerian-Ross
Orogen along the margin of Gondwana and other Pan-African aged orogenic belts [7,11-15]. The
detrital zircon U-Pb data are summarized in figure 128 of Veevers [7]. The turbidite fan accumulated
on Middle to Late Cambrian backarc and forearc crust, consisting predominantly of MORB- to
arc-tholeiitic basalt, gabbro, boninite, ultramafic rocks, and calc-alkaline arc rocks [16—18]. Closure
of the Lachlan back-arc basin took place from ~450 Ma through 340 Ma, with accretion of
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structurally-thickened submarine fans, accretionary complexes, extinct volcanic arcs, oceanic crust,
and the Tasmanian microcontinent [2,9,18,19].

Figure 3. Tectonic map of Australia showing tectonic subdivisions and the major
structural elements.
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The Lachlan Orogen comprises three thrust-belts that constitute the western, central and eastern
parts, respectively (Figures 3 and 4). The western Lachlan (WLO) consists largely of an east-vergent
thrust system (Figure 5). The central Lachlan (CLO) is dominated by northwest-trending structures and
consists of a southwest-vergent thrust-belt (Howqua accretionary complex) linked to a high-T/low-P
metamorphic complex. The eastern Lachlan (ELO) is dominated by north-south trending structures
and east-directed thrust faults; in the easternmost part an east-vergent thrust system overrides an older,
subduction-accretionary complex (Narooma accretionary complex). Shortening via under-thrusting of
the back-arc lithosphere for the WLO and CLO is suggested by the presence of dismembered ophiolite
slivers along major fault zones [20], the low-T/intermediate-P metamorphism of meta-sandstone/slate
sequences of the WLO and external part of the CLO [21,22], the presence of broken formation in the
CLO and ELO [23-25], and a serpentinite-matrix mélange incorporating blueschist blocks [26,27].
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Figure 4. Map of eastern Australia showing the major lithofacies and tectonostratigraphic

elements (modified from Gray and Foster [8]).
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The turbidite successions of the Lachlan Orogen are generally metamorphosed to greenschist and
subgreenschist (anchizonal) conditions (Figure 6b). Most of the turbidites are within the chlorite zone
with localized biotite zone conditions in contact aureoles around granitoids. Exceptions include
low-P/high-T migmatites and K-feldspar-cordierite-sillimanite gneisses (700 °C and 3—4 kbar) in the
Wagga-Omeo Complex and the Eastern Metamorphic belt. These high-T belts are intimately associated
with S-type granitic plutons and anatectic migmatites, and represent deeper parts of the orogenic pile
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Figure 5. Composite structural profile across the southern Tasmanides at about 37.5° south
latitude (see Gray et al. [30] for locations of segments).
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Figure 6. (a) Map showing the major tectonic elements of the Lachlan Orogen (after Gray
and Foster [19]). The bold lines show locations of major faults and the finer gray lines
show the orientation of the major structural grain; (b) Map showing the average grade of
regional metamorphism across the Lachlan (after Gray and Foster [19]). Eastern Metamorphic
complex abbreviations: CMC-Cooma, CaMC-Cambalong, JMC-Jerangle and KMC-Kuark;
(¢) Map showing the age and location of major Paleozoic granitic plutons in the Lachlan
(after Foster and Gray [2]); (d) Map showing the age of major deformation and
metamorphism for different locations across the Lachlan (after Foster and others [31]).
White arrows indicate the trend direction of younger deformation.
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Figure 6. Cont.
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Turbidites from the low-grade parts of the Lachlan Orogen show intermediate pressure series
metamorphism based on by values of phengitic micas and chlorite-actinolite assemblages in
metabasites [19,21], as well as intermediate-P/low-T blueschist metamorphism (6—7 kbar, <450 °C) of
metabasaltic blocks in serpentinite/talc-matrix mélanges [26,27]. The intermediate-P/low-T metamorphism
occurred at 450-440 Ma during the regional deformation of the Lachlan Orogen [26,27,32].

Silurian-Devonian granitic rocks form about 20% of the present outcrop in the Lachlan Orogen
(Figure 6) [33,34]. Most of the granitic plutons crystallized at about 2 kbar pressure or less and intrude
low-grade metamorphic rocks. The majority are post-tectonic and unmetamorphosed, although the
older intrusions (Wagga-Omeo Belt, Kosciusko Batholith) are strongly deformed and were emplaced
syn- to late-kinematically and at mid-crustal depths [35,36]. Volcanic sequences, mostly dacite-rhyolite,
are also widespread (15% of area in eastern Lachlan Orogen, significant caldera complexes in western
Lachlan Orogen) and associated with shallow granitic plutons. Basaltic to andesitic volcanic rocks
comprise the Ordovician (480-460 Ma) Macquarie Arc in the eastern Lachlan Orogen [37,38].
Excluding the Macquarie Arc, the Lachlan Orogen igneous rocks range from about 430 to 370 Ma,
with broad west-to-east younging trends in the eastern (430-370 Ma) and western (410-370 Ma) belts,
respectively. Carboniferous (ca. 320 Ma) granites occur along the eastern edge of the Lachlan
Orogen [34].

S-type granitoids make up about half of the exposed granitic plutons in the Lachlan Orogen
and are concentrated in a NNW-trending belt along the center of the orogen. Compositions range from
Mg-Fe-rich cordierite-bearing granodiorite [34,35] to highly fractionated granite [39]. Felsic S-type
granites (410-370 Ma) also occur in the WLO; the youngest (370 Ma) intrusions are associated with
extensive caldera complexes [40—42]. I-type granites form a broad belt in the eastern Lachlan
(e.g., 8620 km*, 419-370 Ma, Bega Batholith), but are also abundant throughout the rest of the orogen.
Medium-to high-K granodiorites and granites dominate, with lesser tonalite and rare diorite and gabbro.
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Trace element patterns in I- and S-types are typically similar and display low St/Y ratios. A-type
granitic rocks are uncommon and tend to be post-orogenic [43]. Sr and Nd isotopic data (*’Sr/*°Sr
0.704 to 0.720; eNd +4 to —11 [44,45]) define a hyperbolic mixing array. I-type granites generally give
lower *’Sr/**Sr and higher eNd than S-types, which trend towards the more evolved compositions of
the Paleozoic turbidites (*’Sr/**Sr 0.715-0.730, eNd —8 to —12 [46]. Whole rock oxygen isotopes in
the I-type (7.9%0—10%0) and S-type (9.2%0—12%o) granites of the eastern Lachlan Orogen show
correlations with Sr and Nd isotopic ratios, consistent with mixing of high-8'%0 crustal and low-8'°0
mantle-derived components [44]. Lu—Hf isotopic data from igneous zircons range from ¢Hf > +10 to
<—10 with A- and I-types giving higher positive values, approaching depleted mantle, and S-types
tending to give more negative values. The gHf values are correlated with 5'°0 values of the zircons
and whole rock Nd data, such that the positive eHf values correspond to more mantle-like 3'°O values
and the strongly negative eHf zircon to 8'*O values of 811 [3,47].

The S-type granites contain zircon xenocrysts that give U-Pb age distributions dominated by
ca. 500 and ca. 1000 Ma grains along with less abundant groups with ages as old as
ca. 3.6 Ga [36,48,49]. The xenocrystic zircon age distributions are identical to detrital zircon age
distributions in the Early Paleozoic turbidites [7], suggesting magma sources at least partly within the
early Paleozoic meta-turbidites. Zircon inheritance in I-type granites is typically limited, but with the
same age distribution as in the S-type granites [48], indicating a recycled sedimentary component was
involved in the petrogenesis of I-types.

Mafic dikes, intrusions, and lavas across the Lachlan Orogen show signatures suggesting derivation
as back-arc to arc mantle partial melts [49,50]. This suggests that the granites in the margin-parallel
batholiths of the eastern/central Lachlan Orogen formed within arc/back-arc tectonic settings. The
ca. 370 Ma post-orogenic magmatism in the western Lachlan Orogen is probably related to post-collision
lithospheric delamination [51,52].

Silurian-Devonian igneous rocks of the Lachlan Orogen were, therefore, derived from a mixture of
source components from depleted mantle, either directly or via partial melts of mafic crust, and partial
melts of the turbidites [3,53-56]. The highest proportions of mantle-derived magmas are found in the
post-orogenic A-types, which formed during extension and slab roll back [3]. The I-types are variable
mixtures with greater proportions of mantle-derived magma than the S-types. This indicates that
significant new crustal growth via mantle partial melting occurred during the extensional phases of the
orogenic cycle, with variable amounts of growth and recycling occurring during shortening phases [3].

Tectonic Evolution

Extensive turbidite fan deposition took place in a marginal (back-arc) basin system (proto-Lachlan
basin) on the Gondwana margin between ~490 Ma and 470 Ma (Figure 7a), with large turbidite fans
spreading out onto Cambrian oceanic crust [19,57]. Turbidite deposition occurred at the same time that
post-orogenic magmatism, cooling, and erosional exhumation occurred in the older Delamerian-Ross
Orogen (~490-460 Ma; [15]). Outboard, subduction-related arc volcanism initiated prior to ~485 Ma
in the oceanic plate forming the Macquarie magmatic arc [37] some thousands of kilometers from the
Gondwanan margin [58] (Figure 7a).
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Figure 7. Plate tectonic setting during the development and closure of the Lachlan backarc
basin, and events leading to the accretion of the Lachlan Orogen. Red dots depict felsic

pluton intrusion.
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After 460 Ma the back-arc basin system began to close by subduction [31,59] inboard of the main

Gondwanan subduction zone. Multiple oceanic thrust-systems operated in both the eastern and western
parts of the basin at the same time (Figures 7b and 8a,b). Shortening of the basin, thickened and
duplexed the oceanic crust and caused thrusting and chevron folding in the overlying turbidite

wedge [60].
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Figure 8. Tectonic evolution diagram illustrating the sequential construction of the crustal
in the Lachlan Orogen.
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Widespread magmatism in the western part of the WLO at ~400 Ma was followed by final closure
of the marginal basin, which was thrust over the northeastern part of the Tasmanian microcontinent by
about 390 Ma (Figure 8f). Structural thickening and amalgamation of the WLO and CLO led to
cratonization of the inner Lachlan [2]. Outboard in the ELO, syn-deformational ca. 440-435 Ma
magmatism and high-T/low-P metamorphic belts formed during intermittent east-directed thrusting
and periods of extension-related volcanism, particularly at ca. 420 Ma [61]. Post-orogenic silicic
magmatism in the WLO (central Victorian magmatic province) occurred at ca. 370-360 Ma, while
east-directed thrusting in the ELO caused inversion of former extensional basin faults, and was also
followed by post-orogenic magmatism. The late stage magmatism may have been in response to partial
removal of mantle lithosphere after closure of the back-arc-basin [51] or slab roll-back, which started a
new cycle of extension and basin formation along the Gondwana margin [61]. The Lachlan Orogen
was fully accreted to Gondwana by ca. 330 Ma.

2.2. The Rangitatan Orogen (Rakaia Wedge), New Zealand

The Rangitatan Orogen (Figure 1) is a collage of accreted arc and forearc assemblages, and a
turbidite-dominated sediment wedge (Rakaia Wedge) that formed along the margin of Gondwana in
Jurassic and Cretaceous times [6,62,63]. The Permian to Jurassic Torless turbidites were deposited on
oceanic crust along the Gondwana margin and have detrital zircon U-Pb and detrital mica **Ar/*’Ar
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age distributions consistent with provenance in the New England Orogen of eastern Australia [64,65].
Deformation of the Rakaia wedge and its accretion to Mesozoic arcs and margin of Gondwana
occurred when the oceanic plate carrying the thick turbidite succession was subducted.

The sediment wedge is made up of two distinct structural domains (Figure 9): (1) the Otago Schist
belt characterized by schistosity and transposed layering at the mesoscale, and shear zones and
recumbent isoclinal fold-nappes at the regional scale [6,66]; and (2) chevron folded younger sediments
of the Pahau terrane [63]. The Permian Dun Mountain ophiolite and Maitai mélange form a steeply
N-dipping boundary between the gently folded, arc and forearc sequences (Median Batholith, Brook
Street and Murihiku terranes) to the south, and the deformed submarine fan sediments of the Torlesse
composite-terrane to the north (Figure 9) [67,68]. The Torlesse composite terrane includes a crustal
section composed of structurally thickened (~20 km thickness) Permian to Triassic-Jurassic sediments
of the Rakaia terrane, structurally overlain by a ~10 km thick wedge of trench sediments (Caples
terrane) immediately adjacent to the Livingstone fault [69]. In the hanging wall to the Livingstone
fault, intensely-deformed monotonous quartzo-feldspathic schist, with minor intercalated micaceous
schist, greenschist, and metachert (Otago Schist), occupies a domal culmination with a maximum
subsurface width of ~220 km and ~20 km of structural relief [6] (Figure 9). North of the Waihemo
Fault, there is a transition into a tectonically imbricated and weakly metamorphosed Permian-Triassic
greywacke sequence of the Rakaia (Older Torlesse) terrane. South of the Livingstone fault the crustal
section is composed of a ~10—15 km thick succession of Murihiku terrane forearc sediments (Triassic
to Jurassic volcanogenic sandstone, siltstone and tuff), overlying a ~10 km thick arc sequence of Brook
Street terrane volcanic rocks (layered gabbro-ultramafic sequences, diorites and volcaniclastic
sediments, which are the roots of a Permian intra-oceanic arc).

Figure 9. (a) Tectonic map of New Zealand (modified from Gray et al. [30]); (b) Geological
profile showing the crustal architecture of the southern part of the South Island (based on
Mortimer et al. [67]).
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The Otago Schist belt is the metamorphosed part of the Rakaia wedge. Prehnite-pumpellyite facies rocks
on the northern and southern flanks (Torlesse and Caples Terranes respectively) increase to upper greenschist
facies, and then to epidote-amphibolite facies in the broad central portion [6,70]. Mineral parageneses indicate
peak P-T conditions of 450 °C and 8-10 kbar [70], suggesting burial to depths of ~20—30 km (moderate-high
P/T metamorphic series). Relict blueschist assemblages occur in mafic greenschist/chert sequences close to
the Caples-Torlesse boundary, indicating an earlier high-P/low-T metamorphism [71].

Subduction-related magmatism in the overriding Gondwana plate formed the Median batholith
(Figure 10) [72]. Granitoids of the Median batholith, represent a semi-continuous (230-125 Ma)
calc-alkaline, I-type suite, which shows very little evidence of crustal involvement (*'St/**Sr =~ 0.7037;
eNd = +4) [73-76]. Collision between the arc and the wedge is marked by the 124—111 Ma Separation
Point suite (Figure 10) and lower crustal, 126—119 Ma, metadiorites and metagabbros of the Western
Fiordland orthogneiss [75,77-80]. These sodic I-type suites span a wide range in SiO,, and have high
to very high St/Y ratios [78]. This adakite-like suite probably resulted from partial melting of mafic
rocks in the lower crust and mantle of the arc after substantial thickening of the arc crust.

Figure 10. Metamorphic and granitoid age map of New Zealand based on data
summarized in Gray et al. [30].

Zeolite facies
Prehnite-pumpellyite
Greenschist/ chlorite zone
Greenschist/ biotite zone

Amphibolite facies Median Batholith
. . 147-137 Ma
¢ blueschist metamorphism 125-105 Ma

Paparoa Karamea
Median Batholith Batholith  Batholith
147-137 Ma Hohonu ~114 Ma s
125-105Ma Batholith

e

114-109 Ma

100 km

|
Istand i South Island

Granitic plutons coeval with the Rangitatan orogeny, therefore, occur within the Mesozoic arc
(Median Tectonic Zone [81]) or along the Paleozoic Gondwanan margin and not within the accreted
turbdites. These are almost all I-type plutons with weak or absent zircon inheritance and
mantle-dominated Sr—Nd—O isotopic signatures. Partial melting of the exposed turbidites apparently
did not occur during subduction accretion.
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The youngest plutons in the belt are I- and S-type plutons in the Hohonu and Paparoa batholiths in
NW South Island, which intrude Paleozoic Gondwana margin metasedimentary rocks. These plutons,
known as the Rahu Suite, exhibit xenocrystic zircons (500-1000 Ma), more evolved radiogenic
isotopic signatures than the older suite (*’Sr/*°Sr 0.7062—0.7085, eNd ~ —5), and elevated §'*0 [82,83],
suggesting they are mixtures of partial melts of the Mesozoic arc crust and the older Paleozoic
continental margin formed after the convergence switched to extension [83—85].

Tectonic Evolution

The Permian-Jurassic Torlesse fan with arc-forearc-trench slope sequences (Brook Street, Maitai,
Murihiku and Caples terranes) formed in a convergent margin setting due to subduction of Permian
oceanic crust beneath the Gondwana margin (Figure 11) [62,63,86]. Structural thickening of the
Torlesse turbidite fan began in the Late Jurassic (~150-140 Ma), with Early Cretaceous (130-120 Ma)
juxtaposition of Caples and deformed Torlesse sediment, and accretion of the turbidite fan to the
margin [6,63,66]. This coincided with collision between the Median Tectonic Zone (Median Batholith)
and the Gondwana margin, causing the onset of adakitic magmatism at 125-118 Ma [73,85].

Figure 11. Tectonic evolutionary diagrams illustrating the sequential stages in crustal
accretion for New Zealand (modified from [30,62]).
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2.3. The Damara Orogen, Namibia

The Pan African Damara Orogen within Namibia consists of the Inland branch or Damara Belt,
and Coastal branches comprising the Kaoko and Gariep Belts in the north and south, respectively
(Figure 12) [86]. Metamorphosed turbidites make up a major component of the Damara Belt [30,86-90]
and represent a Neoproterozoic submarine fan system and/or accretionary complex that formed in the
Neoproterozoic Khomas ocean basin south of the Congo craton [91]. Detrital zircon U-Pb age distributions
and Sm—Nd isotopic compositions of the Khomas tubidites indicate that they were sourced from
Neoarchean to Cryogenian orogenic and magmatic components of the Congo craton (Figure 13).

Figure 12. (a) Simplified map of southern Africa showing the location of
Mesoproterozoic-Archean cratons and the Damara Orogen; (b) Tectonic map of the Damara
Orogen, Namibia and the location of the profile A-D in (Figure 13). (Map modified from
Gray et al. [92]). NZ: Northern zone; CZ: Central zone; SZ: Southern zone; SMZ: Southern
Margin zone; AF: Autseib Fault; OmSZ: Omaruru shear zone; OkSZ: Okahandja shear zone.
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Figure 13. Composite kernel density estimation curve and histograms of detrital zircon
U-Pb data from Kuiseb schist and related rocks of the Damara Supergroup in the core of
the Damara Orogen (data from [92] Data shown are for U-Pb analyses that are <10%
discordant: *“’Pb/**Pb ages for analyses >1000 Ma, and **°Pb/***U ages are analyses

<1000 Ma.
71—
Congo Damara
53— Supergroup (n=425)
[
35— |
17—
0- GO (000 @ O I G oam 0 O

0 350 1050 1750 2450 3150

Khomas oceanic lithosphere is preserved in the thin (200-300 m thick) shear zone-hosted,
Matchless amphibolite (Figure 12) [93]. This unit consists of intensely deformed basalt, pillow basalt,
and gabbro with tholeiitic geochemistry [94], and intercalated with banded chert [95]. Widely separated
serpentinite boudins within the Uis Pass Line shear zone at the margin between the accreted turbidite
fan sequences and passive margin sequences of the Kalahari Craton mark the Khomas suture [93]. The
flanks of the former ocean basin(s) are represented by two craton-verging thrust systems within shelf
carbonates (Hakos and Naukluft nappes in the Southern Margin zone) [89].

The deep water Khomas turbidite sequence is metamorphosed to form the Kuiseb schist and
subdivided into two structural-metamorphic zones, referred to as the Central and Southern zones
(Figure 12). The Central zone is underlain by attenuated Congo craton [90,96], and underwent phases
of low-P/high-T metamorphism and deformation (540-530 and 520-505 Ma) with voluminous granitic
magmatism between 560 and 470 Ma (Figure 12) [92,97-102].

The thicker, deep-water sedimentary sequence experienced intermediate-P/intermediate-T (Barrovian)
metamorphism and is now part of the ~100 km wide Southern zone [103,104]. This zone consists of
homoclinally, N-dipping, Kuiseb Schist with transposed foliation and schistosity [§9—-91] that represents
a major shear zone interface transitional into basement-cored fold- and thrust-nappes of the Southern
Margin zone (Figure 14) [90,105]. U-Pb ages of metamorphic monazite suggest an age of
525-515 Ma for peak metamorphism in the Kuiseb Schist [104]. The western part of the Northern zone
(Ugab domain) occurs at the transition between deep-water turbidite facies and slope-to-platform
carbonates [106,107], and is intruded by ca. 530 Ma granites of the Central zone [101,105,107,108].
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Figure 14. Geological profile showing the crustal architecture of the Damara Belt of the
Damara Orogen (modified from Gray et al. [30] and references therein).
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The Damara Belt exhibits elongated sections of intermediate-P/intermediate-T metamorphism and a
low-P/high-T metamorphic core (Figure 15). Central zone metamorphism occurred under an elevated
geothermal gradient (30-50 °C/km) with clockwise P-T paths [103,109] and includes garnet-cordierite
granulites [110]. The Southern zone metamorphic conditions are moderate-P and T, with peak
conditions of ~600 °C and ~10 kbar, but showing a decrease in pressure northwards to ~4 kbar near the
Okahandja lineament [103]. The Southern zone has a low thermal gradient (18-22 °C/km), with
syn-kinematic staurolite and syn- to post-kinematic garnet in metapelites defining a steep clockwise
P-T path. The Northern zone shows high-P/moderate-T with a steep clockwise P-T path; peak
conditions are estimated at 635 °C and 8—7 kbar and an average thermal gradient of 21 °C/ km [108].

Figure 15. Map of Cambrian metamorphism in the Damara Orogen compiled from sources
listed in the text.

Congo
Craton

moderate - T/ high - P series

high-T/low -P series
increasing grade

w¥ thrust vergence I:] post-tectonic granite I:' Basement



Geosciences 2013, 3 371

Granitic rocks comprise approximately 74,000 km?, or roughly 25% of outcrop [90] of the Damara
Belt. Most of the granitic magmatism was concentrated in the Central zone, with minor activity in the
Northern zone; the post-tectonic Donkerhuk batholith (5000 km®) is the only significant granitic
complex in the Southern zone. McDermott et al. [111] divided the granitoids into 3 groups on the basis
of geochemical signatures. Group 1 comprises peraluminous leucogranites and porphyritic, biotite-rich
granite known as the “Salem-type” granites. Group 2 includes mildly peraluminous A-type granites
with elevated high field strength element compositions (Nd—Zr—Y) compared to the other groups.
Group 3 encompasses metaluminous calcalkaline quartz diorites and granodiorites.

Group-1 granites (96% of the exposed plutons) show a wide range of initial Sr and Nd
whole-rock isotope ratios (*’Sr/*°Sr 0.708-0.740, eNd —2 to —19 [111-114], reflecting involvement of
Archean-Mesoproterozoic basement [114]. Many of the S-type granites give eNd values about —5,
which are similar to Neoproterozoic (Swakop Group) turbidites (Figure 16) [113,115]. 8'%0 values are
typically 11%0—15%o, which is similar to both Damara metasediments and pre-Damara basement [100,116].
The elemental and isotopic data for the S-type granites indicate crustal sources within the Damara
metasediments and/or pre-Damara basement, with dehydration partial melting at mid-crustal
levels (>6 kb).

Figure 16. Histogram of Nd isotopic data (at the time of deposition) from Neoproterozoic
peltic schists from the Damara Belt.
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Group-2 plutons are dominated by A-type granites that are syn- to post-tectonic (525486 Ma) [116-118].
Sr and Nd isotope signatures are less evolved than the S-types (*'Sr/*Sr 0.7034-0.709, eNd 0 to —6, as
low as —16 for the Sorris Sorris A-type); 5'°0 is high (10%o—13%o). Generation of these hot (>800 °C)
A-type magmas likely resulted from partial melting of a deep-seated (8—10 kb) tonalitic source,
perhaps initiated by mantle-derived magmas, followed by extensive differentiation.

Group-3 includes I-type, metaluminous, hornblende (+/—clinopyroxene) diorite to granodiorite
plutons that make up about 2% of the exposed granitoids. Isotopic signatures for this group vary
widely (*’Sr/*Sr 0.704-0.713, eNd 0 to —20, 8'*0 7%0—13%o), suggesting a range of magma sources
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that assimilated crust [90,111,112,119-121]. Titanite and zircon U-Pb ages of 555-540 Ma indicate
the I-type suite comprises the oldest intrusive rocks within the Damara Orogen and were emplaced
coeval with the onset of high-grade metamorphism [99,122]. A distinct suite of ca. 540 Ma syenites
(with a more limited range of Sr—Nd isotopic ratios [123]) was also emplaced at that time. The dioritic
rocks with more primitive St—Nd—O isotope signatures [119] may have been derived from the mantle
with limited crustal assimilation, or be partial melts of mafic lower crustal intrusions of early
Pan-African age [122]. Those with very low initial eNd and high St/Y ratios (Goas and Okongava in
the Central Zone) may represent partial melts of Archean-Proterozoic mafic lower crust.

The thermal conditions of continent-continent collision, high heat production in Damara
metasediments [124] and high fertility of the crust combined to produce massive mid/lower crustal
melting in the Damara Orogen. The dominance of S-type granites and the absence of clearly
mantle-like isotopic signatures indicate the importance of crustal recycling rather than juvenile
additions during the Damara Orogeny [114,115]. It is possible, however, that the widespread
magmatism and high-T metamorphism was ultimately the result of primitive magma emplaced at
deeper crustal levels. Pervasive crustal melting would have established a density filter preventing
further ascent of mafic magmas, and would greatly increase the chance of hybrid magmas forming in
the middle crust at the present level of exposure. The small volume of I-type granitoids does not,
therefore, rule out greater mantle contributions at depth.

Tectonic Evolution

Rifting of the Congo and Kalahari cratons from Rodinia occurred between 800 and 700 Ma [89,125].
Extension produced rhyolitic volcanic complexes at about 750 Ma [98,126]. Development of an
oceanic spreading center and growth of Khomas oceanic crust occurred by about 700 Ma [89]. A
significant part of the Khomas Ocean was floored by oceanic lithosphere that closed by subduction
beneath the Congo craton between 570 and 540 Ma [4,89-91,103,125,127]. Basement cored gneiss
domes and isotopic signatures in the granitoids indicate attenuated Congo continental crust in the part
of the Khomas Ocean basin that now comprises the Central zone, but the Southern zone almost
certainly was underlain by oceanic crust. This combination of oceanic and attenuated continental
lithosphere suggests a setting similar to the present Japan Sea [30].

Closure of the Khomas Ocean involved high-angle convergence with overthrusting at both margins
(Figure 17). The distinct metamorphic zonation of the Inland branch, with Barrovian metamorphism on the
orogen flanks, reflects structural thickening at the craton margins, while Andean- or Cordilleran-style
low-P/high-T metamorphic conditions in the Central zone and accretionary prism-like features of the
Southern zone Kuiseb schist [90], and early calcalkaline magmatism reflect subduction beneath this
zone [103,128]. The Matchless amphibolite belt is a thrust slice of oceanic crust incorporated within
the accretionary wedge, immediately above (north) of the suture at the Uis Pass Line. Past arguments
against subduction related closure of the Khomas Ocean have been based on granite geochemistry [129],
and the apparent lack of blueschists and eclogites [130]; high-P metamorphic rocks, however, are
exposed to the east along strike in the suture zone [131,132].
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Figure 17. Tectonic evolution diagrams for the Damara Belt of the Damara Orogen
(modified from Barnes and Sawyer [4]).
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3. Processes of Accretion in Turbidite-Dominated Orogens

Crustal accretion in the Rangitatan, Lachlan, and Damara Orogens involved deformation of
submarine turbidite fans and the underlying oceanic basement resulting in shortening (>50%) and
crustal thickening. Deformed turbidites now occur either as belts of thrust-imbricated, upright
chevron-folded, low-grade turbidites, or zones of higher grade metasedimentary rocks that are
characterized by homoclinally dipping schistosity and transposition layering. In these three
Phanerozoic examples turbidite deformation resulted from accretion of intra-oceanic plateau (Chatham
Rise for the Rangitatan Orogen), convergent margin tectonism driven by closure of marginal
(back-arc) basins (western Lachlan Orogen), and closure of an ocean basin by convergence between
continents (Damara Orogen). The accreted turbidite fans are a common feature, but each orogen has a
unique style or crustal architecture tied to the specific tectonic setting and the position of the turbidites
with respect to plate-scale tectonic elements. The Rangitatan, Lachlan, and Damara orogens show that
parameters such as the thickness, structural style, metamorphic history, and tectonic position of the



Geosciences 2013, 3 374

former submarine fan, as well as the age and nature of the underlying basement, are all important
variables for interpreting crustal evolution.

3.1. Settings of Turbidites

In most orogens, tectonic reconstructions are based on recognition and interpretations of key
geologic or tectonic elements, as well as the structural architecture and tectonic vergence defined by
fault/shear zone dips, the distribution of rock types, and the temporal and spatial distributions of
metamorphism and magmatism (for example Gray and Foster [8,19] for the Lachlan Orogen;
Mortimer [5], for the Rakaia Wedge). The thickness of the turbidite successions and the degree of
shortening (>50%) and thickening (up to 300%) support an oceanic depositional setting (Figure 18).

Figure 18. Cross sections showing two end-members of continental crust formation from
deformed turbidite fans on oceanic crust. The Lachlan-style (a) starts as a thick turbidite
fan deposited on mafic back-arc-basin crust. When the marginal basin closes, imbricated
basaltic crust forms most of the lower crust and deformed sediments and felsic syn- to
post-tectonic plutons form the upper crust; The Rakaia-style (b) starts with a large
sediment fan deposited on oceanic crust or an ocean plateau. A layered crust of continental
thickness is formed when the turbidite fan is shorted and metamorphosed as it enters a
subduction zone. The lower crust is composed of thickened mafic crust.
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The Lachlan Orogen has extensive turbidites, extending over a 750 km width, thrust systems of
mixed vergence, and a central high-T/low-P metamorphic complex. There are certain characteristics of
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the Lachlan Orogen that are important for any tectonic reconstruction [19]. These include: (1) Three
simultaneously operating oceanic thrust systems in different parts of a marginal ocean basin that
was behind a long-lived, outboard subduction system along the eastern margin of Gondwana;
(2) Blueschist blocks in serpentinite-matrix mélanges along major faults in the western and central
Lachlan; (3) Mélange and broken formations along faults within the frontal fault system of the central
Lachlan; (4) Discordant post-tectonic granitoids in the western Lachlan and large elongate composite
granitoid batholithes in the central and eastern Lachlan; (5) Shear zone bounded low-P/high-T
metamorphic complexes with regional aureole-style metamorphism related to S-type granites. These
features are consistent with accretion in the Lachlan Orogen resulting from thickening and imbrication
of thick submarine fans and the underlying oceanic lithosphere, in a “Woodlark basin style” double
divergent, convergent system [2].

The Lachlan turbidite fans developed on back-arc-basin lithosphere [18,57] analogous to the
Phillippine Sea or Japan Sea [19]. Each of these two modern analogues contains different tectonic
elements within the basin that would influence deformational styles when they close in the future,
including: microcontinental ribbons (e.g., Tasmania [133]) in the former, and relict arcs (e.g., the
Cambrian Licola arc [22,32], and Ordovician Macquari arc [38]). The ribbon continents and arcs
provide significant rigidity contrasts to the basaltic back-arc basing crust during crustal shortening and
thickening, which may explain the three different accretionary thrust belts in the Lachlan.

For the Damara Orogen the accretionary prism-like nature of the Southern zone schists [89,90] as
well as their strong similarities to those of the Otago Schist belt in New Zealand [66] suggest that this
orogen is another example of continental growth by subduction-accretion of turbidites deposited on
oceanic lithosphere.

The Rangitatan Orogen of New Zealand provides the least complicated setting. Representing part
of the Mesozoic convergent margin of Gondwana facing a large ocean basin, the Rangitatan Orogen
evolved in a forearc position typical of the modern day Aleutian arc-subduction complex with a
turbidite fan accreted via underthrusting [134,135].

3.2. Significance of Sediment fan Thickness and Timing

Other parameters that affect accretionary orogen development include the thickness of the turbidite
fan, the relative depositional age of the fan, the timing of fan shortening and thickening, and the age of
the oceanic lithosphere relative to basin closure [30].

For the Lachlan Orogen, the age of back-arc basin crust is 505495 Ma, most of the submarine fan
system developed between 490 and 460 Ma, and the deformation that caused the back arc basin
closure occurred from ~450 Ma to 410 Ma (i.e., some 50 million years after oceanic lithosphere
formation and some 30-20 million years after submarine fan deposition). These conditions favor
chevron folding, without the significant stratal disruption and mélange or broken formation typical of
shallow levels of modern accretionary complexes [136]. Folding requires lithification or
precompaction of the sediment fan and, therefore, time for burial and dewatering on the seafloor
before deformation. Metamorphism due to sediment loading occurs in modern submarine fans
including the Bengal Fan, and leads to closed system quartz vein formation during shortening, as has
been documented in the Lachlan Orogen example [137].
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During accretion parts of oceanic lithosphere are incorporated into the accretionary thrust wedge
and preserved as fault-bounded slices, with the Matchless amphibolite belt in the Damara Orogen, and
the slices of basaltic crust in the western Lachlan Orogen providing an excellent examples. The
temperature, and therefore, age of the oceanic lithosphere is important. The western Lachlan Orogen
shows that thick, lithified or partially lithified turbidite fans (4—5 km thicknesses) sitting on old, cold
oceanic lithosphere produce dominantly chevron-folded, thrust-interleaved packages that incorporate
fault-bounded, duplexed slivers of the upper parts of the basaltic back-arc basin oceanic lithosphere.
This process is inferred to occur by low-angle underthrusting with the turbidites predominantly
deforming in the overriding plate [20,138].

In the case of the Rakaia wedge of New Zealand, the age of the underlying oceanic lithosphere as
inferred from the Dun Mountain ophiolite is ~280 Ma [139] with Permian to Triassic submarine fan
sedimentation (~280 through 200 Ma [63]), and eventual wedge thickening at 160-150 Ma [66]
(i.e., some 120 million years after oceanic lithosphere formation and some 40 million years after
fan deposition).

In this respect, plate convergence for significant parts of the Lachlan and the Rakaia wedge of New
Zealand involves cold oceanic lithosphere and thick turbidite fans (4-5 km thicknesses), with the
deformation of the turbidites in the Rakaia wedge occurring on the down-going slab (Figure 17) [62].
Deformation and metamorphism of the Kuiseb Schist of the Damara belt also occurred on the
down-going slab [4,30].

Both the Rangitatan (Otago Schist) and Damara Orogens (Kuiseb Schist) show evidence for
coupling between the overriding margin and the subducting slab, with the thick turbidite fan sitting on
the subducting plate, producing an intensely deformed, highly thickened wedge that underwent
Barrovian metamorphism. In both the Rakaia wedge and Southern zone of the Damara, the wedge
underwent significant structural thickening by shear-related, non-coaxial deformation at the subduction
interface [5,19] to produce transpositional layering or schistosity and a pronounced rodding lineation
(i.e., S-L tectonites). These are the dominant fabrics produced in this subduction interface environment
that have been attributed to underplating in a coaxial flattening strain environment [140,141]. In both
of these cases, arc magmatism occurs in the overriding plate, but not in the intensely coupled zones. In
New Zealand, magmatism occurred on the Gondwana margin side of the Dun Mountain ophiolite and
not in the thickened wedge. In the Damara Belt most magmatism occurred in the Central zone and
where partial melting occurred within the over thickened Precambrian continental basement. Early
dioritic intrusions in the Damara may have been partly subduction generated. Only in the Rakaia
wedge were the turbidites not partially melted during subduction and/or tectonic shorting to any
significant degree.

3.3. The Template of Accretion

The Rangitatan Lachlan, and Damara orogens provide a disconnected history of the tectonic process
of turbidite accretion in the Phanerozoic, and show that there is no uniform template for the
accretionary process that adds these density and compositionally stratified sections to the continent.
This is reflected in the crustal architecture of each orogen, as well as the temporal and spatial
variations in the development of deformation fabrics, metamorphism, and magmatism. The Lachlan
Orogen is composed of three thrust belts with contrasting vergence, whereas the Damara Orogen
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shows divergent thrust systems, and the Rangitatan Orogen one thrust system and a steeply dipping
backstop behind the sediment wedge. Within the orogenic architecture, the spatial variations in types
of metamorphism delineate the tectonic setting. To a first order approximation, the high-P/low-T
metamorphic rocks (blueschists and eclogites) define the subduction channel, the moderate-high-P/
moderate-T (Barrovian style) metamorphic rocks define the regions of structural thickening above the
subduction interface, and the low-P/high-T regional aureole metamorphic rocks intruded by large,
elongate composite granitoids define the roots of the magmatic arc.

The Rakaia wedge has relict blueschist metamorphism preserved in intercalated metabasites near
the interface between the volcaniclastic trench sediment and the accreted, deformed quartz-rich fan [71],
whereas the wedge proper shows Barrovian metamorphism with garnet-oligoclase assemblages in the
core of the Otago schist [70]. Similarly, the schistose part of the Damara Orogen shows intermediate-P/
intermediate-T (Barrovian-style) metamorphism [103]. The schistose belt dips towards, but verges
away from the Central zone belt of large, syn-tectonic granitoids and high-T metamorphism.

The Lachlan Orogen shows regional low-grade, intermediate-P metamorphism [19], but has two
belts of low-P/high-T metamorphism associated with composite batholiths [142]. In the western and
central Lachlan, blueschist metamorphism is preserved in fault-bounded lenses-shaped blocks within
the serpentinite-matrix mélange of the major faults zones [26,27].

4. Discussion and Conclusions

The three examples provide insight into the possible range of processes involved in basin shortening
and turbidite fan thickening: Rangitaton—subduction underthrusting, Lachlan—accretionary wedge
thickening, and Damara—wedge thrusting and continental collision (Figure 17). All three represent
different relative contributions of crustal growth and crustal recycling. The marked shortening and
thickening of the crust and the involvement of predominantly oceanic basement are key factors in
recognizing ancient subduction-accretion processes in such orogens. The presence of the lower crustal
layer of imbricated oceanic crust coupled with the overlying thickened sedimentary succession, yields a
density structure that is remarkably stable, isostatically balanced near sea level [143]. Crustal growth is
dominated by the tectonically thickened mafic lower crustal component, which was originally the
depositional substrate of the turbidites. On the basis of the published (see references in the Lachlan and
Rangitaton sections) and unpublished (Figure 14 for the Damara example [92]) detrital zircon U-Pb
age distributions, most of the sediment in the turbide fans is recycled from adjacent continents and arcs
(see [144,145] for other examples).

Felsic and mafic magmatism contributes to both crustal growth and chemical differentiation of the
crust, both new and pre-existing, by recycling and mixing oceanic and continental crust to different
degrees. Synorogenic magmatism in the Lachlan added variable amounts of new crust from the mantle
with greater amounts in the A- and I-granitoids based on Lu—Hf and O isotopic data from magmatic
zircons and whole rocks [3]. The Median batholith in New Zealand comprises significant new crust
either directly from subduction-generated partial melting in an Andean setting, or later by
remobilization of the young lower arc crust and formation of adakites [80]. In the Damara, granitic
magmatism largely regenerated the crustal stack, most likely because the lower crust in part of the
orogen was the thinned edge of the Congo craton. Some of the early dioritic magmatism may have a
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primitive component, either because it was derived from the mantle or by partial melting of
Neoproterozoic mafic lower crust [122].

Granitic magmatism plays an important role in the differentiation of structurally thickened and
accreted turbidite fan systems. Turbidite-dominated orogens tend to be characterized by large volumes
of syn- to post-tectonic granite, such as those in all zones of the Lachlan Orogen, and in the Central
zone of the Damara Orogen. Turbidites, in particular the more feldspathic (greywacke) and pelitic
lithologies, represent fertile sources for crustal melting [146]. There is clear isotopic evidence in both
the Lachlan and Damara orogens, for derivation of most of the S-type granites from partial melting of
the meta-turbidites or sediment contamination of the I-types. Additional source components are
sometimes required to explain the chemical/isotopic constraints, e.g., contributions from underlying
Cambrian oceanic crust and syn-magmatic mantle-derived melts (Lachlan Orogen [45,47]), or
Precambrian crystalline basement (Damara granitoids [122]).

It is important to recognize the somewhat unique signature of this style of crustal growth and
accretion in the long term geological and isotopic record, particularly that estimated from detrital
zircons, which are one of the most utilized records of crustal growth through time [147,148]. The
mafic oceanic basement that makes up the lower crust represents a major fraction of the continental
crustal growth in turbidite-dominated orogens, much of which is never remobilized or directly exposed
at the surface. In addition, this crust is generally not zircon-bearing by nature and will not widely be
represented in the global detrital zircon U-Pb age record because of the mafic composition and the
relatively high density; emplacement in the lower crust means little will be exhumed and eroded. Older
Lu—Hf isotopic model ages in younger zircons will reflect the presence of extensive mafic lower crust,
but only if partially melted hundreds of millions of years later without mixing with juvenile or
continental components [147—152]. Partial melting of the oceanic lower crustal layer some tens of
millions of years later will likely not be revealed by detrital zircon Hf isotopic composition because
these data will be similar to the signature of juvenile crust. It would appear, rather, that the crustal
growth occurred by arc or extensional TTG-like magmatism, when it is actually accretion of the upper
part of an ocean or back-arc basin. A similar point could be made for mafic crustal underplates, lower
crustal mafic sills, and accreted oceanic plateaus.

Perspectives gained by comparing the three Phanerozoic turbidite orogens may be applied to
Archean and Proterozoic belts as templates for helping decipher ancient tectonic settings and
geodynamics. Belts like the Mesoarchean Jardine metasedimentary sequence of the Wyoming
Province [153] and Proterozoic Colorado-Yavapai provinces of Laurentia [154—156] share some
comparable styles of deformation, metamorphism, magmatism, and evolution. The microcosm of
features in the Archean Jardine metaturbidites and the relationship with voluminous TTG-style
magmatism appears to closely resemble the evolution of the Rangatitatan Orogens in that is was likely
deposited adjacent to an older continent on oceanic crust, metamorphosed to lower greenschist facies
and deformed by upright chevron folds [153].
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