Downloaded from geology.gsapubs.org on July 26, 2011

Geology

Rare earth element chemistry of zircon and its use as a provenance indicator
Paul W.O. Hoskin and Trevor R. Ireland

Geology 2000;28;627-630
doi: 10.1130/0091-7613(2000)28<627:REEC0OZ>2.0.CO;2

Email alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new
articles cite this article

Subscribe click www.gsapubs.org/subscriptions/ to subscribe to Geology

Permission request click http://www.geosociety.org/pubs/copyrt.htm#gsa to contact GSA

Copyright not claimed on content prepared wholly by U.S. government employees within scope of
their employment. Individual scientists are hereby granted permission, without fees or further
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in subsequent
works and to make unlimited copies of items in GSA's journals for noncommercial use in classrooms
to further education and science. This file may not be posted to any Web site, but authors may post
the abstracts only of their articles on their own or their organization's Web site providing the posting
includes a reference to the article's full citation. GSA provides this and other forums for the
presentation of diverse opinions and positions by scientists worldwide, regardless of their race,
citizenship, gender, religion, or political viewpoint. Opinions presented in this publication do not reflect
official positions of the Society.

Notes

Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA


http://geology.gsapubs.org/cgi/alerts
http://geology.gsapubs.org/subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://geology.gsapubs.org/

Downloaded from geology.gsapubs.org on July 26, 2011

Rare earth element chemistry of zircon and its use as a
provenance indicator

Paul W.O. Hoskin*  Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
Trevor R. Ireland*  Department of Geological and Environmental Sciences, Stanford University, Stanford, California 94305-2115, USA

ABSTRACT tion of REE* ionic radii, but is greatly affected
Sedimentary mineral assemblages commonly contain detrital zircon crystals as part of theby structural strain by the REE as well as charge-
heavy-mineral fraction. Age spectra determined by U-Pb isotopic analysis of single zirconbalancing elements at both the Zr and Si lattice
crystals within a sample may directly image the age composition—but not the chemical compo-sites (Hanchar et al., 2000; Finch et al., 2000).
sition—of the source region. Rare earth element (REE) abundances have been measured for Using a different approach (that of 3 in the pre-
zircons from a range of common crustal igneous rock types from different tectonic environ- vious list), Heaman et al. (1990) showed that the
ments, as well as kimberlite, carbonatite, and high-grade metamorphic rocks, to assess thérace element abundances of zircon from differ-
potential of using zircon REE characteristics to infer the rock types present in sediment sourceent rock types may cluster into discrete groupings
regions. Except for zircon with probable mantle affinities, zircon REE abundances and nor- on Harker-style discrimination plots. However,
malized patterns show little intersample and intrasample variation. To evaluate the actual varia- for the five rock groupings of Heaman et al.
tion in detrital zircon REE composition in a true sediment of known mixed provenance, zircons (1990) there is no clear discrimination on the
from a sandstone sample from the Statfjord Formation (North Sea) were analyzed. Despite abasis of Lu, Sc, Th/U, or Lu/Sm alone, and only
provenance including high-grade metasediment and granitoids and a range in zircon age ofpartial discrimination based on reported Hf abun-
2.82 h.y., the zircon REEs exhibit a narrow abundance range with no systematic differences indances. Other previous and subsequently pub-
pattern shape. These evidences show zircon REE patterns and abundances are generally nlished zircon trace element analyses do not con-

useful as indicators of provenance. form to the chemical discriminants of Heaman
etal. (1990) (e.g., Murali et al., 1983; Hinton and
Keywords: provenance, rare earths, trace elements, zircon. Upton, 1991; Ireland and Wlotzka, 1992; Barbey
et al., 1995; Belousova et al., 1998; Hoskin,
INTRODUCTION BACKGROUND PRINCIPLES AND 1998). Heaman et al. (1990) conceded that if
Sediments and sedimentary rocks, in recordSONSIDERATIONS zircon is to become widely used as a tracer, studies

ing past erosion and deposition, provide a record Any mineral phase will indicate its whole-rockmust be made of changes in zircon composition
of tectonic activity. Zircon is an often studiedsource if (1) the mineral composition can be relatess a function of changes in lithology and degree
component of detrital assemblages becausetd a melt composition by the appropriate use af fractional crystallization.
may withstand mechanical and chemical breaknineral/melt partition coefficient( values); Here we present microprobe SIMS (secondary
down over billions of years. Another important(2) the mineral preserves elemental ratios that ai@ mass spectrometry) and laser ablation ICP-MS
characteristic is that zircon crystallizes with aralso retained in the whole rock; or (3) chemicalinductively coupled plasma—mass spectrometry)
extremely high U/Pb ratio and retains the daughtéeatures of a mineral can be distinguished arahalyses of well-characterized zircon populations
products of U and Th radioactive decay so that theystematically related to the rock type of originto assess the efficacy of zircon REE abundances
array and frequency of U-Th-Pb ages measured Successful application ofjalues to igneous and patterns as a provenance indicator. Raw data
on detrital zircon populations yields informationminerals for the purpose of provenance tracingere normalized against NIST SRM 610. Repro-
about the ages of crustal elements in the sourraies upon knowing thié, values under a range ducibility of elemental abundances was moni-
region and the clastic pathway (Roback andf magmatic conditions, accurate measuremetdred by analysis of Mud Tank carbonatite and
Walker, 1995; Machado et al., 1996; Irelandf the elemental abundances, and the validity &oggy Plain zoned pluton zircon by both ana-
etal., 1998; Sircombe, 1999). assumptions that (1) the mineral was saturatedliytical techniques. Full analytical details are
A potentially powerful complement to thethe melt at the liquidus and (2) equilibriumgiven elsewheréThe results are tested by com-
chronology and typology (Dabard et al., 1996)nineral/melt partitioning was attained. Saturabined in situ U-Pb isotope and REE analysis of
of detrital zircon would be the identification oftion calculations for zircon (Watson and Harrisonsingle detrital zircons from a petroleum-well
source-rock lithology by using zircon trace ele1983) and modeling of cogenetic rock suitesandstone sample from the Brent Field, northern
ment composition. The populations of zircorreveal that zircon is only likely to be a liquidusNorth Sea.
crystals within a sediment or sedimentary rockhase in felsic melts and in some intermediate
could then potentially be used to determingneous compositions. Zircon found in mafic andRESULTS
both the ages and rock types in the source regianany intermediate rocks probably grew in trapped To assess changes to the REE abundances and
This dual approach of assessing zircon isotopaelt pools, far from the liquidus. The assumptiopatterns of zircon that crystallized within a
and trace element chemistry would have enoof equilibrium element trace partitioning be-magma undergoing fractional crystallization,
mous potential in determining sediment provtween zircon and melt in most cases is probabgircon populations from six whole-rock samples
enance, and its applications to studies of, fanvalid because surface enrichmentand growth
example, uplift and erosion, tectonics, anentrapment (i.e., disequilibrium partitioning) of 'GSA Data Repository item 200068, Table 1,

magma genesis. the rare earth elements (REEs, including Y) arf*nalysis techniques and data (ppm) for analyzed
zircon in Figure 1, is available on request from

- other elements is lneyltable (Wa_tson, 199‘S'Documents Secretary, GSA, P.O. Box 9140, Boulder,
*E-mail: Hoskin—Papanui@Axtra.co.nz; Ireland— Moreover, recent experimental studies reveal thco 80301-9140, editing@geosociety.org, or at
tri@pangea.stanford.edu. REE partitioning into zircon is not a simple func-www.geosociety.org/pubs/ft2000.htm.

Data Repository item 200068 contains additional material related to this article.
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10— — T T 1991). Zircons in this rock exhibit REE patterns
that parallel the range defined by Blind Gabbro
zircon (Fig. 1B), but have lower abundances that
4 largely overlap with zircon from the Boggy Plain
zoned pluton.
The heavy REE (Dy-Lu) patterns of zircon
1 from Blind Gabbro and Mawson igneous
charnockite have a slight concave-down curva-
ture. This is exhibited also for igneous zircon
1 from a metamorphosed gabbroic ophiolite
L o (Fig. 1C) on the island of Syros, Greece (Bald-
win, 1996). There is considerable overlap of
T D Field of Boggy Plain 1 REE abundances for zircon from the ophiolite
zoned puon apite sample with zircon from an ophiolitic plagio-
granite sample (from Manilla, Australia; Aitchison
1 and Ireland, 1995), which does not have heavy
REE curvature, suggesting that curvature in
zircon heavy REE patterns from mafic rocks
1 = Phalaborwa Complex carbonatite- (Figs. 1B and 1C) may be due to heavy REE
2 = Mud Tank carbonatite depletion of melt by crystallization of phases
8 = Jwaneng kimberlite such as clinopyroxene and orthopyroxene. Plagio-
— —————————t————— granite zircons in this study have small Eu anoma-
10¢ L . 1 | lies (Eu/Eu* averages 0.90).
E Sti Lanka — F o 5 Samples from kimberlite and carbonatite are
i included in this survey (Fig. 1D), although
G detritus from such rocks will be minor con-
. stituents in most sediments, and most probably
8 =Proterozoic 1 ghgent. Large zircon crystals (to 1 cm) from
O = Silurian . .
kimberlite at Jwaneng, Botswana, are heavy
: s ) REE enriched but much less so than for other
o | N.Queensiand,  SOLBEE 18 North Sea, devitaizicon | igneous zircons (Figs. 1A-1C). The heavy REE
P T N T S S SO S S R P S S S S S S S pattern is approximately flat ([Yb/GgE 0.8—
laCe PrNd SmEuGd TbDy Ho Er TmYb Lu  Lla Ce Pr Nd  Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 1.4). These REE characteristics are observed for
other African kimberlitic zircons (Belousova
et al.,, 1998), and the near-flat heavy REE
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Figure 1. Chondrite-normalized rare earth element patterns for zircon from following sources.
A: Boggy Plain zoned pluton, Australia. B: Blind Gabbro, Australia, and igneous charnockite from

Mawson Coast, Antarctica. C: Gabbroic ophiolite, Syros, Greece, and plagiogranite, Manilla, patterns are characteristic of zircon from the
Australia. D: Kimberlite from Jwaneng, Botswana; carbonatite from Phalaborwa Complex, South mantle-derived MARID (mica-amphibole-rutile-
Africa; and carbonatite from Mud Tank carbonatite complex, Australia. E: High-grade meta- iimenite-diopside) suite ([Yb/Gg]= 1.3-3.7;

morphic rocks from Sri Lanka; north Queensland, Australia; the Vosges Mountains, France

(Schaltegger et al., 1999). F: Sandstone from Statfjord Formation, North Sea. Chondrite values HOSkI_n’ 1998). Zircon from the Mud Tank car-
are from McDonough and Sun (1995). bonatite complex, Australia, occurs as mega-

crysts, sometimes >30 cm long. Fragments of a

centimeter-sized zircon crystal were analyzed by
from the Boggy Plain zoned pluton, Australiations. This result is illustrated in Figure 1A, inHanchar and Hoskin (1998) and have an REE
were analyzed. The pluton is concentricallyvhich chondrite-normalized REE patterns fopattern similar to that of Jwaneng kimberlite
zoned with olivine-bearing diorite on the marginzircon from the diorite and aplite zones areircon, although the heavy REE pattern is steeper
ranging through granodiorite, adamellite, to aplitglotted; sets of zircon REE patterns from fou([Yb/Gd]y = 7.2-9.7; Fig. 1D). Neither zircon
in the center (Wyborn et al., 1987). Whole-rocksamples from the granodiorite and adamellittom the Jwaneng kimberlite or the Mud Tank
samples range in composition from 52.24 wt%ones fall within the same abundance range awdrbonatite have significant Eu anomalies
(diorite) to 74.80 wt% SiQ (aplite). Zircon are omitted for clarity. (Eu/Eu* > 0.59). Although the Mud Tank car-
occurs in all compositional zones of the pluton Accessory-mineral assemblages in mafic igbonatite was emplaced at mid-crustal levels, the
(Hoskin et al., 2000). An expectation of zircomeous rocks may include zircon. A 2 kg sampleircon REE pattern may indicate mantle affinities
chemistry within this closed, fractionatingof the Blind Gabbro, Australia, yielded in exces®r reflect crystal growth under extremely high
magma system is that it will reflect composi-of 1000, 50—25@tm-long subhedral zircon crys- water and fluorine fugacities (Currie et al., 1992).
tional changes within the bulk magma as differtals. The zircon REE pattern (Fig. 1B) has &Ve separated 10 small (~3t) anhedral zircon
entiation proceeds, in particular that early crysshape similar to that for zircon from the Boggycrystals from a slab of carbonatite from the
tallizing zircon will be enriched in elements thatPlain zoned pluton, but abundance levels of theentral carbonatite-bearing area of the Phal-
have bulk distribution coefficient®, <1, such light REEs (La—Nd) and middle REEs (Sm-Thaborwa Complex, South Africa. The zircons con-
as the REEs in this system. Although this is thare slightly higher. In contrast to Blind Gabbrotain numerous opaque inclusions, and only one
case for apatite within the pluton (Hoskin et al.which may have formed above a subduction zorgood analysis was obtained (Fig. 1D). The REE
2000), the zircon REE patterns do not vary sygMiller and Gray, 1996), the mafic igneouscharacteristics of this zircon resemble REE pat-
tematically, and the abundance range measurelarnockite of Ufs Island, East Antarctica, repreterns from silicic whole-rock samples and con-
for a single population completely or signifi-sents an orogenic magma that probably formecast with zircon REE patterns from the Mud
cantly overlaps the range for all other populaby melting of thickened crust (Young and BlackTank carbonatite. It is possible that the Phal-
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aborwa zircons formed in silica-rich selvedges single source, but confirms the apparent monaieteristics to crystallizing zircon that are not sig-
within the carbonatite magma or were derivedny of REE patterns and abundances in zircamficantly different from zircons from a sample
from silicate magma that is believed to havelerived from a range of common crustal rockvith different whole-rock chemistries. However,
mixed with the carbonatite (Eriksson, 1989). types (Figs. 1A-1C and 1E). this is unlikely because the REE chemistry of
Zircon can form by a variety of different Other trace elements were also measured fgranitic melts differs depending upon a range of
processes in rocks undergoing metamorphisraircons in Figure 1. The Zr/Hf ratio is highest forfactors, including ambient intensive parameters
for example, by net-transfer reactions, or solidzircon from Jwaneng kimberlite (Zr/Hf = 75—and crystallization history.
state recrystallization, or in low-volume anatectid 68) and Phalaborwa carbonatite (Zr/Hf = 253). A second explanation for the similarity of
melts. Schaltegger et al. (1999) documentedll other zircon populations have Zr/Hf valueszircon REE abundances may relate to lattice
zircon grown in the presence of aqueous fluidhat range across and near the chondritic value sifain and charge-balance requirements for REE
and anatectic melts in high-grade metamorphie37. Apart from high Zr/Hf values in kimberlite substitution into the zircon lattice. Incorporation
rocks from the Vosges Mountains, easterand carbonatite, there are no systematic diffeof REEs into the zircon structure is thought to be
France. Despite some variation in zircon REENces between other zircon populations accordeminated by the xenotime coupled substitution
patterns for different rock samples, they foundng to source-rock composition. Phosphorus vatechanism (Speer, 1982): (Y + REE) P°* =
that zircon formed by these different processases range considerably; the lowest abundancgs** + Si**, although this mechanism has now
has near-identical REE abundances and pattefmere measured for zircon from Mawson igneoueen shown to have strain-related limits (Hanchar
(Schaltegger et al., 1999, their Fig. 7). The typieharnockite (31-77 ppm), Manilla plagiograniteet al., 2000; Finch et al., 2000). A limit on the
cal REE pattern and range measured by the4-59 ppm), and Mud Tank carbonatite (55—6amount of light REE* substitution for Zf* is
workers are shown in Figure 1E. Superimposeopm). These values are well within the 20—11@ue to strain at the Zr site and may partly explain
are REE patterns measured for metamorphjzpm range that Belousova et al. (1998) considin addition to ionic radii) why La—Nd abun-
zircon SL1 from the gem gravels of Sri Lankeered to be distinctive for kimberlitic zircons. dances for all zircon in Figure 1 typically range
and metamorphic zircon from granulites of the Geochronologists have recognized for someetween 16"and 10 times chondrite abundance
Georgetown region, north Queensland, Australidgime that there is variation in the zircon Th/U eledespite many having grown in melt with strong
The north Queensland zircons are characterizadental ratio, and have used this as a first-ordéght REE enrichment (e.g., Jwaneng kimberlite
by nearly flat light REE patterns ([Sm/LgF discriminant between igneous and metamorph&nd Mud Tank carbonatite). The heavy REEs
1.3-8.2) and atypical steepness from Gd to Eircon (e.g., Ahrens et al., 1967; Williams et al.have smaller ionic radii that more closely match
([Er/Gd]y = 11-34) relative to other zircon REE1996). Metamorphic zircons in this study (Fig. 1E}hat of Zr**; incorporation of these elements in
patterns. These characteristics are related to thave Th/U ratios of 0.01-0.08, whereas zircorarcon is potentially limited by strain at the Si site
process of formation by solid-state recrystallizaef igneous origin (Figs. 1A-1D) range from 0.16oy incorporation of charge compensatirj.P
tion of protolith zircon. Partial solid-state recrys+o 2.37. Values greater than Th/U = 1 are unconthis limit is not reached for most zircon popula-
tallization has been shown to produce flatter lighthon for most igneous zircons; typical values argons in Figure 1 because the mole percent
REE patterns and steep heavy REE patterns, anihin the range 0.4—1.0. Due to order of magnitmol%) of REE exceeds that of P (the xenotime
to leave a “memory” of the preexisting chemistrytude range in Th/U ratio often found in singlesubstitution mechanism requires the mol% ratio
and zoning of the protolith zircons (Hoskin andzircon populations, we consider the Th/U ratio t@f REE to P to be unity). This observation sug-

Black, 2000). The REE patterns of metamorphibe of limited use as a discriminant. gests that other substitution mechanisms are
zircon from Sri Lanka and France overlap in pat- operating to charge balance the REE, probably in
tern shape and abundance range and are gener@@®NTROLS ON ZIRCON REE addition to the xenotime mechanism. For zircon
indistinguishable from zircon from silicic crustal CHARACTERISTICS from the Boggy Plain zoned pluton, xenotime-
igneous rocks (Figs. 1A-1C). Although recognizing minor differences be-type mechanisms involving minor abundances of

To evaluate the actual variation in detritatween some zircon populations, we have demomterstitial cations are believed to provide charge
zircon REE composition in a real sedimentstrated that the REE chemistries of zircon from balance for REE in excess of P (Hoskin et al.,
zircons from a sandstone from the North Seaide range of crustal rock types and tectonic se2000). Other mechanisms may involve coupled
were analyzed. The sandstone is from the Stdings exhibit remarkable similarity. From a Northsubstitution of Nb, Ta, and the REEs at the Zr
fijord Formation (Zone A) and was sampled aBea sediment sample of known provenance, vgite, although abundances of Nb and Ta in zircon
3011 m downhole in Brent Field well 211/29-6have shown that zircon REE patterns and abuare typically very low (<10 ppm).
located on the seafloor between Scotland arthnces are not generally useful as indicators of It is possible that heavy REE abundances for
Norway. Evidence from Sm-Nd isotopes, paleoprovenance. most zircon populations in Figure 1 are retarded
current data, heavy-mineral assemblages, detrital- A similar conclusion was reached by Maasy the lack of sufficient P substitution into the
garnet composition, and detrital-zircon U-Pb isoet al. (1992) in their attempt to determine thenineral lattice, but that further heavy REE sub-
tope spectra indicate that the source region of thisovenance of Earth’s oldest-known zircons, anstitution is possible by other mechanisms, yet
sample comprised high-grade metasediment abgt Sawka (1988), who documented zircon REEhese also are limited by lattice strain. The com-
Caledonian granites (Morton, 1992; Dallanduniformity across the McMurray Meadows plutorbined effect of these restricted substitution mech-
et al., 1995; Morton and Berge, 1995; Mortorof the Sierra Nevada, United States. There areanisms for REE incorporation in zircon is the
etal., 1996). The REE abundances for concordaieiast two possible explanations for the appareimhposition of REE characteristics that are similar
detrital zircon from each of the three main agenonotony of zircon REE characteristics. Firstfor populations derived from different whole-
groups identified by Morton et al. (1996) werethe composition of most silicate melts at the poinock sources.
analyzed (Fig. 1F). Despite different crustal elesf zircon saturation can be considered as broadly
ments in the source region and an age range‘gfranitic.” This is true even for trapped inter-CONCLUSIONS
2.82 b.y. for the zircons we analyzed, there are mumulus melt in mafic granitoids, which will  Results from this study demonstrate that the
systematic differences for zircon REE chemistrgvolve toward a granitic composition and perhagEE chemistry of zircons from a wide range of
within or between the age groupings. This resuftircon saturation by in situ fractionation. It maycrustal rock types and tectonic settings exhibit
cannot be attributed to a chemically homogese that the REE chemistries of these granitiemarkable similarity, and therefore zircon chem-
neous source region or derivation of detritus fromrmelts are sufficiently similar to impart REE char-stry is not generally useful as an indicator of sedi-
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ment or inherited zircon provenance. An excegdeaman, L.M., Bowins, R., and Crocket, J., 1990Murali, A.V., Parthasarathy, P., Mahadevan, T.M., and
tion to this conclusion is zircon with mantle affini- The chemical composition of igneous zircon Sankar Das, M., 1983, Trace element character-

. . . . suites: Implications for geochemical tracer istics, REE patterns and partition coefficients of
ties (kimberlite, MA_‘RID Sl%“ev and perh.aps thoe studies: Geochimica et Cosmochimica Acta, zircons from different geological environments—
Mud Tank carbonatite), which have REE:P mol% 54, p. 1597-1607. A case study on Indian zircons: Geochimica et

ratios of 1:1, lower REE abundances, and flattedinton, R.W., and Upton, B.G.J., 1991, The chem- Cosmochimica Acta, v. 47, p. 2047-2052.
normalized patterns compared to crustal zircon istry of zircon: Variations within and between Roback, R.C., and Walker, N.W., 1995, Provenance,

populations. However, in addition to age data large crystals from syenite and alkali basalt detrital zircon U-Pb geochronometry, and tec-

. . . . xenoliths: Geochimica et Cosmochimica Acta, tonic significance of Permian to Lower Triassic
nnportant Proven_anC.e information might be ob- v. 55, p. 3287-3302. sandstone in southeastern Quesnellia, British
tained by investigation of the occurrence angoskin, P.W.0., 1998, Minor and trace element analy-  Columbia and Washington: Geological Society
chemistry of inclusions hosted by detrital zircon. sis of natural zircon (ZrSig) by SIMS and laser of America Bulletin, v. 107, p. 665-675.
ablation ICPMS: A consideration and compari-Sawka, W.N., 1988, REE and trace element variations
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