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early stages in Iapetus closure
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A comparison of structures formed since the Pliocene during Australia–
Banda Arc collision with structures in the central British Isles provides
insights into early tectonic events and later structures formed along the
Laurentian margin of the Iapetus Ocean between Ordovician and
Devonian times. In particular, the timing of ophiolite emplacement,
incorporation of a volcanic arc into a continental margin and early stages
in nappe formation can be recognized by comparing seismic reflectors
and mapped geological structures in both regions. In this comparison the
Midland Valley of Scotland is interpreted as a compressed and composite
volcanic arc, formed in two stages as the result of arc reversal and
becoming more mafic than adjacent blocks which were formed from
accretionary prisms.
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Uniformitarian principles are used to interpret geochemical
processes and tectonic events throughout the Phanerozoic and
have also been used to interpret events in the Proterozoic and
Archaean (e.g. Taylor & McLennan 1995). The Tonga–
Kermadec, Aleutian, Andean and Banda–Sunda arcs are often
cited as present-day analogues of ancient convergent plate
boundaries. Similar logic motivated BIRPS to acquire two
deep seismic reflection profiles across the currently active
Australia–Banda arc collision zone to the east of Timor (Figs
1 & 2a) in order to provide a better understanding of the
tectonic events represented by structures that formed along the
margin of Laurentia during the closure of the Iapetus Ocean
c. 450 Ma (Fig. 2) and that are observed in the crust of the
British Isles today.
The Banda Arcs mark the site of subduction of the

northernmost margin of the Australian continent beneath
oceanic crust of the Banda Sea. The collision of Australia
with the arc represents the last stages in the closure of the
Tethys Ocean, with the recent subduction of the northern
part of the Timor Sea which previously lay to the north of
Australia (e.g. Pigram & Panggabean 1981; Hall 1996).
Structural geometries revealed by the new seismic profiles
across the Banda Arcs provide evidence of the tectonic history
of the collision zone over the past 40 Ma. In this paper struc-
tural geometries from this modern collision zone are used as an
analogue to interpret the disparate crustal elements and their
bounding seismic reflectors, as recognized by surface geological
mapping and deep geophysical surveys in the British Isles, that
mark the site of collision related to the closure of Iapetus
between 490 and 400 Ma. This analogy is illustrated by a series
of diagrammatic cross sections and palaeogeographic maps
(Figs 2 & 3), which show the progress of convergence. These
diagrams should be regarded as generally representative of

much of the Laurentian margin to the north of the Iapetus
Suture in the UK and Ireland, but no attempt has been made
to address the problems of the significance of individual struc-
tures, their precise position along a margin known to have
experienced major strike-slip displacements or the vexed
problem of sedimentary provenance.

Fig. 1. (a) Pre-stack depth-migrated seismic reflection section of part
of the Banda TIMOR profile directly east of Timor. The location of
this profile segment is shown on Fig. 2a. (b) A structural
interpretation of the section shows the Australian margin shelf
sequence, cut by a series of normal faults, then repeated by stacking
on thrusts to form a young fold-and-thrust belt within the
accretionary complex (see Snyder et al. 1996 for a more complete
description). The ophiolite was uplifted and eroded in this area.
CGWT is a slope basin equivalent to the Central Graben of West
Timor (De Smet et al. 1990). (c) Structural cross section for the
same part of the accretionary complex, but here based on field
mapping and drilling (vertical lines) on the island of Timor (Reed et
al. 1996). Both sections show a series of thrust faults cutting the
accretionary complex. The U. Pliocene basin in (c) is equivalent to
the West Timor Central Graben. Metamorphic rocks encountered in
boreholes (wells) are interpreted as detached parts of the underlying
Australian basement. These rocks were equated with the
Mutis–Lolotoi Complex by Reed et al. (1996), but in the present
interpretation the Mutis–Lolotoi Complex is regarded as an
overthrust ophiolite complex, together with its metamorphic sole
(Sopaheluwakan 1990; Snyder et al. 1996).
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BIRPS Banda profiles. Two deep seismic reflection profiles
collected across the Banda arc east of Timor show reflector
geometries which can be spatially related to the distribution of
recent earthquakes and to geodetic measurements (Snyder et
al. 1996; Genrich et al. 1996) and can also be related to tectonic
events which occurred within the past 40 Ma, recognized
in Timor and the neighbouring islands. In contrast, the field
evidence of tectonic events associated with the closing of
Iapetus has been destroyed by hundreds of millions of years of
later tectonism and erosion. Geological and structural features
observed on Timor and recognised in the seismic sections (Fig.
1) can be related to three principal convergent tectonic events:
(1) obduction of the Mutis–Lolotoi ophiolite at c. 38 Ma
(Sopaheluwakan 1990); (2) ophiolite obduction with inverted
metamorphism, peaking between 16 and 8 Ma (Aileu For-
mation, Berry & Grady 1981); and (3) rapid vertical uplift of
both Timor and the volcanic arc during the past 2 Ma (De
Smet et al. 1990). This third event also appears associated with
the reversal of subduction polarity as the Australian continen-
tal crust jammed the former north-dipping subduction zone.
Evidence for ophiolite obduction is purely geological. Ophio-

litic rocks of the Mutis–Lolotoi Complex, with their associated
high-grade metamorphic sole showing strain indicators in-
dicative of vergence to the south, occupy the highest
structural levels in East and West Timor and have also
been mapped in the islands of Moa and Leti to the east
(Sopaheluwakan 1990; Richardson 1993; Reed et al. 1996). A
second phase of ophiolite emplacement is represented by the
Aileu Formation on the north coast of East Timor which shows
an inverted metamorphic gradient beneath ophiolite fragments
(Berry & Grady 1981). The metamorphosed sediments of the
Aileu Formation, which reach kyanite grade in the north, are
interpreted as the former passive margin sediments of the
Australian continent (Figs 1b & 3f) (Snyder et al. 1996). Meta-
morphic rocks encountered in boreholes and in thrust slices
near the south coast of Timor are interpreted as detached parts
of the underlying Australian continental basement (Fig. 1c)
(Reed et al. 1996).

Reflectors dipping to 20–30 km depths northwards from the
forearc basin immediately northeast of Timor (Snyder et al.
1996, fig. 15) may represent a former subduction zone or
decollement horizon from which these ophiolite rocks were
stripped and thrust onto the Timor accretionary complex (Fig.
3d & e). The reflections are probably from a continuous slab of
oceanic crust with high velocity and high density traversing
the entire oceanic crust and uppermost few kilometres of
the mantle. This reflector may be directly related to, or once
continuous with, the mapped ophiolites.
Rapid uplift of central Timor since the late Neogene,

accelerating to c. 1 cm a"1 in the last 0.1 Ma (De Smet et al.
1990), has been related to the jamming of the subduction zone
by Australian continental crust (Johnston & Bowin 1981). The
resultant thickening of the accretionary complex and under-
lying crust, with the initiation of a doubly vergent zone of
convergence, has caused Timor to rise as a wedge between two
sets of outward-facing thrusts (Figs 1 & 3d) (Snyder et al.
1996). Jamming of the subduction zone south of Timor
appears to have transferred the primary thrust zone to the
northern margin of the volcanic arc, thus initiating subduction
polarity reversal, as indicated by the distribution of recent
earthquakes and related first-motion studies (McCaffrey 1988).
Recent GPS measurements have demonstrated that the whole
of the collision zone, including the accreted material in Timor
as well as the volcanic arc, is moving northwards at a rate of
c. 7 cm a"1, the same rate as the northward movement of the
Australian continent (Genrich et al. 1996). Evidently, both
the Banda accretionary complex and the Banda volcanic
arc have recently been accreted to the northern margin of
Australia and are now being thrust northwards over the floor
of the Banda Sea.
Each of these tectonic episodes in the development of the

Australia–Banda Arc collision can be correlated with similar
tectonic events inferred from field evidence to have occurred
along the Laurentian and Avalonian margins of the southern
Iapetus ocean in Ordovician times between 490 and 450 Ma.
The structure of the Banda margin at 38 Ma is thought

Fig. 2. (a) Location map of the TIMOR
seismic transect of the Banda arc east of
Timor (black lines) and location of the
onshore profile shown in Fig. 1c. Heavy
barbed line indicates the principal plate
boundary, here between the Australia
and SE Asia (Eurasian) plates, the arrow
indicates the relative convergence
direction at c. 75 mm a"1. Shading
represents oceanic crust. Open triangles
are active volcanoes. Contours indicate
depth to the Benioff zone. (b–f)
Hypothetical palinspastic plate
reconstructions of the Iapetus margin of
Laurentia for the Ordovician through
earliest Devonian. (b)–(d) are modified
from Soper et al. (1992), (e) & (f)
reconstructed based on Ryan & Dewey
(1991). Symbols as in (a); GG & HB are
the Great Glen and Highland Border
faults, IS is the Iapetus suture. Black line
segments locate deep seismic reflection
profiles used to constrain the cross
sections of Fig. 3, themselves marked by
grey line segments.
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generally equivalent to that of Iapetus at 490 Ma and the
present-day Banda margin generally equivalent to Iapetus at
460 Ma (Fig. 3).

Cross sections of southern Iapetus 490–400 Ma. A series of six
diagrammatic tectonic sections across the former Laurentian
margin of southern Iapetus was compiled from previously
published sections and maps as well as from deep seismic and

other geophysical observations (Fig. 3). The two oldest sec-
tions (Fig. 3d–f) are based closely on geometries across the
Banda Arc near Timor discussed above. The youngest recon-
struction (Fig. 3a) is drawn from the geometry of crustal
structure indicated on the NEC, WINCH & WIRELINES
seismic sections (Ryan et al. 1995 and references therein). The
remaining two sections (Fig. 3b & c) incorporate modern
concepts of strain partitioning exemplified by the plate margins
that include the San Andreas fault system in western North
America (Brocher et al. 1994) or the Seram part of the Banda
Arc (Fig. 2a) (Jongsma et al. 1989).
In the reconstruction for 38/490 Ma, an ocean–ocean con-

vergent boundary is active off the highly attenuated margin of
(Australia=) Laurentia (Figs 2f & 3f). The Cockburnland/
Loch Nafooey arc lies outboard of a small accretionary prism
onto which rafts of oceanic crust are periodically obducted
over a period 30–40 Ma. Using assumptions of simple isostatic
balancing, Cloos (1992) has argued that continental crust of
extended (>150 km), thin (<20 km) shelves may be subducted
to the depths of magmagenesis. Geochemical analyses of
extrusives demonstrate that shelf silicates were melted beneath
the Banda Arcs (Hilton et al. 1992), and similar extrusives are
inferred to have occurred along the Iapetus margin during the
Ordovician.
By the time of the reconstruction for the present/460 Ma

(Fig. 3d), the continental margin has entered the subduction
zone, thickened to nearly 40 km beneath (Timor=) proto-
Grampians, and has developed a large accretionary complex
capped by an ophiolite on the outboard side (Figs 2a, 2e, &
3d). The accretionary complex has incorporated all of the
former passive margin’s thinned basement, older (early Palaeo-
zoic) strata and marginal basin sediments; it now forms an
orogen 60+ km wide and 35–40 km thick although uplift and
erosion rapidly strip off most of the ophiolite and upper thrust
nappes (see Fig. 1 for Timor, Dalradian nappes of the Gram-
pians). The subduction zone is jammed so that as many as four
sets of thrusts develop as the subduction polarity reverses and
the plate boundary moves to the (Banda Sea=) Iapetus side of
the volcanic arc, the site of the (Wetar=) proto-Southern-
Uplands fault.
Some 20 Ma later the new subduction zone and its off-

scraped accretionary complex are well established and a sub-
stantial volume of basaltic crust has been added to the volcanic
arc (Figs 2d & 3c). The continental margin of Laurentia is
effectively 50 km wider due to the incorporation of the vol-
canic arc into the continental margin. The arrival of Avalonia
signals that the Southern Iapetus is closing.
By 420 Ma, the ocean has closed and subduction has largely

been replaced by strike-slip displacements parallel to the plate
margin (HBF in Figs 2c & 3b). A foreland basin develops
across the suture area due to continued thickening and uplift
within the Grampian block. Deep structures within this block
are inferred to be similar to those exposed today (Thomas
1979). The former volcanic arc crustal block is thickened by
continued convergence between the continents.
After a further 20 Ma convergence has ceased, the suture is

‘welded’, and all the terranes are consolidated so that the crust
now has a uniform thickness of about 30 km (Fig. 3a). Only a
series of small keels at the base of the crust mark the sites of
former subduction zones. These keels are situated in different
positions for different segments of the Laurentian margin.

Implications for the Caledonian Orogen. The analogy between
the present development of the Australia–Banda Arc collision

Fig. 3. A series of tectonic cross sections across the Laurentian
margin of the Southern Iapetus Ocean from 490 to 400 Ma (labelled
on right) or across the Banda arc at various locations during the
past 38 Ma (labelled on left). The 20 km square defines the vertical
and horizontal scale for all the sections. The assumed location of the
cross sections are shown in Fig. 2. In (e & f) the volcanic arc on the
right represents Cockburnland/Loch Nafooey in the British Isles.
The profile (d) labelled 460 Ma represents ongoing subduction
polarity reversal in the present-day Banda arc east of Timor (see
Simandjuntak & Barber 1996) or along the Laurentian margin of
Iapetus during the Llanvirn. The thick black line labelled M-L & A
represents the combined Mutis–Lolotoi and Aileu ophiolites. This
and the section (A) labelled 400 Ma are based closely on BIRPS
deep reflection seismic sections (Ryan et al. 1995 and references
therein, Snyder et al. 1996). The Grampian block structures in (a–c)
are based on Thomas (1979). The remainder of the sections are
conjecture based on field evidence. The numbers 5 and 8 provide
markers with which to track crystalline basement during this
hypothesized evolution and represent samples exposed in the
Grampian Highlands that were metamorphosed at 5–8 kbar pressure
during the Caledonian Orogeny.
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zone and events along the Iapetus margin of Laurentia during
the Ordovician, presented above, has important implications
for interpretation of the processes of collision and the devel-
opment of crustal blocks along the Laurentian and Avalonian
margins during the Caledonian Orogeny.
The Southern Uplands accretionary prism, and later fore-

land or successor basin, is inferred to have received sediments
from both the Avalonian and Laurentian margins only after
reversal of subduction into the backarc c. 450 Ma (Soper et al.
1992 and references therein). The further development of the
prism and its deformation, largely by strike-slip faulting, took
place some 20 Ma later.
The Midland Valley block with its high-velocity lower crust

can be interpreted by analogy with the Banda Arc as a former
volcanic island arc which was twice underplated by active
subduction. As a result, the arc becomes widened by the
addition of a second, non-coaxial volcanic arc and thickened
by a second episode of underplating, as well as by internal
thrusting (Fig. 3d). The thickened mafic crust subsided at
c. 420 Ma as the Iapetus suture formed. This Midland Valley
block was strike-slipped along the Laurentian margin before
being covered by late Silurian and Devonian sediments shed
off the Grampian continental block and the Southern Uplands
accretionary complex on either side (Figs 2, 3a & b) (Hutton &
Murphy 1987; Soper et al. 1992).
The Grampian block is interpreted to have originated as an

accretionary complex, incorporating a high proportion of
continental margin sediments, in much the same manner as
Timor has evolved over the past few million years. The South
Mayo, Tyrone and Ballantrae ophiolites are interpreted as
ancient analogues of the Mutis-Lolotoi and Aileu complexes of
Timor. Significantly, the accretionary complex includes the
ophiolite and metamorphosed shelf sediments onto which it
was emplaced, younger passive margin sediments (Permian to
Recent in Timor, Ordovician and Silurian in the Grampians),
well-consolidated and metamorphosed older margin sediments
(Palaeozoic in Timor, Dalradian in the Grampians) and
crystalline basement (compare Fig. 3b and Thomas 1979).
Jamming of the subduction zone by Laurentian continental
crust resulted in compression of the collision complex, that was
followed by several kilometres of uplift exposing deeper parts
of an accretionary complex, originally as much as 50 km thick
(Fig. 3d, a). The doubly verging orogen developed first a
double volcanic arc which evolved into a highly mafic base-
ment terrane, the Midland Valley block, and second a multiple
accretionary complex which evolved into an orogenic root
zone, now exposed as the Grampian Highlands block. Large
amounts of convergence across a subducted thinned continen-
tal margin result in substantial horizontal shortening, intense
compression and crustal thickening, accompanied by active
folding, thrusting and the extreme rates of uplift which
characterise Timor at the present day.
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