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Abstract

:

The Ailaoshan orogenic belt is one of the most significant orogenic belts in the southeastern margin of the Qinghai–Tibet Plateau. The widely developed magmatic rocks in this belt preserve the multi-stage tectonic evolution records of the South China Plate. As an important response to the Rodinia breakup tectonic event, the study of Neoproterozoic magmatic rocks in the area is of great significance for reconstructing the Neoproterozoic tectonic process of the Ailaoshan orogenic belt and the tectonic evolution of the South China Plate. Petrology, geochemistry, zircon U-Pb, and Lu-Hf isotopes of the Daping pluton in the Ailaoshan orogenic belt are studied in this paper. The Daping pluton is mainly divided into gabbros and granites. Gabbros and granites belong to the sub-alkaline series, which are relatively enriched in large ion lithophilic elements and depleted in high-field strength elements. The ΣREE contents of the gabbro are low with enrichment in LREEs and depletion in HREEs, and the degree of differentiation of light and heavy rare earth is low, with positive δEu and weak negative δCe anomalies. The ΣREE contents of the granite are low with enrichment in LREEs and depletion in HREEs, and the degree of light and heavy rare earth differentiation is high, with medium–weak negative δEu and weak positive δCe anomalies, suggesting an A2-type granite with A1-A2 transition characteristics. The weighted average age of the gabbro is 816.1 ± 4.1 Ma (MSWD = 0.11), with zircon εHf(t) values of −7.5–5.5. The magma source is a mixture of an ancient crust source and a new mantle source; the weighted average age of the syenogranite is 783.7 ± 8.1 Ma (MSWD = 1.4), with zircon εHf(t) values of −4.3–0.4. The magma source is mainly ancient crustal material (Ailaoshan Group), mixed with a small amount of mantle-derived material; the weighted average age of the monzogranite is 754.8 ± 6.1 Ma (MSWD = 3.0), with positive zircon εHf(t) values of 1.65–10.36. The magma source is a mixture of a large number of mantle-derived materials and a small number of crust-derived materials (Ailaoshan Group). The Daping pluton was formed in the transitional tectonic environment from post-collision to intraplate continental margin rift, corresponding to the Rodinia breakup process in the western margin of the South China Plate.
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1. Introduction


The Rodinia is a supercontinent that existed on the earth in the early Neoproterozoic era, and the breakup of Rodinia is one of the hot topics in global tectonic and Precambrian geological research. The concept of Neoproterozoic ‘Rodinia’, proposed by McMenamin and McMenamin [1], was a global supercontinent formed by continental collision before 1.00 Ga. Previously, researchers have achieved great achievements in paleomagnetism, magmatic rocks, isotope chronology, stratigraphy, and so on. Hoffman [2] established a supercontinent reconstruction map based on paleomagnetic data. Paleomagnetic data indicated that Rodinia was formed in the late Mesoproterozoic era, during the formation of the global Greenwell orogenic belt at 1.10 Ga, through the mutual collage of ancient cratons [3,4]. Isotopic chronological data indicated that the collision among the East Antarctic Craton, other Australian cratons, and the Gawler Craton occurred at 1.50–1.55 Ga and Australia entered the initial collage period [5,6,7]. Li et al. [3,4] proposed that the South China Plate (Yangtze and Cathaysian) was located between the Australia and Lauren continents based on the geochronological and stratigraphic data of the orogenic belt, which is the bridge connecting North America and the Australia–Antarctic continent and the core of Rodinia.



The South China Plate has a large space–time span and records a relatively complete tectonic evolution history since the Proterozoic era. It is one of the key areas for the study of the reconstruction of the Rodinia. Some researchers believed that significant rifting occurred after about 820 Ma in the South China Plate and formed the Neoproterozoic–Paleozoic South China rift system [8,9]. The center of the South China rift was roughly located at the current northern Guangxi–central (southern) Hunan–northern Jiangxi–northeastern Zhejiang and Kangdian area, and the starting time of the rift was nearly 820–800 Ma [10]. Widespread basaltic rocks around the Yangtze Block [11,12,13,14] indicated that the Cathaysia Block began to break up at the Neoproterozoic era (830–800 Ma). Other geological and geochronological research shows that the ancient Cathaysia Block was in a continental margin rift environment during 808–690 Ma (Figure 1; [15,16,17,18,19,20,21]).



Previous studies established an important basis for the breakup of Rodinia. However, there are relatively few studies on the breakup of Rodinia in the Ailaoshan area at the southwestern margin of the South China Plate. Cai et al. [22] proposed that the subduction in this area occurred in the Neoproterozoic era. At the same time, there is great controversy about the formation age of the Daping pluton which mainly involves the Ordovician [23,24] and the Neoproterozoic periods [25,26,27]. This study suggests that, except for the Daping gabbro, the newly discovered syenogranite and monzogranite are also the products of the Neoproterozoic magmatic activity. Based on the study of petrology, geochemistry, zircon U-Pb isotope, and Lu-Hf isotope, this paper is aimed to determine the formation ages of the two intrusive rocks of Daping gabbro and granite and identify the magma source and discuss its tectonic significance.




2. Regional Geological Setting


The Ailaoshan orogenic belt is located in the southeastern part of the Sanjiang area in southwest China and on the west side of the South China Plate [28,29,30,31,32,33]. The Indian and Eurasian Plates had experienced multiple openings and closings, expansions, mergings, and extrusions, which led to the formation of the Ailaoshan orogenic belt. Due to long-term tectonic evolution, the orogenic belt is broom-shaped and located between the Yangtze block and the Indochina block [34,35]. The Ailaoshan orogenic belt starts from Midu in the northwest and extends abroad through the Jinping area in the southeast. The area is located in the tectonic–magma–metamorphic zone between three fault zones, narrow in the northwest and wide in the southeast (Figure 2a).



The exposed stratum is bounded by the Ailaoshan fault, and the NE stratum is the lower Proterozoic deep metamorphic belt–Ailaoshan group; the SW stratum is the Paleozoic shallow metamorphic belt, and the Mesozoic and Cenozoic strata are above it [36]. The Ailaoshan rock group includes the Xiaoyangjie Formation (Pt1x), A’long Formation (Pt1a), Fenggang Formation (Pt1f), and Wudukeng Formation (Pt1w). The lithology of the lower part of the Xiaoyangjie Formation is mainly two-mica schist and biotite granulite, and the upper part is mainly biotite plagioclase gneiss and biotite amphibolite. The lower part of the A’long Formation is mainly hornblende plagioclase gneiss and hornblende granulite, and the upper part are mainly marble and biotite hornblende granulite. The lithology of the lower part of the Fenggang Formation is mainly sillimanite–biotite monzonitic gneiss and garnet–biotite amphibolite, and the lithology of the middle–upper part is mainly plagioclase amphibolite and garnet plagioclase amphibolite. The lower part of the Wudukeng Formation is mainly migmatized biotite plagioclase gneiss and biotite amphibole plagioclase gneiss, and the upper part is mainly quartz schist and marble.



The magmatic activity in this area has the characteristics of multi-period and long-term, from Neoproterozoic to Himalayan. From ultrabasic rocks to alkaline rocks, rocks have characteristics of multiple types. The output form, scale, and distribution of rocks are restricted and controlled by three deep faults (Red River fault, Ailaoshan fault, and Amojiang fault). The acid rocks are widely developed, mainly exposed on the northeast and southwest sides of the Ailaoshan fault, and secondly distribute along the Jiujia–Anding fault.




3. Samples and Methods


3.1. Sample Collection and Features


Gabbro and granites are distributed in the Daping area with a large exposed range. Granites include syenogranite and monzogranite. The gabbro pluton is strongly reformed by multiple tectonic processes. The granite pluton is subjected to late metamorphism–deformation, and the rock has mylonitization characteristics (Figure 2b).



The gabbro is light gray, fine–medium granular, and semi-automorphic granular texture, mainly composed of plagioclase and hornblende (Figure 3a). The plagioclase is mainly a self-shaped plate with a content of 50–55%. Only a few hornblendes are semi-automorphic short columnar, and most of them are filled between plagioclase, with a content of 30–35% (Figure 3b). Hornblende has strong polychromism and absorbency. Apatite and zircon inclusions are common in fissures. The secondary minerals are biotite and quartz. The biotite is derived from amphibole with a content of about 4%. Quartz generally has wavy extinction, with a content of <5%.



The syenogranite is light gray, with a granite texture and massive structure (Figure 3c). The rock consists of potassium feldspar, quartz, plagioclase, and biotite (Figure 3d). Potassium feldspar is often yellowish-white, and the crystals are short columnar, which have a content of 45–50%. Quartz is anhedral granular, colorless, and transparent, with weak wavy extinction, and the content is about 20–30%. The columnar plagioclase develops a polysynthetic twin, with a content of 10–15%. Biotite is iron-rich dark brown, with typical biotite absorption, and the content is 12–15%. The accessory minerals are magnetite, apatite, ilmenite, zircon, and monazite.



The monzogranite is light-gray or gray-white, with a granite texture and massive structure (Figure 3e). The rock is composed of potassium feldspar, plagioclase, quartz, biotite, and muscovite (Figure 3f). Potassium feldspar is mainly in the form of a nearly subhedral plate, with a small number of anhedral particles, partly kaolinization. Its particle size is mostly 2–5 mm, and the content is 35–40%. The plagioclase is in the form of a subhedral plate that is anhedral granular; its grain size generally varies from 0.4 to 3.0 mm, with sericitization and epidotization, which has a content of 25–30%. The biotite and muscovite are in scaly-leaf shape, and the diameter is generally less than 1.0 mm. Biotite has chloritization, with a biotite content of 4% and muscovite content of about 2%.




3.2. Experimental Methods


Based on a detailed field geological survey, fresh weakly altered samples were taken for petrology, geochemistry, isotope chronology, Hf isotope, and other research. The sampling locations are shown in Figure 2b.



The geochemical analysis of the rock samples was performed in the laboratory of the Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences. The analysis method of major elements was XRF, and the implementation standard was GB/B14506.28~1993. The analysis of H2O+ accorded to GB/T14506.2~1993, and the loss on ignition standard was LY/T1253-1999; the rare earth element analysis method was ICP-MS, with the standard of DZ/T0223-2001. The trace elements were tested by X-ray fluorescence spectrometer 2100, according to standard JY/T016-1996, and the test accuracy met the requirements.



Zircons were sorted and targeted at Hebei District Survey Institute. The analysis of transmission, reflection, and cathodoluminescence (CL) was completed in Beijing Zirconia Pilot Technology Co., Ltd., China. Zircon dating analyses were completed in the laboratory of Tianjin Geological Survey Center, China Geological Survey. The laser ablation multi-receiver inductively coupled plasma mass spectrometer (LA-ICP-MS) was used as the analytical instrument. The laser wavelength was 193 nm, the laser energy density was 13–14 J·cm−2, and the frequency of 8–10 Hz. The laser ablation spot diameter was 35 μm and the laser ablation material entered Neptune with helium as the carrier gas. Plesovice (age of 337 ± 0.37 Ma) [37] was used as the external standard for correction. Common lead calibration used the ComPbCorr#3.17 calibration procedure [38]. The data processing was carried out by the ICP-MS DataCal program and the Isoplot program. The weighted average age of zircon was calculated and the Concordia plot was drawn. Detailed instrument operating conditions and data processing methods are shown in Liu et al. [39].



Zircon Hf isotope analysis was also performed on the LA-ICP-MS at the isotope laboratory of Tianjin Geological Survey Center, China Geological Survey. The laser ablation system is the UP193FX193nm ArF excimer system, which is produced by NewWave Co., USA. The laser is from ATL Co., Germany. The type of ICP-MS is Agilent 7500a. During the experiment, He was used as the carrier gas of the ablation material. The laser wavelength was 193 nm and the pulse width was less than 4 ns. According to the size of the zircon, the laser beam spot diameter was 35 μm. In the calculation of the Hf mantle model age, the present value of 176Hf/177Hf in the depleted mantle is 0.28325 and 176Lu/177Hf is 0.0384 [40]. The 176Lu/177Hf of average crustal is 0.015 [41].





4. Results


4.1. Major, Rare Earth, and Trace Elements


The ablation of gabbro is slightly higher, ranging from 2.44 to 3.75%. With the lesser influence of later fluid and alteration, the geochemical characteristics can effectively reflect the rock characteristics (Table S1). The SiO2 content of the sample is 49.72–54.33%, which means intermediate–basic rock. The samples in the TAS diagram (Figure 4a) were placed in the sub-alkaline gabbro and gabbro diorite area, which was the sub-alkaline series of rocks. The rock differentiation index (DI) was 19.47–38.02, and the degree of differentiation was low. The σ43 was 0.66–2.03, which was calcic to calc-alkaline rock.



The SiO2 content of syenogranite samples is 70.63–72.19%, which means acidic rock. In the TAS diagram, the sample was located in the granite area and belonged to the sub-alkaline series (Figure 4a). In the K2O-SiO2 diagram (Figure 4b), the sample points were dispersed in the high-K calc–alkaline and calc-alkaline series regions. The DI was 87.02–90.39, and the degree of differentiation was high. The aluminum saturation index A/CNK was 0.99–1.26, which was a weak–strong peraluminous rock. The SiO2 content of monzogranite samples is 70.95–73.53%, which indicates acidic rock. In the TAS diagram, the sample was located in the granite area and belonged to the sub-alkaline series (Figure 4a). In the K2O-SiO2 diagram (Figure 4b), the sample points were dispersed in the shoshonite and high-K calc-alkaline series. The DI was 89.21–92.55, and the degree of differentiation was high. The A/CNK was 1.05–1.24, which was a strong peraluminous rock.



The rare earth content of gabbro was low. The LREE/HREE ratio was 4.10–5.64, with (La/Yb)N of 4.27–6.60, and the differentiation degree was slightly small. δEu was 1.42–1.72 and positive anomalies were obvious; δCe was 0.91–0.94, with a weak negative anomaly. The rare earth distribution curve was slightly rightward. The light rare earth is relatively enriched, and the heavy rare earth is relatively depleted (Figure 5). The trace element content of gabbro rock was slightly lower (Table S1). The trace element spider diagram (Figure 6) showed that the rocks were characterized by relative enrichment of large ion lithophile elements such as Rb, Ba, and K, and loss of high field strength elements, with negative anomalies of Nb and P.



The ratio of light/heavy rare earth of syenogranite was 7.46–16.84, and (La/Yb)N was 6.26–18.66. The differentiation degree of light and heavy rare earth was higher; δEu was 0.53–1.04, with a medium–weak negative anomaly; δCe was 1.00–1.24, with a weak positive anomaly. The light/heavy rare earth ratio of monzogranite was 7.48–9.75, and (La/Yb) N was 8.18–12.66. The differentiation degree of light and heavy rare earth was high. δEu was 0.51–0.62, with a moderate negative anomaly; δCe was 0.97–1.20, with a weak anomaly. The rare earth distribution curve had right-inclined characteristics. The trace element spider diagram (Figure 6) showed that the syenogranite and monzogranite had the characteristics of enrichment in Rb, Ba, Tu, and K, and depletion in high field strength elements, with Nb, P, and Ti negative anomalies.




4.2. LA-ICP-MS Zircon U-Pb Ages


The tested zircons had a good degree of dimorphism, most of which are idiomorphic crystals. The crystal ridges and cone tops of most zircons were corroded and showed to be sub-rounded, with a particle size of 60–120 μm. They had emery lustre, developed oscillatory zoning, and had magmatic genetic characteristics [45]. Zircons without cracks and inclusions were selected for age testing, and points were made at the position of developing oscillatory zones (Figure 7a). The zircon Th/U ratio of DP-141 gabbro was 0.16–0.89 (Table S2), which indicated magmatic zircon (>0.1; [46]). The zircon 206Pb/238U analysis points of the sample were distributed in a group, and the distribution was relatively concentrated. We removed captured zircons and measuring points with large deviation due to lead loss, the age was concentrated at 809–822 Ma (Figure 7b), and the weighted average was 816.1 ± 4.1 Ma, MSWD = 0.1, N = 20, which was the crystallization age of the pluton, indicating that the gabbro rock mass was formed in the Neoproterozoic era.



The zircon ages of DP-205 syenogranite samples were 620–793 Ma (Figure 7c). The upper intersection point age was 770 ± 13 Ma (MSWD = 1.2), and the weighted average age of zircons of seven measuring points was 783.7 ± 8.1 Ma (MSWD = 1.4) (Figure 7d), indicating that syenogranite pluton was formed in Neoproterozoic. The zircon ages of DP-212 monzogranite samples were 725–776 Ma (Figure 7e). Captured zircons and measuring points with large deviations due to the lead loss were removed, and the weighted average age of zircon was 754.8 ± 6.1 Ma (MSWD = 3.0, N = 23) (Figure 7f), indicating that the monzogranite pluton was also formed in the Neoproterozoic era.




4.3. Zircon Lu-Hf Isotopic Compositions


The 176Lu/177Hf ratio of zircons was small, indicating that zircons had only a small amount of radioactive Hf accumulation after formation, so the initial 176Hf/177Hf ratio could be used to represent the Hf isotopic composition at the time of formation [47]. The initial 176Lu/177Hf ratio and εH(t) value were calculated based on the same zircon U-Pb dating data. The two-stage model age (TDMC) was calculated based on the depleted mantle source [40]. The results showed that the zircon Hf isotope 176Lu/177Hf ratio of the gabbro obtained from 15 test points was relatively stable, from 0.282078 to 0.282440. The 176Yb/177Hf ratio was 0.015181–0.04223, with a fLu/Hf of −0.98 to −0.95, and the zircon εHf(t) was −7.48–5.49, which varied greatly, indicating that the rock might have heterogeneous zircon Hf isotope composition (Figure 8). The zircon Hf single-stage model ages (TDMC) were 1163.47–1681.76 Ma and the two-stage model ages (TDMC) were 1590.21–2743.23 Ma.



The zircon Hf isotope 176Lu/177Hf of the syenogranite DP-205 was relatively stable, with a ratio of 0.282204–0.282321(Table S3). The 176Yb/177Hf ratio was 0.021570–0.062737; the fLu/Hf was −0.97 to −0.92, and the zircon εHf(t) was −4.3 to 0.4 (Figure 8). The zircon Hf single-stage model ages (TDMC) were 1342–1491 Ma, and the two-stage model ages (TDMC) were 2033–2413 Ma. The zircon Hf isotope 176Lu/177Hf ratio of monzogranite DP-212 was 0.28237–0.282608 (Table S3). The 176Yb/177Hf ratio was 0.025349–0.078668; the fLu/Hf was −0.97 to −0.91, and zircon εHf(t) was 1.65–10.36. Zircon Hf single-stage model age (TDMC) was 926.37–1264.35 Ma and the two-stage model age (TDMC) was 1120.59–1891.67 Ma.





5. Discussion


5.1. Time Limit of Multi-Period Magmatic Activity


Predecessors obtained multiple sets of different ages of Taohuazhai gabbros by the Rb-Sr isochron method, K-Ar method, and zircon U-Pb method. Using the Rb-Sr isochron method, Han and Jin [23] obtained the gabbro age of 481 Ma. Since the Rb-Sr isotope system has a low closure temperature and is susceptible to later thermal disturbances, the measured age (481 Ma) is more representative of the later thermal event age. Han et al. [25] used K-Ar dating for gabbro and amphibole in it. The whole rock age was 844.63 ± 33.66 Ma, and the amphibole age was 845.25 ± 12.74 to 926.15 ± 94.51 Ma. K-Ar dating also faces defects such as low closure temperature of the isotope system and susceptibility to later thermal disturbance. The age measured is more of a regional tectonic thermal event, which confirms the multi-phase activity characteristics of magmatic activity. Based on a detailed field geological survey, this work selected three representative samples for the isotope age test, to distinguish and classify activity periods of intrusive rocks. Zircon U-Pb dating technology is one of the most mature isotope dating methods. Zircon has the characteristics of easy selection, strong stability, and high closure temperature of isotope systems [48,49].



The weighted average age of gabbro zircon was 816.1 ± 4.1 Ma, MSWD = 0.114; the upper intersection age of syenogranite was 770 ± 13 Ma, with a weighted average age of 783.7 ± 8.1 Ma; The weighted average age of monzogranite was 754.8 ± 6.1 Ma, indicating that the Daping pluton was the product of Neoproterozoic magmatic activity. These zircon U-Pb ages were different from the previously measured zircon U-Pb ages (773 ± 12 Ma, [26]; 761.6 ± 7.4 Ma, [27]). The K-Ar ages measured by Han et al. [25] were older than the measured zircon ages, indicating that the Taohuazhai gabbro was the product of multiple stages of magmatic activity. The discrete ages of 1034 ± 10 Ma, 1063 ± 10 Ma, and 925 ± 11 Ma obtained from this dating were larger than the crystallization age of magma, which might be the early captured zircons. The Neoproterozoic magmatic activity in the Daping area was mainly divided into two stages. The first stage was mainly the intrusion of gabbro (~810 Ma), and the second stage was the joint intrusion of gabbro, syenogranite, and monzogranite (780–750 Ma).




5.2. Rodinia Breakup and Magmatic Response


The syenogranites and monzogranites were highly fractionated granites, and the P2O5 was lower, which was different from the highly differentiated S-type granites [50]. The syenogranite and monzogranite had high FeOT (1.69–2.37% and 1.19–1.51%) and A-type granite characteristics (higher than 1%) [51]. They were characterized by low Rb and high Ba, which was inconsistent with the characteristics of highly differentiated I-type granite [51]. Comprehensive analysis showed that syenogranite and monzogranite were A-type granite. A-type granites were produced in rift zones and stable continental plates. These rocks were usually weakly alkaline granites, mainly formed in an extensional tectonic setting, and were important indicators of tectonic environment identification. In the Nb-Y-Ce diagram of A-type granites (Figure 9), the samples dropped in the post-orogenic (post-collisional) region of A2, close to the intraplate region of A1, with transitional properties.



The Ba/Th ratios of syenogranite and monzogranite were 13.58–27.33 and 37.30–41.69, respectively, which were far less than 300, indicating that the magma sources were not affected by subduction zone fluids [52,53]. The formation environment was not related to the arc tectonic environment under the subduction background. The Rb-Yb+Ta diagram (Figure 10a) showed that the samples were placed in the post-collision tectonic environment. The Ta-Yb diagram (Figure 10b) showed that the samples were placed near the post-collision tectonic environment and its boundary. There were no or very few residual garnets in the magma source of syenogranite and monzogranite in this area. The Y/Yb ratios were 7.10–10.29 and 9.62–10.72, respectively, close to 10 [54], and the HREE distribution curve was flat [55], indicating that the magma source area was dominated by hornblende. The syenogranite and monzogranite have negative δEu anomalies, indicating that the magma source area had stable plagioclase residues. The δCe values were 1.00–1.24 and 0.97–1.20, indicating that the magma source area was oxidized. Through the above analysis, it was considered that the mineral assemblage of syenogranite and monzogranite magma source area was hornblende+plagioclase, which was shallow in formation depth, low in pressure, and developed in an intracontinental rift environment.
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Figure 9. RB versus YB +Ta diagram of intrusive rocks (Base image according to [56]). 
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The zircon εHf(t) of the gabbro was −7.48–5.49 and the range of variation was large, mainly negative. The Hf two-stage model age (TDMC) is 1590.21–2743.23 Ma, indicating that the magma source area was the mainly ancient crust source material, and a small amount of positive εHf(t) indicated that there was new mantle source material in that period, which reflected that it had the characteristics of rift magmatic rock. The rock had a positive δEu anomaly (1.42–1.72), indicating that the rock was formed in a low-pressure extensional environment. The εHf(t) of syenogranite was mainly negative and the εHf(t) of monzogranite was positive. The zircon Hf isotope characteristics of syenogranite showed that the magma source area was mainly composed of ancient continental crust (Ailaoshan Group), with a small number of mantle-derived components. The zircon εHf(t) of monzogranite was 1.65–10.36, indicating that the magma source area contains a large number of mantle-derived components. The two-stage model age (TDMC) was 1120.59–1891.67 Ma, and the variation range was large, indicating that the magma source area had contributed to ancient crustal material (Ailaoshan Group). The Nb/Ta ratios of syenogranite and monzogranite were 6.65–12.00 and 6.72–10.50, respectively, and the variation range was large, indicating that the magma source area was a mixed source [57,58,59]. Previous Sr and Nd isotope studies have shown that the magma source of monzogranite was crust–mantle mixing [60].



The breakup time of the Rodinia varied at different locations. Paleomagnetic data showed that the Laurasia Plate, the South China ancient land, and the Australia–Antarctic ancient land began to disintegrate at 830 Ma, and the Rodinia remained for at least 725 Ma when separated [5]. Torsvik et al. [61] believed that the disintegration time of Rodinia was 725–750 Ma. Intraplate non-orogenic magmatic rocks in Neoproterozoic (830–800 Ma and 780–750 Ma) may be related to the mantle plume/super mantle plume activity that led to the breakup of Rodinia [62,63,64,65,66,67]. The Suxiong Formation was formed in a rift environment [3,62]. The rifting between the western margin of the Yangtze Plate and the Cathaysian Plate began from 830–820 Ma and the peak period of rifting was about 810 Ma [9,16,51,68]. The above data showed that in the age range of 830–750 Ma, the rocks formed around the Yangtze block were under the continental margin rift tectonic background, and there were mainly two stages (830–800 Ma and 780–750 Ma) of magmatic response to the Rodinia breakup.
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Figure 10. Tectonic discrimination diagrams for magmatic rocks (Base image according to [69]). (a)—Rb vs.(Yb + Ta) diagram; (b)—Ta vs. Yb diagram. Syn-COLG, syn-collision granite; VAG, volcanic arc granite; WPG, within plate granite; ORG, ocean ridge granite; Post-COLG, post-collision granite. 
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In conclusion, the regional research results, combined with the zircon U-Pb geochronology and Lu-Hf isotopic characteristics of the two types of intrusive rocks, suggested that the granites and gabbros were formed in a continental rift environment, corresponding to the two-stage magmatic response of the Rodinia breakup, respectively. At the same time, it indicated that the Ailaoshan area on the southwestern margin of the South China Plate in the early Neoproterozoic era was in a rift tensile environment, where the Rodinia breakup began at 816 Ma and lasted at least until 755 Ma. The close relationship between the Neoproterozoic intrusive rocks and the Rodinia breakup event provides an important guide for further research and exploration work in the region.





6. Conclusions


Based on the regional geology, geochemistry, and isotopic studies of zircons associated with gabbros and granites in the Daping area, the following conclusions have been made:



(1) The gabbro, syenogranite, and monzogranite of the Daping pluton are sub-alkaline series rocks, which were formed in a transitional tectonic environment of post-collision to intraplate continental margin rift.



(2) The weighted average age of the gabbro was 816.1 ± 4.1 Ma; the weighted average age of syenogranite was 783.7 ± 8.1 Ma, and that of the monzogranite was 754.8 ± 6.1 Ma, all of which were formed in the Neoproterozoic era.



(3) The gabbro magma source was mainly derived from ancient crust source materials and new mantle source materials; the magma source area of syenogranite was ancient continental crust (Ailaoshan Group) and a few depleted mantle materials, and a large number of mantle-derived components composed the monzogranite magma source area.



(4) The ages of the Daping pluton indicated that the Rodinia breakup began at 816 Ma and lasted at least until 755 Ma in the Ailaoshan orogenic belt.
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Figure 1. Simplified geotectonic map showing the location of the Ailaoshan orogenic belt (modified after [8,12,13,15,18,19,20,21,22]). 






Figure 1. Simplified geotectonic map showing the location of the Ailaoshan orogenic belt (modified after [8,12,13,15,18,19,20,21,22]).



[image: Minerals 13 00349 g001]







[image: Minerals 13 00349 g002 550] 





Figure 2. (a) Schematic geological map of the Ailaoshan orogenic belt showing (b) the distribution of the Daping pluton. 
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Figure 3. Hand specimen, and micrograph of magmatic rocks. (a)—Photograph of hand specimen of gabbro (DP-141) used for zircon U-Pb dating; (b)—Orthogonal polarizing photo of gabbro (DP-141); (c)—Photograph of hand specimen of syenogranite (DP-205) used for zircon U-Pb dating; (d)—Orthogonal polarizing photo of syenogranite (DP-205); (e)—Photograph of hand specimen of monzogranite (DP-212) used for zircon U-Pb dating; (f)—Orthogonal polarizing photo of monzogranite (DP-212). Pl—plagioclase; Hb—hornblende; Q—quartz; Bi—biotite; Kf—K-feldspar. 
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Figure 4. Classification and discriminant diagrams of magmatic rocks. (a)—SiO2 vs. K2O+Na2O plot of intrusive rocks [42]; (b)—K2O vs. SiO2 plot [42]. 
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Figure 5. Chondrite-normalized REE patterns of intrusive rocks (normalizing factors are from [43]); Chondrite compositions are from [44]. 
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Figure 6. Primitive mantle normalized trace element spider patterns of intrusive rocks (normalizing factors are from [43]); Primitive mantle compositions are from [44]. 
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Figure 7. (a)—Cathodoluminescence (CL) images of zircons of the gabbro (DP-141); (b)—LA-ICP-MS zircon U-Pb concordia diagram of the gabbro (DP-141); (c)—Cathodoluminescence (CL) images of zircons of the syenogranite (DP-205); (d)—LA-ICP-MS zircon U-Pb concordia diagram of the syenogranite (DP-205); (e)—Cathodoluminescence (CL) images of zircons of the monzogranite (DP-212); (f)—LA-ICP-MS zircon U-Pb concordia diagram of the monzogranite (DP-212). 
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Figure 8. εHf(t) versus age diagram ((a), and (b)) (Base image according to [47]). 
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