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Abstract It is revealed by CL images that there are multi-stage growth internal structures of zir-
cons in the Huangtuling granulite, including the inherited zircons, protolith zircons, sector and pla-
nar zone zircons and retrograde zircons. In-situ trace element compositions and Pb-Pb ages have
been analyzed by LAM-ICP-MS. The sector and the planar zone domains show typical trace ele-
ment characteristics of granulite zircon (low Th, U, Th/U, total REES, clear negative Eu anomalies,
relatively depleted HREE and small differential degree between MREE and HREE, etc.), indicating
that they formed during granulite-facies metamorphism. The protolith zircons have trace element
characteristics of crustal zircon (high Th, U, Th/U, total REEs and enriched HREEsS, etc.). 12 ana-
lyzed spots on granulite-facies domains give a weighted mean *’Pb/*®Pb age of (2154+26) Ma
(MSWD = 3.8), which is the best estimated age of granulite-facies metamorphism of this sample.
The weighted mean *°’Pb/*®®Pb age of 5 analyzed spots on protolith zircon domains is (2714 + 22)
Ma (MSWD = 1.4), which represents the protolith forming time. The discovery of ca. 3.4 Ga inher-
ited zircon indicates that there are Palaeoarchean continental materials in this area. The interpre-
tation of formation conditions and the ages of zircons can be constrained by simultaneous in-situ
analysis of trace elements and ages.
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Zircon is an accessory mineral occurring in many types of rocks. For the rich content of U
and low content of common P, it is the principal mineral used for U-Th-Pb dating. It can be sur-
vived during weathering, transiting, high-grade metamorphism and even high temperature melting,
because of its stabilization. On the other hand, the diffusion closure temperature of U-Pb for zir-
conisca 900 ™ which isthe highest among those of the mineral isotope diffusion systems. So
it can partly or entirely keep its original radiogenic Pb after experiencing multi-stage geological
events. In complex evolution area, zircons dways have multi-stage growth internal structures.
They can record the ages of different geological events. But it is difficult to get precise ages of this
kind of zircons by the traditional TIMS technique, and to relate the ages to geological events. Re-
cently, sensitive high-resolution ion microprobe (SHRIMP)®? and laser micro-probe inductively
coupled plasma-mass spectrometry (LAM-1CP-MS)*~® can analyze in situ zircon ages, and have
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the ability to get the protolith, metamorphic overgowth and inherited source zircon s ages. These
are very important for zircons with complex structures. However, it is difficult to give the geo-
logical meaning of zircon ages, especially to relate the metamorphic zircon' s ages with specific
P-T conditions in complex metamorphic rocks. The trace element characteristics of zircons are
related not only to the ability of each element’ s entry into the zircon' s lattices, but also to the con-
current growth minerals (such as garnet, feldspar, etc.). The presence or not of these minerals can
be indications of specific metamorphic conditions (i.e. eclogite, anphibolite, granulite facies)® .
Moreover, the trace element analyses and U-Pb dating of zircon can be done in the same do-
main>¥. The CL images can reveal very clearly the internal structures of zircons. These can lay
the analyzed spots in a single-growth domain. The zircons U-Pb can be interpreted more rea-
sonably based on these techniques.

There are a few felsic-intermediate granulite outcrops in the Dabieshan area (such as the
Huilanshan and the Huangtuling granulites). It is very important to research this typical
low-crustal rock, for it can give useful information about the tectonic evolution, crust-mantle in-
teraction and tectonic affinity of the Dabieshan areal® ™. However, there are no precise ages of
the protolith and the granulite-facies metamorphism yet!™* 4. The present paper studies the inter-
nal structures of zircons in Huangtuling granulite by CL, and simultaneously analyzes Pb-Pb iso-
topic ages and trace elements in different domains of zircons using the LAM-ICP-MS technique.
These precisely confine the protolith and granulite-facies metamorphic ages of this area, and con-
strain the evolution history of thiskind of rock.

1 Samplesand analytical methods

The Northern Dabieshan granulite sample (HTL) was collected from the Huangtuling Pri-
mary School, Luotian County, Hubei Province. It is a dark brown biotite-plagioclase granulite,
which contains an assemblage of garnet (~10%), plagioclase (~35%), quartz (~30%), biotite
(~15%), minor hornblende, cordierite and some accessory mineras. The granulite-facies minerals
are garnet+plagioclaset+quartz+hiotite+rutile/ilmenite+magnetiet+zircon, the retrograde metamor-
phic minerals are hornblende and bictite, and pryoxene+cordierite corona around garnet. Based
on detailed petrological studies, Chen et al. (1998)1*™ estimated that the P-T conditions of the peak
and retrograde metamorphisms are 13.2 + 2 (x 10% Pa), 850 + 50 , and 6 (x 10° Pa), 700 , re-
spectively. A 2-kg portion of sample was processed by standard techniques (Wilfley table, me-
thylene iodide, and Frantz magnetic separator). Zircons were prepared as minera separates,
mounted in epoxy and polished down to expose the grain centers. The trace elements and Pb-Pb
isotopic ages were analyzed on the basis of the CL images, which were done at the Nancyl Uni-
versity, France.

Zircon trace element and Pb-Pb isotopic age analyses were performed on the Perkin-Elmer
Sciex ELANG6000 ICP-MS coupled to a CETAC LSX-100 Laser Probe at the Guangzhou Institute
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of Geochemistry, the Chinese Academy of Sciences. The analytica conditions of the LAM-
ICP-MS are as follows: a frequency-quadrupled Nd-YAG UV laser system was operating at 266
nm; the ablation pits were (20—30) mm x (20—40) mm; the operating mode was Q-switched, with
maximum energy of 3 mJ/pulse; the power of ICP was 1000 W; the mass resolution of the quad-
rupole mass analyzer was (0.7 £ 0.02) amu, AC rod offset voltage was 15.4 V; the produced agro-
sol was transported into the ICP-MS by an Ar gas stream; the mass discrimination factor was de-
termined by analyzing glass NIST610 as an externa standard, and the selected Si as an internal
standard for the content of SIO, in zircon equals 32.9%. Precisions of most trace elements are
typically 5%—15% (RSD), but up to 20%—40% for a few trace elements with concentrations
close to the limits of detection. Isobaric interference of ***Hg overlapping “**Pb was automatically
corrected by the ?Hg. The fractionation between ?*Pb and ®’Pb is not adjusted, for the frac-
tionation adjustment of them is not ensured, and the isotopic fractionation of the same element is
small. The ?°Pb/*Pb ratios of samples are supposed to be mostly > 1000, because the counts of
2ph during sample analyses were the same as that of the background (less than 10), and the
counts of 2®Pb are more than 1x10*. So the common Pb does not need correcting for determining
the radiogenic 2*’Pb/*®Pb ages!*®"). The detailed analytical method has been reported by Li et al.
(2000) and Liang et al. (1999)"°.

2 Resaultsand discussion

2.1 CL images

The typical CL images of Huangtuling
zircons are shown in fig. 1. Round multi-facies
zircons mainly consist of sector zones, and
parts of them have cores (fig. 1(a)). Planar
zones are the main domains of short prismatic
zircons. This kind of zircons commonly has
cores (fig. 1(b)). The sector and planar zone
domains are typica metamorphic zircon's
characteristics™ . Most of the cores have
magmatic oscillatory zones (fig. 1(b) and (c)),
and may be the protolith zircons. The rela
tionships between the sector and the planar
zones of most zircons are not clear, but it can
be seen from fig. 1(b) that the planar zone do-
main grows later than that of the sector zone.
The zircon of fig. 1(b) has double struc- . e Hueling
ture-inherited cores, and the inner core IS .ol and spons bcations, a1 Sector cone ziscon. (B
probably an old inherited zircon of the proto- w1 Pl ne sircoms iy bty sieon.
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lith. There are bright white rims around the sector and the planar zone domains. They were proba-
bly formed during the retrograde metamorphism. Another kind of zircons are short prismatic with
clear oscillatory zones (fig. 1(d)), they may be the protolith magmatic zircons.

2.2 Trace dements

The trace elements analyzed by LAM-ICP-MS are listed in table 1. The trace element char-
acteristics are variable among different kinds of zircon domains.

The U contents of sector zone domains range from 179.0x 10 ° to 321.8x 10 ®, the Th con-
tents range from 6.1x 10°° to 28.4x 10°°, and the Th/U ratios range from 0.03 to 0.13. Those of
the planar zone domains are 171.6x 10 °—455.9x 10°° 11.7x 10 °*—22.0x 10 °® and 0.04—0.13,
respectively. The zircons of low Th and U contents and Th/U ratios are typica metamorphic,
which consist with their images. The U and Th contents (1231.7x 10 °—3660.2x 10 °, 74.6x
10 ®—533.5x 10 ®) and Th/U ratios (0.22—0.96) in the oscillatory domains are higher than those
of the metamorphic zircons, and belong to the typical magmatic zircons.

The total REE contents and the chondrite-normalized REE patterns of zircons are quite dif-
ferent (fig. 2). The total REE contents of metamorphic domains (both sector zone and planar zone)
are low, ranging from 99.6x 10™° to 318.3x 10°°. Those of the protolith zircons are higher, and
more variable (1231.7x 10 °—3660.2x 10°°). Although there are some debates on whether the
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Fig. 2. Chondrite normalized REE patterns of different zircon domains in the Huangtuling granulite. (a) Sector zone domains.
(b) Planar zone domains. (c¢) Protolith and inherited domains.
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REE contents of zircons can imply the type of their source rocks, it is well received that the total
REE contents of zircons from mantle-derived rocks (e.g. kimberlite, syenite, carbonatite, etc.) are
low (<300x 10 6% |t is suggested that the protolith of the Huangtuling granulite be crustal
rock by its high total REE contents.

All the analyzed domains have clear positive Ce and negative Eu anomalies (fig. 2). The
metamorphic zircon has less pronounced Ce and Eu anomalies (Ce/Ce* = 4.6—9.8, EW/EU* = 0.34
—0.62 for sector zone zircons;, Ce/Ce*=2.2—5.8, Eu/Eu* = 0.36—0.49 for planar zone zircons,
respectively). The protolith zircons have more significant and variable positive Ce and negative
Eu anomalies (Ce/Ce* = 4.3—23.4, EU/Eu* = 0.05—0.57), similar to those of the crustal zir-
cons™l. A positive Ce anomaly is connected with the presence of Ce*, which is prior to substitut-
ing into the Zr site. The metamorphic zircons of negative Eu anomalies are considered to be
equilibrate with the feldspars, for the EL?* ions are preferential entry into them®. It is indicated
that the sector and the planar zone zircons grow at the presence of feldspar by the clear negative
Eu anomalies of them.

All zircons are LREE-depleted, HREE-enriched in the chondrite-normalized REE patterns
(fig. 2). The enrichments of HREE are different among zircons. The depletion of LREE in zircons
can be quantified by the chondrite-normalized (Nd/Y b)cy values, because the contents of La and
Pr are very low and Ce shows an anomaly!. The protolith zircons show strong enrichment of
HREE with (Nd/Y b)cy =0.0006— 0.0161, and high contents of LREE (fig. 2), which are typical
REE characteristics of zircons from crustal rocks; whilst the metamorphic zircon domains show
weak enriching of HREE [(Nd/Y b)cy =0.0035— 0.056 for sector zone zircons, and  (Nd/Yb)cn
=0.0045—0.069 for planar zone zircons|, low LREE contents, small differential degree between
MREE and HREE, and horizontal patterns in fig. 2(b) and 2(c). These features indicate that the
metamorphic zircons are equilibrated with garnets, which strongly enrich HREE® 2.

The REE characteristics of inherited zircon in protolith are similar with the protolith zircons,
suggesting that it is also magmatic zircon.

From the discussion above, we can see that the metamorphic zircons (both sectorial zone and
planar zone ones) equilibrate with garnet and feldspar. It is argued that the metamorphic zircons
are formed during the granulite-facies metamorphism, for the coexistence of garnet and feldspar
denote granulite-facies conditions. The granulite-facies metamorphic event can be precisely dated
by these domains®. The protolith age can be obtained by dating the protolith magmatic domains.

2.3 Pb-Pbages

Pb isotopic data and ages are present in table 2. The ?°’Pb/*®Pb ages of sectorial zone do-
mains range from 1928 Ma to 2339 Ma, those of the planar zones range from 2049 Ma to 2350
Ma. Although the sectorial zones grow earlier than the planar zones, they are in good agreement
within analytical errors. This phenomenon might be explained as below: (i) their ages are different,
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but they are concealed by the anaytical errors of LAM-ICP-MS; (ii) the age difference between
them is small, for the granulite-facies event is short. The latter is confirmed by the garnet compo-
sition study of Chen et al. (1998)™. 12 spot analyses in metamorphic domains give an average
207py/2%ph age of (2154 + 26) Ma (MSWD=3.8) (fig. 3), which is the precise time of the granulite

metamorphism.
Table2 Pb-Pbisotopic dataof zirconsin Huangtuling granulite
Sample ! §8§gg‘/§02§l‘)° 2s 207pp2%ph age/Ma +
HTL-1 0.1191 0.00774 1942 126
HTL-2 0.1182 0.01158 1928 189
HTL-3 0.1340 0.01085 2150 174
HTL-5 0.1288 0.01443 2081 233
HTL-8 0.1495 0.00942 2339 147
HTL-12 0.1410 0.00409 2239 65
HTL-16 0.1454 0.00960 2292 151
HTL-9 0.1398 0.03649 2224 580
HTL-11 0.1287 0.00836 2079 135
HTL-14 0.1504 0.01068 2350 167
HTL-18 0.1340 0.00080 2151 13
HTL-19 0.1265 0.01948 2049 316
HTL-4 0.1756 0.01036 2611 154
HTL-7 0.1914 0.00861 2754 124
HTL-10 0.1850 0.00463 2698 67
HTL-15 0.1902 0.00095 2744 14
HTL-17 0.1774 0.01739 2629 258
HTL-13 0.2887 0.02569 3410 303
4000 4000
l Mean age={2154+26)Ma ' [ Mean age=(2741 +22) Ma I
MSWD=3.8 MSWD=] 4
3000 3000
< $ I i ¥
: I : | 1
<
2000} I I 2000}
1000 @] 1000 ®

Fig. 3. LAM-ICP-MS zircon Pb-Pb ages for the Huangtuling granulite. (a) Granulite-facies metamorphic age. (b) Protolith age.

Five spotsin protolith domains give an average ?°'Pb/*®Pb age of (2741 + 22) Ma (MSWD =
1.4) (fig. 3), which is the protolith age of this sample. The inherited zircon of protolith gives an

oldest 2"Pb/*®Pb age of (3410 + 303) Ma.
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Chen et al. (1996)™ firstly dated this granulite lens by zircon U-Pb TIMS, and got a discor-
dant line with upper and lower intercept ages of (2663 + 56) Maand (1690 + 82) Ma, which were
interpreted as protolith or regional metamorphic and granulite-facies metamorphic ages, respec-
tively. According to our CL images, there are multi-stage growth zircons (including granulite,
protolith, retrograde metamorphic and inherited zircons) in the granulite. Bulk analyses of these
complex grains by traditional TIM S technique usually give geological meaningless “ mixing” ages.
Jan et al. (1999)™ used the zircon evaporation technique to date this granulite, obtained
207ppy?%ph ages ranging from 1992 Ma to 2814 Ma, and regarded the minimum as the granulite
metamorphic age, the maximum age as the protolith age. By the same reason as above, the mini-
mum value may be considered being younger than the true granulite metamorphic age, and the
maximum age being probably older than the protolith age. Zhou et al. (1999) ™ gained an age of
(1998 + 35) Ma by stepwise dissolution Pb-Pb dating of garnet, which is probablly alittle younger
than the granulite metamorphic age, for the garnet in this area always shows retrograde composi-
tional zoning. A less precise Sm-Nd isochron age ((2238 + 300) Ma) of pyroxene + feldspar +
whole rock was obtained by Ma et al. (2000)1*, but the age error is too large. Our granulite
metamorphism and protolith ages come from the zircon domains that are proven to form during
granulite metamorpism and protolith magmatism by CL images and trace element characteristics.
These ages are more precise, and can link with geological event more reliably. We can thus give
useful constraints on its formation conditions and geological meaning to their ages by simultane-
ous in-situ analyses of the trace elements and isotopic ages of zircon.

The inherited zircon of the protolith gives a ?°’Pb/?®Pb age of (3410 + 303) Ma, which is the
minimum age of this domain. We obtained the similar age by SIMS (Chen Daogong, unpublished
data). The depleted mantle mode Nd age is also very old (Tom = 3.1 Ga) of this granulite™. All
these suggest that the very old age of this inherited zircon is reasonable. It is confirmed that there
are very old (ca. 3.4 Ga) crustal materials in the Dabieshan area by our zircon ages. The ca. 3280
Ma xenocryatal zircons have been found in the meta-sedimentry rock from the Kongling
high-grade metamorphic terrain of Hubei Province, which locates on the northern margin of Y ang-
tze Block®!!. Zhang et al. (1990)"*? has also found inherited Pb with age of (3300 + 180) Ma in
zircon of quartz-syenite from Dalongshan, eastern Dabieshan, Anging City, Anhui Province.
Compared with the above data, the Huangtuling granulite can be supposed to be the old crusta
materials from Yangtze Block. The same conclusion has also been proposed by Zheng et al.
(2001) based on the research of oxygen isotopes. It is suspected that the Palagoarchean basement
of Yangtze Block was sizable, which was demolished by later geological events.

3 Conclusion

In-situ trace elements compositions and Pb-Pb ages of zircons in the Huangtuling granulite
have been analyzed by LAM-ICP-MS based on the detailed CL images. It is revedled by CL im-
age technique that the zircons have complex internal structures, which include protolith, sectorial
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and planar zones, retrograde and old inherited zircons. There are very consistent relationships be-
tween the Th and U contents and Th/U ratios and the CL images. It is indicated by the REEs in
zircons that the sectorial and the planar zone domains were formed during the granulite-facies
metamorphism, and the protolith zircons came from typical crustal rocks. The protolith was
formed in late Archean ((2741 + 22) Ma). The age of granulite-facies metamorphism is (2154 + 26)
Ma. The detection of ca. 3.4 Ga inherited zircon indicates that there are Palaeoarchean crustal ma-
terialsin thisarea
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