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Abstract We characterize the textural and geochemical

features of ocean crustal zircon recovered from plagiogra-

nite, evolved gabbro, and metamorphosed ultramafic host-

rocks collected along present-day slow and ultraslow

spreading mid-ocean ridges (MORs). The geochemistry of

267 zircon grains was measured by sensitive high-resolu-

tion ion microprobe-reverse geometry at the USGS-Stan-

ford Ion Microprobe facility. Three types of zircon are

recognized based on texture and geochemistry. Most ocean

crustal zircons resemble young magmatic zircon from other

crustal settings, occurring as pristine, colorless euhedral

(Type 1) or subhedral to anhedral (Type 2) grains. In these

grains, Hf and most trace elements vary systematically with

Ti, typically becoming enriched with falling Ti-in-zircon

temperature. Ti-in-zircon temperatures range from 1,040 to

660�C (corrected for aTiO2 & 0.7, aSiO2 & 1.0, pressur-

e & 2 kbar); intra-sample variation is typically *60–

150�C. Decreasing Ti correlates with enrichment in Hf

to *2 wt%, while additional Hf-enrichment occurs at rela-

tively constant temperature. Trends between Ti and U, Y,

REE, and Eu/Eu* exhibit a similar inflection, which may

denote the onset of eutectic crystallization; the inflection is

well-defined by zircons from plagiogranite and implies

solidus temperatures of *680–740�C. A third type of zir-

con is defined as being porous and colored with chaotic CL

zoning, and occurs in *25% of rock samples studied.

These features, along with high measured La, Cl, S, Ca, and

Fe, and low (Sm/La)N ratios are suggestive of interaction

with aqueous fluids. Non-porous, luminescent CL over-

growth rims on porous grains record uniform temperatures

averaging 615 ± 26�C (2SD, n = 7), implying zircon for-

mation below the wet-granite solidus and under water-satu-

rated conditions. Zircon geochemistry reflects, in part,

source region; elevated HREE coupled with low U con-

centrations allow effective discrimination of *80% of

zircon formed at modern MORs from zircon in continental

crust. The geochemistry and textural observations reported

here serve as an important database for comparison with

detrital, xenocrystic, and metamorphosed mafic rock-hosted

zircon populations to evaluate provenance.

Introduction

Zircon (nominally ZrSiO4) is an invaluable tool in count-

less geologic studies due to its wide distribution in a

spectrum of rock types, and the incorporation and retention

of radiogenic isotopes amenable to age determination. In

addition, zircon concentrates a plethora of trace elements
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and preserves stable isotopic compositions, and can be used

as an indicator of provenance (e.g., Heaman et al. 1990;

Hoskin and Ireland 2000; Belousova et al. 2002; Grimes

et al. 2007), terrestrial and lunar differentiation and mat-

uration (e.g., Valley et al. 2005; Harrison et al. 2005;

Nemchin et al. 2006), crystallization temperature (e.g.,

Watson and Harrison 1983, 2005), and the partitioning of

trace elements from magmas during zircon formation (e.g.,

Sano et al. 2002; Thomas et al. 2002; Rubatto and

Hermann 2007; Hanchar and van Westrenen 2007 and

references therein). The application of zircon geochemistry

to investigate geologic processes therefore extends beyond

geochronology. Recent advances have come in large part

from the development of high precision analytical tech-

niques that allow detailed, micron-scale evaluation on

single crystals.

Zircon is most common in continental igneous rocks with

intermediate to silica-saturated compositions (Hoskin and

Schaltegger 2003), but it has also been reported at low

abundance in mafic rocks (e.g., Scoates and Chamberlain

1995; Hoskin and Ireland 2000; Belousova et al. 2002),

kimberlite (e.g., Kreston et al. 1975; Konzett et al. 1998),

carbonatite (e.g., Heaman et al. 1990; Hanchar and Hoskin

1998), and in rocks formed by hydrothermal processes (e.g.,

Hoskin and Schaltegger 2003, and references therein;

Hoskin 2005). It is also evident that the formation of zircon

is not isolated to continental settings. Zircon has been used

to date numerous ophiolites (e.g., Mattinson 1976; Tilton

et al. 1981; Mukasa and Ludden 1987; Warren et al. 2005),

and is recognized within plutonic intervals of in situ ocean

crust formed over a range of spreading rates. Differentiated

plutonic rocks host to zircon have been sampled along the

ultra-slow spreading Southwest Indian Ridge (SWIR) (e.g.,

Robinson et al. 2002; John et al. 2004; Schwartz et al. 2005;

Reddy et al. 2006; Baines et al 2008), slow-spreading

Mid-Atlantic Ridge (MAR) (e.g., Cannat and Casey 1995;

Cannat et al. 1997a; Kelemen et al. 2004; Schroeder and

John 2004; Moeller et al. 2006; Grimes et al. 2007;

Hellebrand et al. 2007; Cavosie et al. 2009; Jöns et al. 2009;

Lissenberg et al. 2009), and fast spreading East Pacific Rise

(e.g., Gillis 1996; Coogan and Hinton 2006). Zircon has

also been reported in dacite recovered from the intermedi-

ate-spreading Juan de Fuca Ridge (Cotsonika et al. 2005).

Following the application of zircon geo- and therm-

ochronometry by John et al. (2004) to study in situ ocean

crust, the appreciation of the importance of zircon in this

setting has grown. For example, apart from the new chro-

nologic constraints zircon provides, ocean crustal zircons

place constraints on the origin of the Earth’s oldest known

detrital zircons (e.g., Coogan and Hinton 2006; Grimes

et al. 2007). Coogan and Hinton (2006) suggested that, on

the basis of Ti and REE chemistry, detrital grains in the

Jack Hills (Australia) could have been derived from

oceanic crust, and hence preclude the need for the [4.0 Ga

proto-continental crust (e.g., Harrison et al. 2005; Valley

et al. 2005; Watson and Harrison 2005). However, using

primarily U and Yb concentrations, Grimes et al. (2007)

developed discrimination diagrams that effectively distin-

guished 80% of modern ocean crustal zircons from conti-

nentally-derived zircons, noting that the vast majority

of [4.0 Ga detrital zircons plot in the exclusively conti-

nental field. Given the emphasis placed on zircon in many

geologic studies (extending beyond even the rock record),

comprehensive characterization of the geochemical com-

position of modern ocean zircon is critical for comparison

with xenocrystic, detrital, and other out-of-context zircon

populations, as well as eclogite and ophiolite zircons used

to interpret processes occurring at ancient mid-ocean ridges

(MORs).

This contribution provides a detailed evaluation of tex-

tural features and chemical compositions characteristic of

young (Neogene and Quaternary) zircons in ocean crustal

rocks sampled on the flanks of modern MORs. A wide

spectrum of geochemical data is presented, building on the

previous study of ocean crustal zircon geochemistry

(Grimes et al. 2007), and new analyses of zircon are pre-

sented that support geochemical distinctions between

ocean crustal and continental zircon. Geochemical data

were collected at the U.S. Geological Survey (USGS)-

Stanford Ion Microprobe Laboratory using the sensitive

high-resolution ion microprobe-reverse geometry

(SHRIMP-RG), which currently allows for high-precision

measurement of more than 35 elements with spot sizes

of *15 microns. Elemental correlations with Ti are

emphasized to evaluate trace element behavior (within the

entire population of ocean crustal zircons, as well as

individual samples) with differentiation and decreasing

temperature of parental magmas, as reflected by the Ti-in-

zircon thermometer (e.g., Ferry and Watson 2007). Ocean

crustal zircon therefore also record information about the

behavior of trace elements within MORB magmas during

zircon formation, consequently serving as a probe into the

late stage, near-solidus evolution of lower crustal MORB

magmas and derivative fractionates.

Geologic setting and host rock types

This study incorporates zircon from 35 samples acquired by

drilling, submersible, and dredge along the northern MAR

(near the 15�200N Fracture Zone (FZ), Kane FZ, and Atlantis

FZ), and along the SWIR at *57�E (Atlantis II FZ) (Fig. 1).

Crustal ages of sampling locations range from 1 to 14 Ma

based on seafloor magnetic anomalies (Fujiwara et al. 2003;

Williams et al. 2006; Baines et al. 2008) and Pb/U zircon

ages (John et al. 2004; Schwartz et al. 2005; Baines 2006;
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Grimes et al. 2008; Cheadle et al. 2008). Rock types found to

commonly host zircon include oceanic plagiogranite (i.e.,

anorthosite, diorite, tonalite-trondjhemite), and evolved Fe–

Ti oxide ± amphibole gabbro (Fig. 2a–e). Zircon is also

rarely found in less differentiated Fe–Ti oxide-poor

gabbronorite and olivine gabbro. Common mineral assem-

blages for plagiogranite samples include plagio-

clase ? amphibole ± quartz ± Fe-Ti oxides ± potassium

feldspar ± titanite ± apatite, whereas gabbro samples

comprise plagioclase ? clinopyroxene ? Fe–Ti oxide ?

apatite ± orthopyroxene ± amphibole ± titanite. The rock

types represented by these samples are characteristic of

evolved plutonic rocks in ocean crust. In this paper, gabbro

samples containing [20% Fe–Ti oxides are referred to as

Fe–Ti oxide gabbro, consistent with descriptions used by

IODP Exp. 304/305 scientists (Blackman et al. 2006);

samples with \2% Fe–Ti oxide are referred to as Fe–Ti

oxide-poor gabbro (Table 1). Sample 3652-1333, described

previously as a tremolite-chlorite schist (Grimes et al. 2007),

is grouped here as Fe–Ti oxide gabbro, based on the presence

of coarse-grained, relic Fe-oxides and abundant apatite.

Additional samples hosting zircon in this study com-

prise serpentinite and metamorphosed/deformed fault

rocks with largely ultramafic protoliths (Table 1). The

samples vary from fractured serpentinized harzburgite to

talc-actinolite/tremolite-chlorite schist with relic chromite

(Fig. 2), and are heavily altered (70–95%). Zircon rec-

ognized in thin sections of less-deformed samples is

always localized in discrete millimeter to centimeter scale

veins, or shear zones dominated by chlorite ? actinolite/

tremolite assemblages (e.g., Fig. 2f, h). Similar shear

zones within serpentinite recovered in ODP Hole 1270D

(Fig. 1) are interpreted to be altered plagiogranite melt

impregnations, based partly on the presence of zircon

(Jöns et al. 2009). We agree that the likely origin of

zircon in the meta-ultramafic samples studied here is the

intrusion of evolved melt prior to or during deformation,

but the composition of melts intruding different samples

may have been variable, and is difficult to determine

given the high degree of alteration. These samples are

therefore grouped together and referred to simply as

‘veins in meta-ultramafic’ samples.

Additional trace/accessory minerals observed in ocean

crustal rocks include fluorapatite, chlorapatite, titanite,

xenotime, monazite, and rutile, along with and trace metals

(Au, Cu). Fluorapatite is a common accessory mineral in

many igneous rocks, and is present in modal abundances up

to 2% in Fe–Ti oxide-rich gabbro (e.g., Blackman et al.

2006). Monazite ((light REE)PO4) and xenotime (YPO4)

are rare, but occur in all rock types including meta-ultra-

mafic samples (Schroeder and John 2004).

Analytical methods

Electron microprobe

Quantitative and qualitative analysis of inclusions, and

wavelength-dispersive (WD) X-ray mapping of zircon was

performed using the JEOL JXA-8900R five-spectrometer

electron microprobe located at the University of Wyoming.

Quantitative analysis of major and minor elements in

mineral and glass inclusions in zircon was conducted using

a 15-kV accelerating voltage and 20 nA beam current.

Natural minerals were used as standards, and the raw data

was corrected using the standard ZAF correction. X-ray

maps were acquired using a 15-kV accelerating voltage,

50 nA beam current, and 80 ms dwell time.
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Fig. 1 Sampling locations. a Mid-Atlantic Ridge (MAR)—i. 15�200

FZ-Ocean Drilling Program (ODP) Holes 1275D and 1270D; ii—
Kane FZ-seafloor at Kane core complexes; iii—Atlantis FZ-Inte-

grated Ocean Drilling Program (IODP) Holes U1309B and U1309D

and seafloor at Atlantis Massif core complex. b Southwest Indian

Ridge (SWIR) iv—Atlantis II FZ-ODP Hole 735B and 1105A, and

seafloor at Atlantis Bank core complex. Basemap from Sandwell and

Smith (1997)
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SHRIMP-RG

Trace element concentrations in zircon were measured

during multiple sessions on the SHRIMP-RG located at the

USGS-Stanford Ion Microprobe Laboratory between Jan-

uary, 2006 and January, 2009. Zircons were separated from

whole rocks using standard crushing and mineral separa-

tion techniques, mounted in epoxy, polished, and imaged

with reflected light and CL. Mineral separates from crushed

sample volumes of 30–550 cm3 yield 10 s to 1,000 s of

zircons. Prior to SIMS analysis, samples were cleaned with

a soapy solution, distilled water, EDTA solution, and

again with distilled water before being dried and coated

with 100 nm of Au. SIMS analyses were performed using a

3–6 nA primary beam current and 15–20 lm spot size.

Analyses dedicated to trace elements consisted of one

block of two cycles. The consecutive cycles peak step

sequentially from 9Be? to 254UO?, and can be compared to

check the reproducibility of raw counts during analysis of a

single spot. Two concentration standards, including a pri-

mary standard (CZ3; a Sri Lankan megacryst, Ireland and

Williams 2003), and a secondary standard (a gem quality

crystal from Samé, Tanzania) were run after every ten

unknowns. For quantification of titanium concentrations,

these natural standards were repeatedly analyzed against

synthetic Ti-bearing zircons that have been independently

characterized by electron microprobe analyses. The iso-

topes 48Ti? and 49Ti? are measured for comparison; 48Ti?

is subject to more critical secondary ion beam interferences

from 96Zr? and 48Ca?, but these potential interferences are

limited by the high mass resolution (M/DM & 11,000 at

10% peak height) of the SHRIMP-RG (Mazdab and

Wooden 2006). Ti-in-zircon temperatures listed in Table 1

were calculated using the less abundant isotope, 49Ti?,

though concentrations determined from either isotope are

in close agreement. Calcium, Al, and Fe were measured as

tracers for identifying analyses where the ion beam may

have unintentionally overlapped common inclusions.

Chlorine and S are reported in Table 1 and the Supple-

mentary Table as relative values (i.e., values of 1 indicate a

concentration equivalent to the standard); the standards

have not been calibrated for these elements and absolute
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concentrations are therefore unknown. However, the rela-

tive values still allow an assessment of variations in

abundance of these elements. Chlorine and S are almost

certainly not structural constituents in zircon, and highly

elevated values reflect overlap with fluid inclusions or

daughter salt residues. The analytical run table for grains

analyzed in January, 2006 included fewer elements but

followed the same procedures. Selected geochemical

analysis including only Hf, U, Th, and REE are also listed

in Table 1 and Supplementary Table; these data were

collected in conjunction with SHRIMP-RG Pb/U isotopic

age analyses.

Element/30Si ratios are derived from the time-averaged

counts for each mass for both the standards and unknowns,

and values for unknowns are then compared to those of the

primary standard to determine concentrations. The sec-

ondary standard provides an independent check of data

quality. For P, Sc, Ti, and Y, 1r precision is \3%; for the

measured REE (excluding La), Hf, Th, and U, 1r precision

ranges from 4 to 9%; the precision for La is *15%.

Morphology of zircon from ocean crust

Three types of zircon recovered from oceanic crust are

defined based on morphology, cathodoluminescence (CL)

imaging, and textural relationships observed in thin sec-

tion. Grains interpreted as magmatic in origin (Types 1 and

2) are by far the most common ([95%), and resemble

young igneous zircon typical of other geologic settings.

The third type is recognized as having distinctive porosity,

and coloration. Although relatively less abundant (�5% of

all grains observed), Type 3 grains are fairly common and

occur in *25% of the samples evaluated. These grains

may reflect either alteration of primary magmatic zircon,

extremely late crystallization within volatile-rich magma or

both.

Textural types

Zircon grains most frequently recovered from oceanic crust

are euhedral, doubly-terminated crystals that are colorless

and transparent in transmitted light (Fig. 3a). These grains,

Type 1, occur in all rock types, though they are charac-

teristic of oceanic plagiogranite. Grain sizes between 50

and 250 lm in the long dimension and aspect ratios (length

to width) of 1:1 to 5:1 are typical, but grains \5 lm

to [1 mm long are observed. Though rare, aspect ratios up

to 12:1 are noted for zircon from several plagiogranite

samples from ODP Hole 1275D (Fig. 1); such zircons are

characteristic of volcanic rocks, and may indicate rapid

growth due to fast cooling and/or over-saturation (Hoskin

and Schaltegger 2003). In thin section, Type 1 zircons

often exist as inclusions in zoned, magmatic plagioclase

and hornblende (Fig. 3a).

Type 2 grains are distinguished as having subhedral to

anhedral crystal habit (Fig. 3b), but like Type 1 zircons,

they are colorless and transparent in transmitted light.

Grains defined as Type 2 have been identified in thin

sections from both plagiogranite and gabbroic rock types,

but are most commonly recovered from gabbro. Anhedral

and fragmental zircon grains are also reported from gab-

broic rocks in continental environments (e.g., Corfu et al.

2003), and this morphology has been suggested to result

from late crystallization in interstitial melt pockets (Scoates

and Chamberlain 1995).

Type 3 zircon grains are readily identified in mineral

separates and in thin section by faint coloration (cloudy

white, pink, yellow) and translucent to opaque optical

properties under transmitted light. Polished thin sections

and grain mounts show that this opacity is often due to a

high density of micron-scale pores (Fig. 3c), or less com-

monly, numerous inclusions. Type 3 grains are often

euhedral and faceted, and exhibit a similar range in size

and aspect ratio as Type 1 grains. In thin section, irregular

growth habits such as anhedral protrusions (Fig. 3c-i, iii)

and linear trails of small (\10 micron) zircon crystals

(Figs. 3c, 4a, b) can be associated with Type 3 grains.

Characteristic micro-porosity is also observed within some

euhedral apatite grains (Fig. 3c-ii, 4a). In both zircon and

apatite, the micro-porosity can be well-developed across

the entire grain, dispersed as discrete domains, or isolated

at grain rims (Figs. 3c, 4a). Type 3 grains are mostly found

in plagiogranite and evolved Fe–Ti oxide gabbro, and

importantly we note that samples with Type 3 grains

always contain Type 1 and/or 2 grains as well.

A sub-type of zircon occurs as smooth overgrowth rims

that are conspicuously inclusion-free and luminescent in

CL (Fig. 3c-vi, vii). The most prominent luminescent rims

(up to 25 microns thick) occur on Type 3 grains, but they

have also been observed as very thin (1–3 micron) rims on

all textural types.

Internal features

Internal zonation was evaluated with CL imaging and

wavelength dispersive electron microprobe X-ray mapping.

In CL, normal magmatic grains typically show oscillatory

(growth) and/or sector zoning, though they may also be flat

and lack obvious zonation (Fig. 3a). Fine-scale growth

zoning and homogenous internal structure are very typical

of zircon from plagiogranite. Black/dark edges in CL are

also occasionally observed (Fig. 3c-iv). Sector zoning is

characteristically well-developed in zircon from gabbro,

though a combination of sector and growth zoning is typi-

cal (Fig. 3b). Luminescent rims may be concordant or
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Fig. 3 Photomicrographs and SEM images of representative zircon

textures and morphologies. a Type 1, euhedral zircons: i—inclusions

in magmatically zoned plagioclase; ii—typical zoning patterns (all

images CL). b Type 2, subhedral and anhedral magmatic zircon: i—
late-stage crystals in evolved melt pockets (1105A-57); ii—anhedral

grains recovered in mineral separates (all images CL). c Type 3,

porous zircon: i—located along the boundary between brown and

green amphibole (1309D-1415); ii—adjacent to large euhedral apatite

with porous rim (1309D-1415); iii—backscattered electron (BSE)

image of zircon in Ci; iv, v—euhedral, growth zoned zircons with

incipient formation of irregular zonation and associated porosity; v—

incipient alteration of magmatic zircon focused at the grain edge and

along a narrow, dark CL band (indicated by arrows); vi—Subhedral

grain with porous core and an inclusion-free, luminescent rim; vii—
chaotically zoned, porous interior enclosed by luminescent rim. All

images CL unless noted: RL reflected light
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discordant to zonation in the interior of the grain, and

usually exhibit faint growth zoning.

Although qualitative in nature, X-ray mapping indicates

zoning of specific elements, and often show enrichment in

Hf toward grain edges. Yttrium and P are strongly coupled

and exhibit well-developed oscillatory zonation (Fig. 5).

The morphology and internal zonation observed for

Type 1 and 2 grains are similar to magmatic zircon from

continental rocks (e.g., Hanchar and Miller 1993; Rubatto

and Gebauer 2000; Corfu et al. 2003). These observations,

as well as geochemical features discussed in following

sections, indicate that Type 1 and 2 grains in ocean crustal

rocks are magmatic in origin. Geochemical distinctions

between these types have not been identified, and so they

are henceforth referred to collectively as ‘normal magmatic

grains’. In contrast to normal magmatic grains, zonation

within Type 3 zircon is often perturbed, convoluted, or

chaotic (Fig. 3c). In some instances, perturbed zonation

and micro-porosity coincide with specific growth zones

within euhedral, otherwise oscillatory zoned zircons (e.g.,

Fig. 3c-iv & v), giving the impression that the porosity

results from alteration of preexisting magmatic grains.

Inclusions

Primary inclusions hosted by zircon from oceanic crust

provide information on the additional phases co-crystal-

lizing during zircon formation. The two varieties of

inclusions observed include (1) mono-phase mineral

inclusions, and (2) irregularly shaped multiphase inclusions

(glass ? vapor bubble) likely indicative of melt trapped

during zircon crystallization (Fig. 6). Inclusions are abun-

dant in zircon from plagiogranite, and commonly comprise

fluorapatite, sodic plagioclase, quartz, orthoclase, horn-

blende, and glass inclusions. Less common inclusions in

plagiogranite-hosted zircons include chlorapatite, titanite,

xenotime, monazite, sulfide, ilmenite, and rutile. Repre-

sentative electron microprobe analysis of high-Si inclu-

sions are given in Table 2, and show that these glass

inclusions may contain 76–83 wt% SiO2. Inclusions are

less abundant in zircon from gabbroic rocks, but fluorap-

atite, sodic plagioclase, hornblende, ilmenite, and quartz

have been identified. Zircon from veins in meta-ultramafic

samples contain both inclusion types, which taken with the

presence of sodic plagioclase, quartz, glass inclusions, and
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Fig. 4 Additional zircon textural relationships in host sample

U1309D-1415. a Photomicrograph (plane light): trail of small zircon

(typically \10 lm) in linear arrays (along former grain boundaries?)

adjacent to a large euhedral zircon with a porous rim and non-porous

core (see also Fig. 5c); plag plagioclase, qtz quartz, amph amphibole.

b BSE image of area outlined in a—the bright grains are zircon; c
Hydrothermal vein comprised primarily of titanite and chlorite

hosting a single zircon grain; vein material formed from Ti and Fe

derived from the adjacent ilmenite, and Ca, Al, and Si from the host

plagioclase. d BSE image of c

Contrib Mineral Petrol

123



Relative concentration
Low High

Y Th

HfBSE

100 um50 um

BSE

Y Y

Hf

BSE

20 umBA

Hf

C

P
P

P

Fig. 5 X-ray (WD) maps showing compositional zoning in zircon. a
Growth zoning characteristic of Type 1 and 2 grains; Hf becomes

enriched at the rim, whereas Y and P exhibit oscillatory zoning. b
Porous zircon with a xenocrystic core enriched in yttrium and
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monazite (e.g., Fig. 6b, d, f) supports an interpretation that

these grains originated from evolved melt.

Type 3 zircon contain inclusions similar to those dis-

cussed above, and in addition may host sub-micron silicate,

phosphate and oxide inclusions with U, Th, Y, or REE as

the dominant cation based on WD X-ray maps (Fig. 5), and

qualitative electron microprobe (EDS) analysis (Fig. 3c-iii

inset). The distinctive micro-pores in these grains occur

as \10 micron pits or cavities on grain surfaces (Fig. 3c-iii

inset), and likely represent fluid or vapor inclusions

exposed during polishing.

Zircon geochemistry

Geochemical character of ocean crust zircon

The following discussion is based on 356 analyses of zir-

con (267 grains) from 35 rock samples (Supplementary

Table). Sample-averaged zircon geochemistry is given in

Table 1. The ocean crustal zircon population shows a

significant range in major, minor, and trace element con-

centrations comparable to the variability reported for zir-

con derived from rocks with a continental affinity. As in

other terrestrial zircon populations, the most abundant

elements measured include Hf, Y, P, heavy REE (HREE),

U, and Th. Hafnium concentrations vary from 0.56 to

5.80 wt%. The measured concentrations of other elements

range from 199 to 73,705 ppm Y, 131–17,414 ppm P, 3–

5,544 ppm U, and 2–10,900 ppm Th. The greatest mea-

sured trace element abundances occur in the Type 3 zircon,

though they likely reflect in part analysis of the micro-

inclusions observed on backscattered electron images

(Fig. 3c) and X-ray maps (Fig. 5). Excluding Type 3 zir-

con, the maximum concentrations observed are 3.73 wt%

Hf, 4.08 wt% Y, 0.95 wt% P, 3,106 ppm U, and

7,556 ppm Th.

Geochemical variation diagrams for normal magmatic

zircon from ocean crust are shown in Figs. 7 and 8, and

representative suites of zircon from individual samples are

shown in Fig. 9. Figure 10 compares normal magmatic

zircons with Type 3 (porous) zircon. In Figs. 7, 8, and 10

analyses are grouped by host-rock type. Many of the trace/

major element correlations discussed in the following

sections are shown by zircons from plagiogranite and

gabbro. Data from zircons hosted by veins in meta-ultra-

mafic samples show either weak or no correlations, likely

due to variability in the composition of melts crystallizing

zircon in the meta-ultramafic samples. However, the ori-

ginal compositions of the vein are difficult to determine

due to heavy alteration and deformation.

Textural Types 1 and 2: normal magmatic

ocean crustal zircon

Correlations between Ti and various elements are shown in

Fig. 7 to assess substituting-element behavior with Ti-in-

zircon crystallization temperature (Watson and Harrison

2005; Watson et al. 2006; Ferry and Watson 2007). Normal

magmatic ocean crustal zircons generally become enriched

in Hf, U, Y, and total (R) REE with decreasing Ti (Fig. 7).

These correlations are particularly well-defined by zircon

from all rock types for tetravalent cations such as Hf and U,

perhaps reflecting the fact that zircon is the main reservoir

for these elements. Hafnium, the only element other than

zirconium, silicon, and oxygen to consistently occur as a

major element in zircon, generally increases in concentra-

tion from *0.6 to 1.5–2 wt% as Ti concentrations

decrease from 100 to \10 ppm (uncorrected temperatures

of 1,020 to \750�C). An inflection in the trend occurs at

Table 2 Representative electron microprobe analyses of Si-rich inclusions in zircon from ocean crust

wt. % 3646-1205_i1 3646-1205_i2 3646-1205_i3 D588_i2 75D10_i2 75D171_i1.1 75D171_i1.2 75D171_i1.3 75D200_i3

SiO2 67.3 95.8 83.3 76.1 76.1 67.9 66.1 97.5 78.8

TiO2 – – – – 0.02 – – 0.04 –

Al2O3 20.4 1.8 10.0 13.7 15.9 20.4 18.5 0.25 12.9

FeO 0.05 0.02 0.00 0.03 0.01 0.02 0.05 0.03 0.02

MgO 0.02 – – – – – – – –

CaO 1.01 0.09 0.50 1.03 1.03 0.68 0.25 0.01 0.5

Na2O 10.7 0.8 5.8 2.7 3.6 10.0 3.4 0.1 7.2

K2O 0.25 0.0 0.0 0.8 2.3 1.4 9.7 0.0 0.2

Total 99.8 98.6 99.6 94.4 98.9 100.5 98.0 97.9 99.7

XAn (mol %) 4.9 3.6 4.0

Phase Albite Quartz Glass? Glass? Glass? Albite K-feldspar Quartz Glass?

‘–’ below detection

Glass? indicates abundances do not indicate a stoichiometric mineral formula; inferred glass inclusion
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1.5–2.0 wt% Hf, and further Hf-enrichment occurs at a

relatively constant concentration of Ti. Suites of zircon

from individual samples from the Spirit Mountain Batho-

lith, a Miocene composite granitoid pluton system in

southern Nevada, also exhibit this behavior (Claiborne

et al. 2006). Uranium, Y, REE, Eu-anomaly (Eu/Eu*), and

Yb/Gd ratios reveal a similar inflection when plotted

against Ti (Fig. 7), though the trends are mostly defined by

zircons from plagiogranite. These inflections define mini-

mum Ti-in-zircon temperatures where progressive trace

element enrichment occurs (Fig. 7), which may represent

the eutectic temperature of the melt crystallizing zircon.

The observed Hf-enrichment with decreasing Ti con-

centration reflects progressive fractionation, and is con-

sistent with previous studies that note higher Hf

concentrations in zircon from more differentiated rocks

(i.e., higher silica contents, decreasing Ti-in-zircon tem-

perature) (e.g., Hoskin and Schaltegger 2003; Claiborne

et al. 2006; Fu et al. 2008), as well as single grain X-ray

maps that indicate enrichment of Hf towards zircon rims

(Fig. 5). The behavior of Hf can be explained by zircon

being the prime reservoir for both Zr and Hf, but prefer-

entially incorporating Zr over Hf during crystallization.

Zircon saturation therefore decreases the Zr/Hf ratio in the

melt, which is then inherited by later formed grains

(Claiborne et al. 2006; Wooden et al. 2006). The Ti-in-

zircon temperature and Hf concentration therefore both

serve as effective indicators of zircon fractionation, and,

correspondingly, magma evolution. Hafnium may be a

better index of fractionation than temperature for the most
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highly evolved zircons, for which Ti-concentration remains

somewhat constant.

By comparison with Hf and U, correlations of RREE

and Y with decreasing Ti-concentration are less well-

defined, particularly for gabbro-hosted zircon. Scatter in

these trends results because in some samples, RREE and Y

(not shown) correlate positively rather than negatively with

Ti (Fig. 9). For example, samples Kn180-2 11-1 and

U1309D-647 show RREE enrichment with increasing Ti

(and decreasing Hf). Some samples exhibit relatively little

variation on these plots, and instead form a cluster of data

points (e.g., Kn180-2 25-20) implying that zircon records

little fractionation due to crystallization over a relatively

small temperature range. Trends reported for continental

granitoid zircon suites tend to show decreasing RREE

abundance from early to late zircon growth (Wooden et al.

2006; Pettke et al. 2005), which contrasts with the rela-

tively well-developed correlation defined by zircons from

most oceanic plagiogranites. These contradictory correla-

tions most likely reflect local differences in the relative

timing of saturation between zircon and other accessory

minerals (including apatite, titanite, xenotime, and mona-

zite) that sequester REE. Apatite and titanite are quite

common, particularly in Fe–Ti oxide gabbros where they

may comprise up to 1–2 modal % of the rock (e.g., Dick

et al. 2000; Blackman et al. 2006). The onset of crystalli-

zation of these minerals would lead to depletion of REE in

the melt, resulting in lower REE concentrations in later-

formed zircon. In contrast, if zircon is the primary REE-

sequestering mineral crystallizing, REE may behave like

Hf and build up in the melt as zircon initially takes up Zr

preferentially. Since zircon is the primary reservoir for Hf,

saturation of other accessory minerals will not significantly

effect Hf concentration of the melt, possibly explaining

why all individual samples show a consistent trend of Hf

enrichment with decreasing Ti concentration (Fig. 9).

Other than Hf, the most abundant substituting elements

in zircon are Y, P, and REE. The substitution of these

cations in zircon requires a coupled substitution mecha-

nism to achieve charge balance. A common substitution

cited in the literature is the coupled xenotime-type ((Y3?,

REE3?, Sc3?) ? P5? = Zr4? ? Si4?) (e.g., Speer 1982;

Halden et al. 1993), resulting in the strongly linear

co-variation of Y ? REE ? Sc and P (Fig. 8). The xeno-

time-type coupled substitution is also expressed by the

correlation of Y and P in X-ray maps (Fig. 5). However, as

in many natural zircon populations (Hoskin and Schalteg-

ger 2003), zircon from ocean crust contain excess

(REE ? Y ? Sc)3? relative to what is charge balanced by

P. Molar (REE ? Y ? Sc)3?:P5? ratios are almost always
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diagrams comparing Type 3
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greater than 1:1 and are typically between 2:1 and 4:1

(Fig. 8), requiring additional substitutions to accommodate

the excess trivalent cations that are presently unknown.

Several substitutions, including the incorporation of diva-

lent or trivalent species into interstitial sites or the incor-

poration of hydroxyl ions have been suggested to achieve

this charge balance (review in Hoskin and Schaltegger

2003).

Chondrite-normalized REE patterns for magmatic ocean

crustal zircon closely resemble patterns for magmatic zir-

con from continental crustal rocks (Hinton and Upton

1991; Hoskin and Ireland 2000; Hoskin and Schaltegger

2003), exhibiting smooth enrichment from the LREE

toward the HREE apart from ubiquitous Eu- and Ce-

anomalies (Fig. 11a-i). The pattern arises due to variable

lanthanide REE compatibility in the viiiZr site due to lan-

thanide contraction. The ionic radii of REE decreases from

La (viiiLa3?, IR = 1.16 Å) to Yb (viiiYb3?, IR = 0.985 Å)

with the heavier REE’s having radii closer to that of
viiiZr4? (IR = 0.84 Å), leading to preferential incorpora-

tion of the HREE. These crystal chemical effects result in

REE patterns with very uniform shape and slope (Fig. 11a-

i). On the other hand, RREE concentrations vary widely,

and weakly correlate with rock type (Fig. 7). Zircons from

Fe–Ti oxide-poor gabbro and veins in meta-ultramafic

rocks generally have lower REE concentrations, and
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Fig. 11 Chondrite-normalized REE patterns and equilibrium melt

modeling from sample-averaged data. a normal magmatic ocean

crustal zircon—i. zircon REE patterns (Table 1); ii—melt REE

patterns modeled from zircon compositions shown in ai. b Type 3

(porous) zircons and luminescent rims—i. zircon REE patterns

(Table 1); ii—melt REE patterns modeled from zircon compositions

shown in bi. Chondrite-normalized REE concentrations for late-

magmatic and hydrothermal zircon from the Mole Granite, Australia

(Pettke et al. 2005) are shown for comparison. Note the same

concave-upward shape of the modeled melt REE patterns for the

Mole Granite zircons, and Type 3 ocean crustal zircon, which is

clearly distinct from normal magmatic zircon patterns. Chondrite-

normalizing values are from Korotev (1996). Zircon-melt partition

coefficients reported by Sano et al. (2002) were used for modeling.

The field of ODP Hole 735B plagiogranites shown in a and b is

defined by 12 bulk rock analyses reported by Robinson et al. (2002)
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plagiogranite and Fe–Ti oxide gabbro samples host zircons

that are more enriched (Fig. 11a-i).

In addition to REE concentration, prominent differences

are observed in the magnitude of the Eu- and Ce-anoma-

lies. Negative Eu- and positive Ce-anomalies are pro-

nounced in all ocean crustal zircons (Fig. 7, 11a-i). For

zircons in plagiogranite and Fe–Ti oxide gabbro, the

magnitude of the Eu-anomaly increases with increasing Hf

and decreasing Ti concentrations (Figs. 7, 8, 9), suggesting

that Eu gets depleted in the melt relative to adjacent REE

(Sm, Gd) with fractionation. This observation is consistent

with Eu2? being partitioned by plagioclase, other feldspar,

or titanite during fractional crystallization. The Ce-anom-

aly results from the presence of viiiCe4? (IR = 0.97 Å),

which is more compatible in zircon than trivalent viiiCe3?

(IR = 1.14 Å) due to its equivalent charge and closer ionic

radius to viiiZr4?. The magnitude of the Ce-anomaly is

therefore, in part, a function of the redox conditions of the

melt/fluid from which zircon crystallized (e.g., Ballard

et al. 2002). However, the anomaly may also be affected by

partitioning of the LREE3? into other phases during frac-

tional crystallization (Pettke et al. 2005). A combination of

changing redox and partitioning into other phases probably

contributes to the weak correlations observed between Ce-

anomalies and Ti (Fig. 7) and Hf (Fig. 9), thus compli-

cating any assessment of evolving redox conditions based

on Ce-anomalies in zircon from these samples.

Textural Type 3: porous zircon

In addition to clear textural distinctions, the porous (Type 3)

zircons have contrasting geochemical characteristics with

normal magmatic grains (Fig. 10). In some cases mixed

analysis of zircon and mineral inclusions (e.g., Fig. 3c-iii) or

residues within the pores could contribute to these differ-

ences. In normal magmatic zircons, non-constituent ele-

ments such as Ca, Fe, and Al (analyzed primarily to screen

for common inclusions) occur at concentration levels

of \10 ppm Fe and Ca (Fig. 10) and \30 ppm Al (Table 1).

However, they are consistently elevated by one to two

orders-of-magnitude in porous domains (Fig. 10), indicating

contamination from sources other than crystalline zircon.

Moreover, measured Cl and S contents in Type 3 zircons are

elevated up to 1,000 times those observed in normal mag-

matic grains (Fig. 10); these elements are almost certainly

not structural constituents in zircon, and indicate that fluid

inclusions or salt residues within the pores have been ana-

lyzed. Caution is thus required when evaluating analyses

from porous zircons, but the observed geochemical trends

still help to characterize these grains and provide clues about

the conditions under which they formed.

Type 3 zircons often contain relatively high Hf and U

concentrations; over half of the Type 3 grains analyzed (24

out of 47) contain [2 wt% Hf, whereas only about 7% of

normal magmatic zircon contain more than 2 wt% Hf

(Fig. 10). Elevated Hf suggests that the porous texture

occurs in more differentiated zircons, however not all

porous grains contain high Hf (Fig. 10). Uranium con-

centrations are consistently elevated in Type 3 zircon rela-

tive to normal magmatic grains. If the micro-porosity and

inclusions are the result of alteration of normal magmatic

grains, then perhaps the measured Hf concentrations (Hf

being the most compatible substituting element in zircon)

reflect the original trace element concentration of the

unaltered grain better than other elements. Type 3 grains

loosely adhere to the trend of increasing Hf with decreasing

Ti observed for normal magmatic zircon, but U shows no

correlation with Ti, and measured Ti concentrations are

higher than expected based on trends defined by the popu-

lation of normal magmatic zircons (Fig. 10). Due to

contamination from residues in the pores (as indicated by

elevated Fe, Ca, and Al), Ti concentrations measured on

the porous grains are not considered to be representative of

the concentration of Ti in crystalline zircon.

Additional geochemical properties that contrast normal

magmatic and Type 3 zircon are chondrite-normalized (Yb/

Gd)N and (Sm/La)N ratios (Fig. 10). Type 3 grains have an

average (Yb/Gd)N ratio of 98, versus an average of 23 for

normal magmatic zircons. Normal magmatic zircons are

characteristically depleted of LREE, and have an average

(Sm/La)N ratio of 456; a compilation by Hoskin and

Schaltegger (2003; their Fig. 3) indicates typical (Sm/La)N

ratios for magmatic zircon from continental settings

are *60–550. The average (Sm/La)N ratio in Type 3 zir-

con is 10, reflecting enrichment in La (Fig. 10). Such low

(Sm/La)N values are typically associated with zircon

thought to have formed from, or been altered by, hydro-

thermal fluids (Hoskin et al. 1998; Whitehouse and Kamber

2002; Hoskin 2005). In summary, relative to magmatic

zircons, the porous domains that define Type 3 zircon

contain elevated U, LREE, Fe, Ti, Ca, Al, Cl, and S con-

centrations, and anomalous (Yb/Gd)N and low (Sm/La)N

ratios. These compositions reflect, in part, the composition

of sub-micron inclusions or residues in the pores, however

several characteristics (i.e., elevated Cl, S, and LREE, low

(Sm/La)N) may be indicative of interaction with saline

aqueous fluids.

Late stage, luminescent rim overgrowths

Luminescent rims also have distinctive geochemical fea-

tures relative to normal magmatic zircons. Rims on five

grains from three samples were thick enough to analyze

without overlapping the primary ion beam onto other

domains; the host-rocks are plagiogranites from Atlantis

Massif (IODP Holes U1309D and U1309B) sampled from
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crustal depths over 1 km apart. They include a discrete

plagioclase-amphibole dike (*1 cm wide) intruding gab-

bro (U1309D-40), a quartz diorite dike (*2 cm wide)

intruding olivine gabbro (U1309D-1415), and a trondjhe-

mite dike (*2 cm wide) cut by chlorite and actinolite

veins and intruding gabbro (U1309B-39). These rims are

enriched in Hf, and depleted in REE and Ti relative to

magmatic cores and grains from the same sample

(Figs. 7, 9), and they exhibit high Yb/Gd and low Th/U

ratios (Fig. 8). Perhaps the most interesting chemical fea-

ture of the luminescent rims is the uniform, low Ti con-

centrations (2–3.4 ppm) they contain (Fig. 7). These Ti

concentrations correspond to corrected Ti-in-zircon crys-

tallization temperatures of 615 ± 26�C (2SD) (see

Sect. ’Ti-in-zircon temperature corrections’), which is

below the wet granite solidus ([650�C) at low pressures

(\3 kbar; Pitcher 1997) and hints at formation under

water-saturated conditions.

Discussion

Zircon saturation in plagiogranites from MOR and ophio-

lite settings have been estimated to require \700 ppm Zr at

temperatures of *800–875�C, based on modeling the

liquid line of descent from natural samples (DeLong and

Chatelain 1990). Up to 1,370 ppm Zr has been reported for

plagiogranite dikes in ODP Hole 1275D (Kelemen et al.

2004), and felsic veins in ODP Hole 735B have up to

1,720 ppm Zr (Dick et al. 2000); therefore the presence of

zircon in these rocks is not surprising. In contrast, Zr

concentrations in other rock types, including Fe–Ti oxide

gabbros, can be as low as 10 s ppm Zr (Dick et al. 2000;

Kelemen et al. 2004; Blackman et al. 2006; Casey et al.

2007). Zircon in these samples possibly forms from volu-

metrically small, late-stage, fractionated, and Zr-rich

interstitial liquids. It has been estimated that the plagiog-

ranite dikes in ODP Hole 735B could have formed from 85

to 90% fractional crystallization of MORB (Niu et al.

2002). An alternative origin for oceanic plagiogranite

involves hydrous partial melting of gabbros (Koepke et al.

2007). We cannot differentiate between these models here,

but from the occurrence of zircon in a variety of rock types

with a wide geographic distribution it is clear that the

processes leading to zircon saturation in plutonic sections

of ocean crust are common at all spreading rates.

Resolving geochemical differences for zircons from

different rock types is complicated by the fact that trace

element concentrations for a suite of zircons from indi-

vidual samples can span a significant proportion of the field

defined by all samples (Fig. 9). Concentrations of elements

including U, Th, and REE can vary by more than an order-

of-magnitude for a suite of zircons from an individual

sample (Fig. 9). Similar compositional ranges are common

for zircon populations or even individual grains from

continental settings (e.g., Black et al. 1986; Chen and

Williams 1990; Hoskin et al. 2000; Hoskin and Schaltegger

2003). Based on the observed Hf and trace element cor-

relations with Ti concentration, this compositional vari-

ability likely arises from extended crystallization over a

range of temperatures from a fractionating melt. In spite of

these large variations, gabbro-hosted (s.l.) zircons yield on-

average, lower Hf and trace element concentrations and

slightly higher Ti-in-zircon temperatures than zircons from

oceanic plagiogranite (e.g., Figs. 7, 11a-i). Although sig-

nificant overlap exists between zircon from all rock types,

the geochemistry of zircons from veins in meta-ultramafic

samples is generally more similar to zircon recovered from

gabbroic rock types. In support of this contention is the

notable lack of zircon from the veins with the elevated Hf

and trace element concentrations and low Ti-in-zircon

temperatures characteristic of zircon from plagiogranite.

Therefore, the liquids responsible for introducing zircon to

the meta-ultramafic rock are likely gabbroic and not felsic

in composition. These veins are probably related to nearby

gabbro plutons, and may represent gabbroic melt expelled

during compaction of a cumulate mush, which was injected

into surrounding mantle peridotite.

Application of corrected Ti-in-zircon temperatures

The direct application of Ti concentration to zircon crys-

tallization temperature has been questioned recently based

on a large suite of zircons from a variety of rock types from

different geologic settings giving seemingly low Ti-in-

zircon temperatures (Fu et al. 2008). However, the corre-

lations between Ti and other trace elements (i.e., Hf)

observed in this and other studies (e.g., Claiborne et al.

2006; Wooden et al. 2006) show that Ti-in-zircon tem-

peratures correlate appropriately with trends expected from

fractional crystallization. These observations reinforce the

interpretation that Ti-substitution in zircon is largely con-

trolled by temperature during zircon crystallization (e.g.,

Watson and Harrison 2005), and thus provides at least

relative temperature information for suites of zircon

forming in similar environments.

Ti-in-zircon temperature corrections

Corrected Ti-in-zircon crystallization temperatures

(Fig. 12) are calculated using the recalibrated Ti-in-zircon

equation of Ferry and Watson (2007). Based on the general

absence of rutile in these samples, implying aTiO2 \1, and

the observation that aTiO2 of crustal rocks (particularly

those in which Ti-rich phases like ilmenite and titanite are

present) is typically [0.5 (e.g., Hayden and Watson 2007),
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an intermediate aTiO2 = 0.7 is assumed for samples that do

not contain rutile. This value is comparable to the

aTiO2 = 0.8 calculated by Jöns et al. (2009) using an

average TiO2 concentration for oceanic plagiogranite, and

results in an increase in calculated temperature from 30�C

at 700�C, to 46� at 900�C, as compared to an assumed

aTiO2 = 1. Rutile inclusions were observed in two zircons

from sample 1275D-10, so aTiO2 = 1 was used for this

sample. The inferred aTiO2 is only weakly constrained, but

deviations outside a range in aTiO2 of 0.5–0.9 seem unli-

kely. Using an aTiO2 of 0.5 or 0.9, instead of 0.7, changes

corrected temperatures by ?36�/-25�C at 750�C. Quartz is

commonly observed in plagiogranite samples, and occa-

sionally as inclusions in zircon from all rock types studied.

Silica activity is therefore set equal to 1, thus requiring no

correction. Corrected Ti-in-zircon temperature also

requires a pressure correction, since ocean crustal zircon

form at pressures well below the 10 kbar pressure at which

the thermometer was calibrated (Watson et al. 2006; Ferry

and Watson 2007). Preliminary evaluations of pressure

effects on the Ti-in-zircon thermometer suggest that there

is a dependence of at least 5�C/kbar for crystallization at

750�C (e.g., Ferry and Watson 2007). Assuming that zircon

crystallization takes place *6 km beneath the ridge axis

(base of average ocean crust), the pressure correction

lowers Ti-in-zircon temperatures by *40�C. Given these

parameters (aTiO2 = 0.7, aSiO2 = 1.0, pressure = 2 kbar),

the corrected temperatures change only slightly from the

uncorrected temperatures, increasing by 5�C for tempera-

tures of 900�C, and decreasing by *10�C for temperatures

of 700�C.

Ti-in zircon temperature estimates for magmatic ocean

zircon

The range of corrected temperatures observed for all nor-

mal magmatic ocean zircon is 1,040–660�C (219 analyses;

Supplementary Table, Fig. 12a). Sample-averaged values

range from 988 ± 65�C to 699 ± 34�C (2SD). Tempera-

tures above 960�C are recorded by only four grains from

one Fe–Ti oxide-poor olivine gabbro sample JR31-22-1.

There is no indication that these high Ti concentrations are

erroneous (i.e., high Fe, overlap of the beam onto cracks/

inclusions), and consequently sample JR31-22-1 represents

the high-temperature end-member for zircon crystallization

in this setting. The Ti-in-zircon temperatures recorded by

zircon from both Fe–Ti oxide-poor and Fe–Ti oxide gabbro

samples are widely variable (Fig. 12), spanning the entire

range of observed temperatures, and give average values of

774 ± 169 and 818 ± 161�C (2SD), respectively for these

rock types. Zircons from plagiogranite samples span a
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Fig. 12 Histograms showing corrected Ti-in-zircon temperatures

from 226 analyses of ocean crustal zircon separated by host rock

type. Temperatures were corrected assuming aTiO2 = 0.7,

aSiO2 = 1.0, and pressure = 2 kbar (see text for details). b Ti-in-

zircon temperatures recorded within individual samples. Each point

represents an analysis (symbols: open diamond—plagiogranite, filled
squares—Fe–Ti oxide gabbro, cross—Fe–Ti oxide-poor gabbro,

triangle—meta-ultramafic hosts)
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narrower range (845–676�C), and record an overall lower

average temperature of 750 ± 88�C (2SD; excludes lumi-

nescent rims). Zircons from veins in meta-ultramafic

samples yield temperatures between 919 and 757�C with

an average of 834 ± 75�C (2SD), which is consistent with

previously reported average temperatures for zircons from

veins in abyssal peridotite (*840�C, n = 11, Fu et al.

2008; *820�C, n = 99, Jöns et al. 2009). The overall

range of temperatures suggests that zircon crystallization

can occur over a range of *380�C in plutonic ocean crust.

Interestingly, zircons from a single sample almost

ubiquitously show a span of crystallization temperatures

between *60 and 150�C (Fig. 12b), although two samples

have single outliers that extend the range to 200�C (e.g.,

sample Kn180-2 11-1). Modeling of an average MORB

melt composition suggests that after about 85% fractional

crystallization the temperature of the remaining melt will

be approximately 1,100�C. Thus the range of temperatures

recorded by all magmatic ocean crustal zircons corre-

sponds to crystallization of the last 10–15% of a MORB

melt, comparable to the degree of fractionation estimated

for the development of the plagiogranite dikes in ODP

Hole 735B (Niu et al. 2002).

Solidus temperatures estimates from zircon geochemistry

The extreme enrichment in Hf and some trace elements

(i.e., U, Y, REE) in zircon from oceanic plagiogranite that

occurs at near constant Ti-content (Figs. 7, 9) is similar to

trends observed in zircon from continental granitoid sam-

ples from the Spirit Mountain Batholith (Claiborne et al.

2006). These workers offered two potential explanations:

(1) increased rate of crystallization as the system approa-

ches eutectic-like conditions, or (2) changing partition

coefficients with decreasing temperature and the build-up

of water. In either case, these trends are indicative of

processes occurring as a magmatic system approaches its

solidus. Zircon crystallization in mafic plutonic systems

occurs only very late in the differentiation history; if these

enrichment trends are assumed to reflect (near) eutectic

conditions, the minimum temperature at which enrichment

continues serves as one estimate of the solidus temperature

of the melt. Following this approach, the geochemistry of

zircon from plagiogranites broadly indicates solidus tem-

peratures between *680 and 740�C, comparable to crys-

tallization temperature estimates for plagioclase-amphibole

dikes at Hess Deep (687–745�C; Manning et al. 1999), and

felsic veins in ODP Hole 735B (525–835�C, average

674�C, 1r = 77�C; Robinson et al. 2002) determined using

amphibole-plagioclase thermometry. The suite of zircons

from gabbros defines a minimum temperature less clearly,

but enrichment in U and to some extent Hf occurs between

temperatures of [680–750�C (Fig. 9). This temperature

range is *70–150�C lower than the solidus of MAR

gabbros estimated from amphibole-plagioclase thermome-

try (860 ± 30�C; Coogan et al. 2001) and crystallization

experiments on hydrous ferrogabbro melts (*820�C;

Botcharnikov et al. 2008). This discrepancy is likely

indicative of continued differentiation of the most residual

interstitial liquids to lower temperatures. Alternatively, the

corrected Ti-in-zircon temperatures could underestimate

the true crystallization temperature due to some combina-

tion of calibration uncertainties and/or factors that have not

been accurately corrected for (e.g., aSiO2, aTiO2, pressure)

(e.g., Fu et al. 2008).

Composition of melts in equilibrium with ocean zircon

In Fig. 11, zircon/melt partition coefficients and measured

zircon REE compositions are used to model the REE

composition of a melt inferred to have been in equili-

brium with zircon during crystallization. Numerous studies

have been conducted with the aim of determining

appropriate zircon mineral/melt partition coefficients (c.f.

review by Hanchar and van Westrenen 2007). Partition

coefficients from Sano et al. (2002) were used here due to

their close approximation to the predicted REE behavior

based on lattice strain theory (Hanchar and van Westrenen

2007).

Normal magmatic zircon

The modeled melts in equilibrium with magmatic zircon

from ocean crust are shown in Fig. 11a-ii. Calculated

chondrite-normalized REE patterns of the equilibrium melt

are smooth apart from ubiquitous Eu-anomalies, and slope

gently down toward the HREE. La and Ce were excluded,

due to the large uncertainties associated with low concen-

trations of La and the anomalous model Ce values resulting

from the zircon Ce-anomaly. The shape and slope of pat-

terns is similar for melts modeled from zircon in all rock

types and geographic locations investigated. REE patterns

for MOR basalts, felsic veins (plagiogranites), Fe–Ti oxide

gabbros and dacite are also shown (Fig. 11a-ii) for refer-

ence, even though the gabbro and plagiogranite composi-

tions likely do not represent liquid compositions. Five

modeled melt compositions exhibit lower REE concentra-

tions than MORB, suggesting crystallization from a more

depleted source than represented by the reference lavas

shown. Three of the five with the lowest concentrations

come from near the 15�200N FZ, MAR, including one

plagiogranite sample from ODP Hole 1275D (1275D-10),

and two from veins in serpentinized peridotite recovered in

ODP Hole 1270D. The complete set of REE in zircon from

this region are known only for these three samples, how-

ever Yb values reported by Grimes et al. (2007, data
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repository) for several additional plagiogranite samples

from ODP Hole 1275D are consistent with these low

concentrations. These samples suggest that the melts pro-

ducing zircon between 14�450N and 15�450N, MAR, were

depleted in REE. Interestingly, although basalts exposed at

the seafloor between 14 and 16�N are typical enriched and

normal MORB (Dosso et al. 1993), peridotite in this region

represents some of the most depleted ever recovered from

the seafloor, and they are consistent with an unusually high

degree of partial melting up to [20% (Bonatti et al. 1992;

Cannat et al. 1997b; Kelemen et al. 2004; Seyler et al.

2007). The peridotite compositions have been interpreted

to be the result of a two-stage melting process involving an

early, high-P melting event prior to upwelling and melting

beneath the ridge axis (e.g., Seyler et al. 2007). Support for

this interpretation comes from Os isotopic model ages that

indicate a long-term Re depletion (Brandon et al. 2000;

Harvey et al. 2006). In this scenario, melt generated during

upwelling beneath the ridge could be deficient in REE,

because the highly incompatible REE would have been

concentrated in the first melts extracted during an earlier

melting event. The depleted, second-stage melts could then

theoretically fractionate to produce liquids like those

modeled using the composition of zircon collected near the

15�200 FZ. Although highly speculative, this model sug-

gests that the trace element geochemistry of ocean zircon

reflects source composition. Following Grimes et al.

(2007), Fig. 13a shows U versus Yb compositions of

magmatic ocean crustal zircon from all zircon bearing rock

types with respect to geographic location. Despite overlap,

zircon from different geographic regions defines somewhat

distinct fields. This plot therefore also suggests a depen-

dence of zircon chemistry on source region composition,

and in particular, that the Kane FZ (23�N MAR) and

15�200FZ (15�N, MAR) source regions are more depleted

than that surrounding the Atlantis Fracture zone (30�N)

along the MAR.

Luminescent rim overgrowths and porous (Type 3) zircon

The REE patterns from the luminescent rim overgrowths

and the Type 3 porous zircons differ from those in normal

magmatic zircons (Fig. 11b-i). The luminescent rims have

steeper patterns, whereas Type 3 (porous) zircons tend to

have shallower patterns with anomalously high Nd and La.

The resulting REE patterns for melts modeled using com-

positions of the luminescent rim overgrowths have gentle,

positive slopes that are thus opposite the patterns for melts

modeled using the composition of normal magmatic zir-

cons (Fig. 11b-ii). For porous (Type 3) zircons, the mod-

eled melt REE patterns have a generally concave-upward

pattern with HREE and LREE sloping inwards toward the

MREE. To a first order, these patterns suggest that the

luminescent rims and porous zircon formed from melts or

fluids that clearly were unlike the melts from which the

normal magmatic zircons crystallized.

The concave-upward patterns exhibited by melts/fluids

modeled from analyses of the porous zircon are unique

within the ocean zircon population. However, REE patterns

with these shapes have been modeled from the latest stage

rims on zircons from granitoids and high-silica rhyolites

(J.L. Wooden, unpublished data), and patterns with this

1

10

100

1000

10000

1 10 100 1000 10000

1

10

100

1000

10000

1 10 100 1000 10000
Yb ppm

U
 p

pm

Atlantis FZ, 30° N

Atlantis II FZ, 57° E

15° 20’ N FZ
Kane FZ, 23° N

U
 p

pm

Yb ppm

A

BContinental field
‘mafic’ zircon

gabbroic
plagiogranite

meta-ultramafic
Lanzo gabbro (Jurassic)

Ocean zircon

0.1

0.1

SWIR

MAR

Fig. 13 a U versus Yb variation diagram for modern ocean crustal

zircon by geographic location. Includes data listed in the Supple-

mentary Table (n = 356), as well as additional data for the Kane FZ

(n = 107) and 15�200N FZ (n = 59) reported in Grimes (2008). b U

versus Yb variation diagram for ocean crustal and continental zircon;

the bold line denotes extremal limit of the continental zircon field

(after Grimes et al. 2007). Data sources: Ocean crustal zircon: data

shown in a (n = 522 analyses), and Jurassic oxide gabbro from

Lanzo, Italian Alps (Kaczmarek et al. 2008); Mafic continental rocks

(diamonds): Tertiary diorite from northern Chile (Ballard et al. 2002),

Neoproterozoic and early Paleozoic metabasite from Alpine basement

(Schulz et al. 2006), and unpublished data from the middle

Proterozoic Duluth Gabbro (FC-1) and the late Archean Quad Creek

metanorite from the Beartooth Mountains, Montana (P. Mueller and

J.L. Wooden, unpublished). Approximately 20% of ocean crust

zircons shown overlap with the overall continental field, requiring

application of the discrimination diagrams to zircon populations (i.e.,

not individual grains) to evaluate provenance
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shape are recognized from whole-rock analyses of some

high-silica granites (e.g., Stuckless et al. 1986; Bonin et al.

1998; Stoeser and Frost 2006). Whole-rock analyses of

felsic veins in ODP Hole 735B with the most enriched REE

concentrations also exhibit this shape. Collectively, these

observations suggest that the distinctive concave-upward

pattern is indicative of highly differentiated fluids.

Development of luminescent rims and porous zircon

Luminescent rims

The luminescent CL rims share several textural and

chemical features with hydrothermal zircons hosted as

inclusions in hydrothermal quartz sampled from open-vein

cavities in the Mole Granite (Pettke et al. 2005). Similari-

ties include luminescence in CL, relatively high Hf con-

centration, low REE concentrations, and low Th/U relative

to normal magmatic grains (Figs. 7, 8). Pettke et al. (2005)

also report that some of the hydrothermal zircons exhibit a

‘spongy’ texture similar to the micro-porosity in the Type 3

zircon reported here. REE melt modeling using the Mole

Granite hydrothermal zircon suite and partition coefficients

from Sano et al. (2002) yields a concave-upward pattern

similar to the modeled melt compositions for Type 3 ocean

zircons, but distinct from the patterns modeled for lumi-

nescent rims (Fig. 11b-ii). Luminescent rims also lack the

characteristically low (Sm/La)N ratios and high La con-

centrations reported for hydrothermal zircon (Fig. 10).

Evidence for the genesis of the luminescent rims is there-

fore not conclusive, however based on some chemical

similarities to hydrothermal zircons and average Ti-in-

zircon temperature below the wet granite solidus

(615 ± 26�C; 2SD) and 50–60�C lower than all other

ocean crustal zircons, we conclude that the luminescent

rims could have formed in an aqueous fluid-saturated

environment, possibly having even precipitated from an

(deuteric?) aqueous fluid.

Porous Type 3 zircon

Perturbation of original zonation and development of

micro-porosity in zircon have been reported in association

with alteration during high-grade metamorphism, and as a

result of fluid-assisted processes resulting in solid-state

partial recrystallization or local dissolution–reprecipitation

re-equilibration (e.g., Hoskin and Schaltegger 2003; Geis-

ler et al. 2007). Porosity has also been suggested to form

during crystallization from, or incomplete dissolution by,

low-pressure aqueous fluid (\200 MPa; Corfu et al. 2003;

Bacon et al. 2007). Radiation damage is unlikely to con-

tribute to the development of micro-porosity in the present

suite of ocean crustal zircons because they are too young,

and contain little U, to have acquired significant radiation

damage (Ewing et al. 2003). Additionally, measured Pb/U

ages from porous zircon in two different rocks collected in

IODP Hole 1309D (U1309D-1175 & U1309D-1415) are

within *0.2 m.y. of normal magmatic grains from the

same samples (Grimes et al. 2008), suggesting that the

porous textures developed soon after crystallization of

normal magmatic zircons.

The features that characterize Type 3 zircons are gene-

rally consistent with growth or alteration during aqueous

fluid-assisted processes. Among these features are (1)

micro-porosity (Hoskin et al. 1998; Tomaschek et al. 2003;

Geisler et al. 2007), (2) LREE enrichment, steep HREE

and flat LREE patterns (Hoskin et al. 1998; Hoskin and

Schaltegger 2003; Whitehouse and Kamber 2002; Hoskin

2005), (3) elevated concentrations of Ca and Fe

(Schaltegger 2007; Geisler et al. 2007), (4) xenotime,

Th- and U-rich micro-inclusions (Geisler et al. 2007), and

(5) evidence of chlorine-rich fluid inclusions. The promi-

nent micro-porosity, inclusions, and an epitactic relation-

ship with (unaltered relict?) cores (Fig. 5c) are consistent

with fluid-assisted dissolution–reprecipitation reactions

described by Geisler et al. (2007). A driving force proposed

for dissolution–reprecipitation is lattice strain, caused by

high concentrations of non-constituent cations initially in

solid solution with zircon at higher temperatures that

become meta-stable upon cooling (Geisler et al. 2007).

During the dissolution–reprecipitation reaction, substitut-

ing elements are purged and the resulting zircon generally

contains lower minor and trace element concentrations

(Geisler et al. 2007). In the ocean crustal zircons, these

purged elements are represented by the sub-micron scale

inclusions enriched in Y, U, and Th that have been

observed in backscattered electron images (Fig. 3c).

Chlorine concentrations up to 1,000 times higher than

typical magmatic zircon (Fig. 10) imply that hydro-saline

fluids were present during formation of the porous

domains. If the textures observed are related to alteration,

these hydro-saline fluids may have served as the catalyst

for the dissolution/mobilization of existing zircon; F-rich

fluids are known to mobilize Zr and other high field

strength elements, leading to unequivocal hydrothermal

growth of zircon (e.g., Rubin et al. 1989; Hoskin and

Schaltegger 2003). Experimental studies have shown

chlorine can be an effective complexing agent for LREE

(Reed et al. 2000), possibly explaining the LREE enrich-

ment associated with the porous areas.

An alternative process leading to formation of the

porous zircon and apatite could involve some change

during primary igneous crystallization that encouraged

entrapment of fluid inclusions during zircon growth, such

as the buildup of a water- or vapor-rich phase as the

system approaches the magma-hydrothermal transition.
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Although this possibility is difficult to rule out, based on

the textural observations (i.e., perturbation of internal

zoning, including individual growth zones as in Fig. 3c-iv

& v); the presence of micro-inclusions is suggestive that

the dissolution–reprecipitation model is the more likely

explanation. However, it is considered possible that the

fluids catalyzing the proposed dissolution–reprecipitation

reaction were derived from the magma that crystallized

the zircon originally. Following dissolution, zircon could

reprecipitate essentially in situ, or within veins and along

grain boundaries as observed in thin section, or perhaps

even as the luminescent rim overgrowths (Fig. 4).

Comparison with zircon from continental rock types

Zircon is locally abundant in plutonic ocean crust, espe-

cially in Fe–Ti oxide-rich gabbro and plagiogranites. These

rock types are widely distributed both regionally and with

depth in oceanic crust; oxide-bearing gabbroic rocks and

felsic differentiates make up significant portions of drilled

ocean crust, including *7% of IODP Hole 1309D (1415

meters; Blackman et al. 2006), and *18% of ODP Hole

735B (1,508 m; Dick et al. 2000). These observations

imply that ocean crust formed at a MOR and then obducted

onto continental margins could serve as a potential source

for detrital zircon in the sedimentary record. Additionally,

textural, geochemical, and age information recorded by

eclogite and ophiolite zircons has been interpreted in terms

of magmatic and hydrothermal processes occurring at

MORs, rather than signatures imparted during obduction at

continental margins (e.g., Spandler et al. 2004; Puga et al.

2005). Therefore, the ability to distinguish ocean crustal

zircons in the rock record is important.

As previously noted by Grimes et al. (2007), zircon

grains from ocean crust are enriched in Y, P, and HREE

and depleted in U and Th relative to zircon forming in

continental settings. These workers presented several dis-

crimination diagrams for zircon from these different set-

tings based primarily on U and Yb concentrations, and

went on to show that [4.0 Ga detrital zircons from the

Jack Hills, Australia, could not have originated from

magmas forming from a reservoir similar to the modern

mantle. Those geochemical distinctions are supported by a

further 206 analyses of zircon from the Kane FZ (Fig. 13)

that were not included by Grimes et al. (2007), as well as

Jurassic age ocean crustal zircon in oxide gabbro from the

Lanzo massif, Italian Alps (Kaczmarek et al. 2008)

(Fig. 13b). Geochemical data necessary to evaluate zircon

from mafic rocks with continental or island-arc affinities on

the U and Yb-based discrimination diagrams are relatively

scarce within the literature. However, several published

and unpublished datasets for zircon from Tertiary to

Archean age continentally-derived mafic rocks are shown

in Fig. 13b, and are distinct from the ocean zircon field.

The discrimination is therefore effective for distinguishing

zircon derived from either felsic or mafic rock types

formed in these contrasting tectonic settings.

Conclusions

Zircon is a widespread accessory mineral in evolved ocean

crustal rock types, exhibiting a variety of textures and large

compositionally variability. Hafnium and other trace ele-

ments, including U, Th, Y, P, and HREE, vary systemati-

cally with Ti, typically showing enrichment with

decreasing Ti concentration in zircon. These trends are

interpreted to reflect accessory mineral fractionation

(including zircon) within the crystallizing melts. Applica-

tion of the Ti-in-zircon thermometer to normal magmatic

zircons yields sample-averaged temperatures ranging from

988 ± 65 to 699 ± 34�C (2SD) with individual grains

recording temperatures 1,040–660�C (corrected assuming

aTiO2 = 0.7, aSiO2 = 1.0, pressure = 2 kbar), suggesting

zircon growth over *380�C in the MOR magmatic sys-

tem. The overall range of crystallization temperatures, as

well as protracted growth of suites of zircon from indi-

vidual samples over 60–150�C in a differentiating melt

contributes to large within-sample geochemical variability.

As reported in numerous studies of continental zircon

populations, zircons from different rock types exhibit

overlapping geochemical compositions that hinder clear

distinctions. However, plagiogranite-hosted zircons have,

on-average, higher Hf and trace element compositions and

lower Ti-in-zircon temperatures (845–676�C; average

750 ± 88�C, 2SD) than zircon from other host-rock types.

Gabbro-hosted zircons span a larger range of temperatures

(1,040–660�C), and give slightly higher average values of

818 ± 161�C (2SD) for Fe–Ti oxide gabbro and

774 ± 169�C (2SD) for Fe–Ti oxide-poor gabbro. Zircons

from veins in meta-ultramafic rocks and metamorphosed

fault schists are most similar to gabbro-hosted zircon,

recording generally lower Hf and trace element concen-

trations and higher Ti-in-zircon temperatures (919–757�C;

average 834 ± 75�C, 2SD) than the plagiogranite zircon

population. Thus, zircon in these sample probably crys-

tallized from evolved gabbroic melts derived from nearby

gabbroic plutons.

A trend of increasing Hf with decreasing Ti-in-zircon

temperature is particularly well-defined by zircons from

plagiogranite between *0.7 and 2 wt% Hf. Further Hf-

enrichment up to *4.0 wt% occurs at relatively steady

temperatures between *680 and 740�C. A similar

inflection is observed in plots of Ti versus U, Y, and REE

and is interpreted to denote the onset of eutectic crystal-

lization of zircon, thus providing estimated solidus
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temperatures that are broadly comparable to published

crystallization temperatures from plagioclase-amphibole

thermometry.

Porous zircons with perturbed or chaotic CL zonation

are observed in *25% of samples examined. Porous

domains have elevated La, Fe, Ca, Al, Cl, and S contents,

and anomalously low (Sm/La)N ratios. These textural and

geochemical characteristics are consistent with features

reported for zircon formed in association with aqueous

fluids. The porous grains are interpreted to reflect alteration

of normal magmatic zircon, possibly via dissolution–rep-

recipitation catalyzed by an (deuteric?) aqueous fluid.

Overgrowth rims that are distinctly luminescent in CL

yield average Ti-in-zircon temperatures of 615 ± 26�C

(2SD, n = 7), which is *60�C lower than nearly all other

zircon analyzed here, and implies continued zircon growth

below the wet-granite solidus. We propose that these rims

grew near the transition between melt- and hydrothermal

fluid-dominated processes, and possibly from aqueous

fluids.

Zircon geochemistry reflects, in part, source location. In

particular, zircon from the 15�200FZ along the MAR

exhibit low trace element compositions that distinguish

them within the ocean zircon population. Additional

analyses reported here are consistent with previously

proposed geochemical discriminant diagrams for ocean

crustal and continental zircon that are based largely on U

and Yb composition. Elevated HREE coupled with low U

concentrations allow effective discrimination of *80% of

all ocean crustal zircons from zircons hosted by mafic and

felsic rocks formed in continental settings.
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