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Abstract

Water content and oxygen isotopes in zircon provide crucial constraints on magma
source and process, yet they can be significantly modified by zircon metamictization,
which causes secondary water absorption into the zircon crystal and the concomitant
oxygen isotope changes. Therefore, it is imperative to develop a screening scheme to
select the least-metamict zircons for the analyses. We propose a screening scheme
based on our study on the Suzhou A-type granite (South China), through integrating
zircon laser Raman spectroscopy, water and trace element contents, and oxygen
isotopes. The results show that the primary water content is retained in zircon when
the Full Width at Half Maximum (FWHM) is <8 cm! or the Raman shift is >1007
cm’! of v3(Si0,) vibration band, whilst the primary §'0 is preserved at <10 cm™!
FWHM or >1005.5 ¢cm™' Raman shift. Changes of trace element concentrations in
Suzhou zircons are different from previous observation in metamict zircons but most
likely related to magma evolution, which implies trace elements are insensitive to
metamictization. Primary 8'®0 in Suzhou zircons (4.5-6.0%o) fall into the mantle
range, indicating a dominant mantle contribution to Suzhou granites. Primary water
content was estimated at ca. 650-1400 ppm, significantly higher than that in typical
I-type granites (400-736 ppm) and the upper mantle-derived zircons (81-177 ppm).
The high primary zircon water content was not controlled by sub-solidus process,
temperature, pressure and cation charge balance but considered to reflect the
high-water content in melts. This suggests a hydrous origin for the Suzhou A-type
granite, which challenge the conventional view of anhydrous petrogenesis for A-type
granites.

Keyword: Zircon water content; A-type granite; Laser Raman spectroscopy; Full

Width at Half Maximum (FWHM); Raman shift; SIMS; Trace element
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Introduction

Zircon 1is a ubiquitous uranium-rich accessory mineral in magmatic rocks,
characterized by high physical and chemical stability (Valley et al., 1998; Wilde et al.,
2001). The abundant U-Th and low common Pb contents make zircon the most
important mineral in geochronology (Davis et al., 2003). Meanwhile, trace elements
in zircon are very useful in evaluating the magma properties (Bell et al., 2017;
Burnham and Berry, 2012; Fu et al., 2008; Griffin et al., 2002; Trail et al., 2012;
Valley et al., 1994; Watson et al., 2006; Zou et al., 2019). For example, Ti-in-zircon
thermometry has been widely used to estimate the magma temperature (Fu et al., 2008;
Watson et al., 2006), and the zircon Eu and Ce anomalies of intermediate-felsic rocks
are sensitive proxies for crustal thickness (Tang et al., 2020, 2021) and magma
oxygen fugacity (Burnham and Berry, 2012; Trail et al., 2012; Zou et al., 2019),
respectively. In addition, zircon Hf-O isotopes have been well demonstrated to be
useful tracer of magma source and processes (Griffin et al., 2002; Kemp et al., 2007;
Valley et al., 1994).

Over the past decades, numerous investigations have been carried out to estimate
the water contents in zircon (Aines and Rossman, 1986; Caruba et al., 1985; De Hoog
et al., 2014; Ingrin and Zhang, 2016; Pidgeon et al., 2013; Trail et al., 2010; Wang et
al., 2018; Woodhead et al., 1991b; Xia et al., 2019; Zhang et al., 2010; Zhang, 2015).
It is suggested that the diffusion coefficient of water in zircon is 1 to 2 orders of
magnitude lower than in other nominally anhydrous minerals (NAMs), e.g., olivine,

orthopyroxene and garnet (Ingrin and Zhang, 2016; Zhang, 2015). This means that

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8075. http://www.minsocam.org/

water has a higher closure temperature in zircon, and that the primary water could be
well preserved in zircon (Ingrin and Zhang, 2016; Zhang, 2015). Given the pivotal
influence of water on magmatic processes (Campbell and Taylor, 1983; Clemens et al.,
2020; Collins et al., 2020; Johannes and Holtz, 2012), such as partial melting and
fractionation, study of zircon water content would also yield new insights into these
processes.

As a NAM, zircon hosts water mainly in the form of OH in its defect structure
(Caruba et al., 1985; Nasdala et al., 2001a; Woodhead et al., 1991b). Trace amount of
water that partitions into zircon from the melt during its crystallization is termed
primary water here, which can be used to infer the water content in the melt (De Hoog
et al., 2014; Trail et al., 2010). The assignment of primary water is not straightforward
because secondary water can enter zircon as OH or H>O molecules after the magma
solidified (Aines and Rossman, 1986; Breiter et al., 2014; Nasdala et al., 2001a, 2009;
Pidgeon et al., 2013; Woodhead et al., 1991a, b; Zhang et al., 2010), thus interfering
with the amount of true primary water in the melt and altering the zircon oxygen
1sotope compositions (Gao et al., 2014; Pidgeon, 2014; Wang et al., 2014).

Secondary water in zircon may have resulted from the structural damage through
a-decay of U and Th (Aines and Rossman, 1986; Breiter et al., 2014; Nasdala et al.,
2009; Pidgeon et al., 2013; Woodhead et al., 1991a, b). Accumulation of radiation
damage leads to zircon metamictization through expansion of crystal lattice and
decrease of chemical stability of zircon, which would markedly increase the water

storage capacity (Aines and Rossman, 1986; Ewing et al., 2003; Nasdala et al., 2001a;
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94  Woodhead et al., 1991a). As revealed by infrared spectroscopy, the primary water
95  content of zircon is generally about 0.01 wt% (Woodhead et al., 1991a), but secondary
96  water in metamict zircon could reach up to 16.3 wt% (Aines and Rossman, 1986).
97  Therefore, it is crucial to determine the degree of zircon metamictization and select
98  the least metamict zircons for obtaining reliable primary water content and oxygen
99  isotope compositions.
100 The degree of zircon metamictization can be quantified by the radiation dose Dapa,
101 calculating which would require the U and Th contents and age of zircon (Ewing et al.,
102 2003). Moreover, healing of radiation damage in annealed zircons would often lead to
103 overestimation of the actual degree of metamictization (Pidgeon, 2014). The expand
104  crystal lattice often accommodate more incompatible trace elements in zircons. Thus,
105  the incompatible element concentration in zircons could be regarded as indicators of
106  metamictization (Belousova et al., 2002; Horie et al., 2006). However, this method
107  would no longer work when outside would not supply enough incompatible elements.
108  Laser Raman spectroscopy, which has the advantages of being non-invasive and
109  easy-to-use, can be used to measure the degree of zircon metamictization (Geisler et
110 al., 2001; Nasdala et al., 1995, 2001a; Zhang et al., 2000). This is because Raman
111 spectra change systematically with increasing degree of actual metamictization.
112 Crystalline zircon shows unique sharp internal and external vibration peaks in the
113 200-1010 cm™' spectral range (Nasdala et al., 1995, 2001b). As the degree of radiation
114  damage increases, the main band intensity of the Raman spectrum decreases, with

115  broader width and distinct shift to lower wave number (Nasdala et al., 1995, 2001Db).
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116  The short-range order decrease in radiation-damaged zircon is caused by the large
117  amount of irregularly-located atoms and the bond-lengths/-angles produced by the U
118  and Th nuclear fission (Ewing et al., 2003). The width of antisymmetric stretching
119  vibration mode of Si-O tetrahedron, i.e., v3(Si0,), and the wave number (1010 cm’!
120  in crystalline zircon) determine the degree of short-range order around the position of
121 four-fold coordinated Si atoms (Nasdala et al., 1995, 2001b). This band is the most
122  sensitive in characterizing the degree of zircon metamictization (Nasdala et al., 1995,
123 2001b). The Full Width at Half Maximum (FWHM) of this band is <3 ¢m™ and >30
124  cm’' for high-crystallinity zircon and highly-metamict zircon, respectively (Nasdala et
125  al., 2001b).

126 Although many Raman spectroscopy-based quantitative screening criteria for the
127  degree of zircon metamictization have been proposed, none are tailored for water
128  content and oxygen isotope analyses. Zircons from the Suzhou granite (Jiangsu
129  province, South China) are selected in this study due to their wide ranges of
130  metamictization intensity, and U (33-13,433 ppm) and Th (23—-17,028 ppm) contents
131 (Gao et al., 2014). The minimum natural “fading” or annealing of radiation damage in
132 these zircons also make them suitable to test the screening criteria (Gao et al., 2014).
133 In this paper, we present Raman spectroscopy, in situ oxygen isotopes, water contents
134  and trace element measurements for zircon grains of the Suzhou A-type granites.
135 Based on the relations between zircon water content/oxygen isotope and Raman
136  spectroscopic parameters, we propose FWHM <8 ¢cm™! or Raman shift >1007 cm™ as

137  the screening criteria for water content of the least-metamict zircons. We also found
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138  that the primary water content in our zircon samples is surprisingly high, which

139  challenges the current view on the anhydrous origin of A-type granites.

140
141 Sample descriptions
142 The Early Cretaceous Suzhou A-type granites are geologically located at the

143  junction between the Dabie-Lower Yangtze Reach magmatic belt and the coastal
144  magmatic belts in south-eastern China. The batholith is located 8 km west of the
145  Suzhou City, with an outcrop of about 50 km? (Charoy and Raimbault, 1994; Gao et
146  al., 2014; Wang et al., 1993; Wang et al., 1996; Wei et al., 2008). The granites are
147  mainly composed of K-feldspar (~60 vol%), quartz (~30 vol%), and interstitial biotite
148 (<5 vol%) and hornblende (<3 vol%; Gao et al., 2014). Most feldspars developed
149  trans-/hyper-solvus texture, and hydrothermal alteration and weathering were
150  developed along the pluton margin (Gao et al., 2014). The Suzhou granites are rich in
151  REEs, HFSEs, U, and Th, and are regarded as typical "low 8'%0" (4.66-5.13%o)
152  A-type granites in Eastern China (Wei et al., 2008). Previous studies concluded that
153  the granites are volatile-rich (e.g., F) but water-deficient (Charoy and Raimbault,
154  1994).

155 Based on petrography and isotopic age (Chen et al., 1993; Ouyang, 1985; Wang et
156  al.,, 1993), the Suzhou granite batholith has been considered to be an intrusive
157  complex with three magmatic phases: (from oldest to youngest) (1) porphyritic
158  amphibole-bearing alkali-feldspar granite, (2) coarse-grained alkali-feldspar granite
159  (dominant, ~70% of the total outcrop), and (3) fine-grained alkali-feldspar granite

160  (Charoy and Raimbault, 1994; Wang et al., 1996). The crystal caves, mainly
7
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161  distributed on the top and edge of the plutons, are observed in all three phases and are
162  most developed in the coarse-grained granite (Wang et al., 1993). Further studies
163  acquired refined zircon U-Pb ages that all of three-phase granites have an identical
164  age within the error with an average age of 126.1 + 0.5 Ma, indicating they were
165  formed in a single magmatic event (Gao et al., 2014).

166 Four zircon samples (Sz1, Sz2, Sz3, Sz4) from the three granite phases (Gao et al.,
167  2014) were analyzed in this study. The zircon grains are 50-200 pm long and mostly
168  euhedral-subhedral, with aspect ratios of 1:1 to 1:3 (Fig. 1). Fluid and mineral
169  inclusions are common in these zircons, and the zircons in phase-2 granite (Sz2 and
170 Sz4) are finer than those from phase-1/-3 granite (Sz1 and Sz3) (Fig. 1; Chen et al.,
171 1993; Gao et al., 2014). Gao et al. (2014) divided the zircons into two groups: Group
172 1 zircons have clear oscillatory zoning and high cathodoluminescence (CL)
173 reflectance (Fig. 1), whilst Group 2 zircons are brown, and have low CL reflectance
174  and no discernible oscillatory zoning (Fig. 1), indicating high U-Th contents and
175 intense metamictization. Phase-3 fine grained granite contains abundant dark zircon
176  grains, which is revealed in the sample Sz3 (Fig. 1). Cracks are common in the zircon
177  samples, many of which contain distinct corrosion pits as well (Fig. 1; Gao et al.,

178  2014), probably reflecting partial dissolution during alteration (Gao et al., 2014).

179

180

181 Analytical methods

182 All the zircon sample grains and the in-house zircon standards of Qinghu and

183  Penglai were mounted on Sn-based alloy following the method of Zhang et al. (2018),

8
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184  and then polished down to expose half of the crystals. All zircon grains were observed
185  under reflected-light micrography and CL imaging to reveal their internal texture.
186  With these images, the domains free of inclusions, fractures, or surface contamination
187  are chosen for further analyses.

188  Laser Raman spectroscopy

189 Laser Raman analysis was performed with a Renishaw 2000 Raman spectrometer
190 at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
191  (GIGCAS). The data acquisition program parameters have been carefully
192  standardized to obtain reliable radiation damage information. The laser Raman
193  spectral light source is a 532 nm argon laser, the telephoto objective lens has a 20X
194  magnification, with 1 cm! resolution, and 3 pmx3 pm spot size. The Raman signal
195  generated by the samples is split by an 1800 I/mm grating, and then collected by a
196  thermoelectric cooled CCD. The time of spectral collection varies according to the
197  signal intensity (10-200 s). 100-1800 cm! full-wavelength spectrum was taken at one
198  time, and the single crystal silicon wafer was used to calibrate the Raman spectra
199  before the measurement. The Raman shift of the single crystal silicon wafer was
200  corrected to corresponding to 520.7 cm™'. The Raman spectral background can be
201  strongly affected by the laser-induced fluorescence of rare earth elements (REEs)
202  (Gaft et al., 2000), and hence baseline calibration needs to be performed for every
203  individual grain. Here, we used a cubic polynomial to fit the spectral data, which are
204  less affected by the zircon vibration peaks to acquire the baseline. The FWHM of

205  Gaussian function that fitted to v5(Si0,) vibration band was taken as the FWHM of
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206  v3(Si0,) band.

207  Zircon oxygen isotope and water content measurement

208 The zircon oxygen isotope and water content were measured simultaneously with a
209  Secondary Ion Mass Spectrometry (SIMS, CAMECA IMS 1280-HR) at GIGCAS.
210  The analyzed domains of SIMS are exactly the same as those of the Raman
211  spectroscopy. After vacuum-coated by ~30 nm-thick gold film, the mount was loaded
212  into the storage chamber overnight. Before the analysis, the mount was further
213  pumped down in the analysis chamber, and the vacuum of the analysis chamber could
214  reach 1.9x10? mbar. A Cs* source of 3—5 nA with 10 kV impact energy was set to
215  sputter secondary ions. The area (50x50 pum) was sputtered before the analyses to
216  remove the coating and reduce surface contamination, and the size of the analytical
217  area was about 30x30 pm (15 pm spot size + 15 pum rastering). Two Faraday cup
218  detectors (10'° Q and 10'! Q resistance) were used to detect '°0 and '®0 ions, and an
219  electron multiplier was used to measure '°O'H at same time. For °O and '%0, a 500
220 um collector slits were used to generate ~2500 MRP. For '°0O'H, a 173 pm collection
221 slit (corresponding to ~7000 MRP) was used to avoid 7O interference.

222 Under such conditions, 'O ion yield of ~4x10® counts/s'nA was detected. A single
223  spot analysis lasted for 4.5 minutes, including 200 s pre-analysis and secondary ion
224 beam automatic centering, and ~1 minute to integrate 20 cycles of static measurement
225  of 'O'H, '°0O and '0. The internal precision of '80/!°0 and '*O'H/!'%0O are usually
226  better than 0.4%o and 0.5% (2SE). The measured '*O'H/'®O was converted to zircon

227  water content according to the calibration curve constructed by measuring a set of

10
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228  zircon reference samples (Xia et al., 2019; Zhang et al., 2020). The measurement
229  limitation of water content is ~10 ppm and uncertainty of the calibrated water content
230  is ~10% (Xia et al., 2019). The '*0/'°0 value was normalized to the Vienna Standard
231  Mean Ocean Water (VSMOW: '30/'°0 = 0.0020052). The instrumental mass
232  fractionation of oxygen isotopes was calibrated with the Penglai zircon standard (6'%0
233 =5.3%o; Liet al., 2010).

234  In situ trace element analyses

235  Trace elements in zircons were measured with an ELEMENT XR inductively coupled
236 plasma-mass spectrometer (ICP-MS) coupled with a 193-nm (ArF) Resonetics
237  RESOIlution M-50 laser ablation system at the GIGCAS. Laser ablation conditions
238  include 33 pm beam size, 5 Hz repetition rate, and 4 J cm™ energy density. A
239  smoothing device (the Squid, Laurin Technic) was used to smoothen the sample signal.
240  Each spot analysis consisted of 20 s laser-off gas blank collection, and 30 s laser-on
241  sample signal detection. Measurement was conducted under the E-scan mode. Signals
242 of the following masses were detected: 2’Al, 2°Si, 3P, ¥Sc, 4'Ti, ¥Y, *Nb, '*La,
243 140Ce, 141Py, 146Nd, 147Sm, 15'Eu, 157Gd, 59Tb, 162Dy’ 1650, 166Er, 19Tm, 174Yb, !75Lu,
244 '78Hf, 232Th and 2*3U. NIST610 was used as the external calibration standard. The
245  oxide molecular yield, indicated by the 23%U'60/?*8U ratio, was below 0.3%. Detailed
246  experiment procedure and data reduction strategy were as described by Zhang et al.
247  (2019). NIST612 was measured as unknown samples. 30 analyses of NIST612
248  indicate that the contents of most elements are within 8% of the reference values, and

249  that the analytical precision (2 RSD) was better than 10% for most elements.

11
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250

251 Results

252  Laser Raman spectroscopy

253 The Raman spectra of 129 zircon grains (from four samples) were collected. The
254  Raman spectra baseline corrected results of typical highly-metamict (Sz2@01) and
255  pristine crystalline (Sz3@04) zircons are shown in Figures 2a and 2b. The
256  fluorescence background of Raman spectra for the two types of zircons were well
257  calibrated. After the calibration, the zircon Raman spectra vary from sharp peaks
258  (Sz3@04) of typical non-metamict zircons, to wide peaks (Sz2@01, Sz2@03) in
259  highly-metamict grains (Fig. 2¢). To quantify the degree of zircon metamictization,
260  the FWHMs and Raman shifts of the v5(Si0,) bands were measured.

261 Two types of Raman spectra, as exemplified by Sz2@01 (metamict) and Sz3@04
262  (crystalline), are shown in Figures 3a and 3b, respectively. The FWHM of metamict
263  zircon is significantly larger than that of non-metamict zircon. The Raman shift of the
264  v3(Si0,) band in metamict zircons shifts to a lower wave number. To acquire the real
265 FWHM, the measured FWHM is corrected with the spectral resolution (Irmer, 1985),
266  which yielded 13.9 cm™ (Sz22@01) and 6.4 cm™ (Sz3@04). The real FWHMSs are
267  negatively correlated with the Raman shifts (Fig. 3c; Table 1), consistent with what
268  was observed in previous work (Pidgeon et al., 2014). As the v5(Si0,) Raman band
269 cannot be observed in some extremely-metamict zircons, and hence the above
270  Gaussian function fitting method is no longer applicable. In that case, the FWHMs
271 were set to the maximum value of 20 cm™!. Raman shift and FWHM of each analysis

272 spot is listed in Supplementary Table 1.
12
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273  Zircon water content and oxygen isotopes

274 When water content is very high, the electron multiplier protection will be triggered
275 and '®O'H/'O ratio will be zero. In this case, we set the water content to be 5000.0
276  ppm for further analyses (Supplementary Table 1). Water contents of the unscreened
277  zircons from the four samples are highly dispersive (657-5118 ppm), particularly for
278  the zircons from fine-grained granite Sz3 (Fig. 4a). Nevertheless, most data are
279  clustered in the 680-1400 ppm range, and the median values of the four samples are
280  similar (in the 1000-1500 ppm range; Fig. 4a). Likewise, the unscreened zircons
281  show wide 8'%0 range (4.0-6.1%0), most of which cluster around the mantle value
282 (5.3 £ 0.6%0; Valley et al., 1998) (Fig. 4b). The majority of the sample Sz3 data have
283 lower 8'%0 values than that of the mantle. This discrepancy is possibly induced by a
284  matrix effect due to zircon metamictization. The structure and mineralogy of
285  metamict zircon will change the instrumental mass fractionation, which means further
286  matrix correction is required while it is unavailable at present. There is a weak
287  negative correlation between the zircon water content and non-matrix corrected 6'%0
288  (Fig. 4c), but the correlation disappears when 3'%0 >4.8%o, and the water content is
289  below 1600 ppm (Fig. 4c¢).

290  Zircon trace element compositions

291 The Suzhou zircons show chondrite-normalized REE patterns typical of igneous
292  zircons (Belousova et al., 2002), with enrichments in heavy REEs (HREE; Fig. 5;
293  Supplementary Table 1). Light REE (LREE) contents in the zircons are variable. In Sz2

294 and Sz3, metamict zircons have higher LREE and HREE contents than their

13
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295  non-metamict counterparts (Fig. 5b, c; Table 1), but such phenomenon is not found in
296  the other two samples (Sz1, Sz4; Fig. 5a, d). The zircons have 30-9,071 ppm U and 22—
297 6,237 ppm Th. In general, high U zircons have higher FWHMs (Fig. Se-h; Table 1),
298  total REE, and Hf (Fig. Se, g; Table 1), but varying P contents (Fig. 5g). All the zircons
299  show distinct negative Eu anomalies, which are negatively correlated with the U
300 content (Fig. Sh; Table 1). Positive Ce anomalies are also observed, but they are weak

301  in LREE-enriched zircons (Fig. 5a-b).

302
303 Discussion
304

305  Screening-criteria for least-metamict zircons

306 In the Suzhou A-type granites, the more-metamict zircons have lower §'%0 values
307  but higher water content than non-metamict ones (Fig. 6a-b; Table 1; Gao et al., 2014).
308  The lower-6'%0 values are likely caused by the absorption of atmospheric water in the
309  metamict zircons (Gao et al. 2014), as supported by the negative 5'%0 vs. H,O-content
310  correlation (Fig. 4¢). In addition, the metamictization-induced matrix effect may have
311 played an important role in the low-6'*0 measurements as well, which has been
312  uncovered in zircon dating by previous studies (Allen and Campbell, 2012; Gao et al.,
313  2014; White and Ireland, 2012).

314 Based on the Raman spectroscopy measured transition of crystal structure of
315  zircon, Nasdala et al. (1995, 2001b) regarded the zircons with FWHMs <20 cm™ as
316  pristine crystals. Murakami et al. (1991) conducted X-ray diffraction (XRD) analysis

317  on gem zircon from Sri Lankan, and found that when FWHMSs <30 ¢cm!, the crystal
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318 damage is dominated by point defects, whereas radiation damage is scarce. These
319 criteria are, however, unsuitable for zircon water content or oxygen isotope analyses
320  because water contents in the Suzhou zircons (FWHM = 8-30 cm!) seem also to have
321  been affected (Fig. 6a, c). Since higher FWHM and lower Raman shift correspond to
322  higher zircon water contents and lower 8'%0, respectively (Fig. 6), the analyses on
323  metamict zircons may have overestimated the water contents but underestimated the
324 380 values.

325 Figure 6 shows the results of the widely-used decision tree regression, where a
326  major change in zircon water content is observed when the FWHMs are above 8 cm™!
327  (Table 1), the Raman shifts above 1007 cm’!, and the radiation dose (Ddpa) below
328  0.023 (calculated after Nasdala et al., 2001b). These values are likely the thresholds
329  under/above which zircons tend to preserve their primary water. When the FWHMs
330 <10 c¢cm, Raman shifts <1005.5 cm, and Dgpa <0.03, most of the zircons are
331 considered to preserve their primary oxygen isotope compositions (Fig. 6c, d).
332  Likewise, these values can be taken as thresholds for reliable analyses of zircon
333  primary oxygen isotopes. Therefore, we propose that for water measurement, the
334  selection criteria for the least-metamict zircons are <8 cm™! FWHMs, >1007 cm’!
335  Raman shifts, and <0.023 Dgpa. For oxygen isotope analysis, the selection criteria are
336 <10 cm! FWHMSs, >1005.5 cm™' Raman shifts, and <0.03 Dgpa.

337 The feasibility of such a selection scheme is evaluated in Figure 4 and Table 1,
338  which compares the measured water content and oxygen isotopes for the unscreened

339  and screened Suzhou zircons. For a given sample, the screened zircons show a much
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340  narrower and lower water content but higher 3'80 than the unscreened ones (Fig. 4a, b;
341  Table 1). The most extreme example is sample Sz3, whose primary water content in
342  the screened non-metamict zircons (681-1382 ppm) is significantly lower than that in
343  the unscreened zircons (673-5118 ppm; Fig. 4a). Similarly, 8'®0 values of the
344  unscreened zircons (4.0—6.1%0) fall into a much wider range than the screened,
345 non-metamict ones from the same sample (4.5-5.5%0) of (Fig. 4b). With this
346  screening scheme, the primary water content (ca. 650-1400 ppm) and §'30 (4.5-6.0%o)
347  obtained are close to the mantle value (5.3 + 0.6%o; Fig. 4a, b). A few analysis spots
348 on the screened zircons show very high-water content and low-oxygen isotopes,
349  probably reflecting decoupled analytical volumes for Raman and SIMS.

350 Previous studies show that metamict zircons have much higher REE, U and P
351  concentrations, but lower LREE/HREE fractionation than non-metamict ones
352 (Belousova et al., 2002; Horie et al., 2006). Metamict zircons also show
353  weakly-negative or even positive Eu anomalies (Horie et al., 2006). Thus, trace
354  element variations could potentially be used as proxies for the degree of
355 metamictization. For instance, the total REE content increases with the
356  metamictization intensity (Fig. 5e). However, P content does not show any correlation
357  with U (Fig. 5f), and the extent of Eu anomalies correlates negatively with the U
358  content (Fig. 5h), different from previous observations (Belousova et al., 2002; Horie
359 et al., 2006). This implies that the zircon trace element variation cannot be influenced
360 by metamictization alone. The positive correlation between zircon Hf, which is a proxy

361 for magma evolution (Breiter et al., 2014), and U content (Fig. 5g; Table 1) indicates
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362 that the trace element co-variation is more likely led by magma fractionation rather
363 than metamictization. Consequently, trace elements are not good indicator for
364  metamictization.

365 As discussed above, the FWHM threshold for water content is more restricted
366 than that for oxygen isotope, indicating that primary water in zircon is more
367  susceptible to radiation damage. The differences between these two criteria may be
368 linked to the lower oxygen diffusion coefficient in zircon than that of hydrogen
369  (Ingrin and Zhang, 2016; Watson and Cherniak, 1997; Zhang, 2015). It is noteworthy
370  that the water contents in those metamict zircons with FWHMs in the range of 8-10
371  cm’! are similar to those that in non-metamict zircons (Fig. 5a). As indicated by
372  Woodhead et al. (1991), perhaps only part of the damaged zircons adsorbed appreciate
373  amount of secondary water.

374  Significance of primary water content zircons in Suzhou A-type granites

375 The 8'80 values of our screened zircons are mantle-like, indicates a predominant
376  mantle contribution to the Suzhou granites (Gao et al., 2014). However, their water
377  content is much higher than that of the zircons from typical intraplate mantle-derived
378 rocks (81-177 ppm) and continental-arc I-type granites (400-736 ppm) (Fig. 7;
379 author’s unpubl. data). A-type granites are commonly interpreted as products
380  generated under anhydrous conditions (Clemens et al., 1986; Collins et al., 1982), and
381  the high-water content of zircons from the Suzhou A-type granites may challenge this
382  conventional view.

383 The measured primary water contents in zircon could be a result of diffused
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384  original water. Nevertheless, diffusive loss of water implies zircon in A-type granite
385  has higher original water content. In addition, finer granite generally cools faster, and
386  could preserve the original water content in zircon. The different grain sizes of four
387  samples in this study (coarse—porphyritic—fine), presumably cooled at different rates,
388  display similar primary water content (Fig. 5a, b), suggesting negligible diffusion
389 effect of post-zircon crystallization processes.

390 Pressure and temperature are additional factors that can influence the water
391  content in zircon. Granites are formed largely in the crust and hence their formation
392 pressure does not exceed ~1.5 GPa (Anderson, 1997; Johannes and Holtz, 2012).
393  Under such conditions, the water content of NAMs correlates positively with pressure
394  but negatively with temperature (Keppler, 2006; O'Leary et al., 2010), i.e.,
395  low-pressure and high-temperature granites should be “drier”. The Suzhou A-type
396  granites were formed in an extensional environment, at shallower crustal depth
397 (Charoy and Raimbault, 1994) but higher temperature than those of I-type granite
398  (Clemens et al., 1986; Creaser et al., 1991). However, the median zircon water content
399  of our samples (1018 ppm) is much higher than that of I-type granites (median 400—
400 736 ppm; Fig. 7). This may argue against a major control of pressure and temperature
401  on the zircon water content.

402 De Hoog et al. (2014) and Trail et al. (2010) suggested that the water partition
403  coefficient between zircon and melt increases with REE content but decreases with
404  increasing P content. If these generalizations hold in the first order, the zircon water

405  content would correlate with trace element contents, which is not observed in our

18

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8075. http://www.minsocam.org/

406  samples (Fig. 8). Specifically, the molar REE+Y-P content in the Suzhou non-metamict
407  zircons varies, but the water content remains relatively stable (Fig. 8). In contrast,
408  zircons in the Penglai alkali basalt (L1 et al., 2010) and Jurassic I-type granites in the
409  North China Craton (Wu et al., 2005; Yang et al., 2007) show limited variation in their
410  molar REE+Y-P, but extremely wide range in water content (Fig. 8; author’s unpubl.
411  data). This suggests that the relations between water and trace element contents in
412  zircon is much more complex than previously thought.

413 It remains to assess whether the measured high-water contents in the Suzhou
414  zircons reflect the characteristics of primary granitic melts and of the source. In a
415  granitic system, zircon crystallizes over a large portion of magmatic history, but most
416  zircons crystallize at a short temperature interval immediately after reaching
417  saturation (Harrison et al., 2007; Samperton et al., 2017). Based on petrological
418  observation and experiments, Clemens et al. (1986) and Dall” Agnol et al. (1999)
419  argued that zircon in A-type granite crystallized during early stage of fractionation. In
420  the case of Suzhou A-type granites, zircons occur either interstitially (Charoy and
421  Raimbault, 1994; Wang et al., 1996) or as inclusions in other minerals (Wang et al.,
422 1993; Wang et al., 1996), pointing to a long zircon crystallization process. It is
423 therefore imperative to analyze early crystallized zircons in order to constrain the
424  water contents in primitive granitic magmas. Wang et al. (1993) showed that the
425  homogenization temperature of melt inclusions in larger zircons (>100 pm; ~930 °C
426  to ~980 °C) is much higher than that of smaller zircons (<100 um, ~700 C°). The

427  early crystallized zircons also have generally lower Hf contents compared to late
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428  crystallized ones, which often show higher Hf contents and low &'%0 due to
429  hydrothermal alteration (Wei et al., 1999). The =zircons selected for water
430  measurement in this study are relatively large in size (mostly >100 pm) and show low
431  Hf concentration and higher 3'80 (Table 1, Fig. 5g). They therefore most likely
432  represent early crystallized zircons, which are not altered by late hydrothermal
433  processes. Consequently, the measured high water contents in the Suzhou zircons
434  reflect that of primary granitic melt. In fact, the Suzhou A-type granites are rich in
435  fluids, as evidenced by the ubiquitous presence of fluids and mineral inclusions in
436  zircon, as well as the common crystal cavities and pores (Charoy and Raimbault, 1994;
437  Gao et al., 2014; Wang et al., 1993). It has long been believed that Suzhou granitic
438  melts are mainly rich in volatiles such as F, but poor in water (Charoy and Raimbault,
439  1994; Wang et al., 1993). The data presented in this study, however, point to a hydrous
440  character for the Suzhou granites, calling for a review of the A-type granite

441  petrogenesis.

442
443 Implications
444 Metamictization exerts significant effects on water abundance in zircons and only

445  unmetamictized zircons can preserve information about the primary water contents in
446  the melts from which zircons crystallized. It is therefore imperative to select
447  least-metamict zircons before proceeding to water analyses. In order to establish
448  zircon screening criteria, investigation has been carried out on well-characterized
449  Early Cretaceous Suzhou A-type granites using Raman spectrometer and SIMS. It is

450  shown that the primary water content in zircon is least affected by metamictization
20
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451  when the laser Raman spectra FWHMs are below 8 cm!, corresponding to Raman
452  shift at 1007 cm™'. For oxygen isotope analysis, the critical FWHMSs range is 10 cm’!,
453 and the corresponding Raman shift is 1005.5 cm’!. Some Suzhou zircons with
454  anomalously high water contents are associated with low &'80 values, probably
455  resulting from absorbed meteoric water. The primary 8'*0 in Suzhou zircons is of
456  4.5-6.0%o0, indicating a predominant mantle contribution. The primary water content in
457  the Suzhou zircons is of 650-1400 ppm, significantly higher than that of zircons in
458  I-type granites and mantle-derived zircons. Sub-solidus diffusion, pressure,
459  temperature and cation charge balance are not the controlling factors for the high
460  primary water content in the Suzhou A-type granite, which is more likely related to
461  the high-water content in melt, presenting a challenge to the traditional view on the
462  “anhydrous” A-type granites and their genesis.
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678  Table 1. Summary of Laser Raman spectra, SIMS water contents and oxygen isotope
679  compositions, and LA-ICP-MS trace element concentrations of zircons

680

681  Figure captions

682  Figure 1. Cathodoluminescence (CL) images of zircons from the Suzhou A-type
683  granites. Red and green circles mark the spots of SIMS and LA-ICP-MS analyses,
684  respectively.

685

686  Figure 2. (a) and (b) Raman spectra of typical highly-metamict (Sz2@01) and
687 non-metamict (Sz3@04) zircons. Black, green, and red solid lines denote the
688 measured spectra, baseline, and baseline-corrected spectra, respectively; (c)
689  Baseline-corrected Raman spectra of zircons with different degrees of
690  metamictization. v,(Si0,) and v5(Si0,) denote the Si-O tetrahedral symmetric and
691  antisymmetric stretching vibration mode, respectively.

692

693  Figure 3. (a) and (b) Enlarged Raman spectra of SzZ2@01 and Sz3@04. Black and red
694  solid lines denote the Raman spectra after baseline correction and the Gaussian
695  function fitted to the v5(Si0,) vibration band, respectively; (¢) Correlation plot
696  between Raman shift and FWHM. Red circle marks the outlier.

697

698  Figure 4. (a) and (b) Box plots of zircon water contents and §'%0 distribution of the

699  four samples. Red solid lines in the box mark the median value positions. The
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700  unscreened and screened data are shown in orange and blue, respectively; (¢) Zircon
701 H,O vs. 880 plot. Negative correlation trend is present when 880 <~4.8%o, and
702  disappears when §'80 >~4.8%o.

703

704  Figure 5. (a-d) Chondrite-normalized REE patterns of zircons from the Suzhou
705  granites. Colored and gray lines denote the non-metamict (FWHMs <8 cm!) and
706  metamict (FWHMSs >8 cm!) zircons, respectively; (e-h) Plots of total REE, P, Hf
707  contents and Eu anomalies versus U content. Different colors show different FWHM
708  magnitudes.

709

710  Figure 6. Zircon water content (a, b), 3'%0 (¢, d) versus FWHM and Raman shift: (a)
711  analysis spots with FWHM <8 c¢cm!, 8-10 cm™!, and >10 cm™ are labeled in orange,
712 blue and red, respectively. Blue solid line shows the result of tree regression on the
713  medians, and the dark gray area shows the regression of 90% prediction interval.
714  Inverted red triangles denote the thresholds of FWHMs and Raman shifts for the
715  water content and §'%0 affected by metamictization.

716

717  Figure 7. Comparison of water content estimates for zircons from different tectonic
718  settings. The Penglai zircons are from the Hainan Island alkaline basalts (Li et al.,
719  2010) and Qinghu zircons are from mantle-derived monzonite in Nanling Range (L1 et
720  al., 2013), both formed in intraplate setting. Gangdese zircons are from the Late

721 Cretaceous Gangdese I-type granites. NCC J1, NCC J3 and NCC K1 denote the Early
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Jurassic, Late Jurassic and Early Cretaceous Liaodong continental arc I-type granites,
respectively. The data (except for Suzhou granites) are from authors’ unpublished data.
Red solid line and the number on it denote the median location and value, respectively.

S and N denote the number of samples and analyzed spots, respectively.

Figure 8. Plot of zircon H>O vs. (REE+Y-P) molar content. Blue circle denotes
zircons from Jurassic I-type granites in the North China Craton (unpubl. data). The
Penglai zircons from alkali basalt are shown in green (unpubl. data). Orange and gray
circles denote the non-metamict and metamict zircons of Suzhou A-type granites,

respectively.
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Table 1 Summary of Laser Raman spectra, SIMS water contents and oxygen isotope compositions, and LA-ICP-MS
trace element concentrations of zircons

FWHM Ramanshift H,0 §"0 P Yb Hf U Total REE

Sample Type 4 p EwEu*
(cm™) (cm™) (ppm)  (%0)  (ppm) (ppm) (ppm)  (ppm) (ppm)

Szl Crystalline 7.6 1007.4 732.0 5.56 201 424 6590 115 2300 0.048
Porphyritic granite Crystalline 7.2 1007.4 777.8 5.15 126 243 9555 190 1274 0.032
Metamict 17.1 999.8 4066.8 4.39 347 1401 10741 1876 7114 0.011
Metamict 15.6 999.3 2882.2 4.46 204 649 6619 138 3921 0.084
Sz2 Crystalline 7.6 1006.8 1153.2 5.73 29870 11240 8884 656 128428 0.041
Coarse-grained granite  Crystalline 7.4 1007.4 657.6 5.81 208 648 6215 111 3715 0.112
Metamict 13.9 1001.6 10454 4.89 271 1607 13279 2071 7485 0.009
Metamict 17.5 1000.8 3520.7 4.72 359 1277 13510 2274 57825 0.014
Sz3 Crystalline 6.4 1008.2 686.1 5.56 134 296 5437 29.7 1796 0.264
Fine-grained granite Crystalline 7.1 1007.8 888.8 5.23 416 346 6746 73.2 1750 0.122
Metamict 19.4 999.1 3117.9 4.18 447 3315 13108 4445 15557 0.005
Metamict 19.4 1000.2 2312.5 4.42 412 2562 13586 3467 11658 0.006
Sz4 Crystalline 7.8 1007.4 1011.6  4.99 228 787 6483 202 4754 0.042
Coarse-grained granite  Crystalline 7.4 1006.7 1179.0 5.32 2090 366 7623 146 3274 0.030
Metamict 11.0 1005.0 1786.1 4.64 1337 638 9006 350 3690 0.047
Metamict 12.0 1007.0 1428.6 4.52 11716 1203 7304 579 7911 0.115
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