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Abstract

:

The Lower Yangtze River Belt (LYRB) is one of the important magmatic and metallogenic belts in China and hosts abundant Mesozoic calc-alkaline magmatic rocks and economic mineral deposits. Anqing orefield in the southwestern of the LYRB received less attention during the last two decades. Here, we present an integrated study of whole-rock major and trace elements, zircon U-Pb dating and Lu-Hf isotopes on late Mesozoic adakites and A-type granites from the Anqing orefield. The adakites emplaced during 138–136 Ma and can be further subdivided into two types: high-SiO2 adakites (HSA) with SiO2 60 wt % from the Zongpu intrusion, and low-SiO2 adakites (LSA) 60 wt % from the Yueshan intrusion. The rocks display mid- to high-K calc-alkaline features and have consistent arc-like trace element characteristics with enrichment in LREE and LILE, and depletion in HREE and HFSE. The distinct zircon εHf(t) values for the LSA (from −27 to −20) and HSA (from −15 to −5) preclude a magma mixing model, yet suggest a subduction-related setting with partial melting of the subducted slab and overlying metasomatic mantle wedge. The A-type granites dated at 124 Ma from the Dalongshan intrusion characterized by LILE and LREE enrichment and slightly negative Eu anomalies, with lower MgO, CaO but higher K2O and Na2O contents. Their zircon εHf(t) values and geochemical features suggest that the parent magma was produced by the partial melting of Neoproterozoic crustal components, followed by variable degrees of fractional crystallization under a back-arc extensional setting, together with minor juvenile crust input. The adakites and A-type granites investigated in this study record a tectonic transition from compressive to extensional setting during 138–124 Ma. The transitional magmatic pulses are associated with distinct metallogenic signature with the adakites hosting copper deposits and the A-type granites linked to uranium mineralization.
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1. Introduction


The Lower Yangtze River Belt (LYRB) in China has been the focus of several geological, geochemical and geochronological studies in relation to the voluminous magmatism and associated metallogeny [1,2,3,4,5,6,7,8,9,10,11,12,13,14]. The LYRB hosts abundant Mesozoic calc-alkaline magmatic rocks with spatially and genetically ore deposits [10]. The petrogenesis of these magmatic suites provide insights on the metallogeny. Previous studies have proposed diverse models on the genesis of these rocks such as: (1) mixing of melts from enriched mantle and lower continental crust (LCC) [11,13]; (2) partial melting of subducted slab or ridge subduction followed by crustal assimilation [6,7,9,12]. The former model envisages an extensional setting for the calc-alkaline magmatic rocks, whereas the latter proposes a compressional setting.



In order to address this controversy, we investigated adakites and A-type granites from this belt. Defant and Drummond [15] following the work of Kay [16] first defined adakites from magnesian andesites in Adak Island in Aleutian and refer to magmas derived from the melting of young subducted lithosphere, with high Sr/Y and La/Yb ratios. Martin et al. [17] discriminated adakites into: high-SiO2 adakites (HSA; SiO2 60 wt %) and low-SiO2 adakites (LSA; SiO2 60 wt %). The HSA is considered to be generated by partial melting of a hydrous subducted slab, whereas LSA forms from partial melts of peridotitic mantle wedge metasomatised by HSA or subduction-dehydration fluids. In addition, Zhang et al. [18] proposed a new term of continental adakite based on the Yanshanian magmatic rocks in East China, and termed these as C-type adakite in contrast to the oceanic slab related adakite (O-type adakite). The C-type adakite is formed by partial melting of thickened lower crust or by fractional crystallization and is enriched in potassium [18,19] in contrast to O-type adakite which is characterized by sodium enrichment. Therefore, characterizing adakitic rocks is fundamental to the understanding of the tectonic settings and petrogenetic history of these intermediate and felsic magmatic suites.



A-type granites are generally considered to form in extensional tectonic settings [20,21]. Late Mesozoic A-type granites are widely distributed in LYRB, with ages in the range of 129–122 Ma, and their appearance is considered to mark a dominant extensional environment in this region [22,23]. Although A-type granites are characterized by anhydrous, alkaline and anorogenic features, their origin is also debated, particularly those in eastern China [24]. The popular models of their genesis include: (1) low-pressure melting of calc-alkaline rocks at upper crustal levels [25]; and (2) hybridization between anatectic granitic and mantle-derived magmas [26].



The Anqing orefield in the Anqing-Guichi area, is among the seven major polymetallic domains in the LYRB [1,2]. The Cu-Fe-Au ore deposits in this region are related to adakite intrusions [27]. Wang et al. [28] proposed that the adakite intrusions were derived from dehydration melting of delaminated mafic lower crust in an extensional tectonic regime within continental setting. On the other hand, the major hydrothermal uranium ore deposit at the Dalongshan is associated with A-type granite [29]. Thus, the late Mesozoic adakite and A-type granite intrusions in this area provide a window to explore magma evolution, tectonic setting and the relation with metallogeny. With this objective, we present an integrated study of whole-rock major and trace elements, zircon U-Pb dating and Lu-Hf isotopes on the adakites and A-type granites.




2. Geological Setting and Samples


The LYRB is located in the northern margin of the Yangtze Block along the central and lower drainage area of the Yangtze River, extending 400 km from southwestern Hubei to northeastern Jiangsu (Figure 1a [10]). Three major fault zones have been delimited in the LYRB area, including Xiangfan–Guangji Fault (XGF) in the southwest, Tancheng–Lujiang Fault (TLF) in the northwest and Yangxin–Changzhou Fault (YCF) in the south and southeast (Figure 1a). The metamorphic basement rocks in the Yangtze Block are composed of amphibolites and granulite-facies biotite-hornblende gneisses, TTG (tonalite-trondhjemite-granodiorite) and supracrustal rocks [1]. The Paleoarchean (3.3 Ga) Kongling Group is regarded as the oldest basement, which is overlain by 2000 m thick Paleoproterozoic to Neoproterozoic (1850–990 Ma) volcano-sedimentary succession [2]. Widespread Neoproterozoic magmatic events produced voluminous bimodal volcanic rocks during 825–740 Ma and involved partial reworking of the older basement. The younger rock suites are represented by the Neoproterozoic Shangxi Group and Jingtan Formation low grade metamorphic rocks and volcanic rocks in south Anhui. The LYRB is characterized by extensive late Mesozoic magmatism and mineralization, and is the most important source for metallic ores in eastern China [1,10]. The large-scale mineralization in this region is strongly associated with extensive late Mesozoic magmatism, as evidenced by the fact that the Cu-Au deposits are closely associated with late Jurassic to early Cretaceous inter-mediate to felsic high-K calc-alkaline rocks both spatially and temporally. Geochemical evidence indicate these rocks belong to adakites [12,30,31]. Two parallel A-type granites belt have been identified in the LYRB (Figure 1a), both in the uplifted zones and fault zones [32], which was formed at ca. 125 Ma, represented the final stage of ore-related magmatism.



The Anqing orefield is located in the southwestern margin of LYRB. Tectonically, the region falls within the northern margin of the Yangtze Block, and was affected by the Yangtze deep fault zone (Figure 1b). The stratigraphic sequences of the Anqing orefield contain three major units: the Precambrian Dongling Formation, which represents the regional basement with an age of 1895 ± 38 Ma [35]; Cambrian to Triassic sedimentary rocks, consisting of shallow-marine carbonate rocks, sandstone and shale; and Jurassic to Cretaceous sedimentary rocks, composed of continental clastic and volcanic rocks [36]. In this area, polymetallic Cu-Fe-Au-Mo-U-(Pb-Zn) deposits and uranium mineralization occur or adjacent to the Yanshanian intrusions which are emplaced within Permian, Triassic, and Jurassic sequences [37]. The intrusions are exposed as stocks, dikes and sills with different outcrop size ranging from 90 km2 to less than 1 km2 (Figure 1b [27]). They are dominantly composed of diorite, quartz monzodiorite, granodiorite and granite [1,27,36].



Many of the plutons intruded into the dolomite and brecciated limestone of the Triassic Yueshan and Lanlinghu Formations, and host Cu-Au skarn- and vein-type deposits (Figure 2a,d). Among these, the Yueshan diorite is the most important intrusion and hosts Cu-Fe-Au mineralization. The pluton is composed of diorite, quartz diorite and monzodiorite (Figure 3a,b). The quartz diorite shows medium- to fine-grained or inequigranular texture, and is composed of plagioclase (50%–70%), amphibole (10%–20%), K-feldspar (5%–15%), quartz (5%–15%), and minor biotite, pyroxene and accessory minerals including titanite, apatite and pyrite (Figure 3a,b).



The Zongpu diorite pluton consists of quartz diorite and granodiorite with fine- to medium-grained granular and porphyritic textures (Figure 2b and Figure 3c,d ). The mineral assemblage is similar to that in the Yueshan intrusion, except for the higher biotite and lower amphibole contents in the Zongpu diorite. The Dalongshan A-type granite in the western part of the Zongpu intrusion is associated with hydrothermal uranium deposits. The pluton is composed of quartz–syenite and alkali–feldspar–granite, with fine to medium granular texture, and an assemblage comprising perthite (25%–35%), quartz (30%–35%), orthoclase (10%–15%), plagioclase (10%–15%), amphibole (3%–8%), biotite (2%–5%), and minor accessory minerals (pyrite, magnetite and apatite) [33] (Figure 2c and Figure 3e,f).




3. Analytical Methods


3.1. Whole-Rock Major and Trace Element Analysis


Fresh samples were powdered in an agate mill to 200 mesh size at the ALS Geochemistry Laboratory in Guangzhou. Major oxides were determined by wavelength-dispersive X-ray fluorescence spectrometry (XRF) on fused glass beads using an AXIOS Minerals spectrometer at ALS. Loss on ignition (LOI) was determined after igniting the sample powders at 1000 °C for 1 h. The analytical uncertainties were generally within 0.1%–1% (RSD). Trace elements, including rare earth elements (REE), were determined by inductively coupled plasma mass spectrometry (ICPMS) of solutions on an Elan DRC-II instrument (Element, Finnigan MAT), after 2 days closed beaker digestion using a mixture of HF and HNO3 acids in Teflon screw-cap bombs. The uncertainties of the ICPMS analyses are estimated to be better than 5% for most elements.




3.2. LA-ICPMS Zircon U-Pb Dating


Zircon grains were separated from samples using standard density and magnetic separation techniques. Representative zircon grains were hand-picked under a binocular microscope, mounted on adhesive, enclosed in epoxy resin, polished, and photographed in reflected light. The internal structure of the grains was examined using the cathodoluminescence (CL) image at the Analytical Center of University of Science and Technology of China in Hefei. Zircon U-Pb analysis was conducted by Laser Ablation- Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) at the CAS Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of China in Hefei. The GeoLas 200M laser-ablation system is equipped with a 193 nm ArF-excimer laser was used in connection with ELAN6100 DRC ICPMS in Hefei. Helium gas was used as the carrier gas to enhance the transport efficiency of the ablated material. All measurements were performed using zircon 91500 as the external standard with a recommended 206Pb/238U age of 1065.4 ± 0.6 Ma [38]. Common Pb correction was carried out by using the EXCEL program of ComPbCorr#3_181 [39]. Ages were calculated using the ISOPLOT program [40].




3.3. Zircon Lu-Hf Isotope Analysis


In-situ analyses of Lu-Hf isotopes were conducted by laser ablation of the same zircon grains on the spots previously analyzed by LA-MC-ICPMS. Analyses were carried out using a New Wave—193 nm ArF-excimer laser-ablation system linked to a Neptune multiple-collector inductively coupled plasma mass spectrometer (LA-MC-ICPMS), housed at the laboratory of the Tianjin Institute of Geology and Mineral Resource, Chinese Academy of Geological Sciences. Instrumental parameters and data acquisition followed that described by Wu et al. [41]. The analyses were conducted with a beam diameter of 50 μm, 8 Hz repetition rate with a laser power of 15 J/cm2. External calibration was made by measuring zircon standard GJ-1with the unknowns during the analyses to evaluate the reliability of the analytical data, which yielded a weighted mean 176Hf/177Hf ratio of 0.282001 ± 37 (2σ). This value is in good agreement with the recommended value of 0.282008 ± 7 (2σ) [42]. The mean βYb value was applied for the isobaric interference correction of 176Yb on 176Hf in the same spot. The ratio of 176Yb/172Yb (0.5887) was also applied for the Yb correction. A decay constant for 176Lu of 1.865 × 10−11 year−1 [43], the present-day chondritic ratios 176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332 [42] were adopted to calculate εHf(t) values. Single-stage Hf model ages (TDM1) were calculated relative to the depleted mantle present-day value of 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 [44]. The two-stage Hf model ages (TDM2) were calculated assuming that the parental magma was produced from average continental crust (176Lu/177Hf = 0.015) that originally was derived from the depleted mantle [45].




3.4. Zircon Trace Element Analysis


Zircon trace element analyses were performed by LA-ICPMS at the CAS Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of China in Hefei. The laser ablation spots are close to the LA-ICPMS analysis spots on the same zircon grain. Analyses of zircon trace elements were conducted with a beam diameter of 32 μm, repetition rate of 6 Hz and laser energy of 60 mJ. The detailed parameters of the instrument can be found in Liu et al. [46], and the analytical procedures were previously reported by Yuan et al. [47]. Quantitative results were obtained through calibration of relative element sensitivities using the NIST-610 as the external standard, and the zircon SiO2 as an internal standard for normalization of each analysis. The precision of simultaneous NIST-610 analyses is better than 5% for REE, Y, Sr, Nb, Hf, Ta, Th and U at the ppm level, and better than 10% for Mn, P, Ti and Pb. The detection limit for the different REE varies from 0.02 to 0.09 ppm.





4. Results


4.1. Major and Trace Elements


A total of fifteen samples (including seven diorites in the Yueshan, six diorites in the Zongpu and two granites in the Dalongshan) from the Anqing orefield were selected for whole-rock major and trace elements analyses and the results are listed in Table 1. In addition, published data from this area are also compiled [48,49,50,51,52], they are listed in Supplementary data Table S1.



The diorites show SiO2 contents ranging from 56.33 to 68.43 wt % with an average of 59.89 wt %, whereas their total alkali contents (K2O + Na2O) vary from 6.68 wt % to 9.94 wt %, with a mean of 8.02 wt % (statistical data from Table 1 and Table S1, same as follow). The rocks show high Na2O contents of 4.09 wt %–6.22 wt % with mean of 5.00 wt %. Following the definition by Martin et al. [17], the HSA dominantly occur in the Zongpu (SiO2 60 wt %), whereas the LSA are mainly distributed in the Yueshan (SiO2 60 wt %). Both rock types are enriched in Al2O3 from 14.45 to 18.12 wt % with an average of 16.29 wt %. Furthermore, the LSA have higher MgO contents relative to HSA with Mg# (molar ration of Mg2+/[Mg2+ + Fe2+]) of 47 to 52. In contrast, the granites from the Dalongshan have higher SiO2 and K2O contents, but lower CaO and MgO relative to diorites. Their Mg# shows values down to 21, far lower than the adakites nearby.



We used TAS (Total Alkali vs. SiO2) diagram (Figure 4a) and K2O-SiO2 diagram (Figure 4b) to classify the intrusions in the Anqing orefield. In the TAS diagram, both the Yueshan and Zongpu diorites are mainly located within monzonite field with several high-SiO2 samples falling in the quartz-monzonite zone, whereas the Dalongshan granites are located in the syenite and granite fields. In K2O-SiO2 diagram, the Yueshan diorites dominantly belong high-K calc-alkaline series, and the Zongpu diorites display calc-alkaline affinity, also refer to Figure S1. The Dalongshan granites have very high K2O contents, and plot within shoshonitic series with marked variation in their SiO2 contents.



In Harker diagram (Figure 5), composition of major oxides in the diorite intrusions from both the Yueshan and Zongpu show systematic magmatic evolutionary trend from low SiO2 to high SiO2. Contents of Fe2O3T, TiO2, CaO, P2O5 and MgO decrease with increasing of SiO2, suggesting the role of fractional crystallization. Na2O, K2O and Al2O3 exhibit weak correlations with SiO2.



The REE distribution patterns are similar for the Yueshan and Zongpu diorites (Figure 6a), whereas the Yueshan granites are more enriched in light rare earth elements (LREE) with slightly negative Eu anomalies (Figure 6a). The REE contents of the Yueshan diorites range from 250 ppm to 178 ppm (average 233 ppm), and are slightly higher than those of the Zongpu adakites (average = 133 ppm, ranging from 129 ppm to 139 ppm). No significant Eu anomaly is seen in the Zongpu intrusion, whereas the Yueshan rocks display slightly negative Eu anomalies. Compared to continental crust, the diorites have higher LREE contents and lower heavy rare earth element (HREE) contents. Their REE patterns indicate more fractionation between LREE and HREE relative to continental crust. REE distribution patterns of the Dalongshan granites are shown in Figure 6b, which display clear negative Eu anomalies, and strong fractionation between LREE and HREE with flat HREE patterns. Moreover, these granites have higher REE contents of than those of continental crust and diorites from the Yueshan and Zongpu intrusions. The total REE contents reach up to 449 ppm.



The primitive mantle normalized spider diagrams display that the granitoids from the Yueshan, Zongpu and Dalongshan intrusions have similar features of large ion lithophile elements (LILE) enrichment and high field strength elements (HFSE) depletion, in accordance with arc-like signatures (Figure 7). The Yueshan–Zongpu diorites show a similar pattern in their compositions although the Yueshan diorites have higher contents of trace elements than those of the Zongpu. Compared to continental crust, the Yueshan–Zongpu diorites show more enrichment in LILE and LREE. In particular, their Sr and La concentrations are remarkably higher than those of continental crust. The Dalongshan granites show similar patterns with arc-like signature (Figure 7b).




4.2. Zircon Morphology, U-Pb Dating and Trace Element


Zircon U-Pb isotopic compositions and U-Pb ages of the Yueshan, Zongpu and Dalongshan intrusions from the Anqing orefield are listed in Supplementary data Table S2. Representative zircon CL images, U-Pb concordia diagrams and trace elements are shown in Figure 8. Most of the zircon grains are idiomorphic, with obvious oscillatory zonings, suggesting magmatic origin [59]. Zircons from diorite intrusions show a wide range of uranium and thorium concentrations, with U ranging from 96 ppm to 1768 ppm, Th from 93 ppm to 761 ppm, and Th/U ratios from 0.2 to 1.3, mostly above 0.4. Zircons from the granite intrusion also display a large range with U from 54 ppm to 627 ppm, Th from 65 ppm to 789 ppm, and Th/U ratios ranging from 0.2 to 2.2 (mostly 0.4). Zircons from diorites have higher Th and U contents than those of granites.



The oldest ages are shown by zircon grains in the Zongpu diorite intrusion, with a weighted mean 206Pb/238U age of 138.1 ± 1.1 Ma (MSWD = 0.059, n = 25, 03ZPS02) and 138.0 ± 0.8 Ma (MSWD = 0.46, n = 14, 14ZP01). Zircons from the Yueshan diorite intrusion show a weighted mean 206Pb/238U age of 136.9 ± 1.4 Ma (MSWD = 0.46, n = 22, 03YS16). The youngest two samples are from the Dalongshan granite intrusion with weighted mean 206Pb/238U age 124.5 ± 3.6 Ma (MSWD = 3.1, n = 30), and 124.0 ± 3.0 Ma (MSWD = 2.4, n = 29). Inherited older zircon grains are rare in our samples. Most of the zircons crystallized from the magmas and the ages can be taken to represent the timing of magma emplacement.



Trace element contents of the zircons are listed in supplementary data Table S3. Chondrite normalized REE diagrams of representative zircons are shown in Figure 8, where they show a similar pattern with positive Ce anomalies, enrichment in HREE and a large range in LREE, in accordance with the features of magmatic zircons [59]. In the Yueshan–Zongpu intrusions, zircon grains in the diorites display slight negative or even no Eu anomalies. However, zircons from the Dalongshan granites show marked negative Eu anomalies (Figure 8). We calculated their zircon Ce(IV)/Ce(III) ratios, and Yueshan zircons have the highest ratios of 300–6000, Zongpu zircons display the relative high and less varied ratios of 300–1000, and Dalongshan zircons show the lowest and wide range of 40–1000 (Figure 14).



Given that most zircons in this study are of magmatic origin, we calculated crystallization temperature using the Ti contents in zircons following by Watson et al. [60]. The results are also listed in Table S3. We chose the peak value of each group of temperature instead of the mathematical average value. The diorites display relatively low crystallization temperatures with a single peak value of 700 °C in the Zongpu and 657 °C in the Yueshan. The Dalongshan granites show higher crystallization temperature than those of the diorites with two peak values at 721 °C and 779 °C.




4.3. Zircon Lu-Hf Isotopes


Zircon Lu-Hf isotopic compositions are listed in supplementary data Table S4, and their εHf(t) value histogram is shown in Figure 9, where the highest frequency is taken to represent the Hf isotopic compositions of the rock. Granitoids from the Anqing orefield show a wide range of εHf(t), from the lowest value of −23.3 (03YS16) in the Yueshan diorite intrusion, to the highest value of 1.5 (03DLS01) in the Dalongshan granite intrusion. Sample 03DLS03 has εHf(t) = −9.5 with TDM2 (two-stage Hf model age) at 1793 Ma. Two samples from the Zongpu diorite intrusion share similar Hf isotopic features: one sample (03ZPS02) has εHf(t) = −6.8 with TDM2 at 1615 Ma, and the other one (14ZP01) has εHf(t) = −11.5 with TDM2 at 1968 Ma. One sample (03YS16) from the Yueshan diorite intrusion shows the oldest TDM2 of 2668 Ma.





5. Discussion


5.1. Age and Petrogenesis of Diorites


Zircon U-Pb analysis of diorites from the Yueshan–Zongpu intrusions show emplacement ages of 138 Ma to 136 Ma. Our results are consistent with those in a previous study by Chen et al. [61] who obtained an age of 136 Ma by 40Ar/39Ar spectra of amphibole from the Yueshan intrusion. Li et al. [62] applied Rb-Sr isochron of the three unaltered minerals (biotite, hornblende and plagioclase) and obtained an age of 137.6 Ma for the Yueshan intrusion. Zhang et al. [33] reported SHRIMP zircon U-Pb age of 138.7 ± 0.5 Ma for diorites in the Yueshan intrusion. The age data from previous studies and our work confirm that the Yueshan intrusion was emplaced at ca. 136 Ma. In the case of Zongpu dioritic intrusion, Wu et al. [63] reported U-Pb zircon age of 137.5 ± 2.2 Ma by LA-ICPMS. This age is also consistent with our result of 138.1 ± 1.1 Ma within uncertainties, suggesting that the dioritic intrusion was emplaced at ca. 138 Ma.



The Yueshan–Zongpu diorites display high Sr (773–2663 ppm) and La (26–54 ppm), with low Y (5.3–16.9 ppm) and Yb (1.7–4.5 ppm). The Sr/Y and (La/Yb)N ratios are remarkably high relative to normal island-arc andesites, dacites and rhyolites (ADR) (Figure 10). These, and other geochemical features indicate that the diorites have adakitic affinity [15,17]. The classic adakites defined by Defant and Drummond [15] are characterized by 56 wt % SiO2, 15 wt % Al2O3, generally 3 wt % MgO (rarely above over 6 wt %), low Y and HREE relative to ADR, high Sr relative to ADR, low HFSE like most of the ADR. Compiling more than 300 adakites analysis, Martin et al. [17] refined this definition and proposed that adakites can be divided into two groups of low-SiO2 adakites and high-SiO2 adakites, where the boundary line is 60 wt %. They suggested that HSA are formed by subducted oceanic slab melting, whereas LSA are generated by partial melting of peridotitic mantle wedge.



However, subsequent studies revealed that partial melting of delaminated or thickened lower continental crust can also generate adakitic rocks [3,64]. Thus O-type and C-type adakites were proposed corresponding to oceanic and continental adakites. Figure 11 shows their major differences: C-type has higher K2O/Na2O than O-type, whereas O-type shows a steeper slope than those of C-type in the Sr/Y vs. (La/Yb)N. Apparently, diorites from the Yueshan and Zongpu intrusions belong O-type adakites (Figure 11). They are also distinct from adakitic rocks formed by the melting of thickened lower continental crust.



Most adakites from the Yueshan and all from Zongpu have SiO2 contents 60 wt % and 60 wt %, respectively. Thus we classify that the Yueshan adakites as LSA and the Zongpu adakites as HSA. The two groups adakites show marked differences in their major and trace element compositions (Figure 12), suggesting distinct sources for their petrogenesis. The LSA differ from HSA primarily in that they have lower silica contents but higher MgO contents (Figure 12a). Niobium, as an important high filed strength element (HFSE) and immobile element, its contents in LSA are systematical higher than the HSA [17], which is evidenced by this present (Figure 12b). In the Figure 12c, both K and Rb displayed significant differences between LSA and HSA. Although most Yueshan adakites located out of the field of LSA, they have similar geochemical features of lower K and Rb contents to LSA. The Yueshan adakites have the lower Cr/Ni ratios and narrow range in contrast with the Zongpu adakites (Figure 12d), indicating a source that is not basaltic, but mantle peridotite melting [17]. The HSA mainly formed from the direct melting of subducted oceanic slab, variably contaminated by slab-melts; whereas the LSA were generated by melting of a peridotitic mantle wedge whose composition has been modified by reaction with felsic slab-melts [17].



Porphyry copper-gold deposits are widely distributed within the LYRB (Figure 1), which are regarded to be closely related to the adakitic intrusions. Their petrogenesis remains controversial, with diverse models proposed including: (1) partial melting of subducted oceanic crust [4,30] or ridge subduction [7,22]; (2) partial melting of thickened or delaminated lower continental crust [3,64,67]; and (3) mixing of enriched mantle-derived and lower crust-derived magmas [11,13]. The Yueshan and Zongpu adakites show higher εNd(t) values than those of the thickened Yangtze lower crust and the adakites from this (Figure 13). They also display higher MgO contents than those of lower crust-derived adakites (Table 1 [28]). Moreover, the fO2 of such adakites are too low to generate the porphyry copper-gold deposits in the LYRB. In this study, the zircon Ce(IV)/Ce(III) and δEu, apparently suggest high fO2 environment (Figure 14). The melts derived from delaminated lower crust will be characterized by elevated Cr and Ni contents due to reaction of melt-peridotite during their ascend [68]. However, neither the Yueshan nor Zongpu adakites have high Cr and Ni contents (Cr: 25–63 ppm, Ni: 13–17 ppm, Table 1). Thus, this model is excluded.



Previous studies have argued against a subduction-related petrogenesis on the basis of highly enriched Nd and Hf isotopes relative to MORB and Cenozoic slab-derived adakites (Figure 13 and Figure 15). The isotopic investigations on the early Cretaceous mafic volcanic rocks from Ningzhen and Ningwu regions in the LYRB demonstrate the presence of enriched lithospheric mantle instead of depleted mantle or primitive mantle [74]. The field of Sr-Nd isotopes for felsic adakites overlaps with the composition of mafic/basaltic volcanic rocks, and their relationship seems to be more likely related to Cenozoic slab-derived adakites and MORB (Figures 11 and 13 in [30]; Figure 11 in [12]). The enriched lithospheric mantle resulted through interaction between the mantle and the Paleo-Pacific plate, resulting in upwelling of asthenosphere or Neoproterozoic subducted material [79], or were generated from the oceanic slab subduction during collision of the Yangtze and Cathaysia blocks [80]. Thus ancient continental materials must be involved during the enriched lithospheric mantle formation, as also confirmed by the presence of Neoproterozoic inherited zircons (Figure 15 [63]).



Although the HSA and LSA share similar trace elemental features, they display significant differences in major element and isotopic compositions. Magma mixing of enriched mantle- and lower crust-derived melts lead to a mixture between two endmembers. However, neither isotopic nor elemental (concentrations and ratios) show any linear or hyperbolic relationship (e.g., Figure 13). Moreover, considerable amounts of LYRB adakites fall far from the mixing line in the Sr-Nd isotopic diagram (Figure 13). Plagioclases from the Shaxi adakites within the LYRB do not show any zoning, which also argues against magma mixing process [12]. Coeval HSA and LSA are more likely to have formed in subduction-related setting [17]. In the LYRB, enriched sub-arc mantle wedge metasomated by slab-melts or slab-fluids resulted in the adakitic signatures, followed by partial melting which produced the LSA with enriched Nd-Hf isotopic compositions (Figure 13 and Figure 15). The HSA formed by subducted slab melting and melt-peridotite interaction during ascent through mantle wedge. Therefore, partial melting of subducted oceanic slab and hydrated enriched mantle wedge are considered as the possible scenario for the petrogenesis of LSA and HSA.




5.2. Age and Petrogenesis of A-Type Granites


Two A-type granite belts are distributed parallel in the northern and southern domains of the Yangtze River. These granites are rich in alkali (high up to 12 wt %), poor in water (low only about 0.5 wt %) and show very high 10,000 × Ga/Al ratios. The Dalongshan A-type granites belong to the northern belt, composed of syenite, quartz syenite and alkali-feldspar granite with ages in the range of 128–124 Ma [47,79]. In this study, the Dalongshan A-type granites yield an age of 124 Ma (Figure 8), in accordance with previous results within error [49,81].



A-type granites are characterized by high Fe/(Fe + Mg) and K2O/Na2O ratios, and incompatible elements contents compatible with mafic silicates (e.g., Co, Sc, Cr and Ni) and feldspars (e.g., Ba, Sr, Eu) [20]. In this study, the Dalongshan granites are enriched in LILE (Rb, Th, U, REE except Eu) and HFSE (Zr, Hf, Nb and Ta), and show high total alkali (K2O + Na2O) (8.6 wt %–11.2 wt %) with high K2O/Na2O ratios of 0.9, in accordance with typical A-type granites. Furthermore, calculated Ti-in-zircon temperatures (based on equation of [60]) for two granite samples are in the range of 672 °C to 837 °C with an average of 748 °C, implying a relatively high temperature origin. Since trace elements could be easily affected by crystal fractionation, Frost et al. [82] proposed a new geochemical classification for granitic rocks by introducing two parameters: modified alkali-lime index (MALI, Na2O + K2O − CaO) for feldspars abundance which is related to magma origin, and FeOT/(FeOT + MgO) for information from crystal fractionation of granitoid magma (Figure S1). These diagrams show that the Dalongshan granites belong to alkali- and ferroan- A-type granites (Figure S1). A-type granites have been further divided into A1 and A2 chemical subgroups [21]. The A1 subgroup is characterized by elemental ratios similar to those of oceanic-island basalts (OIB), whereas A2 subgroup is characterized by elemental ratios that vary from those of continental crust to those of island-arc basalts (IAB). It is proposed that two sub-types have different sources and tectonic settings [21]. Based on discrimination diagrams in Figure 16, the Dalongshan granites are located within the field of A1-type granites, which represent differentiates of mamas derived from OIB-like basalts emplaced in continental rifts during intraplate magmatism. The A1-type granites suggest an intraplate extensional tectonic setting, in contrast to the Yueshan–Zongpu coeval HSA and LSA reflecting a subduction-related setting.



The petrogenesis of A-type granites remains controversial, and diverse scenarios have been proposed as follow: (1) combined crustal and mantle sources, in the form of either crustal assimilation and fractional crystallization of mantle-derived magmas, or mixing between mantle- and crust- derived magmas [24]; (2) Anatexis of continental crustal protoliths that were previously depleted by extraction of a hydrous felsic melts [20]; (3) Extreme differentiation of mantle-derived tholeiitic or alkaline magma precursor [84]. A-type granites with ages of 130–124 Ma are widely distributed in the LYRB, and include the Huangmeijian, Tongshan, Damaoshan and Yangshan intrusions. Wong et al. [85] suggested that the Baijuhuajian A-type granites were derived from a predominantly mantle component followed by extensive crystal fractionation with minor input of older crustal materials. However, the enriched Nd-Hf isotopes argue strongly against this interpretation due to lack of juvenile crust materials as the dominant source [14]. On the other hand, Jiang et al. [86] proposed that the Tongshan and Damaoshan A-type granites formed by partial melting of Mesoproterozoic source rock involving both metasedimentary and metaigneous rocks that were previously depleted by extraction of a felsic melt. The Dalongshan granites show marked variation of zircon εHf(t) values ranging from −18 to 10.5 with an average of −3.9 (Figure 15). The corresponding peaks TDM2 are 1793 Ma and 1069 Ma, respectively (Figure 9). Furthermore, they have high SiO2 contents of about 64 wt % (Table 1), implying that they are unlikely to have been sourced directly from the mantle, even from a metasomatized and enriched mantle. Thus a possible source for the A-type granites in this area is either Mesoproterozoic crust or Neoproterozoic crust. Previous zircon Hf isotope data from magmatic and basement metamorphic rocks in the Yangtze Block suggest three episodes of crustal growth at 3.8–3.6 Ga, 2.6–2.5 Ga and 1.2–0.8 Ga [10,79], among which the Neoproterozoic crust might be the likely source. The presence of positive zircon εHf(t) values implies minor input of juvenile components. The subducted slab break off at about 124 Ma resulted in, asthenosphere upwelling and formation of mafic magmas. The ascent of these magma and melting of the overlying Neoproterozoic crust produce the Dalongshan A-type granites, as illustrated in a petrogenetic model in Figure 17. The other petrotectonic model involved slab subduction and roll-back [10], which could account for the minor juvenile input. In their model, the lithospheric mantle had been metasomatized by fluid/melt from a subducted slab, and especially from the slab sediments before 148 Ma [10]. The slight differences between their model and our model, are that the subducted time in this region is exactly constrained at 138 Ma. The subducted products are evidenced by HSA and LSA as illustrated in Figure 17a.




5.3. Tectonic Evolution and Mineralization


The LYRB in eastern China is an important metallogenic belt, which is closely associated with and genetically related to the late Mesozoic magmatic rocks [1,2,10,11]. Three major magmatic pulses are identified in this region: (1) first stage at 148–133 Ma, represented by intermediate to felsic calc-alkaline intrusions associated with Cu-Au-Mo polymetallic deposits [11,89]; (2) mafic to intermediate alkaline volcanic and subvolcanic rocks associated with magnetite-apatite deposits representing the second stage at 133–127 Ma [11,89]; and (3) A-type granites linked to uranium and gold mineralization in the third stage (127–123 Ma) [10]. This study involved the first and third stages, corresponding to adakites and A-type granites.



In the first stage, the Paleo–Pacific subducted slab dehydrates and leading to partial melting of oceanic crust, and producing slab-melts. The melts interacted with peridotites in the mantle wedge, and generate the HSA. Since the depth of formation of slab-melts are greater than those for the formation of LSA, the magmas temperatures should be higher than those of LSA. This is consistent with our results that show Ti-in-zircon temperatures for the Zongpu HSA as 738 °C, but only 656 °C for the Yueshan LSA (Table S3). Following this, the ascending slab-melts metasomatized the overlying enriched mantle wedge and triggered partial melting, producing the LSA. In this scenario, the formation age of LSA should be slightly younger than those of HSA. The Yueshan LSA (136 Ma) shows systematically younger age than that of the Zongpu HSA (138 Ma). This feature is also confirmed by the Shujiadian quartz diorite porphyry (143.7 Ma) in contrast to the pyroxene diorite (139.8 Ma) [13] as well as the Shaxi quartz diorite (130 Ma) as again the biotite-gabbro (129 Ma) [12].



Under subduction-related setting, fluids released from the oceanic slab enrich the magma source with S, H2O, and metals [77], which also provides high fO2 (QFM + 2 [90]). This is confirmed by the zircon Ce(IV)/Ce(III) vs. δEu oxygen fugacity discrimination diagram (Figure 14), indicating high magmatic oxidation state [77]. Ce(IV)/Ce(III) ratio within zircon can be calculated using a lattice-strain model for mineral-melt partitioning of Ce(IV) and Ce(III), in combination with zircon δEu values, magmatic oxidation states can be inferred [77]. High oxygen fugacity may eliminate sulfides in the source region and keep the melt sulfide under-saturated, thereby promoting porphyry copper mineralization [12,91]. The other important factor is that oceanic crust has higher initial Cu contents than those of continental crust and mantle [92], thus subducted oceanic slab is a favorable source for Cu. In this study, the Dalongshan granites are plotted in the field of barren intrusions with low oxygen fugacity, whereas the Yueshan–Zongpu adakites fall within field of ore-bearing host rocks with high fO2. This is the possible reason for the concentration of porphyry Cu deposits in the Yueshan–Zongpu intrusions (Figure 1).



In the third stage, accompanying roll-back of the subducted slab, more intense extension allowed upwelling of the asthenosphere, destruction of the lithospheric mantle, and reworking of the Neoproterozoic crust during 127–123 Ma [10]. Sun et al. [22] proposed a marked change in the drift direction of the Paleo-Pacific plate during this period, and correlated this with the formation of gold mineralization in eastern China. The coeval A-type granites in LYRB are controlled by the northwestward subduction of the Paleo-Pacific plate as inferred from: (1) the NE-striking of the Yangtze Block; and (2) the NE-SW elongation of most granites in the LYRB [14]. The continental arc setting has been identified by the coeval diabasic dyke [86], and the regional geological characteristics suggest that A-type granites are probably emplaced at the beginning of back-arc extension. The underplating of mafic magmas triggered partial melting of Mesoproterozoic-Neoproterozoic crust in the back-arc extension regime, in response to the drift direction of the Paleo-Pacific plate, producing A-type granites in LYRB [14]. In summary, the LSA and HSA together with A-type granites record a tectonic transition from a compressive to an extensional setting during 138–124 Ma. In a short time of 14 Ma, the tectonic transition can be occurred. In Sabzevar structural zone (NE Iran), the extensional regime and the magmatic flare-up (45 Ma) [93] is 13 Ma younger than high-pressure pristine adakitic slab melts (ca. 58 Ma) intruded in the subduction channel [94]. Both well-documented examples from the Anqing area and the Sabzevar structural zone confirmed that tectonic transition from a compressive to an extensional setting could happen in a short time, e.g., 14 Ma.



The Dalongshan A-type granites formed by anatexis of uranium-rich Precambrian metasedimentary rocks. Deuteric alteration of primary U-bearing accessory minerals such as zircon, titanite and apatite, and the erosion of the granites under a hot, dry paleoclimate lead to partial release of U [95]. Uranium is hosted in pitchblende along tectonic fractures, and interstitially fill the granular minerals. Late Yanshanian magmatic event at 124 Ma as well as radioactive decay of K, U in the A type-granite provided additional heat source for the formation of U-bearing hydrothermal fluids. Crystal fractionation of K-feldspar and biotite during the formation of A-type granites resulted in relative enrichment in Si, U and HREE (Figure 6), further providing a potential U enriched source. The other U source in the area is sandstone, which has high U content (21 ppm) [96]. Hydrothermal alteration can further concentrate the U contents in altered sandstone and A-type granites, which comprise pre-ore alkali-metasomatism and ore-stage hydrothermal chloritization, pyritization, hematitization, silicification, damouritization and carbonatization. The ore-forming temperature of the Dalongshan U deposit has been constrained at 270–290 °C, and the time of major ore formation is dated at 110 Ma, belonging to the mesothermal to epithermal U deposit [96].





6. Conclusions


	(1)

	
Adakites from the Anqing orefield can be divided into two groups as LSA and HSA, corresponding with the Yueshan and Zongpu diorites, respectively. Subduction-related setting is proposed for the magma genesis and involved the following processes. In the early stage, the HSA formed by slab-melts that reacted with peridotite during ascend through the overlying enriched mantle wedge. Subsequently, melting of a peridotitic overlying enriched mantle wedge whose composition has been modified by reaction with slab-melts occurred. Zircons in the HSA and LSA yield ages of 138 Ma and 136 Ma, respectively. Porphyry copper-gold deposits are closely associated with and genetically related to these adakites.




	(2)

	
The A1-type granites are dated at 124 Ma, and their zircon εHf(t) values and geochemical features suggest formation through partial melting of Neoproterozoic crust with minor juvenile input under a back-arc extensional setting associated with the roll-back of Paleo–Pacific plate. The source for U in the associated ore deposit is considered to be the A-type granites and sandstones. The emplacement of A-type granitic intrusion provided the heat and fluids which mobilized and concentrated the U.




	(3)

	
The adakites together with A-type granites record a tectonic transition from a compressive to an extensional setting during 138–124 Ma.
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Figure 1. (a) Simplified geological map of magmatic rocks and ore deposits in the LRYB (the insert shows the general tectonic divisions of China) (modified after [11,33,34]); (b) geological map of the Anqing district, Anhui Province, China (modified after [27]). YCF: Yangxin–Changzhou Fault, XGF: Xiangfan–Guangji Fault, TLF: Tancheng–Lujiang Fault. Ore deposit information: 1—Anqing copper deposit; 2—Tongliujing deposit; 3—Tiepuling deposit; 4—Liujiawa deposit; 5—Longmenshan copper deposit; 6—Dapai iron deposit; 7—Yanjialaowu deposit; 8—Caiguashan deposit; 9—Dalongshan deposit. The Yueshan, Zongpu, Dalongshan, Wuheng and Hongzhen intrusions are shown (from [27]). 
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Figure 2. Field photos of the Yueshan (a) and the Zongpu intrusions (b); hand specimens of the Dalongshan quartz granite porphyry (c) and the Yueshan quartz diorite and ores (d). 
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Figure 3. Photomicrographs of the Yueshan, Zongpu and Dalongshan intrusive rocks in the Anqing orefield. The Yueshan quartz diorite shows Amp + Pl + Qtz and accessory titanite and pyrite; plane polarized light (a) and cross polarized light (b). The Zongpu quartz diorite mainly composed of plagioclase, perthite, quartz and amphibole, shown in plane polarized light (c) and cross polarized light (d). The Dalongshan quartz granite porphyry showing plagioclase, quartz, biotite and amphibole in plane polarized light (e) and cross polarized light (f). Amp: amphibole, Bt: biotite, Pl: plagioclase, Py: pyrite, Qtz: quartz, Ttn: titanite. 
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Figure 4. TAS (a) and K2O-SiO2 (b) classification diagrams for the Yueshan, Zongpu and Dalongshan magmatic rocks. Fields in the TAS diagram are after [53]. The fields for K2O-SiO2 diagram are after [54], and the dashed line is from [53]. 1—olivine gabbro; 2a—syenogabbro; 2b—gabbro; 3—gabbro– diorite; 4—diorite; 5—granodiorite; 6—granite; 8—alkali–gabbro; 9—alkali–gabbroicdiorite; 10—syenodiorite; 11—quartz monzonite; 12—syenite; 13—feldspathoid gabbro; 14—feldspathoid monzonite diorite; 15—feldspathoid monzonitic syenite; 16—feldspathoid syenite; 17—foidite pluton; 18—leucite rock. 
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Figure 5. Major element Harker diagrams for diorites and granites in the Anqing orefield. (a) NaO2 vs. SiO2; (b) K2O vs. SiO2; (c) MgO vs. SiO2; (d) CaO vs. SiO2; (e) Al2O3 vs. SiO2; (f) TiO2 vs. SiO2; (g) P2O5 vs. SiO2 and (h) Fe2O3 vs. SiO2. 
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Figure 6. Chondrite normalized REE patterns of diorites (a) and granites (b) from the Anqing orefield. Chondrite, MORB and continental crust are taken from [55,57,58], respectively. 
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Figure 7. Primitive mantle normalized spider diagrams of diorites (a) and granites (b) from the Anqing orefield. Primitive mantle data are taken from [57]. Symbols are as in Figure 4. In addition, the data of two granites from the Dalongshan [49] have been incorporated into Figure 5b. 
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Figure 8. CL images, concordia diagrams and REE patterns of zircon grains from the Yueshan (a–c), Zongpu (d–f) and Dalongshan (g–i) intrusions in the Anqing orefield. Chondrite normalized data are taken from [55]. 
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Figure 9. Frequency distribution histogram of εHf(t) values of zircons from granitoids in the Anqing orefield. 
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Figure 10. Classification diagrams of (a) Sr/Y vs. Y and (b) (La/Yb)N vs. YbN for diorites from the Yueshan and Zongpu after [15]. ADR: normal andesites, dacites and rhyolites. The boundaries between ADR and adakite are taken from [65]. Symbols are as in Figure 4. 
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Figure 11. (a) K2O/Na2O vs. Al2O3 diagram comparing adakites from the Yueshan–Zongpu and other localities. Field of oceanic slab-derived adakites is after [66]; whereas field of Dabie adakites from thickened LCC (lower continental crust) is from [30]; (b) Sr/Y vs. (La/Yb)N diagram for the Yueshan–Zongpu intrusive rocks. Modified after [30]. Symbols are as in Figure 4. 
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Figure 12. Comparison of HSA and LSA. Ranges of HSA and LSA are taken from [17]. (a) MgO vs. SiO2; (b) Nb vs. SiO2; (c) K vs. Rb; (d) Cr/Ni vs. TiO2. Symbols are as in Figure 4. 
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Figure 13. Initial Sr-Nd isotopes of the Yueshan and Zongpu adakites from the Anqing orefield (data sourced from [28,32,69]; diagram modified after from [30]). Data sources: Cenozoic slab-derived adakites [70], thickened Yangtze lower crust-derived low-Mg adakitic rocks [71,72,73], LYRB and STLF (South Tan-Lu Fault) adakites [28,30], and the early Cretaceous mafic igneous rocks in the LYRB [74]; MORB and marine sediments [75]; Yangtze lower crust [76]. 
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Figure 14. Ce(IV)/Ce(III) vs. δEu oxygen fugacity discrimination diagram of zircons from adakites and granites in the Anqing orefield. Background data are referred to [77,78]. 
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Figure 15. Zircon εHf(t) values vs. 206Pb/238U ages diagram for the Yueshan-Zongpu adakites and the Dalongshan granites in the Anqing orefield. Depleted mantle and CHUR (chondrite uniform reservoir) have been defined in Section 3.3. 
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Figure 16. Discrimination diagrams of A-type granites. (a–d) are modified from [20,82,83], respectively. 
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Figure 17. Schematic geodynamic model showing the petrogenesis of the Yueshan-Zongpu adakites and the Dalongshan A-type granites in the Anqing orefield during 138–124 Ma. (a) the subducted model, and (b) the delamination model, reproduced with permission from Richards [87,88], published by Geological Society of America and Elsevier, respectively; modified with concepts from [3,10]. See text for discussion. SCLM, subcontinental lithospheric mantle. 
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Table 1. Major and trace element compositions of the Yueshan, Zongpu and Dalongshan intrusions in the Anqing orefield.
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Samples

	
YS18

	
14YS01

	
14YS02

	
14YS03

	
14YS04

	
14YS05

	
14YS06

	
03ZPS02

	
14ZP01

	
14ZP02

	
14ZP03

	
14ZP04

	
14ZP05

	
14DLS01

	
14DLS02




	
Intrusion

	
Yueshan

	
Yueshan

	
Yueshan

	
Yueshan

	
Yueshan

	
Yueshan

	
Yueshan

	
Zongpu

	
Zongpu

	
Zongpu

	
Zongpu

	
Zongpu

	
Zongpu

	
Dalongshan

	
Dalongshan






	
Major oxides (wt %)




	
SiO2

	
62.26

	
57.06

	
58.43

	
58.91

	
58.49

	
56.68

	
56.66

	
64.23

	
63.71

	
63.54

	
63.50

	
63.41

	
63.86

	
64.04

	
63.16




	
Al2O3

	
16.30

	
16.59

	
16.50

	
16.48

	
16.45

	
16.56

	
16.58

	
17.06

	
17.00

	
16.88

	
16.80

	
16.83

	
16.92

	
16.47

	
16.36




	
Fe2O3

	
5.24

	
6.39

	
5.61

	
5.90

	
5.57

	
6.39

	
6.39

	
2.50

	
3.56

	
3.88

	
3.64

	
3.63

	
3.67

	
3.80

	
3.60




	
CaO

	
4.24

	
5.83

	
5.58

	
5.42

	
5.57

	
5.74

	
5.89

	
2.46

	
4.15

	
4.12

	
3.87

	
3.93

	
3.70

	
1.68

	
2.08




	
MgO

	
2.40

	
3.37

	
3.01

	
3.00

	
3.10

	
3.30

	
3.30

	
2.11

	
1.84

	
1.80

	
1.85

	
1.84

	
1.88

	
0.91

	
0.83




	
Na2O

	
3.90

	
5.00

	
4.92

	
4.78

	
4.96

	
4.99

	
5.01

	
6.22

	
5.24

	
5.24

	
5.27

	
5.26

	
5.41

	
5.86

	
5.78




	
K2O

	
3.20

	
2.89

	
2.97

	
3.08

	
2.99

	
2.88

	
2.83

	
2.41

	
2.19

	
2.17

	
2.27

	
2.20

	
2.25

	
5.30

	
5.20




	
TiO2

	
0.80

	
0.78

	
0.69

	
0.76

	
0.67

	
0.77

	
0.78

	
0.56

	
0.45

	
0.45

	
0.46

	
0.46

	
0.46

	
0.73

	
0.78




	
MnO

	
0.09

	
0.10

	
0.09

	
0.10

	
0.10

	
0.10

	
0.10

	
0.02

	
0.03

	
0.03

	
0.03

	
0.03

	
0.03

	
0.09

	
0.08




	
P2O5

	
0.281

	
0.490

	
0.411

	
0.452

	
0.420

	
0.487

	
0.491

	
0.250

	
0.226

	
0.219

	
0.223

	
0.226

	
0.222

	
0.239

	
0.252




	
LOI

	
0.75

	
1.14

	
0.82

	
0.70

	
0.86

	
1.11

	
0.92

	
1.07

	
1.06

	
1.04

	
1.19

	
1.14

	
1.28

	
0.64

	
1.10




	
Total

	
99.46

	
99.99

	
99.38

	
99.90

	
99.51

	
99.36

	
99.31

	
98.89

	
99.77

	
99.69

	
99.41

	
99.26

	
99.99

	
99.87

	
99.34




	
K2O/Na2O

	
0.82

	
0.58

	
0.60

	
0.64

	
0.60

	
0.58

	
0.56

	
0.39

	
0.42

	
0.41

	
0.43

	
0.42

	
0.42

	
0.90

	
0.90




	
Mg#

	
47.57

	
51.09

	
51.52

	
50.18

	
52.44

	
50.57

	
50.57

	
62.57

	
50.59

	
47.89

	
50.17

	
50.10

	
50.37

	
32.18

	
31.35




	
Trace elements (ppm)




	
Ba

	
1670

	
1270

	
1240

	
1150

	
1310

	
1310

	
1240

	
242

	
1430

	
1430

	
1430

	
1450

	
1310

	
720

	
730




	
Cr

	
30

	
31

	
34

	
28

	
31

	
29

	
32

	
40

	
25

	
63

	
48

	
50

	
47

	
41

	
29




	
Hf

	
6

	
0.9

	
1.0

	
1.0

	
1.1

	
1.0

	
1.0

	
3.8

	
0.8

	
0.8

	
0.8

	
0.9

	
0.8

	
2.1

	
2.2




	
Nb

	
9.3

	
7.4

	
7.1

	
9.0

	
7.4

	
7.6

	
7.8

	
7.2

	
6.3

	
6.4

	
6.3

	
6.5

	
6.4

	
34.6

	
38.1




	
Ni

	
13

	
16.7

	
16.7

	
12.5

	
16.6

	
16.2

	
16.3

	
16

	
14.6

	
15.9

	
14.7

	
14.9

	
14.4

	
3.1

	
1.9




	
Pb

	
18

	
16.0

	
17.9

	
16.6

	
14.0

	
16.2

	
15.3

	
11

	
11.3

	
11.8

	
13.7

	
10.3

	
13.6

	
19.6

	
17.3




	
Rb

	
77.5

	
41.1

	
40.1

	
53.4

	
48.0

	
42.6

	
41.0

	
10.6

	
27.6

	
28.1

	
31.0

	
30.4

	
30.5

	
175.0

	
179.5




	
Sr

	
773

	
1800

	
1690

	
1600

	
1880

	
1880

	
1840

	
632

	
1570

	
1570

	
1470

	
1550

	
1420

	
296

	
306




	
Ta

	
0.5

	
0.32

	
0.34

	
0.47

	
0.33

	
0.35

	
0.36

	
0.3

	
0.34

	
0.37

	
0.36

	
0.36

	
0.35

	
2.06

	
2.34




	
Th

	
8.48

	
12.2

	
7.8

	
13.3

	
9.4

	
8.3

	
9.3

	
5.35

	
4.4

	
4.4

	
4.6

	
4.8

	
4.5

	
20.8

	
20.2




	
Ti

	
4796

	
4420

	
3940

	
4170

	
4070

	
4590

	
4450

	
3357

	
2590

	
2680

	
2660

	
2770

	
2570

	
4250

	
4670




	
U

	
1.63

	
2.3

	
2.4

	
2.7

	
2.8

	
2.1

	
2.4

	
1.63

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
3.1

	
3.0




	
Y

	
16.9

	
12.0

	
8.9

	
13.0

	
10.8

	
12.3

	
13.0

	
10.1

	
8.7

	
8.7

	
8.9

	
9.2

	
9.1

	
34.8

	
38.5




	
Zr

	
245

	
16.2

	
20.0

	
15.6

	
22.9

	
17.0

	
17.9

	
153

	
14.7

	
15.4

	
15.0

	
15.7

	
15.4

	
50.2

	
49.4




	
La

	
54

	
44.3

	
36.7

	
48.4

	
42.1

	
47.5

	
51.7

	
28.9

	
25.5

	
25.9

	
26.1

	
27.0

	
26.0

	
89.1

	
95.8




	
Ce

	
96.4

	
94.1

	
78.5

	
100.5

	
92.8

	
101.0

	
107.0

	
54.4

	
53.4

	
53.7

	
55.5

	
56.3

	
55.0

	
167.5

	
188.0




	
Pr

	
10.85

	
10.30

	
8.43

	
10.75

	
10.15

	
11.00

	
11.70

	
6.47

	
5.96

	
5.93

	
6.19

	
6.37

	
6.24

	
16.95

	
19.50




	
Nd

	
38

	
40.3

	
31.5

	
39.7

	
39.0

	
42.3

	
45.9

	
24.3

	
22.7

	
22.7

	
23.4

	
24.5

	
23.5

	
58.3

	
66.0




	
Sm

	
6.14

	
6.59

	
5.23

	
6.67

	
6.42

	
7.07

	
7.54

	
4.27

	
3.90

	
3.91

	
3.94

	
4.10

	
3.94

	
9.40

	
11.10




	
Eu

	
1.81

	
1.76

	
1.40

	
1.71

	
1.70

	
1.93

	
2.00

	
1.26

	
1.12

	
1.08

	
1.07

	
1.15

	
1.08

	
2.02

	
2.18




	
Gd

	
6.25

	
4.14

	
3.30

	
4.21

	
3.95

	
4.50

	
4.65

	
4.03

	
2.67

	
2.64

	
2.63

	
2.80

	
2.61

	
6.73

	
7.77




	
Tb

	
0.77

	
0.50

	
0.40

	
0.54

	
0.49

	
0.56

	
0.58

	
0.49

	
0.35

	
0.35

	
0.35

	
0.37

	
0.35

	
1.06

	
1.20




	
Dy

	
3.64

	
2.51

	
1.96

	
2.68

	
2.39

	
2.76

	
2.83

	
2.21

	
1.84

	
1.82

	
1.83

	
1.90

	
1.87

	
6.20

	
7.07




	
Ho

	
0.69

	
0.45

	
0.35

	
0.49

	
0.41

	
0.49

	
0.50

	
0.4

	
0.34

	
0.33

	
0.34

	
0.35

	
0.35

	
1.24

	
1.43




	
Er

	
1.97

	
1.17

	
0.89

	
1.31

	
1.11

	
1.30

	
1.30

	
1.15

	
0.93

	
0.91

	
0.91

	
0.95

	
0.94

	
3.68

	
4.29




	
Tm

	
0.27

	
0.16

	
0.12

	
0.18

	
0.15

	
0.17

	
0.17

	
0.15

	
0.13

	
0.13

	
0.13

	
0.13

	
0.13

	
0.56

	
0.64




	
Yb

	
1.71

	
1.00

	
0.82

	
1.20

	
0.97

	
1.09

	
1.11

	
0.97

	
0.83

	
0.86

	
0.84

	
0.88

	
0.86

	
3.79

	
4.28




	
Lu

	
0.26

	
0.18

	
0.15

	
0.20

	
0.17

	
0.19

	
0.19

	
0.14

	
0.15

	
0.15

	
0.15

	
0.15

	
0.15

	
0.61

	
0.69




	
∑REE

	
239.66

	
219.46

	
178.65

	
231.54

	
212.61

	
234.16

	
250.17

	
139.24

	
128.52

	
129.11

	
132.28

	
136.15

	
132.12

	
401.94

	
448.45




	
δEu

	
0.90

	
1.03

	
1.03

	
0.99

	
1.03

	
1.05

	
1.04

	
0.93

	
1.06

	
1.03

	
1.02

	
1.04

	
1.03

	
0.78

	
0.72




	
(La/Yb)N

	
21.45

	
30.09

	
30.40

	
27.40

	
29.48

	
29.60

	
31.64

	
20.24

	
20.87

	
20.46

	
21.11

	
20.84

	
20.54

	
15.97

	
15.21




	
TZr (°C)

	
794

	
569

	
585

	
574

	
592

	
572

	
574

	
761

	
592

	
595

	
594

	
597

	
597

	
664

	
658








Chondrite normalized data are taken from McDonough and Sun [55]. δEu = EuN/(SmN × GdN)1/2. Calculation of zircon saturation temperatures (TZr) referred to Watson and Harrison [56]. Letter N in footnote means normalize to chondrite.
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