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ABSTRACT
Macquarie Island, located in the Southern Ocean, is a section of subaerially exposed
oceanic crust formed at the now extinct proto-Macquarie, slow-spreading, mid-ocean ridge.
Macquarie Island is unique among oceanic ophiolite sequences in that it is still located in the
basin in which it formed. The northernmost part of Macquarie Island is composed primarily of
lower crustal gabbro and upper mantle peridotite, and therefore provides a unique window into
lower oceanic crust. Here, we report integrated Pb/U zircon ages and Lu-Hf isotopic and trace
element data from six samples of the lower crust-upper mantle sequence. Samples consist of two
lower crustal gabbros, and three mantle-hosted gabbro dikes/dikelettes and one phlogopitebearing vein from the upper mantle sequence. 206Pb/238U SHRIMP-RG zircon error weighted
average ages for the lower crustal gabbros are 8.7 ± 0.3 Ma (N = 9) and 9.0 ± 0.2 Ma (N =
13), whereas the mantle-hosted gabbro dikes/dikelettes yield overlapping error-weighted average
ages of 8.7 ± 0.2 Ma (N = 9), 8.7 ± 0.3 Ma (N = 8), and 8.9 ± 0.2 Ma (N = 11) (all errors 2σ).
The phlogopite vein yielded a slightly younger error weighted average age of 8.5 ± 0.1 Ma (N =
11). Initial epsilon Hf results for zircons from the same samples show a broad distribution
ranging from +9.5 to +13.3 for the lower crustal gabbro (N = 28), +7.0 to +16.4 for the gabbro
dikes/dikelettes (N = 24), and +8.4 to +12.2 for the phlogopite vein (N = 12). The wide range in
values (particularly from the gabbro dikes/dikelettes) is consistent with a heterogeneous source
region composed of depleted- and enriched mantle sources. Zircon trace element concentrations
also support a heterogeneous source, displaying enrichment in U/Yb relative to N-MORB
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zircons from the Mid-Atlantic and Southwest Indian Ridge systems. No pattern of enrichment
with time is observed within the resolution of the U-Pb zircon dates. We interpret these results to
indicate that magmatic construction of Macquarie Island occurred between 8.7 and 9.0 Ma and
involved sampling of at least two distinct mantle sources.
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INTRODUCTION
Over 70% of the Earth’s surface is comprised of oceanic crust accreted at mid-ocean
ridges (MORs) and more than 60% of all MORs are classified as slow- and ultraslow-spreading
ridges (<50 mm/yr full rate: Dick et al., 2003). MORs play a vital role in energy and mass
transfer from the mantle to the surface and the generation of new crust; however, most MORs lie
thousands of meters below sea level making them the most elusive element of plate tectonics.
As a result, studies have primarily relied on dredge sampling, ocean drilling projects and
submersible expeditions that limit precise spatial and field relationships of samples collected.
Ophiolite studies have shed light on the structure of oceanic lithosphere; however, extensive
chemical alteration during obduction limits accurate constraints on the petrogenesis of oceanic
crust in ophiolitic settings. This problem is compounded by the fact that many ophiolites may
have been generated in suprasubduction environments (Hawkins, 2003). Macquarie Island is
incomparable among oceanic ophiolite sequences in that it is located in the ocean basin in which
it formed and has not been obducted on to continental crust (Varne et al., 2000). Therefore,
exposed oceanic crust on Macquarie Island represents a unique window to the generation and
evolution of ocean basins.
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Two aspects of slow-spreading MORs still not well understood are the time scales over
which lower crust is constructed and the petrogenesis of magmas produced from a heterogeneous
mantle source. Recently zircon has been reported in mafic oceanic crust affording the
opportunity to study crustal growth rates (e.g., Grimes et al., 2008;Baines et al., 2009; Schwartz
et al., 2005; Lissenberg et al., 2009), cooling histories (e.g., John et al., 2004; Schwartz et al.,
2009), hydrothermal processes (Jöns et al., 2008) and petrologic processes (e.g., Hellebrand et
al., 2007; Cavosie et al., 2006) at MORs. Zircon has become an invaluable tool in the study of
the evolution of the earth’s crust. Its robust nature allows it to withstand chemical and physical
weathering and alteration; therefore, zircon commonly retains chemical information throughout
multiple episodes of magmatism, and/or metamorphism. In addition to its ubiquitous use as a UTh-Pb geochronometer, zircon is a powerful petrologic tool. Integrating information from its
trace elements, radiogenic Hf isotope compositions and oxygen isotope compositions, zircon
may contribute to a further understanding of the petrogenetic processes that lead to the formation
and evolution of its host rocks. Studies of trace elements in ocean zircons indicate key
differences in trace elements abundances (U, Yb, Y, Hf, etc.) and provide possible tools in
distinguishing zircons formed in contrasting magmatic environments (Grimes et al., 2007). In
addition, Hf isotopes in zircon can be combined with zircon age and trace element information to
chemically characterize mantle melting sources and processes that create ocean crust.
Implementing a combination of zircon geochemical techniques will broaden our understanding
of the geochemical characteristics of ocean derived zircon and the processes that influence zircon
formation at mid-ocean ridges.
In this study, we integrate zircon U-Pb geochronology with Hf isotope and trace element
geochemistry of zircon to investigate the timing and petrogenesis of lower oceanic crust
2

construction of Macquarie Island. Our results indicate that the exposed lower oceanic crust on
Macquarie Island records crustal construction during the waning phases of magmatism (~9-8.5
Ma) at the dying proto-Macquarie spreading ridge (PMSR). U-Pb zircon ages from lower crustal
gabbro units and gabbro dikes cross cutting mantle peridotite indicate coeval dike and lower
crustal gabbro formation. Igneous U-Pb ages of zircons analyzed from gabbro mylonitic shear
zones allow us to place maximum age constraints on the timing of syn- to post-magmatic ductile
deformation of lower Macquarie crust. Zircon geochemistry show the magmas generated during
the 9-8.5 Ma period produced more enriched trace element signatures (i.e. elevated U/Yb values)
in zircon compared to ocean zircon found at the Southwest Indian Ridge and Mid-Atlantic Ridge
(Grimes et al., 2007). Additionally, Hf isotope compositions of zircons from this study range
from depleted mantle-like +16 εHf (defined as: εHf = {[(176Hf/177Hf)0sample /
(176Hf/177Hf)0CHUR] – 1} * 104) to more enriched values up to +7 εHf. Enriched zircon trace
element and zircon Hf isotope signatures are atypical for oceanic zircon and may indicate melt
contribution from a heterogeneous mantle source with an enriched and depleted component.
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Figure 1: Simplified geologic map of Macquarie Island after Varne et al. (2000). A)
Lithologic map of the Island (inset shows the location of Macquarie Island in a regional
context). B) Lithologic map of the northern third of Macquarie Island were lower crustal
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rocks from this study are located. C) Plate reconstruction at ca. 11 Ma showing the location
of Macquarie Island at or near the PMSR. Yellow stars indicate sample locations from this
study.
BACKGROUND GEOLOGY
Regional Geology and Tectonic Environment
Macquarie Island (Figure 1) lies ~1500 south-southeast of Tasmania along the
Australian-Pacific plate boundary on the Macquarie Ridge Complex (MRC). Macquarie Island
and its associated islet are the only autochthonous, subaerial exposures of oceanic crust in the
world that is not related to hot-spot or plume activity (Varne et al., 2000). Detailed plate
reconstructions from Geosat and shipboard geophysical data suggest that the crust of Macquarie
Island and the surrounding ocean basin were formed at the proto-Macquarie spreading ridge
(PMSR) (Sutherland, 1995; Lamarche et al., 1997; Varne et al., 2000). Spreading and
magmatism at the PMSR initiated ca. 40 Ma and accommodated divergence between the
previously adjoined Campbell Plateau and Resolution Ridge (Meckel, 2003) (Figure 1c).
Changes in relative plate motions of the Pacific-Australian plates resulted in a sequential
progression from orthogonal spreading (ca. 40 Ma to ca. 27 Ma) to oblique spreading (ca. 27 Ma
to ca. 6 Ma) and eventually to the modern transpressional, strike-slip plate boundary (Sutherland,
1995; Lamarche et al., 1997; Varne et al., 2000; Meckel, 2003; and references therein).
Spreading rates decreased to slow/ultra-slow (~2 cm/yr) as the PMSR progressed to oblique
spreading (Sutherland, 1995; Lamarche et al., 1997) and magmatism ceased by ~6 Ma (Varne et
al., 2000). During the evolution of the PMSR from oblique spreading ridge to transpressional
strike-slip margin, the PMSR experienced a progressive 60˚-90˚ clockwise rotation and
5

shortening of spreading ridges in addition to curving and lengthening of ridge transforms fracture
zones (Sutherland, 1995; Lamarche et al., 1997; Varne et al., 2000; Meckel, 2003; Mosher and
Massell-Symons, 2008). The Macquarie ridge complex (MRC) and associated Macquarie trench
to the east are the product of plate boundary-normal convergence since 5.89 Ma (Daczko et al.,
2003; Meckel et al., 2005). Macquarie Island and its associated islets to the north and south are
the only subaerial exposures of the MRC and emerged from the seafloor at 0.7-0.6 Ma (Adamson
et al., 1996).
Lithologic Descriptions
The southern two thirds of Macquarie Island is composed of predominately extrusive
volcanic rocks whereas the northern third of the Island (the focus of this study) is composed of
mantle peridotites and lower-oceanic crustal intrusive rocks (Figure 1a and 1b). Goscombe and
Everard (1998) recognized eight rock type associations: extrusive basalts and sediments (B);
sheeted dolerite dikes (S); microgabbro (M); gabbro (G); troctolites (T); plagioclase – wehrlite
and dunite (PI) and dunite and harzburgite (PII); undifferentiated ultramafic (U); and harzburgite
(H). The basalt and sedimentary associations are concentrated in the southern domains except
rare, fault bound outcrops in the north. The basalts make up >60% of the exposures of the whole
island and are comprised of predominantly pillow basalts with less common occurrences of
tabular basalt flows, picrite plugs, and flows or shallow intrusions of hornblende bearing basalt.
Sheeted dolerite dike complexes outcrop in a few localities in the southern domains but
most exposures are concentrated in the northern domain in the lower crustal section. Sheeted
dolerite dike complexes range up to 1500 m thick and are associated with gabbroic rocks and
commonly contain gabbroic screens; however, no peridotite screens are observed within the
6

sheeted dolerite dikes (Goscombe and Everard, 1998). Two sheeted dike – gabbro transition
types occur: microgabbro transitions and laterally extensive transitions (Goscombe and Everard,
1998). Microgabbro transitions are characterized by grain size reduction from the coarse-grained
gabbros to the fine-grained sheeted dolerite dikes (Goscombe and Everard, 1998). This
observation suggests that the microgabbros are the transitional rock type for the top of the
gabbros and base of the sheeted dolerite dikes (Varne et al., 2000). The lateral transition occurs
over 100-300 m wide zones composed of 30-70% sheeted dolerite dikes whereby the sheeted
dikes intrude gabbro unit boundaries and many gabbro screens are observed within these sheeted
dolerite dikes (Dijkstra and Cawood, 2004). The sheeted dike complexes associated with the
lateral sheeted dike – gabbro transition zones cross cut the microgabbro transitions indicating
that they post-date the microgabbros (Varne et al., 2000). Late stage dolerite dikes that cross cut
both peridotite and gabbro units are ubiquitous (Dijkstra and Cawood, 2004).
Three general types of gabbros occur in the lower crustal section and consist of massive
gabbros, layered gabbros and gabbro dikes intruding mantle peridotite. Gabbros are
predominantly coarse-grained, massive pyroxene-gabbros and gabbro-norites (Dijkstra and
Cawood, 2004). Coarse-grained, massive gabbros occur as 50-300 m wide mega dikes with
parallel screens of pre-existing ultramafic rocks (Goscombe and Everard, 1997). Layered
gabbros with leuco- and melanocratic layering are observed but are less common (Dijkstra and
Cawood, 2004). Well-layered troctolite associations are transitional to both the massive gabbros
and layered gabbros at the base of the gabbro sections (Goscombe and Everard, 1997).
Compositional layering of the units is suggested to increase with increasing depth through the
section (Christodoulou, 1994; Dijkstra and Cawood, 2004). Coarse-grained gabbro dikes and
veins intruding harzburgite are common and have straight, unsheared margins with microgabbro
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chill zones (Goscombe and Everard, 2001). Mantle-hosted gabbro dikes and veins range in size
from a few centimeters to several meters wide (Goscombe and Everard, 1997). Mutually
intrusive transitions between the gabbro dikes and massive gabbros suggest that the two are
contemporaneous (Goscombe and Everard, 2001).
Three main ultramafic rock associations occur on Macquarie Island (Goscombe and
Everard, 1998; Varne et al., 2000): a mixed plagioclase-wehrlite with minor dunite and troctolite
cumulates association; mixed dunite, plagioclase-dunite and plagioclase-wehrlite with minor
harzburgite association; and a mantle lithosphere harzburgite association (H). The peridotites are
predominantly located along the western coastline with a few outcrops in the center of the
northern-lower crustal domain. The peridotites are characterized by coarse grain size (5-50 mm),
strong serpentinization and are cross cut by coarse-grained gabbro veins and dikes that range in
size from a few centimeters to several meters wide (Christodoulou, 1994; Goscombe and
Everard, 2001; Dijkstra and Cawood, 2004). The mixed plagioclase-wehrlite with minor dunite
and troctolite cumulates association is the upper-most of the ultramafic associations and is
devoid of harzburgite whereas the mixed dunite, plagioclase-dunite and plagioclase-wehrlite
with minor harzburgite association is the transitional rock type to the harzburgite association
(Goscombe and Everard, 2001). Mild compositional layering does occur and is characterized by
variations in modal proportions of orthopyroxene, and contain pyroxene-spinel foliations and
occasional lineations (Varne et al., 2000).
Structural Fabrics of Macquarie Island Rocks
Macquarie Island is divided into three main structural domains by NW-trending
spreading-related brittle fault zones (Goscombe and Everard, 2001; Wertz et al., 2003; Dijkstra
8

and Cawood, 2004; Rivizzigno and Karson, 2004). The Finch-Langdon fault places lower-crust
and mantle rocks in the northern domain against upper crust rocks in the southern domains.
Wertz et al. (2003) propose that the Finch-Langdon fault is a spreading-related structure and
formed as a spreading-ridge – transform fault intersection inside corner structure. There is no
clear evidence for detachment faulting; however, Wertz (2003) suggest it is possible that the low
angle ductile fabrics indicative of detachment faulting could have either been eroded or
concealed by Quaternary deposits. Many of the rock units in the north have fault bound contacts
though some transitional relationships are still observed (Varne et al., 2000; Goscombe and
Everard, 2001; Dijkstra and Cawood, 2004).
Macquarie Island rocks preserve a variety of extensional and dilational spreading-related
structures. Dilational structures consisting of fractures, actinolite-filled fractures, fracturecleavages, hydrothermal veining and serpentine foliations occur in most rock associations in the
lower crustal and mantle rocks (Goscombe and Everard, 2001). Semi-ductile shearbands are
observed in the basal sections of gabbros and plagioclase-wehrlites and occur as small (0.1-3 cm
wide; 5-50 cm lateral displacement) shear zones with sharp margins that occur in wider zones of
semi-brittle brecciation (Goscombe and Everard, 2001).

Semi-ductile shearbands formed after

the ductile shear zones (see below), at lower temperature greenschist facies metamorphic
conditions and at shallower crustal levels than ductile shear zones (Goscombe and Everard,
2001). Shearbands are characterized by cataclasis of primary plagioclase and clinopyroxene into
aggregate ribbons of sub-grains (0.1-0.3 mm in width) (Goscombe and Everard, 2001).
Clinopyroxene commonly exhibits crystal plastic deformation textures including undulose
extinction, kinking, boudinage, and stretching into elongate augen (Goscombe and Everard,
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2001). Goscombe and Everard (2001) suggest that these shearbands may represent a transient
brittle-ductile transition in the lower crust as it cooled.
Ductile shear zones are observed in the lower crustal gabbros and common in gabbro
dikes in harzburgite associations. In the coarse, massive gabbro intrusions the ductile shear
zones occur parallel to the unit margins and in the core of the gabbro intrusions (Goscombe and
Everard, 2001). In the harzburgite associations, all ductile deformation is partitioned into the
gabbro veins, and the ductile shear zones formed before the gabbro dikes had cooled (Goscombe
and Everard, 2001). Ductile shear zones are characterized by the formation of proto-mylonite (5
cm wide), mylonite (1-7 cm wide) and ultra-mylonite (0.15-1 cm wide) zones (Goscombe and
Everard, 2001). Mylonite foliation is defined by thin (0.2-0.7 mm wide) aggregate ribbons of
either plagioclase-clinopyroxene-orthopyroxene ± ilmenite ± red phlogopite, olivineorthopyroxene-phlogopite, or red-brown hornblende-ilmenite-orange phlogopite (Goscombe and
Everard, 2001). Ductile deformation led to recrystallization of primary phases of plagioclaseclinopyroxene-orthopyroxene and created significant grain-size reduction from primary mm-cm
sized grains to 0.30-0.57 mm sized grains in mylonites and 0.06-0.17 mm sized grains in ultramylonites and led to the formation of aggregate ribbons, porphyroclast mantles and pressure
shadows (Goscombe and Everard, 2001). Stretched and elongate augen of primary phases,
particularly orthopyroxene are common. Primary phases experienced grain size reduction of
>70% in mylonites and >90% in ultra-mylonites leaving small mantled porphyroclasts in a
matrix of aggregate ribbons (Goscombe and Everard, 2001). Ductile shear zones predominantly
occur in the basal layered gabbros with a few occurrences in the shallow sections of the gabbro
intrusions (Goscombe and Everard, 2001).
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Temperature Conditions of Deformed Rocks
Temperature conditions of the deformed rocks may be estimated by comparison of
metamorphic mineral assemblages to experimental phase stability fields and
geothermobarometry (Goscombe and Everard, 2001). The gabbro dikes in harzburgite have
metamorphic assemblages of orthopyroxene-clinopyroxene-labradorite plagioclase ± red-brown
hornblende ± ilmenite and also with green hornblende in ultra-mylonites that indicate
granulite-facies formation conditions of 760-920˚C (Goscombe and Everard, 2001). Goscombe
and Everard (2001) reported two pyroxene geothermometry results on recrystallized grains from
gabbro dikes that averaged 854 ± 30 ˚C, further constraining the temperatures of mylonitization.
Mylonites and ultra-mylonites in the massive gabbro association have metamorphic mineral
assemblages of andesine-clinopyroxene-edenitic hornblende-ilmenite (Goscombe and Everard,
2001). The absence of orthopyroxene indicates temperatures of 750-800 ˚C for mylonite
formation which is lower temperatures than for the gabbro dikes (Goscombe and Everard, 2001).
Timing of Tectonic Events
Timing of the deformation of the plutonic units in the north may be divided into 3 distinct
periods that occurred during the progression from spreading to the modern transpressional plate
boundary: D1 (<15 Ma – ca. 12 Ma) is a protracted period of paleo-NE – SW extensional
deformation related to spreading at the PMSR; D2 (ca. 12 Ma – 10.5 Ma) is related to the
progression from spreading to the transcurrent regime and defined by paleo-N – S transtensional
deformation that occurred during the formation of the Indo-Australian – Pacific strike-slip plate
margin; D3 (10.5 Ma – present) is characterized by brittle deformational features linked to the
current transpressional strike-slip plate margin (Goscombe and Everard, 2001). D1
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deformational features in the gabbro units include the formation of semi-ductile and ductile shear
zones, dilational foliations in mylonitic gabbros and hydrothermal veining (Goscombe and
Everard, 2001). D2 is characterized by rare late stage intrusion by dolerite dikes (Goscombe and
Everard, 2001). Fine-grained chill margins on the dolerite dikes that cross cut ductile fabrics
suggests that the ductile deformation occurred after or during the latest stages of crystallization
of the gabbros and before intrusion of the vast majority of dikes (Goscombe and Everard, 2001;
Dijkstra and Cawood, 2004). The D3 deformational period is post magmatic and is associated
with brittle deformation that relates to the post magmatic stage of the transcurrent plate boundary
(Goscombe and Everard, 2001).
Geochemistry of Crustal Lithologies
The geochemical characteristics of the volcanic rocks of the Island are diverse. The
compositions of extrusive basalt glasses range from normal-MORB (NMORB) to enrichedMORB (EMORB) (Kamenetsky et al., 2000; Kamenetsky and Maas, 2002). Near primitive
enriched glasses possess enriched isotope and incompatible element and rare-earth element
(REE) compositions compared to the compositional spectrum of MORB (Kamenetsky et al.,
2000; Kamenetsky and Maas, 2002). Kamenetsky et al. (2000) show that basalt glasses show a
wide range of K2O (0.1-1.8%) compositions that correlate positively with other incompatible
minor and trace elements (e.g. TiO2 0.97-2.10%; Na2O 2.40-4.30%; P2O5 0.08-0.70%; H2O 0.251.50%; La 4.30-46.60 ppm). Additionally, incompatible elements correlate positively with
radiogenic Sr (87Sr/86Sr = 0.70255-0.70334) and Pb (206Pb/204Pb = 18.951-19.517; 207Pb/204Pb =
15.528-15.591; 208Pb/204Pb = 38.523-39.029) isotope compositions and negatively with Nd
(143Nd/144Nd = 0.51306-0.51304) isotope compositions (Kamenetsky et al., 2000). EMORB
characteristics are similar to the nearby plume-related Balleny Province; however, notable
12

differences, such as flat HREE patterns for the Island basalts compared to highly fractionated
HREE patterns in Balleny plume magmas, make it difficult to link the EMORB glasses with a
plume source (Kamenetsky et al., 2000). Kamenetsky et al. (2000) suggest that the enriched
character of the basalts from Macquarie Island likely share a regional signature of enriched
mantle with the Balleny plume instead of directly related to the plume itself.
Highly refractory peridotites also occur on the Island. Low modal abundances (<2%) and
highly depleted REE signatures of clinopyroxene suggest that the peridotites have undergone
>20% melting in both the garnet and spinel peridotite fields (Wertz, 2003; Dijkstra et al., 2009).
The peridotites possess very low Re/Os compositions compared to the gabbro veins that intruded
them and radiogenic 187Os/188Os depletion models suggest that the depletion is likely Proterozoic
in age (Dijkstra et al., 2009). Therefore, the peridotites of the Island are not likely the residuum
for the melts that generated the enriched lower crustal and extrusive rocks of Macquarie Island
(Wertz, 2003; Dijkstra et al., 2009).
Previous Geochronology
An original age of ~27 Ma was determined for Macquarie Island crust by sea-floor
spreading magnetic anomalies (Williamson et al., 1981); however, recent plate spreading
reconstructions suggest that Macquarie Island crust was near the proto-Macquarie spreading
ridge at ~11 Ma (Sutherland, 1995; Lamarche et al., 1997; Varne et al., 2000; Meckel, 2003).
Radiometric 40Ar-39Ar and 40K-40Ar dating of basalts and dikes yielded 40Ar/39Ar plateau ages of
6.5 ± 0.5 Ma, 9.7 ± 0.3 Ma and 11.5 ± 0.35 Ma and 40Ar/39Ar recombined total fusion ages of 6.9
± 0.7 Ma, 9.2 ± 0.4 Ma and 13.4 ± 0.3 Ma (Duncan and Varne, 1988).

40

K-40Ar whole rock ages

ranged from 3.6 ± 0.3 Ma to 9.6 ± 0.9 Ma and a 40K-40Ar hornblende age of 11.5 ± 0.3 Ma was
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also found (Duncan and Varne, 1988). Duncan and Varne (1988) interpret these results to
suggest that basalt and dike minimum crystallization ages are 11.5-9.7 Ma and possibly represent
off-axis magmatism, whereas younger ages represent resetting and record an alteration age of
5.8-9.6 Ma. Armstrong et al. (2004) conducted U-Pb zircon ages and fission track ages for
zircon and apatite. Zircon-bearing phlogopite pegmatoids yielded U-Pb zircon ages of 8.8 ± 0.2
to 8.4 ± 0.3 Ma, and fission track ages of 5.2-4.2 Ma (apatite) and 6.5-5.5 Ma (zircon) from
gabbro intrusions (Armstrong et al., 2004). A tabular basalt yielded an apatite fission track age
of 4.7 ± 0.7 Ma (Armstrong et al., 2004).
LA-ICP-MS U-Pb geochronology of detrital zircons south of the Finch-Langdon fault
from ophiolitic sandstones and breccias range from 33 to 27 Ma whereas modern-detrital zircons
collected from gabbroic colluviums north of the fault comprise a younger population at 8.4 ± 1.3
Ma (Portner et al., 2011). Initial εHf compositions of the detrital zircons (Portner et al., 2011) in
both the northern and southern populations display a similar range (εHf = +15 to +12).
However, U/Yb ratios for trace elements in the detrital zircon populations (Portner et al., 2011)
show enrichment in the youngest population (~8.5 Ma) north of the Finch-Langdon fault whereas
the older populations (33-27 Ma) display normal ocean zircon compositions. Portner et al.
(2011) interpret these zircon Hf isotope and trace element results as a signature of decreasing
degrees of partial melting in a dying MOR system.
METHODS
Sample Preparation
Gabbro samples were chosen based on the presence of zircon identified by optical
microscopy. Six samples in this study were first trimmed using a Hilloquist trim saw, crushed
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with a Sturtevant jaw crusher and pulverized by a disk mill. Heavy mineral separates for larger
samples were separated by a Gemini Gold table. All samples were sieved with a 250 µm mesh
sieve and only the <250 µm separate was used in further processes. Samples were magnetically
separated by first using a hand magnet and further by a S. G. Frantz Co. Inc. Isodynamic
Magnetic Separator at 0.1, 0.5, and 1.0 Amps. The non-magnetic portions for all samples were
separated by density via elution through MI-GEE Methylene Iodide (Sp. G. 3.32 g/L) and only
the >3.32 g/l portion was subjected to further preparation techniques. Mineral separation
methods typically yielded tens to hundreds of zircons ranging from <50µm to several hundred
microns in length. Approximately 30 – 70 zircon grains from each sample in addition to two
analytical standard samples (R-33 and FC-1) were handpicked using a Nikon SMZ1000
binocular microscope and placed in rows (6mm long; 1-2 mm wide; 1-2 mm of space between
samples). Samples were then mounted in epoxy discs (~2.5 cm in diameter). Epoxy mounts
were polished and carbon coated for imaging on the electron microprobe. Cathodoluminescence
(CL) images were collected for all mounted samples using a JEOL 8600 electron microprobe
microanalyzer (EPMA) at the Central Analytical Facility (CAF) at The University of Alabama.
Reflected light images of grain mounts as well as photomicrographs of thin sections used in this
study where collected using a Nikon Eclipse LV100 POL microscope fitted with a Nikon D80
camera. Thin section scans were produced using an Epson Reflection V700 scanner. For
analysis on the SHRIMP-RG samples were lightly polished and recoated with ~100 nm thick
gold coat.
U-Pb and Trace Element Methods
Zircon U-Pb isotope and zircon trace element measurements were collected
simultaneously via secondary ion mass spectrometry (SIMS) at USGS-Stanford Ion Microprobe
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Laboratory using the sensitive high resolution ion microprobe - reverse geometry (SHRIMPRG). Analytical methods for SIMS U/Pb analysis follow those developed by Ireland (1995) and
Williams (1998), and SIMS trace element analytical methods follow those by Mazdab and
Wooden (2006). Zircon spot analyses where performed using a ~3-6 nA primary beam current
and a 15-20 µm primary beam diameter while working at ~11,000 mass resolution (M/ΔM).
Each analysis consisted of one block of six cycles with each cycle peak stepping sequentially
through the series: 89Y+, 139La+, 140Ce+, 146Nd+, 147Sm+, 153Eu+, 155Gd+, 179Dy16O+, 183Er16O+,
188

Yb16O+, 196Zr216O+, Hf16O+, 204Pb+, 206Pb+, 207Pb+, 208Pb+, 232Th+, 238U+, 248Th16O+, 254U16O+,

and 270U16O2+. Oxides for the middle and heavy REE and Hf, Th and U are used due to greater
ion production for these elements in their oxide form. The duration of each measurement block
was 17-19 minutes with count times for most elements and oxides between 1-8 seconds;
however, count times for 206Pb+ and 207Pb+ were increased to 20-30 seconds per cycle because
signal strengths were unusually low. Additionally U concentrations were problematically low
(typically <100 ppm); therefore, high U portions of each zircon, inferred by darker zones
observed in the CL images, were targeted for analysis and higher U concentration analyses
yielded higher precision U/Pb age determinations. Where possible, SIMS analytical spots were
chosen in close proximity to the laser ablation pits from the Hf isotope analytical sessions. Two
standards were used during the analytical session: CZ3 (a gem quality zircon with 550 ppm U
and used for U concentration determinations) and R-33 (419 Ma quartz diorite zircon grains from
Braintree complex, Vermont and used as the Pb/U age standard) (John Aleinikoff, personal
communication, 2001). One R-33 zircon standard analysis was run after every 3-5 unknown
analyses to monitor analytical drift. The SQUID (Ludwig, 2001) software was used to reduce
the raw data. All age calculations were performed using Isoplot 3.7 (Ludwig, 2008). Common
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Pb corrections where made using measured 207Pb/206Pb and 238U/206Pb ratios and using accepted
Pb isotopic compositions (Stacey and Kramers, 1975) in accordance with the methods described
by Wasserburg and Tera (1972).
MSWD (mean square of weighted deviates) is a measure of the ratio of the observed
scatter to the expected scatter of the analytical data. MSWD is defined as:
MSWD = f -1 Σ(Δyi2 / σi2)
Where f = (n-2) degrees of freedom, and n is the number of data points, Δyi = yi – axi – b, is the
deviation of the ith point and σi2 = σ2(Δy) = a2σxi2 + σyi2, is the square of the error. MSWD
values will be near one if assigned error is only the cause of scatter. MSWD values substantially
greater than one are due to either non-analytical errors (geological phenomenon) that results in
the observed deviation from the mean or an underestimation of assigned error, whereas MSWD
values less than unity are caused by overestimation of analytical error or unrecognized error
correlation (Ludwig, 2008). In this study, analytical results with MSWD values significantly
greater than one are interpreted to be the result of geological phenomenon that led to scatter in
the data.
Lu-Hf Isotope Methods
Lu-Hf isotope compositions in zircon provide a powerful tool for distinguishing melt
source composition (Kinny and Maas, 2003).

176

Lu decays to 176Hf via β-decay (λ176Lu =

1.867x10E-1; Söderlund et al., 2004) and deviations in the 176Hf/177Hf values for samples from
chondritic values are expressed in epsilon units (parts per ten thousand) following the formula:
εHf = {[(176Hf/177Hf)0sample / (176Hf/177Hf)0CHUR] – 1} * 104.
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Lu and Hf show disparate compatibility in magmatic systems making them useful in
distinguishing magmatic sources. Hf is incompatible compared to Lu in the residual mantle and
melting of mantle to produce basalt has led to an enrichment of Hf in basaltic crust and,
consequently, arc and continental crust. Present day estimates of the depleted upper mantle are
~+16 εHf (Workman and Hart, 2005) and continental crust values are typically <<0.
Lu-Hf isotope ratios were collected at The University of Florida and are reported
following the protocol outlined by (Mueller et al., 2007). Analyses were measured by LA-MCICP-MS using a Nu-Plasma MC-ICP-MS with a New Wave 213 nm solid-state Nd:YAG laser.
Zircon spot analyses were performed with 40 micrometer beam diameter at 8 to 10Hz, and 70%
power. All data reduction was performed with on-line Lu and Yb isobaric interference
corrections, using 176Lu/175Lu=0.02653 and 176Yb/172Yb=0.5870, both ratios within the range of
published values (Vervoort et al., 2004). A mass-bias correction using 187Hf/177Hf = 1.46718
was applied to all analyses. Analysis of FC-1 zircon standard were used to monitor precision of
the instrument and yielded 176Hf/177Hf = 0.282170 ( ± 0.000022, 2 s.e.; n = 17) and are within
error of multi-grain dissolution analyses of this standard (176Hf/177Hf = 0.282174 ± 0.000013, 2
s.e.). Measured and mass-bias corrected 176Lu/177Hf values were used upon acquisition of U-Pb
geochronology to calculate initial 176Hf/177Hf ratios, following methods from Griffin et al. (2002)
and DM and CHUR is calculated from Nowell et al. (1998) and Patchett et al. (2004). Where
possible, individual grain U-Pb ages were used to calculate initial εHf values of the same grain;
otherwise, the weighted average age of the sample was applied in the calculation of initial εHf
for the individual analyses. The 176Lu decay constant of λ176Lu = 1.867x10E-11 (Söderlund et al.,
2004) was used in all calculations.

18

RESULTS
Sample Descriptions
All samples in this study were obtained from the Tasmanian Geological Survey Archive
and all samples except sample 119A were originally collected from Macquarie Island by Ben
Goscombe during two expeditions dedicated to mapping and sample collection in 1994 and
1995. Sample 119A was part of a collection of samples from C. Christodoulou. Samples are
from the exposed lower crustal sections north of the Finch Langdon fault zone and localities are
shown by the yellow stars in Figure 1. Samples include two lower crustal gabbro samples
(G1001a and G1003a), two gabbro dikes that intrude mantle peridotite (G83b and G95b), one
felsic vein that cross-cuts gabbro (119A) and a phlogopite vein that cross-cuts mantle peridotite
(G88a). Detailed sample descriptions may be found in Appendix A.
Zircon Textures in cathodoluminescence
Zircons from the protomylonite lower crustal gabbro sample (G1001a; Figure 9a)) and
both mylonite gabbro dike samples (G83b and G95b; Figure 9c and 9d, respectively) display
very similar characteristics and morphologies; therefore, zircon texture descriptions for these
samples are reported in concert. These zircons vary in size from 50-400 µm with an average size
of about 125 µm and have aspect ratios that range from 1:1 to 1:4. Most morphologies are
anhedral to subhedral with a few (<5%) euhedral in shape. In general, zoning is absent in the
smaller zircons whereas the larger zircons from these samples have weak patchy or sector zoning
and a few display weak oscillatory zoning. Very few (<10%) zircons show cracked or
fragmented textures. Thin, dark rim overgrowths only occur in the lower crustal gabbro
protomylonite sample (G1001a) and are uncommon (<5% of the population).
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Figure 2: Cathodoluminescence images for selected zircons from each of the
samples analyzed in this study. Dashed lines approximate zircon boundaries. U-Pb ages in
parentheses are the weighted average of the sample and initial εHf values in parentheses
are calculated using the weighted average of the sample. Scale bars are 100 µm.
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In the mylonite lower crustal gabbro sample (G1003a; Figure 9b) most zircons (>85%)
are small (50-100 µm) with aspect ratios around 1:1 and generally anhedral. A few zircons
(<15%) are larger (100-300 µm in the long dimension) with greater aspect ratios (up to 3:1) and
can be subhedral with a few well-formed crystal faces. Many of the zircons from this sample
display cracked or fragmented textures. Zoning features are common and tend to appear patchy
or chaotic in nature. A minor population (<10%) of zircons display thin, dark rims overgrowing
irregular and sometimes embayed weak oscillatory zoned interiors.
In the phlogopite vein sample (G88a; Figure 9e), zircons range in size from 50-450 µm
(long dimension length) with average sizes of 100-150 µm (largest average size of all samples).
Aspect ratios vary from 1:1 to 4:1 and average about 1:2 from most of the population.
Approximately 50% of the zircons show cracked and fragmented features. Zoning is uncommon
and when present, is weak and appears patchy in nature. Dark rim overgrowths occur in ~25%
of the zircons from this sample and dark overgrowths range from a few micrometers to 40 µm in
thickness with average thickness of ~10 µm.
Zircons in the felsic vein sample (119A; Figure 9f) display the most prominent zoning
features and with >85% of zircons from this sample showing some signs of zoning (Figure 9f).
Strong sector and oscillatory zoning is most common but some of the zircons show a weak,
patchy zoning appearance. Zircons range in size from 50-250 µm with an average size of 100
µm in the long dimension. Aspect ratios vary from 1:1 to 3:1 but most zircons have
approximately 1:1 aspect ratios. Anhedral character is confined to the smallest zircons with very
few (<10%) being anhedral. Most zircons are subhedral with multiple well-formed crystal faces
and some (<15%) are euhedrally formed.
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Figure 3: Zircon U-Pb geochronology results for the samples analyzed. For each
sample, plots for the Tera-Wasserburg concordia (left) and the error weighted average
plots (right) are displayed.
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U-Pb zircon geochronology
Lower crustal gabbros: Samples selected for geochronology from the lower crustal
gabbro section are a mylonite gabbro (G1003a) and a protomylonite gabbro (G1001a).
Individual zircon spot analyses (reported in Table 1) for G1003a (N = 13) and G1001a (N = 8)
are mostly concordant with no indications of inheritance and only the mylonite sample G1003a
shows slight signs of discordance. Error weighted average ages for the lower crustal gabbros
are: G1003a: 8.97 ± 0.16 Ma (MSWD = 0.82) (Fig. 10a); and G1001a: 8.64 ± 0.26 Ma (MSWD
= 0.75) (Figure 10b).
Mylonite gabbro dikes intruding harzburgite: Mylonitic gabbro dike samples (G95b and
G83b) intrude the HI harzburgite association on the north-western coast near Half Moon Bay
(Figure 1b). Individual zircon spot analyses (reported in Table 1) for G95b (N = 8) and for G83b
(N = 9) show no obvious signs of inheritance or Pb loss. Error-weighted average ages are: G95b:
8.73 ± 0.29 Ma (MSWD = 2.2) (Fig. 10c); and G83b: 8.66 ± 0.59 Ma (MSWD = 0.59) (Fig.
10d).
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Felsic vein and phlogopite vein: Individual zircon spot analyses (reported in Table 1)
from both samples yield concordant analyses with no obvious signs of Pb loss. Only in the felsic
vein sample is there a broad range in 238U/206Pb values that spread the analyses along concordia
that may possibly indicate an inherited component for the ages. Error weighted average ages are
used for interpretation and are as follows: 119A: 8.86 ± 0.17 Ma (MSWD = 5.9) (Fig. 10e); and
G88a: 8.53 ± 0.14 Ma (MSWD = 1.08) (Fig. 10f).
The felsic vein (119A) sample has a substantially larger MSWD value than the other
samples and may represent contributions from more than one age population of zircons. The
Sambridge and Compston (1994) algorithm in Isoplot (Ludwig, 2008) was used to calculate the
ages and relative contributions of two possible age components. Sample 119A (felsic vein)
yielded an older age component of 9.03 ± 0.09 Ma (for 48% of the analyses; errors are 2σ) and a
younger component of 8.56 ± 0.12 Ma (for 52% of the analyses; errors are 2σ), and a relative
misfit of -0.143. A three component trial was conducted as well; however, the results yielded the
same values as the two component model and a third age that was near the mean of the oldest
and youngest ages with no appreciable decrease in the relative misfit.
Zircon trace element geochemistry
Zircon trace element data for the six samples analyzed for U-Pb zircon geochronology
are reported in Table 2. Lanthanide rare earth element (REE) abundances for zircons analyzed
for the samples are plotted in Figure 11 (all abundances are normalized to chondrite values of
Mcdonough and Sun, 1995). Trace element compatibility in zircon is governed by the
Goldschmidt rules for ionic substitution that suggest elements with the same ionic radius and
charge will readily substitute for one another and compatibility for any given pair of elements
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increases with increasing similarity of their ionic radius (Goldschmidt, 1929). In general, the
REE are trivalent ions and decrease in ionic radius (IR) with increase in atomic number, a
phenomenon known as lanthanide contraction. The 0.84 ionic radius (all ionic radii are in
angstroms and taken from Shannon, 1976) for [8]Zr4+ ([#] before the element symbol represents
the coordination number; #+ following the element symbol represents the ionic charge) is closer
to the heavy REE (HREE) (e.g. IR of [8]Yb3+ is 0.985) than to the light REE (LREE) (e.g., IR of
[8]

La3+ is 1.160). Closer ionic radius for the heavier REE compared to Zr leads to the observed

pattern of an increase of abundance in zircon for with increase in Z (atomic number) for the
lanthanide REE (Figure 11). There are two elements that show exceptions to this general
observed pattern, Ce and Eu. Ce-anomalies (Ce/Ce*; Table 2, and Figure 11 and 12) are
characterized by a greater Ce abundances in zircon than predicted by extrapolating between La
and Pr abundances in zircon (in this study we use values extrapolated from La and Nd where
Ce/Ce* = CeN/√[LaN*(1/3) + NdN*(2/3)]). Ce-anomalies can be attributed to the presence of
Ce4+ in high fO2 crystallizing magmas (Murali et al., 1983).

[8]

Ce4+ has a similar ionic radius

(IR = 0.97) and the same charge as [8]Zr4+ (IR = 0.84); therefore, it is more compatible in the
zircon crystal lattice. Eu-anomalies (Eu/Eu* = EuN/√[SmN*GdN]) may be attributed to the
presence of Eu2+ that occurs when magmatic environments are more reducing or when Eu2+ is
sequestered by plagioclase that is fractionating from the melt (Snyder et al., 1993; HOSKIN,
1998; Hoskin and Black, 2002). The greater charge difference between Eu2+ and Zr4+ and the
larger IR for Eu2+ (1.25) reduces the compatibility of Eu in zircon and leads to lower values that
would be predicted by extrapolating between Sm and Gd values.

26

27

In general, Macquarie Island zircons REE patterns display positive Ce-anomalies
(Ce/Ce*), negative Eu-anomalies (Eu/Eu*) and an increase in concentration with increase in
atomic number for the remaining lanthanide series REE (Figure 11). All samples show almost
complete overlap in REE spider diagrams with exception of the felsic vein. The felsic vein
(119A) overlaps (>60%) with the other samples but shows elevated REE values compared to the
rest of the rock types (Figure 11f). The felsic vein is characterized by high total REE (ΣREE)
compositions and large Ce-anomalies (Figure 12c) and relatively low Eu-anomalies compared to
most analyses of all other samples. Two analyses of dark rim overgrowths in the lower crustal
gabbro mylonite sample G1001a have anomalous trace element values compared to the
remaining analyses that are apparent in the REE spider diagrams (Figure 11) as well as in the
trace element diagrams (Figure 12). They have the most positive Eu anomalies, nearly the
smallest Ce anomalies, lowest Y, lowest Yb, lowest ΣREE, highest Yb/Gd and highest La/Sm
values of the data set.
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Figure 4: Rare earth element patterns in zircon for each sample from this study.
Chondrite values are from Sun and McDonough (1989).
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Figure 5: Trace element plots for zircons analyzed by SHRIMP-RG ion
microprobe.
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The magnitude of Eu-anomalies is much smaller than the magnitude of Ce-anomalies for
all samples generally and there is no observable correlation between Ce- and Eu-anomaly
magnitude (Figure 12b); however, two of the samples with the greatest Eu-anomalies (lower
crustal gabbro protomylonite, G1003a; and felsic vein, 119A) do show a large range in Ceanomalies with vary limited change in Eu-anomaly values. A coarse positive correlation is
observed between magnitude of Ce-anomaly and ΣREE (sum total of REE) concentrations
(Figure 12c) whereas, a rough negative correlation is observed between magnitude of the Euanomalies and ΣREE (Figure 12d).
Back-calculating melt compositions of melts that were last in equilibrium with zircon is
possible by using REE data and partition coefficients of each REE in zircon with the assumption
that zircon was an early crystallizing phase (Hoskin and Schaltegger, 2003). Using partition
coefficients of Sano et al. (2002) melts that were last in equilibrium with zircon have been
calculated and the results are presented in the form of REE abundance diagrams in Figure 13.
These calculated melt compositions that have enriched LREE patterns and flat HREE
abundances similar to EMORB in overall appearance. The enriched character of the calculated
melt compositions indicates that zircon was in equilibrium with melts enriched in REE elements.
Macquarie Island zircons show evidence of crystallizing late in the fractionation process (i.e.,
small, subhedral to anhedral and interstitial between major phases). Highly evolved melts will
be enriched in trace elements relative to the primary melt compositions. Elevated REE
compositions indicate using zircon to calculate melt compositions in this case are not suitable for
modeling primary melt compositions because the system has been evolved significantly from the
primary composition. However, the calculated melt compositions are similar to the enriched
character of Macquarie Island EMORB-type basalt compositions. If zircon is the principle phase
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sequestering the moderately incompatible REE in oceanic settings, zircon may be a viable tool
for calculating melt compositions even if zircon is crystallizing late, but this is highly
speculative.
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Figure 6: REE trace element diagrams for melts last in equilibrium with zircon.
Most melt compositions have enriched LREE patterns typical for EMORB.
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Grimes et al. (2007) suggested that certain trace elements in zircon and trace element
ratios may be used to distinguish between contrasting magmatic environments. Grimes et al.
(2007) note that variations in U/Yb ratios in zircon reflect variation in whole rock U/Yb ratios
for MORB lavas (0.01-0.1; Klein, 2003), bulk continental crust (0.7; Rudnick and Gao, 2003),
and kimberlites (~4-6; Farmer, 2007). U and Yb are believed have similar compatibility in
zircon; however, their compatibility in magmatic systems is much different. The tetravalent
cations U and Th are incompatible and become enriched in arc magmas and continental crust
compared to the HREE, Y and Hf that can be slightly depleted in arc magmas. Crystallizing
phases that have affinities for REE and other trace elements (i.e., titanite, xenotime and
monazite) may have an effect on U/Yb ratios in magmas; however, Grimes et al. (2007) claim
that U/Yb ratios within an individual sample vary much less an order of magnitude indicating the
U/Yb ratio is robust in most cases for interpreting zircon provenance from contrasting magmatic
environments. Grimes et al. (2007) show that >80% of ocean zircon may be distinguished from
zircon formed in continental and most arc environments on discrimination diagrams of U vs. Yb,
U/Yb vs. Hf, and U/Yb vs. Y.
In trace element ratio diagrams for distinguishing zircons formed in an oceanic
environment (Grimes et al., 2007), zircons from all samples in this study plot outside the MORS
field for U vs. Yb, U/Yb vs. Hf, and U/Yb vs. Y discrimination diagrams (Figure 14). Lower
crustal gabbro data typically cluster in a tight group (with exception of the two rim analyses from
G1001a) and plot inside outside the ocean zircon field but very near the boundary separating
MOR zircon and overlap with a few analyses from the Mid Atlantic Ridge (MAR) and the
Southwest Indian Ridge (SWIR). The gabbro dike analyses display a range of values that span
from those similar to the lower crustal gabbros to enriched values of increasingly higher U
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concentrations (Figure 14 and 19). The felsic vein sample (119A) has the highest U, Yb and Y
concentrations of all analyses; however, Hf enrichment is not as pronounced compared to some
of the phlogopite vein zircon analyzed. The phlogopite vein sample G88a displays, for the most
part, two distinct populations with respect to trace elements: a light, low U interior and dark,
high U rim overgrowths (as distinguished in CL images). The dark, high U overgrowths possess
only slightly lower Yb and Y, but significantly greater concentrations of Hf compared to light,
low U interiors and comprise some of the most non-MOR zircon values of all of the analyses.
Zircon Lu-Hf isotope geochemistry
Hafnium isotope compositions in zircon were collected for all samples analyzed for
geochronology and trace elements to evaluate potential sources of Macquarie Island rocks. In
general, hafnium isotope data (Table 3) for all samples span a broad range of positive values
from +7 to +16 εHf (Figure 19b and Figure 15) indicating a source with a heterogeneous
hafnium isotope composition.
The lower crustal gabbro samples (G1003a and G1001a) display the smallest internal
variation of 176Hf/177Hf values of all samples analyzed. The mylonite lower crustal gabbro
sample (G1003a) displays a range from ~+10 to +12.5 εHf with an error-weighted average of
+11.7 ± 0.4 εHf (MSWD = 2.0) (Figure 15a). The protomylonite lower crustal gabbro sample
(G1001a) displays a range from ~+10 to +13.5 εHf with an error-weighted average of +11.1 ±
0.8 εHf (MSWD = 3.5) (Figure 15b). The lower crustal gabbro samples have indistinguishable
εHf error-weighted averages and approximately the same εHf range. The MSWD values for the
lower crustal gabbros are the smallest of all samples analyzed in this study.
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The gabbro dikes that intrude harzburgite have the broadest range of 176Hf/177Hf isotope
values of all the sample types in this study. The mylonite gabbro dike sample (G95b) values
range from ~+8 to +16 εHf with an error-weighted average of +11.7 ± 1.4 εHf (MSWD = 7.8)
(Figure 15c). The mylonite gabbro dike sample (G83b) has a continuous range in Hf isotope
values from ~+7 to +16 εHf with an error weighted average at +11.6 ± 1.5 εHf (MSWD = 10.6)
(Figure 15d).

The felsic vein sample 119A possesses a relatively more homogenous εHf

signature (i.e., narrow range) similar to the lower crustal gabbro samples, ~9 to 13 εHf, with a
slightly lower error weighted average of 10.4 ± 1.3 εHf (MSWD = 3.6) (Figure 15e). The error
weighted averages for the gabbro dikes and the felsic vein overlap within error of the lower
crustal gabbros.
The phlogopite vein that intrudes harzburgite (sample G88a) has the lowest error
weighted average of all samples in this study at 9.9 ± 0.7 εHf (MSWD = 3.6) and a range of ~8.5
to 12.5 εHf (Figure 15f). The εHf error-weighted average overlaps within error with the other
samples in this study; however, it represents the most enriched error-weighted average of all
samples from this study.
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Figure 7: Macquarie Island zircon trace element data plotted on discrimination
diagrams from Grimes et al. (2007). All zircons from this study are oceanic zircons and
plot in the continental fields. Symbols are same as above.
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Figure 8: Lu-Hf isotope results plotted as histogram and probability density plots
(left) and error weighted average plots (right) for each sample from this study.
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DISCUSSION
Zircon Alteration
Since most of the Macquarie Island samples have been subjected to varying degrees of
high temperature deformation, before discussing the timing of magmatic construction, we digress
briefly to address the problem of whether or not zircons could represent metamorphic zircon that
crystallized during metamorphism or could be primary igneous zircons that have been affected
by metamorphism. It has been shown that crystal-plastic deformation of ocean zircon at
amphibolite to granulite facies metamorphism can lead to alteration in trace element
geochemistry (Reddy et al., 2006). Metamorphic zircons can display anomalous morphologies
that may indicate possible chemical alteration (i.e. resorption or metamorphic overgrowth;
Hoskin and Schaltegger, 2003, and references therein). Altered oceanic zircon can display
anomalous textures (e.g. porosity) that may indicate secondary alteration or amagmatic processes
(e.g., Grimes et al., 2009; Schwartz et al., 2010). The lower crustal section of Macquarie Island
has been locally subjected to conditions of amphibolite and granulite facies metamorphism
(Christodoulou, 1994; Goscombe and Everard, 2001) and zircons from this study were separated
from rocks located in high temperature, deformational shear zones. Many zircons from this
study reveal in CL images anhedral crystal morphologies with very few well-formed crystal
faces and some zircons display anomalous rim textures where bright luminescent interiors
possess distinct, embayed boundaries overgrown by dark rim over growths that may indicate
resorption followed by reprecipitation. Whereas these features might suggest metamorphic
alteration/growth, one systematic distinction between igneous and metamorphic zircon are Th/U
trace element ratios <0.07 (Rubatto, 2002; Hoskin and Schaltegger, 2003). All zircon trace
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element analyses from this study have Th/U values >0.25 (Figure 12a). In addition, nearly all UPb analyses are concordant with only a few anomalous analyses having indications of possibly
minor Pb loss. The zircons also display weak oscillatory zoning, sector zoning and lack
secondary rims that indicate they likely crystallized from primary igneous melts. Our
interpretation is that the zircon morphological characteristics and textures in this study are
related to igneous processes rather than metamorphism or hydrothermal alteration. Anomalous
textures could be a product of limited interstitial growth space resulting from late-stage
crystallization. The intrusion of hot melt into interstitial spaces zircon is crystallizing from could
partially dissolve grain boundaries of zircon then reprecipitate/crystallize new zircon along
preexisting grain boundaries leading to the embayed features observed.
Ce- and Eu-anomalies and changes in fO2
Trace element compatibility in zircon is governed by the Goldschmidt rules for ionic
substitution that suggest elements with the same ionic radius and charge will readily substitute
for one another and compatibility for any given pair of elements increases with increasing
similarity of their ionic radius (Goldschmidt, 1929). In general, the REE are trivalent ions and
decrease in ionic radius (IR) with increase in atomic number, a phenomenon known as
lanthanide contraction. The 0.84 ionic radius (all ionic radii are in angstroms and taken from
Shannon, 1976) for [8]Zr4+ ([#] before the element symbol represents the coordination number; #+
following the element symbol represents the ionic charge) is closer to the heavy REE (HREE)
(e.g. IR of [8]Yb3+ is 0.985) than to the light REE (LREE) (e.g., IR of [8]La3+ is 1.160). Closer
ionic radius for the heavier REE compared to Zr leads to the observed pattern of an increase of
abundance in zircon for with increase in Z (atomic number) for the lanthanide REE (Figure 11).
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There are two elements that show exceptions to this general observed pattern, Ce and Eu. Ceanomalies (Ce/Ce*; Table 2, and Figure 11 and 12) are characterized by a greater Ce abundances
in zircon than predicted by extrapolating between La and Pr abundances in zircon (in this study
we use values extrapolated from La and Nd where Ce/Ce* = CeN/√[LaN*(1/3) + NdN*(2/3)]).
Ce-anomalies can be attributed to the presence of Ce4+ in high fO2 crystallizing magmas (Murali
et al., 1983).

[8]

Ce4+ has a similar ionic radius (IR = 0.97) and the same charge as [8]Zr4+ (IR =

0.84); therefore, it is more compatible in the zircon crystal lattice. Eu-anomalies (Eu/Eu* =
EuN/√[SmN*GdN]) may be attributed to the presence of Eu2+ that occurs when magmatic
environments are more reducing or when Eu2+ is sequestered by plagioclase that is fractionating
from the melt (Snyder et al., 1993; HOSKIN, 1998; Hoskin and Black, 2002). The greater
charge difference between Eu2+ and Zr4+ and the larger IR for Eu2+ (1.25) reduces the
compatibility of Eu in zircon and leads to lower values that would be predicted by extrapolating
between Sm and Gd values.
Since REE are moderately incompatible in fractionating phases other than zircon in mafic
assemblages (i.e., plagioclase, olivine, orthopyroxene and clinopyroxene), then REE abundances
will increase in the melt over time during crystal fractionation and lead to higher abundances in
zircon from evolved melts. In this case, if increases in ΣREE (which shows a strong positive
correlation with Y and Yb) is an indicator of evolved melts (Belousova et al., 2002), then the
correlations with Ce- and Eu-anomalies may indicate a change in fO2 in the magmas with time.
The coarse positive correlation between Ce-anomalies and ΣREE abundances and negative
correlation between Eu-anomalies and ΣREE abundances may indicate more oxidizing
conditions arising later in the fractionation process; however, this is difficult to conclude with
any certainty because fO2 is not the only factor determining the presence of Ce4+ and Eu2+ as well
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as their abundance in the melt. Schreiber et al. (1980) suggested that Ce4+ is reduced by Fe3+ in
magmas and, therefore, the increase in Ce-anomaly in the felsic vein could indicate that most of
the iron had been fractionated from the melt by the time that zircons from the felsic vein
crystallized. As mentioned above, plagioclase fractionation also affects the shape and magnitude
of the Eu-anomaly as well, complicating the systematics even further.
Timing of magmatic construction
Zircon error-weighted average ages for the lower-crustal rocks record magmatism
occurring at the PMSR during the interval of ~9.0-8.5 Ma (Figure 10 and Table 1). Errorweighted average ages for the lower crustal gabbro units (sample G1003a and G1001a) range
from 8.97 ± 0.16 Ma to 8.64 ± 0.26 Ma and represent the oldest and the youngest samples in this
study except for the phlogopite vein. The gabbro dikes and felsic vein error-weighted average
ages are coeval with the main crustal constructing gabbro units. The phlogopite vein has the
youngest error weighted average (8.53 ± 0.14 Ma); however, the phlogopite vein age overlaps
within error with the youngest lower-crustal gabbro sample and possibly represents the latest
stages of volatile rich melts/fluids related to the magmatic sequence.
Results from the Sambridge and Compston (1994) algorithm for distinguishing distinct
populations for the felsic vein sample (119A) with the highest MSWD (largest scatter) could
indicate two age populations of zircons that would suggest two pulses of magmatism, at ~9.0 and
~8.6 Ma, during this time interval. Previous high precision ID-TIMS U-Pb zircon studies of the
Mid-Atlantic Ridge (Lissenberg et al., 2009) and the East Pacific Rise (Rioux et al., 2012)
suggest over dispersion (MSWD >> 1) of zircon ages may indicate resolvable protracted periods
of zircon crystallization up to ~0.15 Myr. Our individual zircon ages show similar ranges in age
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that may possibly indicate protracted zircon crystallization; however, uncertainties on SHRIMPRG individual zircon ages are too large to resolve these times scales. Additionally, xenocrystic
zircon have been observed at the SWIR (Schwartz et al., 2005) and the scatter within our zircon
ages for sample 119A may indicate a xenocrystic population of zircon incorporated into a
younger melt.
The new SHRIMP-RG zircon U-Pb data help to constrain the findings of previous work
on the Island. Our data are in agreement with the U-Pb zircon crystallization ages of phlogopite
pegmatoids (8.8-8.5 Ma: Armstrong et al., 2004) and U-Pb detrital zircon studies of the northern
region of the Island (8.4 ± 1.3 Ma: Portner et al., 2011). However, the older Ar-Ar
crystallization ages (11.5-9.7 Ma) for cross-cutting dolerite dikes (Duncan and Varne, 1988) and
the ca. 11 Ma magnetic anomaly age for Macquarie Island crust (Sutherland, 1995; Lamarche et
al., 1997; Varne et al., 2000; Meckel, 2003) are also in disagreement with the lower crust zircon
ages and are difficult to reconcile temporally with our ages. All samples in this study are
temporally related to the crustal building episode that formed the lower crustal gabbros (gabbro
unit GIII from Goscombe and Everard, 1998) suggesting that gabbro dike, felsic vein and
phlogopite vein formation are coeval with the main crustal constructing process.

Timing of deformation
Primary igneous zircon ages allow us to place constraints on the timing of deformation of
the lower oceanic crust from Macquarie Island. Goscombe and Everard (2001) constrained the
sequence of deformational structures using field observations to three distinct periods: D1:
extensional, crust formation and ductile deformation; D2: transtensional, late stage dolerite dike
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formation: and D3: transpressional, brittle deformation. Ductile deformation at the PMSR
occurred before the units were allow to sufficiently cool into the brittle field (Goscombe and
Everard, 2001). Synkinematic melt intrusions in the gabbro dike sample G83b (Figure 4)
indicate that melt was still being supplied to the lower crust during the high strain deformation
period at 8.66 Ma. Igneous zircon ages from the mylonitic lower crustal gabbro samples
(G1001a and G1003a) place a maximum constraint of ~8.6 Ma for the timing of ductile
deformation in the lower crustal gabbros. Mylonitic gabbro dike samples (G95b and G83b)
constrain ductile deformation in the harzburgite section to a maximum age of ~8.6 Ma as well.
These results constrain the boundary between the D1 and D2 periods of Goscombe and Everard
(2001) to a maximum age of ~8.6 Ma.
Evidence for heterogeneous mantle sources
The Earth’s mantle is known to be chemically and isotopically heterogeneous on the
regional scale of ocean basins down to possibly the size of individual grains (eg. Hofmann and
Hart, 1978; Wood, 1979; Sleep, 1984; Allègre and Turcotte, 1986; Van Orman et al., 2001; Niu
et al., 2002; Liu et al., 2008). Mantle mineralogical and chemical heterogeneities have been
suggested to be the primary factor influencing the chemical variability of mantle melts and extent
of melts produced (Niu and Hékinian, 1997; Salters and Dick, 2002) as well as the depth of axial
ridge and melting systematics correlations globally (Niu and O’Hara, 2008). Therefore,
observations indicate a fundamental link between mantle source characteristics and the dynamics
of oceanic crust construction.
Trace element and initial 176Hf/177Hf isotope compositions in zircon from this study
signify the presence of a heterogeneous mantle source beneath Macquarie Island. U/Yb trace
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element compositions plot ubiquitously outside the typical MOR zircon field in discrimination
diagrams from Grimes et al. (2007) (Figure 14 and 18 a). Melts derived from an enriched mantle
domain (EMORB-like) possess elevated incompatible U compositions and only slightly lower
Yb and Y compositions compared to melts derived from typical depleted mantle sources
(NMORB-like) (figure 18 inset). During fractional crystallization, trace elements may become
concentrated (enriched) in the melt fraction leading to increased abundances in zircon; however,
in the case of fractional crystallization, increases in the U/Yb concentrations will be
accompanied by increases in other incompatible elements such as Y (Figure 18 a). In Macquarie
Island zircons, increased values of U/Yb are not accompanied with an increase in Y, instead
enrichment seems to be accompanied by a slight decrease in Y indicating the enrichment has
most likely been inherited from the mantle source.
Enriched initial 176Hf/177Hf isotope compositions in zircon from this study also indicate
the presence of an enriched mantle chemical domain underlying Macquarie Island crust. The
spectrum of values from typical depleted MORB mantle (DMM of Workman and Hart, 2005)
values (+16 εHf) to less radiogenic, enriched values (+7 εHf) indicates that melts were derived
from a heterogeneous mantle source (Figure 18 b). Enrichment of initial 176Hf/177Hf isotope
compositions represents a long-lived enriched character. It is highly unlikely that mass
fractionation of Lu and Hf isotopes occurs during melt segregation and differentiation (i.e.,
crystal fractionation) because the difference in mass for Lu and Hf isotopes differs less than one
percent; therefore, the enriched isotopic character of zircons is most likely inherited from the
mantle source.
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Figure 9: Summary of geochemistry of Macquarie Island zircon. a) trace element
enrichment inherited from an source produce oceanic zircon with a distinct trace element
signature. Inset shows the composition of EPR-EMORB normalized to EPR-NMORB data
(Niu et al., 2002).
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Evidence for mixing
Initial εHf isotopic values have large MSWDs that cannot be explained by a single
homogenous population and likely indicate mixing of melts derived from a heterogeneous mantle
source beneath the axial ridge of the PMSR during crustal construction. If initial Hf isotope
compositions are inherited from a heterogeneous mantle source with a depleted end member
(~+16 εHf) and an enriched end member (<+7 εHf), then melts derived from the two end
members that experience mixing will have intermediate compositions between the minimum
enriched end member and maximum depleted end member compositions. The gabbro dikes have
the largest variation in εHf (+16 to +7) and the lower crustal gabbro samples have the smallest
variation in εHf (+10 to +13.5). However, the lower crustal gabbro and gabbro dike samples in
this study all have approximately the same mean (~+11.5 εHf) that may indicate the of the
thoroughly homogenized bulk melt. The smaller MSWD (smaller amount of scatter deviating
from the mean) in the lower crustal gabbro units indicates that more thorough mixing occurred
between enriched and depleted melts in the large transient lower crustal magma chambers or
crystal mush zones. The greater variation in the gabbro dikes that intrude the harzburgite
experienced less thorough homogenization during mixing.
The shift in the mean εHf value for the felsic vein and the phlogopite vein to slightly
more enriched values than the mean of the gabbro units could indicate that these lithologies
experienced a greater contribution from the enriched source during the waning phases of
magmatism. Felsic vein formation in lower oceanic crust has been attributed to highly evolved
residual melt during differentiation of MORB by crystal fractionation (e.g. Niu et al., 2002),
immiscibility in evolved tholeiitic liquids (Natland et al., 1991) or possibly anatexis of hydrated
crustal gabbro (e.g. Koepke et al., 2004). The highly fractionated trace element patterns for
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zircon from the felsic vein (e.g., high ΣREE) as compared to the trace element patterns in zircon
from the other samples from this study indicates that the felsic vein likely formed as late stage
differentiated MORB melts (Koepke et al., 2004). Phlogopite veins signifies elevated
concentrations of alkalis and hydrous fluids that may indicate that it formed form metasomatic
fluids derived from the latest stages of differentiated melt (Arai and Takahashi, 1989; Yoshikawa
et al., 1993). The phlogopite vein has the youngest error weighted average of all samples from
this study and also the most enriched hafnium isotope error-weighted average. This indicates
that it may have been derived from alkali rich hydrous fluids from the magmas in the latest
stages of crystallization.
Dying mid-ocean ridge influences and evidences
It has been hypothesized that enrichment in Macquarie Island zircon trace elements is the
product of decreasing volumes of melt led to an enrichment of incompatible trace elements
(Portner et al., 2011). Additionally, trace element enrichment has been observed at a dying
section of spreading ridge at Drake Passage (Haase et al., 2011). Haase et al. (2011) found that
at dying spreading centers in Drake Passage, trace element enrichment could be explained by
models of decreasing fractions of melt produced from a homogenous depleted source in the
waning phases of magmatism; however, enrichment signatures in isotope ratios (e.g., Hf) implies
a long term source heterogeneity that could only be explained by contribution from a source
enriched in isotopes.
In the dying MOR environment, the total volume of melt extracted from the mantle is
progressively decreasing during the waning phases of magmatism (Haase et al., 2011). Enriched
mantle sources are likely more easily melted than a depleted mantle source because of their
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increased alkali elements, incompatible trace elements and possibly water content (Hirschmann,
2000). Decreases in overall melt volume will first lead to a decrease in volume of melt extracted
from the more refractory depleted mantle source. Consequently, if melts are produced from a
heterogeneous mantle with enriched and depleted components, the relative proportion of melt
from the enriched source in the overall melt volume will increase with a decrease in overall
partial melt volume at dying MORS.
The enriched mantle component is the most fusible (i.e. most easily melted); however, it
is volumetrically the smallest component. The decrease in degree of melting has a large
influence on the expression of the enriched component in the overall chemistry (e.g. Niu et al.,
2002). If the mantle is ubiquitously heterogeneous, then it is likely at dying ridges and normal
mid-ocean ridge environments the volume of the enriched mantle component is not very
different. However, at normal mid-ocean ridge environments the degree of melting is great
enough that the contribution of the enriched component is diluted sufficiently when melts have
thoroughly mixed near the ridge axis; hence, it is indistinguishable when thoroughly mixed with
the voluminous depleted melt component. At dying mid-ocean ridges the volume of melt from
the depleted end member is reduced sufficiently enough that the contribution of the enriched end
member is observable. Our zircon data record processes that were occurring during the waning
phases of magmatism (<10 Ma) at the PMSR (Varne et al., 2000) and the trace element and
isotope enrichment observed in zircons from this study are consistent with dying MOR
systematics.
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The relationship between zircon trace element and Hf isotope enrichment
Grimes et al. (2007) suggest that U/Yb reflects the composition of the host rock and thus
provide a reliable tool to discriminate zircons formed from mid-ocean ridge environments from
continental source zircons. However, there is no observable correlation between εHf
compositions and U/Yb (Figure 16), as to be expected if both are indicative of source
characteristics. A simple binary mixing curve (Langmuir and Vocke, 1978) between a depleted
and an enriched end member from the data set, this study, is presented (Figure 16a). This model
illustrates the relationship of zircon U/Yb trace element compositions and zircon Hf isotopes is
complicated. Variation in the data cannot be attributed to simply mixing of melts from two end
members.

Figure 10: Zircon U/Yb (a), Y (b), and Yb(c) plotted versus Hf isotope compositions
in zircon. Simple binary mixing models are unable to explain the lack of correlation
between U/Yb and Hf isotopes.
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Hf isotope compositions of zircon represent long lived source isotope signatures;
however, it is possible that trace element compositions and trace element ratios can be influenced
by environmental factors such as varying degrees of melting, fractional crystallization and
competing phases (i.e., clinopyroxene, titanite, and apatite). Modeling of mixing relationships
with zircons from MOR environments crystallizing from melts from an enriched mantle source is
speculative because the end members are not well constrained. (More detailed modeling
attempts and results are presented in the Appendix of this paper). Despite the lack of direct
correlation between zircon trace elements and Hf isotope compositions, both systems
undoubtedly show signs of enrichment relative to typical oceanic zircons or DMM. This
enriched character may likely be attributed to the presence of a mantle source that is
heterogeneous with an enriched end member.
Model of lower-crustal construction
U-Pb zircon geochronology from this study indicate crustal construction of Macquarie
Island lower crust occurred 9.0 – 8.5 Ma. Previous authors (Varne et al., 2000; Dijkstra and
Cawood, 2004) suggest that the dikes that intrude peridotite represent the conduits that supplied
the magma for lower-crustal construction. The zircon trace element and zircon Lu-Hf isotope
compositions from this study indicate a geochemical link between the gabbro mantle dikes and
lower crustal gabbros that supports these structural observations and field observations
(Goscombe and Everard, 1997, 2001; Varne et al., 2000; Dijkstra and Cawood, 2004).
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Figure 11: Idealized schematic illustrating the process of crust formation on
Macquarie Island. Melts derived from enriched (orange) and depleted (green) reservoirs
cross cut highly depleted, infertile mantle harzburgite domains at the base of the crust.
The gabbro dikes then provide the conduits through which melt was delivered to the lower
crustal gabbros.
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The large range in intrasample initial Hf isotope compositions in zircon from this study
suggest that mixing of melts that contributed to the crustal construction of Macquarie Island was
largely incomplete. The samples with the largest intrasample variation are the gabbroic dikes
(εHf = +7 to +16) that intrude mantle peridotite and those with the smallest intrasample variation
are the lower-crustal gabbros (εHf = +10 to +13); however, they both possess relatively the same
mean initial εHf value (εHf = +11.5) suggesting that the later has experienced more thorough
mixing of melts derived from likely the same enriched and depleted sources.
We envisage a model (Figure 17) of lower-crustal construction that involves a three
component mantle consisting of a highly fusible enriched reservoir, normal depleted upper
mantle reservoir and a highly infertile refractory reservoir that does not participate in melting,
similar to Liu et al. (2008). Melts extracted from the enriched and depleted mantle reservoirs
ascended through the mantle and intruded a portion of the highly refractory reservoir that is
observed on Macquarie Island that was emplaced at the ridge axis likely through mantle
convection and stirring. The conduits then supplied magma to facilitate the construction of the
lower crust. During ascension to the lower-crustal levels the enriched and depleted magmas had
sufficiently more time to mix creating more homogenous Hf isotope signatures.
CONCLUSIONS
The exposed lower oceanic crust section in the northern third of Macquarie Island
provides a unique window into oceanic crust formation and evolution. Zircons collected from
the lower crustal units imply crustal construction of Macquarie Island was occurring during the
interval of ~9.0-8.5 Ma. Primary igneous zircon ages constrain the timing of mylonite formation
to a minimum of 8.5 Ma for the gabbro samples in this study. Geochemistry of zircons show
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highly enriched trace element compositions that are atypical for normal oceanic zircon (Figure
18 a). Trace element enrichment from a heterogeneous mantle source as well as magmatic
differentiation processes such as crystal fractionation produce oceanic zircons that anomalously
plot in non-MOR fields on zircon provenance discrimination diagrams suggesting such diagrams
must be used with caution. Additionally, Hf isotope compositions in zircon display a range of
values from a depleted to an enriched signature that indicate zircons crystallized from melts
derived from a heterogeneous mantle source and experienced incomplete mixing (Figure 18 b).
Decreasing volumes of melt, varying degrees of fractionation and mixing of melts derived from a
heterogeneous mantle at a dying mid-ocean ridge produced unique enriched signatures for ocean
zircon. Zircon trace element and Hf isotope data, as well as the presence of ancient depleted
peridotite units observed on Macquarie Island, support a three component heterogeneous mantle
model beneath Macquarie Island crust.
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APPENDIX A: DETAILED SAMPLE DESCRIPTIONS
G1001a
G1001a is a gabbro proto-mylonite from a southeastern section of the GIII gabbro unit of
Goscombe (1998) (Figure 2). The mineral assemblage consists of plagioclase (50-60%) +
clinopyroxene (30-40%) + orthopyroxene (≤10%) with minor zircon and trace amounts of
sphene, rutile and opaque oxides. The sample has experienced 40-60% recrystallization of
primary phases into fine grained bands and aggregates of plagioclase + clinopyroxene.
Secondary alteration phases of hornblende + actinolite + uralite are observed in recrystallized
portions and as clinopyroxene rim alteration assemblages. Cracked clinopyroxene and
plagioclase porphyroclasts have undergone significant crystal plastic deformation showing
kinked-crenulose type internal cleavage, undulose extinction and deformation twinning.
Mortared porphyroclasts are mantled by a crushed and recrystallized fine grained matrix of
clinopyroxene and polygonized plagioclase. The fine grained matrix is oriented along grain
boundaries of porphyroclasts; however, no overall preferred orientation of matrix is observed.
Zircons are typically located in recrystallized matrix zones (Figure 2c) and one zircon was
observed in thin section almost completely enclosed by a clinopyroxene porphyroclast (Figure
2d).
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Figure A1: Protomylonite lower crustal gabbro sample G1001a images for a) hand
sample, b) thin section scan, c) and d) photomicrographs of zircons identified in thin
section (locations denoted in b).
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G1003a
Sample G1003a is a gabbro mylonite located in a shear zone in the southeast part of the
GIII gabbro unit of Goscombe (1998) (Figure 3). The primary mineral assemblage consists of
plagioclase (50-60%) + clinopyroxene (30-40%) + orthopyroxene (<10%) and contains trace
amounts of zircon rutile, sphene aggregates and opaque oxides. The sample is characterized by
its high degree of recrystallization and well defined foliation. Secondary rim alteration phases of
uralite and minor hornblende are prominent in mantled clinopyroxene and seritization of
plagioclase is common. The sample has experienced >85% recrystallization of primary phases in
to ribbons of plagioclase and clinopyroxene. All porphyroclasts are mantled by crushed and
recrystallized tails of clinopyroxene and plagioclase that form σ-type mantles. Mortared
porphyroclasts are typically mantled by crushed, fine grained minerals of the same composition
as the porphyroclasts. Porphyroclasts have experienced significant crystal-plastic deformation
indicated by kinked internal cleavage, elongation, ubiquitous undulose extinction, and
deformation twinning. Plagioclase subgrains lack zoning or internal twinning features and
possess serrated and sutured grain boundaries. Zircons are located in the fine grained,
recrystallized matrix and are typically very small making identification difficult and uncertain
(Figure 3b and 3c).
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Figure A2: Mylonite lower crustal gabbro sample G1003a images for a) hand
sample, b) thin section scan, c) and d) photomicrographs of zircons identified in thin
section (locations denoted in b).
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G83b
Sample G83b is a gabbro mylonite from a gabbro dike several meters in width intruding
the HI harzburgite unit of Goscombe (1998). Sample G83b is characterized by a tight, ductile
fold into which undeformed melt has intruded (Figure 4a). Host rock mineral assemblage
consists of plagioclase (40-50%) + clinopyroxene (40-50%) + hornblende (< 10%) with trace
amounts of zircon and opaque minerals. The undeformed melt intrusion assemblage is
plagioclase (50-60%) + clinopyroxene (20-30%) + hornblende (20-30%). Secondary
mineralization includes minor uralization of clinopyroxene and hornblende, seritization of
plagioclase, and crosscutting of small (<0.1 wide) prehnite veins. The host rock is composed of
a strongly foliated fine grained, recrystallized matrix of plagioclase + clinopyroxene with
porphyroclasts of mortared clinopyroxene. Clinopyroxene augen are mantled with tails of
crushed and recrystallized matrix. The host gabbro mylonite has experienced >90%
recrystallization of primary phases into ribbons of plagioclase + clinopyroxene. Deformed
clinopyroxene crystals in the host show crystal plastic deformation by kinking and elongation
with deformation twins possessing sutured grain boundaries. Plagioclase subgrains lack zoning
or internal twinning features and possess serrated and sutured grain boundaries. The mylonite
host has been folded where melt has intruded between layers of foliation in the nose of the fold
(Figure 4c). The melt is characterized by coarser grained, undeformed minerals of plagioclase +
clinopyroxene + hornblende. The contact between melt and host in some places is sharply
truncating foliation where at other places the contact grades into mylonitic zones by gradual
decrease in grain size (Figure 4b). Zircons are typically found crystallizing interstitially in
coarse melt (Figure 4d); however, smaller zircons have been observed in the fine grained,
recrystallized matrix of the host rock (Figure 4e).
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Figure A3: Mylonite gabbro dike intruding harzburgite sample G83b images for a)
hand sample, b) and c) thin section scan (locations shown in a), d) and e) photomicrographs
of zircons identified in thin section (locations denoted in b and c, respectively).
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G95b
Sample G95b is a gabbro mylonite from a gabbro dike several meters in width intruding
the HI peridotite unit of Goscombe (1998). The sample has experienced heavy low grade
alteration and the primary mineral assemblage is ambiguous in most places (Figure 5). The best
estimate of primary mineral assemblage is: plagioclase (50-60%) + clinopyroxene (~40%). Less
altered zones indicate the sample was subjected to high strain before any secondary alteration
occurred. Shear associated textures include mortared porphyroclasts of clinopyroxene and
plagioclase mantled by tails of a crushed and recrystallized fine grained matrix of plagioclase
and clinopyroxene and hornblende. The best estimate for the amount of recrystallization of the
protolith is 50-80%. Clinopyroxene that is not altered to clay show signs of uralitization and
nearly all plagioclase has been completely sericitized. Sub-greenschist facies alteration is
ubiquitous. Nearly all clinopyroxene porphyroclasts have prominent rim alteration to chlorite
and both recrystallized matrix and porphyroclasts have almost completely altered to an ultra-fine
grained mass likely consisting of oxides, clay minerals and/or zeolites. The sample has extensive
crosscutting prehnite veining composed of prehnite and chlorite. Zircons were identified in the
fine grained recrystallized matrix and occasionally enclosed in porphyroclasts (Figure 5c and
5d).
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Figure A4: Mylonite gabbro dike intruding harzburgite sample G95b images for a)
hand sample, b) thin section scan c) plane polarized light and d) cross polarized light
photomicrographs of zircons identified in thin section (locations denoted in b).
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G88a
Sample G88a is a small (<0.5 cm wide) zircon bearing phlogopite vein hosted in
serpentinized harzburgite from the HI peridotite unit from Goscombe (1998). The host peridotite
is >85% serpentinized olivine with extensive magnetite veining, strained orthopyroxene and
secondary talc. The phlogopite vein is dominated by (>95%) phlogopite with minor amounts of
zircon and apatite (Figure 6 and 7). Phlogopite is crystal-plastically deformed indicated by
kinking, crenulation cleavage, undulose extinction and deformation twinning. Zircon and apatite
occur interstitially between phlogopite crystals and are only found within the phlogopite vein
(Figure 6 c and d). Energy dispersive X-ray spectrometry maps for sample G88a were created
during a project aimed at searching for baddeleyite (Figure 7). Distinction between apatite and
zircon is illustrated by comparison of elemental maps of Ca, Zr, and Si. No baddeleyite was
identified.
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Figure A5: Phlogopite vein intruding harzburgite sample G88a images for a) hand
sample, b) thin section scan, c) cross polarized light and d) plane polarized light
photomicrographs of zircons and apatite identified in thin section (locations denoted in b).

72

Figure A6: Electron microprobe thin section mapping results for sample G88a. a)
electron back-scattered image, b) Zr EDS X-ray map (peak interference between Zr and P
results in apatite showing anomalously high Zr concentrations), c) Ca EDS X-ray map, and
d) Si EDS X-ray map.
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119A
Sample 119A is a felsic vein that cross cuts harzburgite (Figure 8).

Figure A7: Hand sample image of the felsic vein sample 119A. Scale is in
centimeters.
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APPENDIX B: U/Yb VS. εHf MODELING METHODS AND PARAMETERS
Model Methods:
Macquarie Island zircon display range of U/Yb trace element values and a range of εHf(t)
values that are atypical for normal mid-ocean ridge zircon. Both U/Yb and εHf(t) in zircon are
thought to indicate variations in source composition; however, plots of U/Yb vs εHf(t) in
Macquarie Island do not display any obvious correlation on X-Y diagrams. Therefore, to test the
relationship of the two, a mixing model for U/Yb vs εHf(t) zircon values was created using
Microsoft Excel.
Source compositions chosen for initial trace element concentrations are either abyssal
peridotites (Workman and Hart, 2005) or Macquarie Island near primitive glasses (Kamenetsky
et al., 2000). Workman and Hart (2005) used a compilation of abyssal peridotite data to
calculate a depleted MORB mantle (DMM) trace element and isotope values. Workman and
Hart (2005) EDMM and DDMM values are the 2 σ enriched and ultra-depleted values,
respectively. Kamenetsky et al. (2000) and Kamenetsky and Maas (2002) used data from
Macquarie Island “near primitive” MORB glasses to suggest that there exists a new enriched end
member in the EMORB family that is more enriched in trace elements and isotope composition
than previously observed. These melt trace element concentrations are the most appropriate for
this experiment.
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Modeling zircon trace element and isotope compositions from a mantle peridotite value
or a MORB glass value is problematic considering the melts generated from melting a peridotite
source experience varying degrees of melting and those melts change composition with time due
to fractional crystallization (FC). In addition, zircon is not thought to reach saturation and begin
crystallizing until late in the FC process (i.e., crystallize from the last bits of melt in the FC
process). Therefore, to model the compositions in zircons that crystallize from these melts we
created a model that uses a 2 step fractional crystallization sequence with an optional batch
melting sequence. The model incorporates equations for batch melting (Schilling and
Winchester, 1967), Rayleigh distillation (i.e. fractional crystallization; Neuman et al., 1954), and
trace element and isotope ratio mixing equations (e.g. Steiger and Wasserberg, 1966; Langmuir
et al., 1978).
Melts produced from batch melting (optional) or primary basalt compositions will then be
used in the fractional crystallization modules. The first step in the FC modules does not include
zircon during the FC calculations. The reason for this is the Kd (mineral partition coefficients)
values for these trace elements in zircon are >>1 where as the Kd values for the majority of other
fractionating phases are <<1. This leads to a significant altering of the D (bulk distribution
coefficients) in the FC calculation even if the f (fraction of zircon in the cumulate phase) of
zircon is small; consequently, this induces the buildup of trace elements in the residual liquid
phase in the appropriate manner. After the fractionation of the majority of the melt (>90% is
what is assumed), the remaining melt composition is then used in the second FC step that will
involve the fractionation of zircon. The second step allows you to model the influence of FC on
zircon compositions during zircon (plus other competing phases) fractionation. From the
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residual melt compositions, the concentration of the trace elements in zircon is calculated by the
equation:
Czrn = ((D-(D-(Kdzrn*fzrn)))/fzrn)*Cmelt*(1-F)^(D-1)

(1)

Where Czrn is the concentration of the element in zircon, D is the bulk distribution
coefficient of the element, Kdzrn is the partition coefficient of the element in zircon, fzrn is the
modal fraction of zircon in the cumulate, Cmelt is the concentration of the element in the melt, and
F is the fraction of the melt that has undergone fractional crystallization at that time. This
equation was derived by the logic:
If,
Kdzrn = Czrn/Cliq

(2)

Then,
Czrn = Kdzrn*Cliq

(3)

D = ∑𝑘𝑖=𝑗 𝐾𝑑𝑖 ∗ 𝑓𝑖

(4)

And,

Where j through k are the phases involved in the crystallization process. Then by
rearranging,
Kdzrn = (D – (D – Kdzrn*fzrn))/fzrn
Substituting into eq. 3,
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(5)

Czrn = [(D – (D – Kdzrn*fzrn))/f]*Cliq

(6)

By Rayleigh fractionation equation,
Cliq = C0liq*(1-F)^(D-1)

(7)

Therefore,
Czrn = [(D – (D – Kdzrn*fzrn))/f]*[C0liq*(1-F)^(D-1)]

(8)

The concentrations in zircon are then mixed using the mixing equations.
The largest assumption is that of the mineral partition coefficients. Where possible, Kd
values were taken from experiments or calculations of Kd values of phases fractionating in a
mafic to ultramafic composition setting and at shallow pressures. Compositions and modal
abundances of cumulates and residuum can be estimated relatively well because the variability of
these are relatively low. Peridotites melt to form basalt and the range of modal compositions of
these two rock types is estimable.
Parameters chosen:
Parameters chosen in the modeling for the depleted end member were values from
Workman and Hart (2005) abyssal peridotites. For the enriched end member the most enriched
end member of the Kamenetsky and Maas (2002) “near primitive glasses” was used, because it is
the best estimate of melts produced by the Macquarie Island EMORB source. Kamenetsky and
Maas (2002) suggested that these melts experienced “no mixing or fractionation” before being
erupted at the surface. However, Kamenetsky (2002 and 2000) did not measure Hf isotope
composition of the glasses; therefore, given that the enriched source must have 177Hf/176Hf values
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less than or equal to the most enriched zircon end member in this study, values chosen were
similar to the most enriched value of the zircons from this study. Zircon compositions modeled
from varying degrees of partial melting of a peridotite source were conducted using the same
depleted end member above; however, the enriched end member starting trace element
concentrations chosen in this model were the Workman and Hart (2005) enriched depleted
MORB mantle (EDMM). The 177Hf/176Hf EDMM value from Workman and Hart (2005) was
not low enough to successfully model the most enriched Macquarie Island zircons, hence, we
chose to use the estimated 177Hf/176Hf from above.
Results and Discussion
Batch melting effects on binary end member mixing curves (Figure 19) indicate that
zircon trace element end member compositions are relatively insensitive to varying degrees of
melting of a lherzolitic source within the plagioclase or spinel stability fields. Melt fractions
from 1-10% only produce a minor decrease in the U/Yb ratio in the depleted end member
compositions and enriched end member zircon compositions remain relatively unchanged,
regardless of degree of melting. Additionally, the model results remain stable to variations in
residuum modal abundances. However, melting in the garnet stability field results in a
significant increase in both end member U/Yb compositions even with the minor addition of 5%
garnet in the residual phase leads to drastic effects on zircon trace element compositions and
decreasing degrees of melting does produce a significant change in both zircon end member
compositions.
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Figure B2: Modeling results from U/Yb vs. Hf isotope model.
While decreasing degrees of melting at a dying mid-ocean ridge appear to produce minor
changes in the actual zircon source composition from Workman and Hart (2005) peridotite data
that may be significant for some environments, it does not explain the entire distribution of
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zircon data in this study. As seen in Figure 9, a more important influence on zircon composition
appears to be the degree of fractionation that end member melts experience before melt mixing
occurs. Nearly the entire compositional range of zircon data can be explained by mixing of
depleted mantle derived melts with addition of 10-50% of melt from an enriched source. Results
indicate that the majority of samples fall below the 1:1 degree of fractionation indicating that
they may be explained by mixing from melts where the depleted end member experienced
greater degrees of fractionation before mixing with less fractionated enriched melts. These
results suggest that fractionation in melting environment would play a greater role on zircon
trace element ratios than would overall degree of melting.
Low degrees of melting do not significantly alter composition of zircon in dying midocean ridges; however, the decrease in degree of melting is a large influence on the expression of
the enriched component in the overall chemistry (eg. Niu et al., 2002). The enriched mantle
component is the most fusible (i.e. most easily melted); however, it is volumetrically the smallest
component. If the mantle is ubiquitously heterogeneous, it is likely in dying ridge and normal
mid-ocean ridge environments the volume of the enriched component remains relatively
constant. However, at normal mid-ocean ridge environments the degree of melting is great
enough that the contribution of the enriched component is diluted sufficiently when melts have
thoroughly mixed near the ridge axis; hence, it is indistinguishable when thoroughly mixed with
the voluminous depleted melt component. At dying mid-ocean ridges the volume of melt from
the depleted end member is reduced sufficiently enough that the contribution of the enriched end
member is observable.
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