Contrib Mineral Petrol (2011) 161:13-33
DOI 10.1007/s00410-010-0519-x

ORIGINAL PAPER

Uniformly mantle-like 6'®0 in zircons from oceanic plagiogranites

and gabbros

Craig B. Grimes - Takayuki Ushikubo -
Barbara E. John - John W. Valley

Received: 8 December 2009/ Accepted: 30 March 2010/ Published online: 24 April 2010

© Springer-Verlag 2010

Abstract Lower ocean crust is primarily gabbroic,
although 1-2% felsic igneous rocks that are referred to
collectively as plagiogranites occur locally. Recent exper-
imental evidence suggests that plagiogranite magmas can
form by hydrous partial melting of gabbro triggered by
seawater-derived fluids, and thus they may indicate early,
high-temperature hydrothermal fluid circulation. To
explore seawater—rock interaction prior to and during the
genesis of plagiogranite and other late-stage magmas,
oxygen-isotope ratios preserved in igneous zircon have
been measured by ion microprobe. A total of 197 zircons
from 43 plagiogranite, evolved gabbro, and hydrothermally
altered fault rock samples have been analyzed. Samples
originate primarily from drill core acquired during Ocean
Drilling Program and Integrated Ocean Drilling Program
operations near the Mid-Atlantic and Southwest Indian
Ridges. With the exception of rare, distinctively lumines-
cent rims, all zircons from ocean crust record remarkably
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uniform 6'%0 with an average value of 5.2 £ 0.5%0 (2SD).
The average d'®0(Zrc) would be in magmatic equilibrium
with unaltered MORB [6'30(WR) ~ 5.6-5.7%o], and is
consistent with the previously determined value for equi-
librium with the mantle. The narrow range of measured
0'®0 values is predicted for zircon crystallization from
variable parent melt compositions and temperatures in a
closed system, and provides no indication of any interac-
tions between altered rocks or seawater and the evolved
parent melts. If plagiogranite forms by hydrous partial
melting, the uniform mantle-like 5'%0(Zrc) requires melt-
ing and zircon crystallization prior to significant amounts
of water—rock interactions that alter the protolith &'%0.
Zircons from ocean crust have been proposed as a tectonic
analog for >3.9 Ga detrital zircons from the earliest
(Hadean) Earth by multiple workers. However, zircons
from ocean crust are readily distinguished geochemically
from zircons formed in continental crustal environments.
Many of the >3.9 Ga zircons have mildly elevated §'*0
(6.0-7.5%o), but such values have not been identified in any
zircons from the large sample suite examined here. The
difference in 6'®0, in combination with newly acquired
lithium concentrations and published trace element data,
clearly shows that the >3.9 Ga detrital zircons did not
originate by processes analogous to those in modern
mid-ocean ridge settings.

Keywords Zircon - Oxygen isotopes - SIMS -
Plagiogranite - Ocean crust - Hadean
Introduction

The circulation of seawater beneath mid-ocean ridges
(MORs) can lead to pervasive alteration of ocean crust, and
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facilitates significant heat and elemental fluxes (e.g.,
Gregory and Taylor 1981; Muehlenbachs 1986; McCaig
et al. 2010). Studies of lower (gabbroic) ocean crust formed
at both fast and slow spreading rates indicate that the onset
of brittle fracturing and penetration of seawater-derived
hydrothermal fluids may occur at temperatures of 600—
750°C based on geochemistry of amphibole filling early
fractures and oxygen isotope data (e.g., Stakes et al. 1991;
Gillis 1995; Manning et al. 1996). Hydrothermal alteration
at even higher temperatures up to 900°C has been proposed
based largely on thermometry of coexisting brown
amphibole—plagioclase pairs (Gaggero and Cortesogno
1997; Manning et al. 2000; Maeda et al. 2002; Nicolas
et al. 2003; Bosch et al. 2004). McCollom and Shock
(1998) noted that seawater circulation occurring at 750—
900°C would leave little to no mineralogical expression,
and could thus be more extensive than is typically con-
cluded from mineralogical studies. The high temperatures
reported for hydrothermal alteration approach and even
exceed the wet solidus of lower crustal gabbros (Dixon-
Spulber and Rutherford 1983; Coogan et al. 2001; Koepke
et al. 2004). Thus, early infiltration of seawater, or
reheating/melting of hydrothermally altered gabbro may
have a significant, although as yet incompletely understood
impact on late-stage magmatic processes in MOR settings.

As the most differentiated and latest-stage magmas in
ocean crust, oceanic plagiogranite is likely to record evi-
dence of early, high-temperature infiltration of seawater-
derived hydrothermal fluids. The term plagiogranite is
used broadly here to reference the suite of felsic plutonic
rocks (i.e., anorthosite, diorite, quartz diorite, and tonalite/
trondjhemite) found in modern ocean crust and ophiolites
(e.g., Coleman and Donato 1979), including the ‘felsic
dikes’, ‘felsic segregations’, and ‘late leucocratic magmatic
dikelets’ described from Ocean Drilling Program (ODP)
Hole 735B (57°E, southwest Indian Ridge) and Integrated
Ocean Drilling Program (IODP) Hole 1309D (30°N, Mid-
Atlantic Ridge) (Dick et al. 2000; Blackman et al. 2006).

Although volumetrically minor (typically ~ 1-2%),
plagiogranite is ubiquitous throughout plutonic ocean crust.
These rock types have recently been considered as a
potentially significant component of the bulk trace element
budget (Hart et al. 1999; Godard et al. 2009), and com-
monly host uranium-bearing minerals (i.e. zircon) amena-
ble to radiometric dating (John et al. 2004; Schwartz et al.
2005; Grimes et al. 2008; Baines et al. 2009). Moreover,
plagiogranites formed beneath MORs by melting of
hydrothermally altered mafic crust have been hypothesized
as analogs to parental magmas of 4.4—4.0 Ga detrital zir-
cons, suggesting that the crust on Earth before 4 Ga was
primitive and dominantly mafic (Rollinson 2008). Oceanic
plagiogranite, therefore, has a significant role in under-
standing both modern and ancient crustal growth processes.
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The origin of oceanic plagiogranite is controversial and
has been attributed to a wide variety of processes, includ-
ing (1) extreme fractional crystallization of MORB, (2)
liquid immiscibility with Fe-enriched tholeiitic melts, and
(3) hydrous partial melting of oceanic gabbros (review by
Koepke et al. 2007). All of these hypotheses have been
proposed for plagiogranite from the same location in ODP
Hole 735B (Natland et al. 1991; Dick et al. 2000; Natland
and Dick 2002; Niu et al. 2002; Koepke et al. 2004),
highlighting complexity in discerning mechanisms of for-
mation. Most recently, Koepke et al. (2004, 2007) have
presented several lines of geochemical evidence supporting
an origin by hydrous partial melting. In slow spreading
ocean crust, it is proposed that seawater-derived fluids
penetrate the lower crust along deep-rooting detachment
fault systems and trigger partial melting (Koepke et al.
2007; Jons et al. 2009).

Oxygen-isotope ratios are sensitive indicators of the
extent and temperature of interactions between seawater
and crustal rocks. However, determining magmatic oxy-
gen-isotope ratios is complicated by the fact that whole
rocks and most constituent minerals in ocean crust are
highly susceptible to sub-solidus exchange and recrystal-
lization during hydrothermal fluid circulation. Thus, evi-
dence of early (magmatic) events tends to be partly or fully
overprinted by later (hydrothermal) events at lower
temperatures. For gabbro that is infiltrated by seawater,
temperature-dependant exchange leads to higher 5'*O(WR)
>6%0 during water—rock interaction below 200-250°C,
and lower 6'O(WR) <5% above 200-250°C (e.g.,
Muehlenbachs 1986; Alt and Bach 2006). Fresh olivine
phenocrysts are commonly used to monitor magmatic 6'*0
values in mafic and ultramafic rocks (Mattey et al. 1994;
Eiler et al. 1996; Eiler 2001; Gao et al. 2006; Bindeman
et al. 2008), however, olivine is absent from plagiogranite
and many other evolved rock types. In contrast, zircons
often occur in differentiated rock types within ocean crust.
Zircons are also highly resistant to alteration, and com-
monly preserve primary magmatic 6'°0 (Valley et al.
1994, 2005; Valley 2003; Page et al. 2007a). The ability to
correlate age concordance and Pb-loss to 6'%0(Zrc) readily
identifies altered zircon and makes determinations of
magmatic chemistry from zircon uniquely reliable. Thus,
igneous zircons provide a means for tracking magmatic
0'80 values of plagiogranite and other late-stage, differ-
entiated rock types.

In a previous ion microprobe study of 24 zircon grains
from three gabbro and serpentinite samples collected near
the MARK area, 23°N, Mid-Atlantic Ridge (MAR), Cavosie
et al. (2009) report an average 8'°0 = 5.3 + 0.8%o, which
is indistinguishable from the value in high temperature
equilibrium with mantle (5.3 + 0.6%o0; Valley et al. 1998,
2005). In the current study, we present 0'°0O values of
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zircons hosted by an additional 43 rock samples including 23
plagiogranites, 13 gabbros, and 7 serpentinite/fault schists
collected from multiple geographic locations and depths
along the MAR and Southwest Indian Ridge (SWIR)
(Fig. 1). The primary objectives are to constrain magmatic
0'®0 of plagiogranite and evolved Fe-Ti oxide gabbro
recovered from ocean crust, and to evaluate the timing and
extent of high-temperature alteration involving seawater-
derived fluids relative to formation and crystallization of
these latest-stage magmas. In addition, our results provide
a comprehensive framework for interpreting detrital,
xenocrystic, and eclogitic zircons potentially originating
in a setting similar to modern MORs. Using these new data,
we revisit the hypothesis that oceanic plagiogranite could
serve as an analog for the Earth’s first ‘felsic’ crust that

Fraction of
recovered core

Fraction of Fraction of
cored interval recovered core

0 0 0.5 10 0.5 10 0.5 10 0.5 1

Olivine-rich troctolite,
dunite and harzburgite

B Troctolite

Olivine gabbro
and troctolitic gabbro

% 600 Gabbro, gabbronorite,
Ee] O and disseminated
= oxide gabbro
£ m Oxide gabbro and
D ggp oxide gabbronorite
= O Diabase
Y7 Zircon samples
1000
A
1200 *
*
C&D
B
1400

IODP Hole U1309D
ODP Hole 735B

Fig. 1 Stratigraphic distributions of lithologic proportions recovered
in ocean drill cores that were sampled for zircons in this study
(mbsf = meters below seafloor). The depths of rock samples hosting
zircons analyzed for 5'80 are indicated. A IODP Hole U1309D, 30°N,
Mid-Atlantic Ridge (MAR) (20 m running average of cored inter-
val—white area represents no recovery; after Blackman et al. 2006).
B ODP Hole 735B, 57° E, Southwest Indian Ridge (20 m running
average of recovered core; after Dick et al. 2000). C ODP Hole
1275D, 15°44'N, MAR and D 1270D, 14°43'N, MAR (5 m running
average of recovered cores; modified from Kelemen et al. 2004). The
geographic locations of the holes represented by columns A-D are
indicated on the map (lower right). General rock types for samples
hosting zircon are given in Table 1

produced >3.9 Ga Jack Hills detrital Hadean zircons (e.g.,
Rollinson 2008).

Geologic setting and sampling

This study incorporates rocks collected along the northern
MAR and the SWIR—slow and ultraslow spreading MOR
systems with full-spreading rates of ~25 and ~ 14 mm/
year, respectively. In these settings, magmatic events may
be episodic and short-lived, with a significant component of
plate separation (up to 50% in some segments) accommo-
dated by detachment faulting (e.g., Tucholke et al. 1998;
Schroeder et al. 2007; Smith et al. 2008). Detachment fault
systems can initiate up to ~7-8 km below the ridge axial
valley floor and accommodate tens of kilometers of slip,
exposing lower crustal gabbro and mantle peridotite directly
on the seafloor (e.g., Tucholke and Lin 1994; Tucholke et al.
1998; Cann et al. 1997; deMartin et al. 2007). The crustal
architecture associated with slow spreading ocean crust is
thus variable and can differ substantially from the classical
layered ophiolite model (e.g., Cannat 1996; Karson 1998;
Dick et al. 2000). Seismic studies along the MAR have
shown that detachment faults and axial valley bounding
faults can extend near or even below zones of partial melt at
depths of ~3-7 km (Singh et al. 2006; deMartin et al.
2007), highlighting the potential for dynamic interactions
between magmatic, tectonic, and hydrothermal systems
during crustal accretion. Taken with mineralogical and
textural evidence of extensive recrystallization, Sr and O
isotope evidence from whole-rock samples indicate that the
detachment faults served as loci for extensive seawater-
derived hydrothermal fluid migration (Stakes et al. 1991;
McCaig et al. 2007, 2010; Delacour et al. 2008; Jons et al.
2009). However, the depths and temperatures at which
detachment faults are able to act as effective fluid pathways,
and the timing of fluid flow are still under investigation.
Thirty-eight rock samples in this study originate from
core recovered during ODP and IODP drilling near 57°E,
SWIR (Holes 735B and 1105A), 15°N, MAR (Holes
1270D and 1275D), and 30°N, MAR (Holes U1309B and
U1309D) (Fig. 1; Table 1). These holes were drilled into
the footwalls to oceanic detachment faults, and recovered
predominantly gabbroic rocks with minor ultramafic
lithologies, diabase, and plagiogranite. An additional five
samples in this study were recovered by submersible and
dredge from the southern wall of Atlantis Massif (30°N,
MAR) during the MARVEL2000 cruise of the R/V Atlantis
(Blackman et al. 2004; see Grimes et al. 2008). The crustal
age of the sampling locations ranges from 1 to 13 Ma.
Sampling provides coverage extending from the seafloor
(corresponding to the detachment fault scarp) to 1,430 m
below the seafloor in largely intact footwall blocks (Fig. 1).

@ Springer
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Table 1 Summary of 6'®0 and Ti-in-zircon temperature measured by ion microprobe in magmatic ocean-crust zircons and luminescent (CL)
zircon rims (regular pits) from the Mid-Atlantic (MAR) and southwest Indian Ridges (SWIR)

Number Location/sample (cruise or Depth  General 5'%0 (%o, SMOW)® Ti-in-Zrc T (°C, uncorr)®
Leg/Exp-Site-Hole-core, top) (mbsf) rock type* -
Ave. 2SD 2SE Max Min Number Ave. 2SD  Number
of grains of grains
15°N area, MAR (15-28 km off-axis)
1 209-1270D-3R-1, 47 cm 19 V/D 55 03 01 57 53 10 803 96 6
2 209-1270D-4R-1, 133 cm 25 V/D 52 04 02 55 50 5 840 29 7
Average 54 04 15
3 209-1275D-2R-2, 96 cm 10 Plgt 53 04 02 56 50 5 817 60 7
4 209-1275D-29R-2, 89 cm 134 Plgt 54 05 02 57 51 5
5 209-1275D-31R-2, 68 cm 144 Plgt 53 04 02 55 52 3
6 209-1275D-36R-1, 81 cm 167  Plgt 5.1 07 04 56 49 4
7 209-1275D-39R-2, 0 cm 180  Plgt 55 02 01 56 54 3
8 209-1275D-43R-1, 34 cm 200  Plgt 55 03 02 56 54 2
Average 53 05 22

30°N, MAR (~ 7-14-km off-axis)
Atlantis Massif (southern wall)

9 MARVEL2000, Alvin 3652-1333 0  FS(OxGb?) 5.1 04 02 54 50 3 784 35 6
10 MARVEL2000, Alvin 3646-1205 0 FS 52 03 01 53 5.1 3 848 52 5
11 MARVEL2000, D3-21 (dredge) 0 FS 54 05 02 57 5.1 5 865 69 6
12 MARVEL2000, Alvin 3647-1359 0 FS 55 02 01 55 54 3 829 117 6
13 MARVEL2000, Alvin 3652-1002 0 Br 56 03 02 57 54 2

Average 53 04 16

U1309B and U1309D

14 304-U1309B-7R-1, 0 cm 38  Plgt 51 04 02 53 49 5
15 304-U1309B-7R-1, 77 cm 39 Plgt 49 02 01 51 48 5 744 32 4
16 304-U1309B-13R-2, 26 cm 68  Plgt 52 02 01 53 52 3
17 304-U1309D-5R-3, 136 cm 40  Plgt 51 03 01 53 48 11 731 40 8
18 304-U1309D-9R-2, 97 cm 58  Plgt 52 02 01 54 51 4
19 304-U1309D-40R-1, 21 cm 215  Plgt 53 02 01 54 52 5 721 35 14
20 305-U1309D-93R-1, 27 cm 463  Plgt 53 01 01 53 52 4 753 82 10
21 305-U1309D-115R-2, 59 cm 570  Plgt 52 08 03 58 48 5
22 305-U1309D-178R-1, 97 cm 867  Plgt 52 02 01 53 52 3
23 305-U1309D-216R-1, 54 cm 1,040  Plgt 50 05 02 54 48 8
24 305-U1309D-295R-3, 100 cm 1,415  Plgt 5.1 03 01 53 48 6 786 69 8

Average 52 04 59
25 304-U1309D-47R-2, 102 cm 250 OxGb 53 03 02 54 50 4
26 304-U1309D-54R-1, 52 cm 282  OxGb 51 03 02 53 49 4
27 304-U1309D-69R-2, 52 cm 355 OxGb 49 04 02 51 46 5
28 304-U1309D-75R-3, 99 cm 386  OxGb 50 03 01 52 48 5
29 305-U1309D-114R-1, 62 cm 564 OxGb 53 03 02 54 5.1 3
30 305-U1309D-126R-2, 27 cm 623  OxGb 50 02 01 51 49 4
31 305-U1309D-131R-2, 0 cm 647  OxGb 53 02 01 54 52 7 708 31 5
32 305-U1309D-168R-2, 0 cm 820 OxGb 52 02 01 53 5.1 4
33 305-U1309D-189R-4, 41 cm 923  OxGb 51 05 03 53 49 3
34 305-U1309D-244R-2, 100 cm 1,175 OxGb 50 05 01 53 47 10
35 305-U1309D-259R-1, 22 cm 1,245  OxGb 50 04 02 53 48 3
36 305-U1309D-276R-1, 34 cm 1,327  OxGb 54 04 02 56 52 3
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Table 1 continued
Number Location/sample (cruise or Depth  General 5180 (%o, SMOW)® Ti-in-Zrc T (°C, uncorr)®
Leg/Exp-Site-Hole-core, top)  (mbsf) rock type® -
Ave. 2SD 2SE Max Min Number Ave. 2SD Number
of grains of grains

Average 5.1 0.4 55
Luminescent CL rims

17 304-U1309D-5R-3, 136 cm 40  Plgt 4.8 0.1 0.0 48 4.8 3 625 9

24 305-U1309D-295R-3, 100 cm 1,415  Plgt 4.7 03 01 49 4.6 4 624 6 2
Average 4.8 0.2
57°E, SWIR (~ 100-km-off-axis)

37 179-1105A-8R-4, 21 cm 57  Plgt 5.6 04 02 58 53 3

38 118-735B-7D-1, 10 cm 26  Plgt 5.1 05 02 54 47 7

39 176-735B-90R-1, 45 cm 508  Plgt 54 03 02 56 53 3

40 176-735B-110R-4, 8 cm 638  Plgt 5.2 04 02 55 5.0 3

41 176-735B-137R-2, 71 cm 854  Plgt 54 04 02 56 52 4

42 176-735B-202R-7, 85 cm 1,430  Plgt 5.0 03 01 52 4.8 6
Average 5.2 0.5 26

43 118-735B-28R-1, 56 cm 127  Gb 53 03 02 55 5.1 4

V/D vein/dike in serpentinized peridotite, Plgt plagiogranite, OxGb oxide gabbro, F'S fault schist, Br breccia, Gb gabbro

* Rock ‘types’ based on thin section and/or drill core observation

® Variability within each rock sample; replicate analyses on single grains were averaged prior to determining rock-averaged values. The

analytical uncertainty of individual spot analyses is +0.3%o (2SD)

¢ Uncorrected temperatures from Grimes et al. (2009); standard deviation reflects variability within each rock sample

Host rocks and zircons

Zircons from 43 samples of modern ocean crust were
analyzed for 0'®0. Host rock types include plagiogranite,
evolved Fe-Ti oxide-bearing gabbro, highly altered veins/
shear zones in serpentinized ultramafic rocks, and fault
schists sampled from detachment shear zones (Table 1;
see also Grimes et al. 2009). Zircons were separated from
whole rocks by mechanical crushing and heavy liquid
mineral separation techniques. Crushed sample volumes
ranged from 30 to 550 cm?, and commonly yielded 10s to
several 100s of zircon grains. Zircons were handpicked,
cast in epoxy grain mounts and polished to their mid-
section. Many of these zircons have previously been
analyzed for Pb/U age and/or trace element geochemistry
by SHRIMP-RG (Grimes et al. 2008, 2009; Baines et al.
2009).

Plagiogranite from in situ ocean crust occurs as thin
(mm to several cm wide), leucocratic dikes or vein net-
works intruding gabbroic host rocks. Primary mineral
assemblages include plagioclase, amphibole, and quartz,
and often minor to trace amounts of Fe—Ti oxide, biotite,
potassium feldspar, titanite, zircon, and/or apatite. These
rocks are commonly overprinted by extensive subsolidus
hydrothermal alteration of magmatic plagioclase and
amphibole to secondary plagioclase, tremolite/actinolite,
chlorite, and smectite (Robinson et al. 2002; Niu et al.

2002; Kelemen et al. 2004; Alt and Bach 2006; Blackman
et al. 2006). Samples of evolved gabbroic rocks generally
consist of plagioclase + clinopyroxene + Fe-Ti oxide +
apatite &+ amphibole + orthopyroxene = titanite + zircon.
Collectively, these samples are characteristic of evolved
plutonic rocks in ocean crust (Dick et al. 2000; Blackman
et al. 2006). Plagiogranite tends to produce significantly
greater abundances of zircons than evolved oxide gabbros
from a given rock volume, however, oxide gabbros com-
prise approximately an order-of-magnitude greater volume
of plutonic ocean crust; both rock types are therefore
important carriers of zircon in this setting.

Zircons separated from two core samples from ODP
Hole 1270D comprising actinolite/tremolite + chlorite
veins/shear zones in serpentinite, and five metasomatized
fault schists collected from the detachment fault shear zone
on Atlantis Massif (dominated by assemblages of amphi-
bole, talc and/or chlorite) have also been investigated. In
ODP Hole 1270D, the protolith of equivalent zircon-bear-
ing shear zones is inferred to be plagiogranite (Jons et al.
2009). Sample 3652-1333 (Table 1) preserves coarse Fe-Ti
oxides suggesting that the protolith was an oxide gabbro;
however, the composition of melts crystallizing zircons in
the remaining fault schist samples from Atlantis Massif is
difficult to determine due to the high degree of alteration.
In thin sections of less-deformed samples, zircons are
always concentrated in discrete mm- to cm-scale veins or
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Fig. 2 Representative cathodoluminescence (CL) zoning patterns
and ion microprobe analysis spots for 6'®0 measurements on normal
magmatic ocean-crust zircons (Table 1) from the Mid-Atlantic and
Southwest Indian Ridges. Host rocks were collected in place on the
seafloor and include plagiogranite, evolved oxide-bearing gabbro, and

shear zones dominated by greenschist-facies mineral
assemblages (Grimes et al. 2009). These are assumed to
reflect intrusions of evolved melt that have been altered.
Representative textures for three types of zircon distin-
guished by SEM observations and analyzed for §'*0 are
shown in Figs. 2 and 3. More than 95% of zircons recov-
ered from ocean-crust rock types resemble typical young
igneous zircon, occurring as pristine, clear, colorless grains
with oscillatory and sector CL zoning, igneous REE pat-
terns, and magmatic Ti-in-zircon crystallization tempera-
tures (Grimes et al. 2007, 2009; Cavosie et al. 2009). A
second type of zircon analyzed for §'*0 is overgrowth rims
that are notably luminescent in CL, and yield anomalously
lower Ti-in-zircon temperatures (625°C using the uncor-
rected calibration of Ferry and Watson 2007) in the ocean
zircon population (Grimes et al. 2009). Rims wide enough
to be analyzed with a ~ 10 um spot were found on only
seven grains; however, 1-2 pm rims with similar appear-
ance in CL are present on additional grains from both
plagiogranite and oxide gabbro. The third type of zircons
investigated are distinctly porous, opaque, and faintly
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highly altered serpentinite and fault schist. Many of the zircons in this
study have been characterized previously for age (Grimes et al. 2008;
Baines et al. 2009) and trace element geochemistry (Grimes et al.
2009)

colored, often contain mineral inclusions enriched in Y, Th,
and U, and CL images reveal perturbed or chaotic zoning
(‘type 3’ from Grimes et al. 2009). Porous domains with
perturbed or chaotic zoning cut across relict igneous zones
(Fig. 3), implying the porosity is an alteration feature. The
porous zircons are not abundant, but are observed in
~25% of the samples studied and occur in both plagiog-
ranites and evolved gabbros. Exploratory analyses were
performed on porous zircons from nine different rocks.

Methods
Oxygen isotope measurements

The KIM-5 zircon oxygen isotope standard was face-
mounted prior to analysis in the center of pre-existing
zircon grain mounts used in this study. The mounts were
carefully flattened by hand using 6, 3, and 1 pm diamond
lapping film. Progress during flattening was closely moni-
tored under reflected light using an optical microscope, and
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(a) Porous zircon domains
U1309D-647_4

Fig. 3 Representative textures and CL zoning patterns of ocean-crust
zircons with a porous domains (Table 2) and b late, luminescent CL
rims (Table 1) (see also Grimes et al. 2009). Analysis spot locations
and corresponding 6'®0 value are shown. Dashed spots indicate
irregular pits found to overlap cracks, inclusions, or porous domains
that are excluded from average 6'%0 values. a Matching backscat-
tered electron (BSE left) and CL (right) images of zircons with porous
and non-porous domains. Inset enlargement of ion microprobe pits
illustrating the contrasting structure of pits located in porous areas
versus normal (regular) magmatic zircon domains. Distinctly porous
pits are observed in porous zircon domains with perturbed/chaotic

care was taken to grind the surface of the zircons to a level
just below the bottom of the existing pits made during
SHRIMP-RG analyses. It has been shown that topographic
relief between grains and adjacent epoxy >1 um, and
analyses of spots more than 5 mm from the center of the
mount may bias the measured isotopic ratios and degrade
spot-to-spot-reproducibility and thus accuracy (Kita et al.
2009). Therefore, after flattening each mount was imaged
by Zygo™ optical profilometer at the University of Wis-
consin to evaluate relief. The relief on the grain mounts
across the areas subsequently analyzed (<6 mm from the
center) was less than ~2 pum, and differential relief
between individual grains and surrounding epoxy was
typically less than 0.5 pm. Zircons were imaged by
reflected light, and by cathodoluminescence (CL), and
backscattered electrons (BSE) using a Hitachi S-3400N
Scanning Electron Microscope (SEM) at the University of

(b) Luminescent CL rims on normal and porous zircon
U1309D-40_13

4.6 (mix, inc).
5 ;

f 4.4
Au-coat ((slely]

CL, whereas smooth-bottomed pits are characteristic of domains
exhibiting flat, sector or oscillatory zoning typical of igneous zircon.
Sputtering during analysis can preferentially erode and enlarge
existing porosity making it more apparent in pit bottoms. b Matching
BSE (left) and CL (right) images of representative zircons with
luminescent CL rims. ‘por’ pits with porous bottoms, ‘mix’ spots that
overlap multiple CL domains, ‘inc’ spots overlapping a mineral
inclusion. Residual gold coat (labeled ‘Au-coat’) is visible on the
edges of some grains in BSE images. All scale bars 100 um unless
otherwise noted

Wisconsin to aid in the selection of oxygen isotope analysis
spot locations. Mounts were carefully cleaned, dried in a
vacuum oven at ~40°C for 1 h, and gold-coated in prep-
aration for SIMS analysis.

Oxygen-isotope ratios were measured using a CAMECA
IMS-1280 ion microprobe in the WiscSIMS Laboratory at
the University of Wisconsin-Madison, following the pro-
cedures outlined by Kita et al. (2009). Analyses were
conducted using a focused 1.9-2.2 nA primary Cs* beam
with a spot size of ~10 pm. Data were acquired during
three separate 12-h analytical sessions. Four analyses on
zircon standard KIM-5 (6'°0 = 5.09%, VSMOW, Valley
2003) were performed at the beginning of each session, and
subsequently after every 10-12 unknowns (Online
Resource 1). The average value of the standards bracketing
each block of unknowns was used to correct for instrumental
bias. The external precision, defined by the spot-to-spot
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reproducibility of bracketing standards, is assigned as the
measurement uncertainty on individual analyses. The
average precision of bracketing standards from all three
sessions is £0.32%o (2 standard deviations, SD; 2 standard
errors = 0.11%o).

After measurement by ion microprobe, the bottoms of
all individual analysis pits were imaged by SEM to inspect
pit location and structure following the method described
by Cavosie et al. (2005). During post-analysis imaging, 33
pits within normal magmatic zircons were identified as
‘irregular’ on the basis that they encountered cracks or
inclusions, or overlapped the grain edge. Data from irreg-
ular pits on normal magmatic zircons were rejected,
although we note that including these analyses causes the
average 6'°0 value of the ocean-crust zircon population to
decrease by only 0.03%o while increasing the standard
deviation by 0.1%0 (2SD). Thus, the conclusions of this
paper would not be affected by including them. Rejected
data are included in the supplemental online table (Online
Resource 1). Oxygen-isotope ratios are reported in standard
delta (0) notation relative to Vienna standard mean ocean
water (VSMOW), and all uncertainties reported in the text,
tables, and figures are presented at the 2SD level.

Lithium concentration

The Li concentrations of 31 ocean-crust zircons (33 spots)
were analyzed with the WiscSIMS CAMECA IMS-1280
ion microprobe for comparison with the zircon dataset of
Ushikubo et al. (2008). Analyses were conducted using an
impact energy of 23 keV with Kohler illumination mode, an
O~ beam of ~2.8 nA, and a spot size of ~25 pum in
diameter. The secondary ions were accelerated at 10 keV
and were detected with an axial electron multiplier (mono
collection) by magnetic peak switching. The mass resolving
power (M/AM) was set at ~3,000. Details of other
parameters of the secondary-ion optics are described by
Ushikubo et al. (2008). Total analysis time was 9 min,
consisting of pre-sputtering (240 s), beam centering (60 s)
using the 2*Si*" signal, and measurement by 20 cycles of
"Li* (counting time of 5 s) and 2%Si*™ (1 s). The Li con-
centrations of zircons from modern ocean crust were cal-
culated using the "Li*/*®Si*" ratios of sample zircons and
that of standard Xinjiang zircon (NMNH #146260, 6.4 ppm
Li; Ushikubo et al. 2008). The NIST-612 glass was used as a
running standard to monitor analysis conditions. The count
rates of "Li" of sample zircons that have low Li concen-
tration (typically <3 ppb) tend to decrease with each con-
secutive measurement cycle, which is opposite to the
tendency of standard Xinjiang zircon and NIST-612 glass.
At these very low concentrations (<1-37 ppb), the mea-
sured Li concentration is considered a maximum estimate of
the sample zircons. As is the case with oxygen isotope
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measurements, the bottoms of all individual analysis pits
were imaged by SEM (all pits were found to be ‘regular’).

Results
Oxygen isotopes
Normal magmatic zircons

Two hundred twenty-seven oxygen isotope analyses (with
regular pits) were made on 197 zircons preserving mag-
matic textures (e.g., Fig. 2). Rock-averaged 6'%0 for zir-
cons from the 43 samples are summarized in Table 1, and
all individual analyses are listed in Online Resource 1.
Multiple spots were analyzed on selected grains when
distinct domains were identified in CL. With the exception
of low [Ti] rims that are distinctively luminescent in CL,
individual grains are homogeneous in §'*0 within analyt-
ical uncertainty. The overall average 6'®0O determined for
normal magmatic zircons is 5.2 £ 0.5%o. This value is
indistinguishable from the value of 5.3 + 0.8%. (2SD)
reported by Cavosie et al. (2009) for 68 analyses on 24
zircons, which were analyzed in thin sections of ocean-
crust gabbro and serpentinite, and can be considered
characteristic of zircon formed in MOR settings. The
6'80(Zrc) value of 5.2 + 0.5%o is consistent with the
primitive value in equilibrium with the mantle at magmatic
temperatures (5.3 £ 0.6%o, 2SD), first determined by
analysis of zircons from kimberlite by laser fluorination
(Valley et al. 1998; Page et al. 2007b).

Figure 4 shows average 6'%0 for each crystal of normal
magmatic zircon plotted versus host rock, and organized
left to right by geographic location (sample numbers are
given in Table 1); 3—11 grains were analyzed per rock.
Small differences in 0'®0(Zrc) are apparent between
individual rock-to-rock average values, which vary from
4.9 to 5.6%o, but the average 5180(Zrc) for different rock
types are equivalent (Fig. 5a—d). The 6'0 values recorded
by all magmatic ocean-crust zircons are extremely uni-
form, and the variability of 5.24+0.5%o is only 0.2%o (2SD)
greater than the analytical reproducibility defined by the
standard KIM-5 (5.1 £ 0.3%o, Fig. 5a).

Luminescent CL rims

The §'®0 of luminescent CL rims was measured on 7 zir-
cons (15 spots) from plagiogranite samples U1309D-40 and
U1309D-1415 (Table 1). The average 5'%0 is 4.8 £ 0.2%o
(N = 15), with average values for individual rims varying
from 4.6 to 4.9%0 (Fig. 4e). Replicate measurements are
reproducible and §'%0 values are consistently 0.3-0.4%o
lower than cores and other magmatic zircons from the same
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Fig. 4 6'%0(Zrc) of individual
magmatic zircons from ocean

Host rock A Plagiogranite < Serpentinite/fault rocks

crust analyzed by ion 6.0T p——— type: o Gabbroic rocks == Sample average
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rock (Fig. 6a, b). These observations indicate that this
subtle difference in 5'20 is not analytical, but rather a true
compositional difference. A Student’s ¢ test to compare
080 values for the luminescent rims and normal cores of
magmatic grains indicates that they are statistically distinct
from one another at >99% confidence. Therefore, these
rims are considered separately from the normal magmatic
grains without judgment as to genesis. Dark CL rims were
also analyzed (Fig. 2), but they did not give consistently
higher or lower 6'%0 values than cores of the same grains.

Porous zircon domains

An additional 56 analyses were performed on domains
exhibiting porosity and/or highly perturbed/chaotic CL
zoning (Fig. 3a; Table 2). Analysis pits on these domains
are very irregular, and contain numerous open cavities.
Measured 6'®0 of the porous domains are highly variable,
with values from 0.0 to 5.0%0 (average 3.7 £ 2.6%o,
N = 56). Porous domains can differ by up to 5%o from
domains in the same grain that preserve normal magmatic
textures (e.g., Fig. 3a; Online Resource 1). The low and
extremely variable measured 6'%0 values are consistent
with the previous interpretations that the porous domains
represent altered zircon, possibly formed by dissolution—
re-precipitation reaction of original magmatic zircons in
the presence of hydrothermal fluids (Grimes et al. 2009).

Given the highly irregular texture of associated ion
microprobe pits and possible analysis of inclusions, data
from these pits are less accurate than analyses with regular

Sample number

smooth-bottomed pits. Further investigation with a much
smaller beam spot is required to determine whether the
measured 6'%0 values are characteristic of crystalline zir-
con, rather than zircon + inclusions, or if instrumental bias
is variable during secondary-ion extraction from these
highly irregular pits. Thus, evaluation of §'*0 measured in
porous zircon domains is beyond the scope of this study,
and these domains are excluded from the following dis-
cussion. However, all analyses are reported in Table 2 and
Online Resource 1.

Lithium concentration

The Li concentrations measured in 32 ocean-crust zircons
hosted by plagiogranite, evolved gabbro, and fault schist are
<0.001-0.04 ppm (Table 3). These concentrations are
consistent with values previously determined for magmatic
zircons from mantle sources, and are lower by factors of 100-
10,000 relative to zircons from continental settings (typically
1-100 ppm; Ushikubo et al. 2008; Bouvier et al. 2009).
Discussion

Small variations in 6'%0 of zircons from ocean crust

Normal magmatic zircon

The in situ ion microprobe data show that magmatic
zircons in plutonic crust formed at slow spreading MORs
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Fig. 5 Histograms of 8'%0(Zrc) for a all spots analyzed on zircon
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plagiogranite, evolved gabbro, and fault schist, and e luminescent
CL rims. Dashed vertical lines indicate range of mantle-like values as
in Fig. 4 (5.3 & 0.6%0; Valley et al. 2005)

preserve quite uniform 6'®0 values that are indistinguish-
able from values in high temperature equilibrium with a
mantle source reservoir. These data indicate that none of
the magmas parental to zircon in this study experienced
significant contamination of oxygen-isotope ratios by
altered crustal material prior to crystallization. A small
degree of variability is evident in rock-to-rock average
values, which differ by at most 0.7%o (£0.3, 2SD) (Fig. 4;
Table 1), comparable to the range of values defined by
zircon megacrysts from kimberlites (Valley et al. 1998;
Page et al. 2007b) and for analyses of the homogeneous
KIM-5 zircon standard. To evaluate potential contributions
to the small variation in rock-averaged values of 5180(Zrc),
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we attempt to delimit shifts in 5180(Zrc) that can arise due
to changing crystallization temperature and parental melt
composition (see Fig. 7). This is done by calculating the
5'80(Zrc) for representative melt compositions assuming
equilibrium between CIPW-normative minerals (Fig. 7a)
and zircon over a range of magmatic temperatures. Since
A'"8O(mineral-mineral) values increase with falling tem-
perature, the 5'30 of constituent minerals will change as
temperature drops even if 6'®*O(WR) is held constant
(Fig. 7a; see Eiler 2001; Valley 2003 for additional infor-
mation). Calculations were made for published whole-rock
compositions of plagiogranite from ODP Hole 735B (Niu
et al. 2002) with high (70 wt.%), average (62 wt.%) and
low (54 wt.%) SiO, concentrations (Fig. 7b). The theo-
retical 0'®0(Zrc) in equilibrium with typical MAR
N-MORB (~51 wt.% SiO,; Klein 2003) is also shown for
comparison; saturation of zircon within such a melt is not
probable, but serves as an example of §'®0(Zrc) behavior
in melts with significantly more low-&'%0 ferro-magnesian
minerals. The 5'30 of all normative minerals, zircon, and
whole rock are calculated for equilibrium with mantle
diopside having 6'%0 = 5.3%o at 800°C. Assuming a dif-
ferent initial value for 6'30(cpx) would collectively shift
all calculated 6'%0 values, but it will not change the
magnitude of the variation in d'*0(Zrc) over the calculated
temperature interval. In other words, the curves in Fig. 7b
and ¢ could shift left or right depending on the initial §'*0
that is assumed, but the shape of the curves is not changed.
Calculated curves for 5180(Zrc) within each melt compo-
sition are shown in Fig. 7b for the temperature interval of
1,000-650°C; however, continuous zircon crystallization
from any constant melt composition over such a large
interval is unrealistic. Reasonable temperature ranges for
zircon crystallization from appropriate melt compositions
are shown as heavy bold lines in Fig. 7b and c as a qual-
itative guide.

Based on the calculated curves in Fig. 7, several inter-
esting observations can be made. First, '®0(Zrc) is pre-
dicted to decrease by at most 0.6%o from 900 to 650°C in
felsic parental magmas (Fig. 7b). This is the approximate
range of uncorrected Ti-in-zircon temperatures reported for
most terrestrial, crustal zircons (Fu et al. 2008; Grimes
et al. 2009). The maximum decrease in 6'%0(Zrc) is less
(~0.3%o) for intermediate or mafic magmas. The variation
in 6'%0(Zrc) expected for a single rock would also be
smaller, considering typical ranges in Ti-in-zircon crys-
tallization temperatures of ~50-150°C for suites of zir-
cons from single rocks (e.g., Grimes et al. 2009). In a study
of different eruptions from the Bishop Tuff magma
chamber, Bindeman and Valley (2002) found that
5'80(Zrc) was about ~0.3%o higher in siliceous melts
quenched at 820 vs. 720°C (temperatures determined from
oxygen-isotope thermometry on quartz—magnetite pairs).
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Fig. 6 Comparison of 4'®0 with apparent Ti-in-zircon temperature
for normal magmatic zircons and late (luminescent in CL) rims.
a 6'%0 for rims (15 spots, 7 rims) and normal magmatic zircons from
plagiogranite rock samples U1309D-1415 and U1309D-40. Each data
point represents an individual spot analysis. b Representative CL
image of a single zircon (grain U1309D-40-13) with an oscillatory-
zoned core rimmed by a luminescent rim overgrowth; analysis spot

locations are shown for 5'®0 and Ti-in-zircon temperatures (uncor-
rected calibration of Ferry and Watson 2007; [Ti] reported by Grimes
et al. 2009). Corresponding §'%0(Zrc) versus apparent Ti-in-zircon
temperature (uncorrected) measured within the same CL domain are
given for ¢ all magmatic ocean-crust zircons and luminescent CL
rims, and d rock samples U1309D-1415 and U1309D-40 only

Table 2 Summary of 5'®0 measured by ion microprobe in porous ocean-crust zircons

Number Location/sample (cruise or Depth (mbsf) Rock type 5'%0 (%o, SMOW)
Leg/Exp-Site-Hole-core, top) .
Ave® 2SD Max Min Number
of analyses
30°N, MAR
Atlantis Massif (southern wall)
9 MARVEL2000, Alvin 3652-1333 0 Fs(OxGb?) 4.6 0.3 4.7 4.5 2
U1309B average (Plgt)
15 304-U1309B-7R-1, 77 cm 39 Plgt 4.8 0.5 5.0 4.5 4
U1309D average (Plgt)
17 304-U1309D-5R-3, 136 cm 40 Plgt 4.7 04
19 304-U1309D-40R-1, 21 cm 215 Plgt 43 0.3 44 4.2 2
24 305-U1309D-295R-3, 100 cm 1,415 Plgt 4.1 1.3 5.0 2.4 16
U1309D average (OxGb)
30 305-U1309D-126R-2, 27 cm 623 OxGb 44 0.6 4.7 4.0 4
31 305-U1309D-131R-2, 0 cm 647 OxGb 2.7 3.1 4.9 0.0 20
33 305-U1309D-189R-4, 41 cm 923 OxGb 39 1.5 44 3.1 3
34 305-U1309D-244R-2, 100 cm 1,175 OxGb 4.5 0.7 4.9 4.0

Post SIMS imaging reveals these analysis spots have irregular pit structures, and are therefore considered less precise

? Duplicate measurements on single grains can be variable, and so rock-averaged values are calculated using all spot analyses. These data are
considered less accurate than regular spots reported in Table 1, based on the irregular ion microprobe pit structure and presence of pores

(e.g., Fig. 3)
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Table 3 Lithium concentration in magmatic ocean-crust zircons
from the Mid-Atlantic Ridge (MAR) measured by ion microprobe

Number® Sample_grain.spot Rock type® Li (ppm)°
ODP Hole 1270D, 14° 45’ N, MAR
1 1270D-19_8.1 V/D 0.028
1 1270D-19_3B.1 V/D <0.001
2 1270D-25_6.1 V/D <0.001
Surface of Atlantis Massif, 30°N, MAR
9 3652-1333_2.1 FS <0.004
9 3652-1333_4.1 FS <0.001
9 3652-1333_5.1 FS <0.002
9 3652-1333_6.1 FS <0.002
9 3652-1333_7.1 FS <0.001
10 3646-1205_6.1 FS <0.001
10 3646-1205_3.1 FS <0.003
IODP Hole U1309D, 30° N, MAR
17 U1309D-40_9.1 Plgt <0.002
17 U1309D-40_9.2 Plgt <0.002
17 U1309D-40_13.1 Plgt <0.001
17 U1309D-40_14.1 Plgt <0.002
19 U1309D-215_4.1 Plgt 0.037
19 U1309D-215_4.2 Plgt <0.001
19 U1309D-215_9.1 Plgt 0.014
19 U1309D-215_11.1 Plgt 0.008
29 U1309D-564_2.1 OxGb <0.002
29 U1309D-564_5.1 OxGb <0.001
21 U1309D-570_1.1 Plgt <0.002
21 U1309D-570_2.1 Plgt <0.001
21 U1309D-570_3.1 Plgt <0.003
- U1309D-588_3.1 Gb 0.008
- U1309D-588_5.1 Gb 0.017
- U1309D-588_6.1 Gb 0.003
31 U1309D-647_4.1 OxGb 0.017
31 U1309D-647_9.1 OxGb 0.009
31 U1309D-647_10.1 OxGb 0.010
24 U1309D-1415_5.2 Plgt 0.002
24 U1309D-1415_6.1 Plgt <0.001
24 U1309D-1415_7.1 Plgt <0.002
24 U1309D-1415_7B.1 Plgt <0.001

# Rock-sample number same as in Table 1
® Values preceeded by ‘<* are an upper limit

These observations are in agreement with our calculations
for melts with ~70 wt.% SiO,. A second observation from
these calculations is that larger shifts in 6'*0(Zrc) and
increased A'"®O(WR-Zrc) occur with increasing SiO, con-
centration of the parental melt. This is because a greater
abundance of high 5'®0 phases (quartz and feldspar) cau-
ses lower 6'%0 phases (including zircon) to be shifted
down by a greater amount with decreasing temperature
to achieve 'O mass balance. During closed system
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Fig. 7 Calculated 6'80(Zrc) for variable crystallization temperature
and parent melt composition. a §'%0 values of CIPW-normative
minerals, zircon, and whole rock calculated for average oceanic
plagiogranite from ODP Hole 735B, SWIR (~62 wt% SiO,; Niu
et al. 2002), assuming equilibrium with MORB (fractionation factors
from Valley 2003). b Calculated curves showing the maximum shift
in 6'%0 for zircons crystallized over the temperatures range 1,000 to
650°C from melts with various SiO, concentrations. Solid lines
represent reasonable temperature ranges for zircon crystallization
from the respective melt compositions. Scale on the X axis reflects the
shift in 6'%0 relative to a hypothetical zircon crystallized at 800°C.
¢ Rock-averaged 5'80(Zre) versus Ti-in-zircon temperatures (error
bars represent 2SD). Ti-in-zircon temperatures (uncorrected calibra-
tion of Ferry and Watson 2007) are reported in Table 1 and were
calculated from [Ti] data reported by Grimes et al. (2009). Solid black
curves are the same as in b, and are positioned assuming equilibrium
with 5180diopside = 5.3%0 at 800°C. Average ocean-crust zircon is
shown (800°C, 6'°0 = 5.2)

differentiation by fractional crystallization, §'®*O(magma)
reportedly can increase by 1-1.5%o from mafic to felsic
compositions (e.g., Muehlenbachs and Byerly 1982; Taylor
and Sheppard 1986). However, because the changing
chemistry of the melt causes A'®O(magma-zircon) to
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increase along with the 0'®*O(magma), the magnitude of
change in 6'®0(Zrc) will be significantly less (Fig. 7;
Valley et al. 1994; Valley 2003; Lackey et al. 2008). This
conclusion highlights the important fact that magma-dif-
ferentiation processes producing changes in '*O(WR) do
not necessarily produce equivalent shifts in constituent
minerals.

Finally, from the calculated curves in Fig. 7, it is
apparent that 6'%0 values outside of the expected mantle-
like range of 5.3 £ 0.6%0 present strong evidence for
interactions with non-mantle-6'%0 components. Rock-
averaged 6'®0(Zrc) and Ti-in-zircon temperatures are
shown in Fig. 7c along with curves from Fig. 7b. Making
the assumption of equilibrium between the zircon-produc-
ing magmas and mantle diopside with 6'%0 ~5.3%o
(comparable to ODP Hole 735B olivine gabbros; Gao et al.
2006) at 800°C, the calculated curves completely overlap
the measured data within analytical uncertainties. The
analytical uncertainties associated with measured 5'*0 and
Ti and/or accuracy of the Ti-in-zircon thermometer (e.g.,
Watson and Harrison 2005; Ferry and Watson 2007; Fu
et al. 2008; Hofmann et al. 2009) are significant relative to
the narrow range of values observed for '*0(Zrc) and may
obscure correlations with temperature when comparing
single grains (Fig. 6¢) or rock-averaged values (Fig. 7c).
Corrections of £50°C to the zircon crystallization tem-
perature relative to the uncorrected temperatures will not
significantly degrade the overlap with the calculated
curves.

Overall, the calculations indicate that small differences
in 9'®0(Zrc) values of up to a few tenths of permil could be
caused by variations in crystallization temperature and
parent melt compositions. The variation in 6'80(Zrc)
defined by igneous ocean-crust zircons (£0.5%o, 2 SD) is
remarkably narrow and mantle-like, and only slightly
larger than reproducibility of the standard zircon KIM-5
(£0.3%o, 2SD) (Fig. 5). Thus, the variability among zir-
cons from different samples (Fig. 4) can be fully explained
by analytical precision, with possibly a small temperature
effect.

Low 6"30 luminescent CL rims

Most single zircons, as well as suites of zircon from indi-
vidual rocks, record uniform '®0 values that overlap
within analytical uncertainty. Thus, crystallization over a
narrow temperature interval is implied. However, both the
measured 6'%0 and [Ti] of luminescent rims are distinctive
from normal magmatic zircon cores (Fig. 6). These rims
record Ti-in-zircon temperatures that are 100—160°C lower
than cores and other normal magmatic grains from the
same rocks (786-730 vs. 625°C, uncorrected; Fig. 6;
Table 1), and 6'®0(Zrc) values that are 0.3-0.4%o lower

than cores and normal magmatic grains from the same rock
(Table 1). The decreases in 6'®0(Zrc) and Ti-in-zircon
temperature agree extremely well with predicted trends
(Fig. 7c¢) for average to high SiO, plagiogranite. Thus,
even these relatively low 0'%0 values recorded by the rims
can be explained by crystallization from a melt preserving
080 inherited from equilibrium with the mantle. Further-
more, the %0 values support the growth of these rims
at lower temperatures as indicated by Ti-in-zircon
thermometry.

Primary magmatic 6'®0 values of crust-forming
magmas at slow-spreading MORs

Unaltered primitive ocean gabbros are expected to
have whole-rock 6'%0 values similar to fresh MORB
(~5.6 = 0.2%0; Eiler 2001). In contrast, measured
5180(WR) values for gabbros from many of the crustal
sections sampled for zircon are widely variable, with val-
ues ranging from 1.4 to 10.2%o (Fig. 8; Stakes et al. 1991;
Alt and Bach 2006; Alt et al. 2007; McCaig et al. 2010).
This range of 5'80(WR) values reflects extensive subsoli-
dus hydrothermal alteration by seawater-derived fluids with
variably shifted compositions over a range of temperatures
and water—rock ratios. In contrast, oxygen-isotope ratios of
constituent minerals within gabbros from the lower 1 km
of ODP Hole 735B measured by UV laser fluorination were
found to be more uniform and mantle-like (Gao et al. 2006;
reproduced in Fig. 8c). Rock-averaged 6'0 values repor-
ted for olivine range from 4.5 to 5.8%0 with all, but two
samples averaging 5.0-5.1%o, while clinopyroxenes from
the same samples range from 5.1 to 5.6%o. The uniform,
mantle-like 6'0 values for fresh olivine limit variations in
080 of primitive MORB parent magmas that constructed
this multiply intruded crustal section.

In contrast to the primitive olivine-bearing gabbros, the
0'® 0O(WR) values of late-stage melts that produced
Fe-enriched gabbros and plagiogranites remain poorly
constrained. The magmatic 5'*O(WR) of these rock types
could differ from fresh MORB due to greater normative
abundances of low 6'%0 minerals (magnetite and ilmenite)
in the evolved oxide gabbros and high 6'®0 minerals
(quartz and feldspar) in plagiogranite. Furthermore, mag-
matic 6'%0 would be expected to reflect any contamination
of the magmas. Measured 5180(WR) values for oxide
gabbros from ODP Hole 735B show considerable variation
from 3.9 to 7.2%o (Alt and Bach 2006). A similar range
(4.6-7.6%0) is reported from four plagiogranite samples
(WR) from the same drill core (Kempton et al. 1991; Alt
and Bach 2006). The ~ 3%o variation in 6'%0 for both rock
types is in stark contrast to the narrow range of 6'%0 values
recorded by ocean-crust zircons (Fig. 8). The 5'80(WR)
and 5180(Zrc) values can be compared through an
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Fig. 8 a Whole rock (WR) d'®0 measured in crustal sections
sampled for zircons in this study (Fig. 1). The average value for
unaltered MORB is labeled, and shown as a shaded vertical field
(6"0 = 5.6 £ 0.2%0; Eiler 2001). The dashed vertical black line
represents 0'°0 calculated for a magma with 50 wt% SiO,
(~MORB) in equilibrium with the average 3'80(Zrc) hosted by
gabbro (5.1%o, this study; A8 O(WR-Zrc) from Lackey et al. 2008).
b 6'®0 of magmatic ocean-crust zircons analyzed in this study.
Dashed lines delimit the range of '%0(Zrc) in equilibrium with the
mantle at magmatic temperatures (5.3 & 0.6%o; e.g., Valley et al.
2005). ¢ Plots of 6'%0 versus sampling depth below the seafloor for
whole rocks (McCaig et al. 2010) and zircons in IODP Hole 1309D
(this study), and whole rock (Alt and Bach 2006), olivine (laser
fluorination; Gao et al. 2006), and zircon in ODP Hole 735B. Zircon
data represent average values for each rock; error bars shown at 2SE
(standard error; Table 1). The vertical dashed lines indicate 630 for
unaltered MORB

empirical relation developed by Lackey et al. (2008)
that provides a method for estimating magmatic 6'*0O(WR)
values from measured 6'%0(Zrc) and SiO,(WR)
concentration:
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A"®O(magma-zircon)
= 6'0(magma) — §'%0(Zrc)
~ 0.0612(wt% SiO, magma or whole rock) — 2.509%,.
(1)

Using Eq. 1, primary magmatic 6'®*0(WR) values can
be estimated, providing a framework for interpreting
measured 5180(WR). Oxide gabbro from Holes 735B and
U1309D contain ~45-50 wt% SiO, (Dick et al. 2000;
Blackman et al. 2006; Godard et al. 2009), and taken with
the average 6'*0 = 5.1%o for zircons from oxide gabbro
(Table 1) results in calculated 6'®*O(WR) of 5.4-5.7%o.
These values are similar to, or slightly below, the values for
typical MORB, which is consistent with the accumulation
of low 6'%0 ferro-magnesian minerals and Fe-Ti oxides.
The SiO, concentration of plagiogranite from in situ ocean-
crust varies from ~54 to 75 wt.% (Niu et al. 2002;
Kelemen et al. 2004; Blackman et al. 2006; Godard et al.
2009). When considering the average plagiogranite
8'80(Zrc) of ~5.2%o, calculated 6'®*O(WR) would be
6.0-7.3%0. The narrow range of calculated 5'80(WR)
indicates that variable measured 'S O(WR) reflects
significant subsolidus exchange between hydrothermal
fluids with some minerals of the rock.

The 6'%0 measured in ocean-crust zircons suggests that,
similar to primitive magmas that crystallized the olivine-
bearing gabbros in Hole 735B, the most evolved magmas
sampled along the MAR and SWIR retained mantle-like
oxygen-isotope ratios at the time of zircon crystallization.
The fractionation of oxygen isotopes between zircon and
olivine in Hole 735B is also consistent with this interpre-
tation, giving A'®0(Zrc-olivine) = ~0.2%o in agreement
with the previously observed fractionation between these
minerals for high-temperature equilibrium with the mantle
(e.g., Valley 2003; Cavosie et al. 2009).

Timing and extent of hydrothermal alteration
relative to plagiogranite formation beneath
slow spreading MORs

The formation of plagiogranites has been ascribed to a
variety of processes including 85-90% fractional crystal-
lization of MORB, liquid immiscibility with Fe-enriched
melts, and hydrous partial melting of gabbro at tempera-
tures of 900-1,000°C (review by Koepke et al. 2007). All
of these hypotheses have been proposed for plagiogranites
sampled from ODP Hole 735B (Natland et al. 1991; Dick
et al. 2000; Natland 2002; Niu et al. 2002; Koepke et al.
2004). Most recently, experimental studies have shown that
hydrous partial melting of primitive ocean gabbros can
occur if temperatures exceed 900°C at 200 MPa and at
high water activities (Koepke et al. 2004). Geochemical
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similarities between natural plagiogranites and experi-
mental melts led Koepke et al. (2007) to conclude that
hydrous partial melting is much more common than pre-
viously thought. In particular, the TiO, concentrations of
most plagiogranites overlap with experimental melts
formed by hydrous partial melting of typical gabbros above
900°C and 200 MPa, but are largely distinct from melts
expected from fractional crystallization of MORB.
Amphibole—plagioclase pairs suggesting temperatures up
to ~900°C have been reported in oceanic gabbros from the
MAR and SWIR, and are cited as evidence for the presence
of water at temperatures sufficient for partial melting to
occur (e.g., Bosch et al. 2004; Koepke et al. 2007). In slow
spreading ocean crust, it is proposed that seawater-derived
fluids penetrate the lower crust along deep-rooting axial
fault systems and trigger melting (Koepke et al. 2007; Jons
et al. 2009).

The process of hydrous partial melting triggered by
seawater-derived fluids is neither supported nor rejected
based on the measured oxygen-isotope ratios in zircon
because very small amounts of water are sufficient to flux
melting. However, the 5]80(Zrc) data can be used to
evaluate the extent of fluid—rock interaction prior to melt-
ing that may have occurred to form plagiogranite magmas.
The volume of water necessary to trigger hydrous partial
melting determined experimentally at ~ 1-2 kbars is small,
and ~1 wt.% H,O (relative to the total mass of rock) may
be sufficient to produce ~ 10 wt.% of a felsic, water-sat-
urated melt (Koepke et al. 2007). This is equivalent to a
water—rock ratio (W/R) of 0.02 (atoms of oxygen),
assuming that the oxygen in water exchanges with the
entire volume of the protolith. In the absence of recrys-
tallization, exchange with unmelted rock could only pro-
gress by diffusion. Temperatures <1,000°C are below the
blocking temperature for diffusion of oxygen in 1 mm and
larger crystals of pyroxene for time scales relevant to MOR
magmatism based on hydrous experiments (Farver 1989;
see Valley 2001). Therefore, diffusion of oxygen during
fluid—rock interactions below ~ 1,000°C would be limited
predominantly to plagioclase, which has much faster dif-
fusion rates for oxygen and responds relatively rapidly to
hydrothermal alteration. For a typical gabbro with ~50%
plagioclase, it is a reasonable assumption that only half the
total rock volume would exchange oxygen, thus increasing
the W/R ratio for the portion of gabbro open to exchange
by a factor of two. At high temperatures >600°C and
assuming seawater (6'°0 = 0%o) as the hydrating fluid,
W/R = 0.04 would shift 5'"*0O(magma) by ~ —0.3%o upon
melting. The shift in 4'*0 would be smaller if hydrother-
mal fluids with 6'®0 > 0%o were involved. Changes in
0'80 of <0.3%o relative to mantle-like values would be
comparable to the analytical uncertainties of the present

study, and would be difficult to resolve. Alternatively,
infiltrating water-rich fluid could exchange with only the
portion of rock that ultimately undergoes melting. This
model would be reasonable if hydration and subsequent
melting were rapid and concentrated along grain bound-
aries. In this case, W/R ratios would be ~0.2 for the melt
(assuming 10% melting of the protolith by 1 wt.% water),
shifting 6'®0(magma) by —1%o at temperatures >600°C
and assuming seawater as the hydrating fluid. Changes in
this magnitude would be readily observable in 5180(Zrc)
values.

From the present study, 6'%0 of magmatic zircons pro-
vide no evidence for interactions between low (or high)
0'®0 fluids and gabbro at high temperatures prior to or
synchronous with melting. We caution that very small
degrees of water—rock interaction would likely not be
discernable using (3180(Zrc). However, any model for
formation of plagiogranite at slow spreading MOR
involving partial melting of a hydrated gabbro requires that
hydration/alteration did not change §'®0 of the protolith or
resultant partial melt by more than a few tenths of a permil
relative to mantle-like values. Greater extents of seawater
contamination may occur beneath fast-spreading ridges,
where chlorine excesses in lavas indicate assimilation
involving seawater-altered rocks (e.g., Michael and Cornell
1998), and could possibly produce resolvable shifts in
8'80(Zre).

Although the infiltration of seawater into gabbroic
ocean crust is well documented, the timing with regard to
the formation of the latest-stage magmas was previously
not clear. In slow-spreading ridge environments, incipient
infiltration of seawater deep in the crust may occur during
plate spreading and development of deep-rooting fault
systems. The flux of seawater is greatest at shallow levels,
at lower temperature, and in association with the devel-
opment of brittle crack networks (e.g., Lister 1974;
Gregory and Taylor 1981; Mével and Cannat 1991; Stakes
et al. 1991). As a result of interactions with seawater,
gabbros from drill holes on the MAR and SWIR recovered
near the seafloor/detachment fault scarp exhibit shifts in
d'"8O(WR) values to 2-3%o (Fig. 8), reflecting significant
hydrothermal alteration above 200-250°C. Studies of the
mineralogy, fluid inclusions, and isotopic signatures of
plastically deformed gabbros in the upper 500 m of ODP
Hole 735B led Stakes et al. (1991) and Vanko and Stakes
(1991) to infer incipient seawater migration began at
temperatures >700°C. Based on the trace element and
isotopic studies of gabbros in ODP Hole 735B, Hart et al.
(1999) offered a model where incipient seawater circula-
tion contributed to the generation and mobilization of
evolved, hydrous melts prior to complete solidification of
the cumulate pile. From isotopic studies of hydrous
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dioritic/gabbroic dikes in the lower crust of the Oman
ophiolite, extensive interactions between seawater and
hydrous late-stage magmas (water/rock ratios >1) have
been inferred on the basis of strontium- and oxygen-
isotope ratios measured in high-temperature amphibole
and clinopyroxene (Bosch et al. 2004). These hydrous
magmatic dikes are interpreted as the discharge conduits
for a seawater hydrothermal circulation system acting at
temperatures up to 1,000°C (Nicolas et al. 2003; Bosch
et al. 2004; Nicolas and Mainprice 2005). From magmatic
680 recorded by zircon in this study, we find no evidence
for such extensive water—rock interactions prior to the
formation of late-stage plagiogranite magmas. If melting
of gabbros is a common mechanism by which plagiogra-
nites in slow-spreading ocean crust form, the melting must
typically occur prior to the extensive water/rock interac-
tion that significantly altered d'®*O(WR) in many rocks.
These results support conclusions that extensive seawater—
rock interaction post-dates the last stages of magmatic
crystallization (e.g., Gregory and Criss 1986; Stakes et al.
1991; Coogan et al. 2001), and thus follows complete
solidification of the gabbroic ocean crust.

As an alternative to melting fluxed by seawater-derived
fluids, perhaps magmatic fluids contribute to hydration and
partial melting of gabbros to form plagiogranite melts.
Again, the total amount of fluid necessary is not large
relative to volumes of mafic magma. Saturation and
exsolution of fluids from MORB could occur after ~90%
fractional crystallization (Nehlig 1993; Dixon et al. 1995).
Hydrogen isotopes and fluid inclusion studies on ocean
gabbros from ODP Hole 735B provide evidence for a
hydrothermal system that evolved from dominantly mag-
matic to heated seawater and finally to late cold seawater
(Vanko and Stakes 1991; Kelley 1996; Kelley and Friih-
Green 1999; Bach et al. 2001). Maeda et al. (2002) argued
that microscopic veins cutting olivine gabbro in Hole 735B
formed from high-temperature, hydrous alteration up to
1,000°C. These veins, comprising clinopyroxene, ortho-
pyroxene, brown amphibole, and plagioclase, were inter-
preted as the reaction products with magmatic fluids based
on the textural evidence that they preceded any deforma-
tion (ductile or brittle), which is required for the transport
of seawater into the lower crust. If partial melting of
gabbros was triggered by deuteric fluids, the resulting
5'"® O(WR) of the solidified melts would not differ signifi-
cantly from unaltered ocean crust, and resulting 8'80(Zrc)
would be ~5.2%o. Because oxygen-isotope ratios would
not be affected, other means must be found to test this
hypothesis. Perhaps, the halogen compositions of high-
temperature amphibole, D/H of melt inclusions, or chlorine
isotopic signatures can provide further insight into the
origin of fluids during incipient hydrothermal alteration of
lower crustal gabbros.
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Zircons in serpentinites and fault rocks

Zircons from several highly deformed and completely re-
crystallized fault rocks sampled from oceanic detachment
systems were also analyzed. The seafloor at these sampling
locations coincides with large-offset normal fault scarps
(e.g., Blackman et al. 2004; Schroeder et al. 2007) that
facilitated significant flow of seawater-derived fluids based
on whole-rock strontium and oxygen isotopes (Alt et al.
2007; Delacour et al. 2008; Jons et al. 2009). As with other
samples in this study, zircons hosted in cm scale green-
schist-grade shear zones (dominantly chlorite + actinolite/
tremolite) collected in Hole 1270D preserve normal man-
tle-like 6'%0 (rock-averaged 0'80(Zrc) values of 5.2 +
0.4%0 and 5.5 £ 0.3%o) (Table 1). Zircons in metasoma-
tized fault schists recovered at 30°N on the southern wall
of Atlantis Massif also preserve mantle-like 6'*0 (5.2—
5.6 + 0.3%o) (Table 1). Along with the CL zoning, REE
patterns, and chemical characteristics (Grimes et al. 2009),
these oxygen-isotopic constraints indicate an igneous ori-
gin the zircon from melts in equilibrium with the mantle.
Thus, despite extensive hydrothermal alteration of the host
rocks, there is no evidence that the zircons were either
precipitated from, or altered by, hydrothermal fluids. The
zircons likely originated in evolved melts emplaced prior to
deformation, or from syn-kinematic magmas injected into
the active fault zone that perhaps formed by partial melting
triggered by ingress of seawater (e.g., Jons et al. 2009). In
either case, the uniform mantle-like 5180(Zrc) values
indicate that these evolved melts were generated and zircon
crystallized prior to migration of large volumes of seawa-
ter-derived fluids and alteration of the wall rocks along
these fault zones.

Are oceanic plagiogranites the source of >3.9 Ga
detrital zircons from the early crust?

Many authors have discussed a possible granitic source in
continental or proto-continental crust for the 4.4-3.9 Ga
detrital zircons from the Jack Hills, Western Australia,
based on mineral inclusions, REE and Ti geochemistry,
and isotopic characteristics (see reviews in Cavosie et al.
2007; Trail et al. 2007; Ushikubo et al. 2008; Harrison
2009). Oxygen-isotope ratios that are mildly elevated rel-
ative to mantle zircons suggest the source magmas incor-
porated supracrustal material that had interacted with
surface water at low temperatures, and that liquid oceans
existed by 4.3 Ga (Valley et al. 2002). Harrison (2009)
further suggests a fully developed continental crust with
true granites and plate tectonics by 4.4 Ga.

An alternative hypothesis suggests formation of Jack
Hills zircons in magmas analogous to those found in
modern ocean crust (e.g., Coogan and Hinton 2006) and
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ophiolites formed at a MOR (Rollinson 2008). Coogan and
Hinton (2006) asserted that Hadean detrital zircons are not
chemically distinct from ocean-crust zircons. Rollinson
(2008) showed that plagiogranite-hosted zircons from the
Oman ophiolite have Th/U ratios that largely overlap with
Jack Hills zircons, and speculated that the pre-3.9 Ga zir-
cons could have elevated 6'®0 if they crystallized from
plagiogranite magmas formed by melting of mafic crust
that had been altered by seawater at temperatures <200—
250°C. These studies argue that the pre-3.9 Ga zircons
came from mafic crust and do not support the existence of
granitic rocks or continental crust.

Cooling of ocean crust to temperatures below 250°C and
subsequent remelting as proposed by Rollinson (2008) to
elevate 5180(magma) and 0'0(Zrc) values requires

1 10 100

Yb (Zrc) ppm

1000

10000

migration off-axis away from the active zone of magma
intrusion. The subsequent reheating necessary to trigger
partial melting of high-6'®0 rocks would be difficult
energetically because of the off-axis location. Melting of
low-0'%0 rocks altered early by high-temperature hydro-
thermal fluids while still near the ridge axis seems more
probable, but would produce magmas with relatively low
0'®0 and thus distinct from the mildly elevated 5'%0(Zrc)
values reported in many pre-3.9 Ga Jack Hills zircons.
Furthermore, three lines of geochemical evidence
clearly distinguish ocean-crust zircons from Jack Hills
detrital zircons (Fig. 9) demonstrating that oceanic plagi-
ogranite and evolved gabbro formed at a MOR are not
viable analogs to magmas parental to 4.4-3.9 Ga detrital
grains. First, zircons from plagiogranite and evolved
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gabbro formed at slow spreading MORs consistently pre-
serve mantle-like 6'20 (Cavosie et al. 2009, this study). No
zircons with mildly elevated 6'%0 values >6.0 have been
found in ocean crust. This is in contrast to the Jack Hills
zircons with ages >3.9 Ga, many of which record 5'*0
from 6.0 to 7.5%0 (Fig. 9a; Cavosie et al. 2007; Harrison
et al. 2008). Second, concentrations of Li in normal mag-
matic ocean-crust zircons (typically <0.04 ppm, Table 3)
are several orders of magnitude lower than in Jack Hills
zircons (10-60 ppm; Ushikubo et al. 2008) (Fig. 9b).
Finally, Grimes et al. (2007) demonstrated using primarily
U versus Yb, and U/Yb and Th/Yb ratios that the Jack Hills
zircon suite is distinct from ocean-crust zircons formed at
both fast and slow spreading MORs (Fig. 9c). Instead,
U/YDb ratios of the Jack Hills zircons resemble U/Yb in
zircons from Phanerozoic and Archean age continental and
island arc crust. Based on the existing geochemical data
from ocean-crust zircons, neither plagiogranite- nor
evolved gabbro-producing magmas formed in MOR-like
environments are viable analogs for the source of the Jack
Hills zircons. These results support the suggestion that
granitic (sensu lato; possibly TTGs) “proto-continental”
crust existed by 4.3 Ga, although the amounts of such crust
are still uncertain.

Summary

Zircons are highly retentive of primary magmatic ¢'°0
compositions. This is exemplified by uniform §'*0 values
for all analyzed ocean-crust zircon grains, despite extensive
subsolidus hydrothermal alteration of the host rocks. The
narrow range in d'*0(Zrc) contrasts with large variations in
whole-rock values that are caused by varying temperatures
and extent of hydrothermal alteration. Magmatic zircons
from plutonic ocean crust have average §'°0 = 5.2 +
0.5%o, consistent with the range observed for zircons in
high-temperature equilibrium with primitive mantle (5.3 £
0.6%o; Valley et al. 2005). The 6'®0(Zrc) data indicate that
the magmas producing oceanic plagiogranite and differen-
tiated Fe-Ti oxide gabbros beneath slow-spreading MOR
did not carry a detectable seawater signature.

The 6'®0(Zrc) data indicate that plagiogranites in slow-
spreading environments form prior to significant interac-
tions between the crust and seawater. If plagiogranites
formed from hydrous partial melting of typical gabbros, the
consistent, mantle-like 5180(Zrc) indicates that the gabbros
preserved MORB-like 6'®0 at the time of melting. Thus,
hydrothermal alteration of the gabbroic portions of ocean
crust would have been limited to very low degrees of
seawater—rock interaction prior to melting and zircon
crystallization. Alternatively, the small amounts of water
required for hydrous partial melting could have been
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magmatic in origin. The uniform §'®0(Zrc) for evolved
MOR magmas provides a framework for interpreting the
timing of significant subsolidus hydrothermal alteration of
the gabbroic and plagiogranitic host rocks.

Contaminated magmas capable of producing zircons
with 6'®0 higher than the mantle-like value have not been
observed at MOR spreading centers. Furthermore, altered
(i.e., porous) ocean-crust zircons and late rims all yield
5180(Zrc) values that are comparable to or lower than
primitive mantle-like values. These results indicate that
detrital or xenocrystic zircons within the rock record with
6'%0 values greater than 6.0%o are unlikely to have formed
in this type of tectonic setting. This conclusion is critical
for interpretations of Hadean detrital zircons, and argues
against parent-magmas analogous to MOR plagiogranites.
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