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Abstract

The syenitic rocks of South Rallier du Baty Intrusive Complex (SRBIC) represent in-
trusions into the oceanic plateau basalts of the south-western Kerguelen Islands. The
SRBIC was previously interpreted as a typical ring complex due to magma emplace-
ment with cauldron subsidence. Our new structural and geochronological data reveal
that it is a laccolith built between 11.6 and 7.9 Ma by successive injections of magma
sheets around the crust-mantle boundary, with an average injection rate between
0.8 and 1.4 x 10™* km®/year. These results establish strong similarities between the
SRBIC, the only recorded example of a felsic laccolith in an oceanic intraplate setting,
and many continental plutons emplaced in various geodynamic setting. The SRBIC
thus has the characteristics of a continental plutonic complex emplaced in an oceanic
plateau crust. We postulate the critical parameter relevant to causing such similari-

ties and plutonic magmatism is crustal thickness.
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1 | INTRODUCTION

The main output of Earth magmatic activity is represented by in-
trusive rocks (Crisp, 1984; Paterson & Ducea, 2015; Shaw, 1985;
White, Crisp, & Spera, 2006). Within oceanic crust, accretionary
processes by injection of mainly mafic (gabbro sensu lato) mag-
mas are highly sensitive to the spreading rate (Dick, Natland, &
ODP leg 176 Scientific Team, 2000). Observation of layered com-
plexes and/or gabbroic bodies in the lower part of oceanic crust
in fast- and slow-spreading contexts suggests multiple mecha-
nisms of crustal accretion and melt differentiation (Cannat, 1996;
Dick, Tivey, & Tucholke, 2008; Gillis et al., 2014, lidefonse et al.,
2007). However, there are very few observations about the char-
acteristics of magma emplacement, including the size/volume of
individual injection, and the temporal and spatial relationships of

successive injections.

alkaline magmatism, Kerguelen, oceanic plateau, pluton emplacement, syenite intrusion

Within continental crust, intrusive rocks occur mainly as plutons,
that is, magmatic bodies of varying size, shape and composition, but
generally corresponding to a single magmatic event. Recent studies
showed that continental plutons, from all crustal depths, are mainly
tabular, displace their wallrocks and originate by localized injections
of discrete magma pulses over variable periods of time (Annen,
Blundy, Leuthold, & Sparks, 2015; Coleman, Mills, & Zimmerer, 2016;
Cruden, 1998; de Saint-Blanquat, Law, Bouchez, & Morgan, 2001,
Farina, Dini, Innocenti, Rocchi, & Westerman, 2010; Glazner, Bartley,
Coleman, Gray, & Taylor, 2004; Horsman et al., 2009; Leuthold
etal., 2012; Petford, Cruden, McCaffrey, & Vigneresse, 2000; among
many others). Underlying the concept of plutons is the observation
of focused emplacement of magma, that is the existence of a “close
in space-close in time” relationship (de Saint-Blanquat et al., 2011).

One of the main remaining questions about earth magmatism in

both oceanic and continental domains is the role(s) of the crustal
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“filter” (including thickness, composition, rheological stratification
and structure) in magma production, differentiation, contamination,
transport and final emplacement style and geometry. This question
can be explored by characterizing and comparing the structure and
detailed construction of plutons in different geodynamic settings.
Although there are numerous existing datasets for continental plu-
tons, there are very few that address a detailed understanding of
the structure and detailed geochronology of oceanic plutons. We
therefore focused this study on the South Rallier du Baty Intrusive
Complex (SRBIC) outcropping in the south-western part of the
Kerguelen Islands within a thick oceanic plateau crust. This plu-
tonic complex is the most spectacular known occurrence of felsic
oceanic plutonic rocks and, along with the intrusive complexes from
Iceland (Burchardt, Tanner, & Krumbholz, 2010; Padilla et al., 2016),
represents the only example of outcropping felsic plutonic rocks in
an oceanic contexts as other occurrences are only inferred from xe-
noliths in the Azores and Ascension islands (Kar, Weaver, Davidson,
& Colucci, 1998; Widom, Gill, & Schmincke, 1993). Therefore, the
SRBIC is an ideal target to obtain precise quantitative data (internal
structure, geometry, duration of emplacement) on the construction
of a pluton in an oceanic domain, and thus allows a comparison be-
tween oceanic and continental plutonic processes. Moreover, previ-
ous studies already questioned the oceanic/continental/transitional
nature of the northern Kerguelen plateau crust considering its geo-
dynamic setting (Grégoire, Cottin, Giret, Mattielli, & Weis, 1998;
Watkins, Gunn, Nougier, & Baksi, 1974). We present in this study
new constraints for the construction of the SRBIC based on a set
of new field structural observations, accompanied by detailed U-Pb

geochronological data.

2 | GEOLOGICAL CONTEXT AND
PREVIOUS STUDIES

The Kerguelen Islands represent the emergent part of the Northern
Kerguelen oceanic Plateau (NKP), assumed to be formed by activity
of the Kerguelen plume (Gautier et al., 1990; Watkins et al., 1974).
These islands primarily consist of tholeiitic to transitional basalt
flows emplaced from ~29 to ~24 Ma (Figure S1; Table S1). Several
volcano-plutonic complexes emplaced into this basalt sequence are
distributed through the islands and range in age from ~24 to ~4.9 Ma
(Figure S1; Table S1). With the exception of the oldest tholeiitic-tran-
sitional gabbroic complexes, all the younger differentiated intrusive
complexes show a bimodal composition with either Si-oversaturated
or Si-undersaturated alkaline rock series. The SRBIC is part of a
~350 km? plutonic province (Nougier, 1969; Figure 1; Figure S$1). The
plutonic rocks of the SRBIC belong to the Si-oversaturated series
and range from monzogabbros and monzodiorites to mostly quartz-
monzonites and syenites. Rare mafic and intermediate intrusive
coarse-grained rocks are only associated with the syenites in the ex-
ternal parts of the SRBIC. The ages obtained for syenites by previous
authors with the K-Ar and Rb-Sr whole rock methods range between
~15.5 and ~7.5 Ma from the south to the north of the SRBIC (Table

S1). Geophysical studies revealed an abnormally thick crust beneath
the NKP with a total crustal thickness estimated to range from 20 to
25 km (Charvis, Recq, Operto, & Brefort, 1995). Based on the study
of oceanic mafic granulite xenoliths, Grégoire et al. (1994), Grégoire
et al. (1998) related the deep seismic properties to underplating pro-
cesses of basaltic melts and associated cumulates equilibrated in the
granulites facies, resulting in a transitional and thick crust-mantle
boundary. The SRBIC has been considered in early studies as a ring
complex and a typical example of emplacement by cauldron subsid-
ence (Bonin et al., 2004; Giret, 1983).

3 | GEOMETRY OF THE SRBIC

The SRBIC intrudes the plateau lavas and forms a 17 x 11 km elliptical
body with a WSW-ENE long axis (Figure 1). The contact between the
intrusion and the basalts shows two contrasting geometries (Figure 2
and Figure S2): (a) steeply dipping and cross-cutting or (b) shallowly
dipping and concordant. At the scale of the Kerguelen Islands, the
orientation of the basaltic lava flows is very regular with a small
dip (2-5°) towards the SE, ascribed to recent tilting (Nougier, 1969;
Figure S1). This orientation changes towards the intrusive centres,
particularly when approaching the SRBIC. Indeed, progressive tilt-
ing of the flood basalts is observed all around the NE, SE and SW
parts of the SRBIC, reaching a dip of 20-40° away from the intrusion
(Figures 1 and 2; Figures S1 and S2). Because of recent volcanic ac-
tivity and ice cover, this contact is not exposed in the NW part of the
complex. Nevertheless, measurements of the basalt flows layering
along the coast on the western side of the SRBIC dips towards the
W. Measurements of primary layering all around the SRBIC confirm
that the basalts are tilted away from the intrusive centre with dip
increasing towards the contact, a feature already documented by
Nougier (1969). The floor and the roof of the SRBIC are not exposed,
but the geometry of the surrounding basalt lava flows, the amplitude
of their flexure towards the intrusive centre and the location of this
flexure, allow us to draw a precise cross-section which indicates that
the base of the SRBIC lies at a depth of ~2 km. As the highest syenitic
outcrops are at an altitude of ~600 m, we infer that the SRBIC could
be modelled as a tabular elliptical magmatic body with a thickness of
2-3 km, a 20 km WSW-ENE long axis and a 16 km NNW-SSE short
axis at its base. From these geometrical observations, its volume can
be estimated at about ~400 km® + 100 km?.

4 | INTERNAL STRUCTURE

Three main syenitic units separated by sharp magmatic contacts can
be distinguished in the field (Figures 1 and 2; Figure S3). Unit 1 oc-
curs along the intrusion margin, Unit 3 at its centre and Unit 2 lies
between the two. Field observations indicate that these units are
younger towards the centre of the intrusive complex. Each unit con-
sists of several layered intrusions with contrasting textures. All the

textures and contacts are magmatic. These different injections of
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FIGURE 1 (a)Location of the South Rallier du Baty Intrusive Complex, (b) Structural map of the SRBIC with simplified geology and
geochronological data acquired on single zircons (purple circles) and thick sections (yellow circles). (c) Detailed map of a small area with
closely spaced U-Pb geochronology sample sites. Equal area, lower hemisphere stereographic projection of poles to magmatic layering (d)
and cataclastic shear zones (e); arrows indicate the location of the cross-section in the Figure 2. CRBIC and SRBIC: Central and South Rallier
du Baty Intrusive Complexes

mainly coarse and fine-grained syenites, pegmatites and rare mon- the centre of the intrusion. Moreover, this general magmatic layering
zodiorites, define a magmatic layering (Figures 1d, 2 and 3) which is parallel to the external contact with basalts and is also parallel to

dips consistently outward across the SRBIC, and decreases towards the main internal contacts that separate the three main syenitic units
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FIGURE 3 Field example of a south-dipping magmatic contact
underlined by a dashed white line between two syenitic layers of
contrasted magmatic textures. Both layers are cross-cut by basaltic
dykes dipping to the N. Central part of the Unit 2

(Figures 1 and 2; Figure S4a). The textures are magmatic throughout
the SRBIC; preferred orientation fabrics are poorly developed and
rarely visible in the field.

A network of brittle-ductile shear zones is observed throughout
the intrusion, except in the youngest Unit 3. They are interpreted to
be syn-plutonic as evidenced by mutual cross-cutting relationships
between shear zones and dyke intrusions (Figure S5). Their distri-
bution is heterogeneous and shows a denser network at the base
of Unit 1 at its contact with the underlying Unit 2 (Figure 2; Figure
S4b). The orientation of this network and the observed senses of
shear suggest that the shear zones are the result of a shortening
perpendicular to the contact between these two units. This defines
a ring of more deformed and brecciated syenites (Figure 1), which
records flattening of the marginal unit due to injection of the lower
units. These features imply an advanced crystallization stage of the

older unit before intrusion of the younger one.

5 | NEW GEOCHRONOLOGICAL DATA

The methodology, sample location and raw data are available in the
Supporting Information (Figures S6 and S7; Tables S2-54). Most zir-
cons from the SRBIC rocks exhibit a characteristic morphology with
(100) prisms and (101) pyramids as well as clear oscillatory and sector
zonings (Figure Sé). The oldest syenite (13.74 + 0.2 Ma) was sampled
in the southern part of the peninsula and is from one of the first em-

placed minor complex clearly disconnected in space and time from

the SRBIC (Figures 1 and 2; Figure S7). If we interpret U-Pb zircon
ages as maximum emplacement ages, the major volume of SRBIC
magma was emplaced between 11.57 + 0.15 and 7.88 + 0.2 Ma. The
zircon ages of the monzodiorites are similar to those of surround-
ing syenites, suggesting synchronous emplacement of magmas with
contrasting degrees of differentiation. U-Pb zircon ages show that
the syenites become younger towards the centre of the intrusive
complex, from the marginal Unit 1 to the central Unit 3, in agreement
with field observations (Ponthus, 2018; Figures 1 and 2).

6 | DISCUSSION AND CONCLUSION

The SRBIC was previously interpreted as a ring complex emplaced
by cauldron subsidence that corresponds to a cluster of intersect-
ing ring dykes injected during down-sagging of a crustal block into a
deeper magma chamber, and overlain by a caldera (Bonin et al., 2004;
Giret, 1983). Based on our new field and geochronological data, we
propose a new model of construction for the SRBIC based on the

following main features:

1. The consistent spatial coincidence between the change in the
orientation of layering in the surrounding basalts and the ex-
ternal contacts of the SRBIC indicates a causal relationship,
which suggests that the main space-making process for the
emplacement of magmas was uplift and up-doming of host
basalts. This feature was already recorded by previous authors
(Nougier, 1969) and interpreted as being due to the formation
of deep lower crustal magma chambers before (Giret, 1983)
or during (Bonin et al., 2004) the formation of the SRBIC.
These interpretations are not consistent with field observations,
as the uplift produced by deep magma chambers should be
more randomly distributed, rather than coinciding exactly with
the intrusion geometry. The deflection of the plateau basalts
suggests that the SRBIC has a dome shape and is concordant
at map scale, which is consistent with emplacement as a lac-
colith (Figure 4). The discordant and steeply dipping parts of
the external contact are irregularities due to local stoping,
as suggested by the occurrence of basalt screens within the

syenite below those parts of the contact, and/or as extensional
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fractures filled by magma and related to the extensional com-
ponent of strain in the wall rocks induced by magma infilling.

2. The internal structure shows that each of the three main units
of magma comprises numerous injections of syenite, with rare
monzodiorite in the oldest unit. The magmatic layering is concen-
tric and concordant within and between each unit from external
contact to the centre of the intrusive complex. This layering dips
towards the outside margin of the complex, decreasing from the
periphery towards the centre of the SRBIC. The sharp contacts
between the three main syenitic units and the brittle deformation
of the two older units demonstrate that in spite of an apparent
N-S continuous age distribution, the construction of the SRBIC
was discontinuous. The textural difference observed between the
coarse and fine-grained syenites was acquired during the emplace-
ment process and we interpret it as the record of the dynamics
of magma injection: different volumes of magma injected at vari-
able rates and after variable time intervals between injections will
have varying temperature contrasts with previous injections and
consequently different cooling rates and thus textures. The two
other main facies, the pegmatites and the network of porphyritic
syenites, are inferred to have been produced by local mechanical
segregation in an older, incompletely crystallized injection during
the injection of a younger one. Field relationships and geochro-
nology demonstrate that the SRBIC was constructed by the amal-
gamation of successive under-accreted magma injections.

3. The field relationships and U-Pb geochronology both provide
evidence that the magmatic injections become progressively
younger towards the centre of the SRBIC. The U-Pb data indicate
that the construction of the SRBIC lasted approximately 3.7 Ma,
between 11.57 + 0.15 and 7.88 + 0.2 Ma. With a total estimated
volume of about 300-500 km?, this suggests an average injection
rate between 0.8 and 1.4 x 10~ km®/year.

In summary, our data are compatible with a model where the

SRBIC is an incrementally assembled laccolith constructed by the

upward inflation (evidenced by basalt uplift) and stacking (evidenced
by the internal structure) of initially horizontal thin magma sheets.
Our results establish strong similarities between the SRBIC—a
unique example of a felsic laccolith in an oceanic within-plate set-
ting—and continental plutons. First, the 3D geometry, internal struc-
ture and emplacement mechanism of the SRBIC are identical to
many continental examples. Second, from a dynamic and temporal
perspective, it appears that the duration and the average magma flux
during SRBIC construction are similar to those proposed for many
continental plutons located in contrasting geodynamic settings
(Rocchi, Westerman, Dini, Innocenti, & Tonarini, 2002; de Saint-
Blanquat et al., 2011 and references therein; Barboni et al., 2013;
Barboni, Annen, & Schoene, 2015; Coleman et al., 2016; Leuthold
et al.,, 2012; and references therein).

In analysing similarities between magma emplacement in the
Kerguelen plateau oceanic crust and the continental crust, and com-
paring it with the structure of the standard oceanic crust, we pos-
tulate that crustal thickness is the critical parameter that controls
the intrusion characteristics. A thick oceanic crust associated with
a progressive lithological transition between mantle and crust will
favour the formation of a zone where the accumulation and differ-
entiation of magma occur at the crust-mantle boundary, in the man-
ner of MASH/Deep hot zone area of the continental crust (Annen,
Blundy, & Sparks, 2006; Hildreth & Moorbath, 1988). Magma evo-
lution in the “oceanic MASH/ Deep hot zone” from Kerguelen cer-
tainly plays the major role, by providing variable volumes of magma
at variable timescales, resulting in a final magmatic output forming
plutons (Ponthus, 2018). This latter permits to localize injections of
magma in close space and time, rather than producing spatially and
temporally dispersed network of veins, sills and dykes.

The new ideas we propose on how plutonic processes work in
the Kerguelen oceanic plateau have implications on the general
interpretation of alkaline magmatism in this context, particularly
in the light of the comparison made by Grégoire et al. (1998) be-

tween the thickened Kerguelen oceanic lithosphere and the thinned



continental lithosphere based on the study of mafic granulitic xeno-
liths from the Kerguelen Islands.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section.

Figure S1. Simplified geological map of Kerguelen Archipelago high-
lighting the different magmatic series intruding the flood basalts,
the orientation of the latter (from Nougier, 1969) and the previous
datings published (adapted from Nicolaysen et al., 2000) on the in-
trusive rocks.

Figure S2. Geometry of the basalt lava flows, at the W (a), NE (b), and
S (c) of the SRBIC; (d) locations are displayed on (d) the topographic
map of Kerguelen (IGN).

Figure S3. Sharp low dipping magmatic contact between the Unit 2
and 3 on the Massif des Deux Fréres.

Figure S4. Maps and stereographic projections of field measure-
ments of: magmatic layering (a), cataclastic shear zones (b). Due to
resolution issues all the single measurements are not reported here
and mean-vectors were used in several locations for easier lecture
without loss of information.

Figure S5. Outcrops showing syn-plutonic shear-zones activity in
the SRBIC: a/ a first generation of south-dipping cataclastic shear
zones (1) cross-cut the syenite, a pegmatitic dyke (2) cross-cut this
first generation of cataclastic shear zones, and a late generation of
cataclastic shear zones (3), dipping to the south with a lower angle
than the first generation, cross-cut all the previous structures.
Figure S6. Examples of zircon morphologies separated from the plu-
tonic rocks of the SRBIC.

Figure S7 and Table S2. Synthetic histogram and list of the U-Pb dat-
ings acquired on the SRBIC (2_ errors), sorted within each unit by
progressive age.

Table S1. Published geochronological data on the Rallier du Baty plu-
tonic province.

Table S3. Zircon U-Pb ages data from the SRBIC, Kerguelen archi-
pelago (T.A.A.F).

Table S4. Samples geographic coordinates.

Data S1. Methodology.

How to cite this article: Ponthus L, de Saint Blanquat M,
Guillaume D, et al. Plutonic processes in transitional oceanic
plateau crust: Structure, age and emplacement of the South
Rallier du Baty laccolith, Kerguelen Islands. Terra Nova.
2020;00:1-7. https://doi.org/10.1111/ter.12471



https://doi.org/10.1007/BF00372365
https://doi.org/10.1017/S1755691009016089
https://doi.org/10.1017/S1755691009016089
https://doi.org/10.1130/G23531A.1
https://doi.org/10.1130/G23531A.1
https://doi.org/10.1093/petroj/39.5.1009
https://doi.org/10.1093/petroj/39.5.1009
https://doi.org/10.1016/j.epsl.2012.01.032
https://doi.org/10.1007/s00410-016-1279-z
https://doi.org/10.1007/s00410-016-1279-z
https://doi.org/10.2113/gselements.11.2.91
https://doi.org/10.2113/gselements.11.2.91
https://doi.org/10.1038/35047000
https://doi.org/10.1130/0091-7613(2002)030%3C0983:TSGOLA%3E2.0.CO;2
https://doi.org/10.1130/0091-7613(2002)030%3C0983:TSGOLA%3E2.0.CO;2
https://doi.org/10.1029/JB090iB13p11275
https://doi.org/10.1130/0016-7606(1974)85%3C201:KCFOOI%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(1974)85%3C201:KCFOOI%3E2.0.CO;2
https://doi.org/10.1029/2005GC001002
https://doi.org/10.1093/petrology/34.5.929
https://doi.org/10.1093/petrology/34.5.929
https://doi.org/10.1111/ter.12471

