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Abstract

:

In the Wudalianchi volcanic field, eruptions started with low-Mg potassic lava flows 2.5–2.0 Ma ago and later changed to both low- and moderate-Mg potassic compositions. Volcanic rocks from the Molabushan and Longmenshan volcanoes record an unusually wide range of Pb abundances (from 3.7 ppm to 21 ppm relative to predominant range of 10–15 ppm). To determine the cause of these, we performed a comparative trace-element and Pb isotope study of rocks from these volcanoes and older lava flows. On a uranogenic lead diagram, older low-Mg lavas from lithospheric mantle sources plot on a secondary isochron with a slope corresponding to an age of 1.88 Ga. This contrasts with moderate-Mg volcanic rocks from the Molabushan cone, interpreted to have been derived from a recent convective mantle source, which define a flat linear pattern. Low-Mg rocks from the Molabushan flow have lead isotopic compositions that indicate mixed Gelaqiu and Molabu sources. Relative to rocks from the Molabushan cone, moderate-Mg lavas and slags from the East Longmenshan volcano have modified compositions characterized by Pb, S, and Ni abundances, Ni/Co, Ni/MgO ratios as well as 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, Ce/Pb, Th/Pb, and U/Pb ratios. We infer that the older Wudalianchi magmas were likely derived from a Paleoproterozoic lithospheric fragment, related to the evolved primordial mantle, and that later magmas were generated in the convecting mantle. These were influenced by segregation of small amounts of sulfides.
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1. Introduction


In the northern part of the Songliao Basin, potassic volcanic rocks define a chain of volcanic fields (from south to north: Erkeshan, Wudalianchi, Keluo) known as “the WEK zone” [1,2] and “the Wudalianchi zone” [3]. The potassic rocks have been related to an enriched post-Archean continental lithospheric mantle comparable to the OIB (ocean island basalt) end-member EM1 (Enriched Mantle 1). This contrasts with potassic–sodic basalts from other parts of East Asia interpreted to be derived from the depleted sub-lithospheric mantle comparable to the OIB end-member DMM (Depleted MORB Mantle) [1,2,4,5]. Both potassic and potassic–sodic rocks have been regarded as a single continuum, the former being an end-member with enriched signatures of strontium and neodymium isotopes (87Sr/86Sr > 0.7055, 143Nd/144Nd < 0.5123) and low lead isotope ratios (206Pb/204Pb < 16.55, 208Pb/204Pb ~36.5) [6]. In most studies, K-rich magmas have been referred to the uppermost part of the asthenosphere and lithosphere [7,8,9,10].



The Wudalianchi volcanic field is of particular interest due to the historical 1720 to 1776 AD eruptions of the Laoheishan and Huoshaoshan volcanoes. Wide compositional variations of rocks from these volcanoes indicate that they were derived by the melting of different source materials, although such interpretations remain highly controversial [11,12,13,14,15,16,17]. New data on rocks from the Molabushan and East Longmenshan volcanoes of the Wudalianchi area reveal an unusually wide range of Pb abundances from 3.7 ppm to 21 ppm with respect to a predominant range of 10–15 ppm (Table S1). These data provide new insights on magma source heterogeneities in the Wudalianchi area.



A decrease in lead concentration in a suite of volcanic rocks may indicate the efficient extraction of lead from magmas by small amounts of segregated sulfide droplets. Lead is an incompatible lithophile element, but it can be extracted from magmas due its chalcophility [18,19,20,21,22]. Above the peridotite solidus, transitional silicate melts will likely be sulfide under-saturated, thereby promoting the assimilation of sulfides (and their Pb). Model calculations indicate that the significant chalcophile metal depletion of the Nadezhdinsky Formation in the Noril’sk area of the Siberian craton might have resulted from segregation of as little as 0.1 wt.% sulfide [23]. These effects are associated with Ni–Cu sulfide deposits thought to have formed by the assimilation of a sulfur-bearing component by primitive mafic magmas [18,20]. The sulfur content of basaltic magmas is strongly dependent on bulk composition and temperature as well as both oxygen and sulfur fugacities [24]. Sulfur solubility in Fe-bearing silicate melts decreases with increasing pressure [25].



It is well known that most magmatic Ni–Cu sulfide deposits are located within sedimentary platform sequences that provided potential interactions between basic magmas and sulfate-bearing sedimentary rocks, while basic rocks located in areas without a sedimentary cover (for example, Deccan traps) do not contain Ni–Cu sulfide mineralization [26,27]. In Siberian gabbro-dolerite intrusions that host Ni–Cu ore deposits, the source of sulfur is considered to be the gypsum and anhydrite beds of the Paleozoic sedimentary sequence. The magma sulfidization process is inferred from a strong correlation between sulfur contents and δ34S. The highest δ34S value in the intrusions (16‰) is comparable with the average δ34S value of sedimentary anhydrite and gypsum (20‰) [23]. Similarly, selective assimilation of country rocks by mantle-derived magmas is proposed to explain the origin of magmatic sulfide mineralization in the Duluth Complex, Minnesota, USA. Elemental and Pb isotopic mass balance calculations suggest that up to 50 wt.% of the Pb in the sulfides have been derived from external sources in crustal staging chambers, during ascent to shallower levels, or in situ as a result of devolatilization reactions [28].



The aim of this paper was to determine how sulfides were extracted from magmas beneath the Molabushan and Longmenshan volcanoes using trace elements and Pb isotopic compositions of volcanic rocks. To emphasize their anomalous Pb abundances, we compared analyses of samples collected from the Molabushan and Longmenshan volcanoes with those of rocks from the Laoshantou and Old Gelaqiushan lava flows that we consider to have been derived from local lithospheric sources. A possible candidate for the introduction of sulfur into basic magma is from Cretaceous sulfur-bearing sediments that occur in the Wood Farm region of the Wudalianchi area [29]. Pb–S isotope studies of these rocks that provide evidence for their role in sulfide extraction from the magmas of Molabushan and Longmenshan volcanoes will be presented elsewhere.




2. Geological Background


The historical activities of the Laoheishan and Huoshaoshan volcanoes belong to the Central Group of volcanoes that exhibit a successive northeastern shift of eruptions from Laoshantou flow along a line of volcanoes: Wohushan, Bijiashan, Laoheishan, and Huoshaoshan. Other (background) eruptions took place irregularly in volcanoes of the Western Group (Old Gelaqiushan flow, South and North Gelaqiushan, Lianhuashan, Jianshan, Jianshanzi volcanoes) and the Eastern Group (Weishan, West and East Jiaodebushan, Yaoquanshan, Xiaogushan, West and East Longmenshan, Molabushan volcanoes) [30] (Figure 1).



Volcanic events of the Wudalianchi field, dated by the potassium–argon method, have been subdivided into seven phases [3,12,13,31,32,33]. Eruption of the Old Gelaqiushan flow occurred in the northern margin of the field at ca. 2.0 Ma, whereas the ca. 2.5 Ma eruption of the Laoshantou flow started a sequence of eruptions that migrated along the central volcanic line through Wohushan (1.33–0.42 Ma), Bijiashan (0.45–0.28 Ma), Laoheishan (97 Ka, 1720–1721 and 1776 AD) to Huoshaoshan (1721 AD). The West Longmenshan volcano began activities simultaneously with the initial phase of Wohushan volcano and continued in the last 0.6 Ma, while the East Longmenshan volcano revealed only activities in the last 0.6 Ma. The Molabushan volcano was active at the beginning of the latest (<0.6 Ma) time interval (Figure 2).



Pyroclastic cones of the volcanoes (Figure 3) erect on lava shields with diameters up to 18 km. The West and East Longmenshan edifices are as high as 135 m (altitude of 557 m) and 800 m at its base. On top of the western cone, there is a chain of three small craters stretching northwest–southeast; on top of the eastern one, there is a single crater elongated in the same direction. The Molabushan volcano is a 100-m high cone with a diameter of 700–800 m at its base. Its top has two connected, elongated northeast–southwest craters with diameters as wide as 250 m each.



Cretaceous sulfur-bearing sediments are exposed in the Wood Farm quarry. A 10-m thick stratum of uniform sulfur-bearing argillite (4 wt.% sulfur) is cut by water-saturated fracture zones. Study of the argillite using a scanning electron microscope (SEM) Quanta–200 [29] showed its enrichment with fine-grained pyrite aggregates accumulated by bacterial sulfur-redaction communities. The sediments are compositionally comparable to the present-day silt sulfide-type peloids. In the water-saturated fracture zones, affected by various secondary sulfide and sulfate mineralization (marcasite, gypsum, alunogen, etc.), the sulfur content increases up to 25 wt.%.




3. Methods and Materials


3.1. Analytical Techniques


Major oxides of rock samples were determined by “wet analytical methods” and trace elements by inductively coupled plasma mass spectrometry (ICP–MS) using an Agilent 7500ce quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The methods applied have been described previously by Rasskazov et al. [34] and Yasnygina et al. [35]. Sulfur was determined by x-ray fluorescence (XRF) using a wave dispersive Bruker S8 TIGER X-Ray spectrometer (Bruker, Germany). The method used was described by Khudonogova et al. [36]. Sulfide particles were identified in volcanic rocks using a SEM Quanta–200 [29].



Analysis of lead isotopes was performed on a Neptune Plus’ multiple-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) (Thermo Fisher Scientific Inc., Waltham, MA, USA). The reagents used were H2O, purified by de-ionizer Simplicity, HBr and HClO4 Suprapure from Merck, and HCl, HF, and HNO3 purified by a PFA Savillex system. The procedure for sample decomposition and lead separation was modified after Kuritani and Nakamura [37]. Samples of 50–100 mg (1.0–1.5 µg of a Pb in a sample) were weighed in Teflon vials and filled with a mixture of acids (HF:HNO3:HClO4 = 3:1:0.3). The closed vials were placed in an ultrasonic bath for 1.0–1.5 h and then in a thermostatic cupboard for three days. To remove fluorides and residual liquid phases, the samples were heated on a hot plate at a temperature of 120 °C. A mixture of acids (HCl:HNO3 = 3:1) of 1 or 2 mL (depending on the amount of the sample) was added to the samples that were left overnight at room temperature. Afterward, 2 mL of 6N HCl were added to the dried samples that were left overnight at room temperature and dried on a hot plate at 120 °C. The precipitated salts were converted to bromine form (i.e., they were evaporated 2–3 times with HBr:H2O = 1:1 and dissolved in 1 mL of 0.5 N HBr solution). The resulting solutions were placed into ion exchange columns made of Pasteur polyethylene pipettes 10–12 mm long with an inner diameter of 4 mm. Before infilling the columns, the resin was washed repeatedly by a large volume of 8 N HCl solution (10 mL of resin, −200–250 mL of acid). For lead separation, the 0.5 N HBr solution was passed through a standard Bio-Rad column filled with 0.1 mL of AG1–X8 200 −400 mesh (1.0–1.5 mL) resin. For the first treatment, the sample was introduced into a column from 1 mL of 0.5 N HBr and washed twice with 1 mL of this solution. The lead was removed from the column with 1–2 mL of deionized water. The solution was evaporated, dissolved in 0.5 mL 0.5 N HBr, and again introduced into the same thoroughly rinsed column (2 mL 8 N HCl; 1 mL of water and 1 mL 0.5 N HBr). The separated sample was dried and then dissolved in 1 mL of a 3% solution of HNO3. An aliquot was taken from the resulting solution to prepare a solution with a lead concentration of 50–100 ng/mL. The yield of lead from the column was not less than 70%. For the isotopic analysis, the separated sample was divided into two parts, to one of which a tracer was added.



Isotope analysis of lead was performed in static mode. Samples were analyzed twice: in a mixture with the tracer and without it. The analysis included 10 blocks of 10 scans each. The integration time for one scan took four seconds. The superposition of the isobar mass of 204Hg to 204Pb was monitored by measuring the ion current of 202Hg. The procedural blank was 40 ppt. To normalize the isotopic ratios, the double isotopic dilution method of 207Pb + 204Pb was used. The tracer with the isotopic ratios 207Pb/204Pb = 1.0738, 206Pb/204Pb = 0.0565, 208Pb/204Pb = 0.0806 was optimized after Rudge et al. [38]. For the period from January to May 2018, measurements of lead isotope ratios of the SRM NBS-981 reference material yielded the results 206Pb/204Pb = 16.9377 ± 14; 207Pb/204Pb = 15.4922 ± 25; 208Pb/204Pb = 36.6941 ± 35 (2SD) comparable with the published data obtained on MC-ICP-MS by the method of double isotope dilution (ID) and thallium normalization (Tl) as well as with the results obtained with thermal ionization mass spectrometry (TIMS) by the double isotopic dilution method including using the artificial isotopes 202Pb and 205Pb (Table 1).




3.2. Sampling Strategy


From a detail sampling [30], volcanic units of cones and related lava flows in the Central group of volcanoes were distinguished in terms of MgO content. The most compositionally variable rocks of the latest eruptions in the Laoheishan volcano were divided into (1) basaltic trachyandesites and phonotephrites (MgO = 7.1–8.2 wt.%), (2) trachyandesites (MgO 5.3–6.3 wt.%), and (3) phonotephrites (MgO = 6.4–6.9 wt.%). The first group was sampled in pyroclastic material from the late volcanic cone and lavas from the northern bocca, the second group in pyroclastic material from the northwestern edge of the crater, and the third group in bombs from its southwestern edge. The first group was compared with moderate-Mg basaltic trachyandesites and phonotephrites from a cone of the Huoshaoshan volcano (MgO = 6.8–8.1 wt.%). The Central group of volcanoes was characterized with stepwise change of rock compositions from low-Mg rocks of the Wohushan volcano through low- and moderate-Mg rocks of the Bijiashan and Laoheishan volcanoes to moderate-Mg rocks of the Huoshaoshan cone. In contrast, rocks of background volcanoes were presented as a single low-Mg group of trachyandesites, tephriphonolites, and phonothephrites (MgO = 5.3–6.8 wt.%).



Taking into account the obtained wide compositional variation of rocks in the Central group of volcanoes, we have performed additional sampling of cones and lava flows in all background volcanoes, among which the Molabushan and Longmenshan revealed both low- and moderate-Mg rocks. Some background volcanoes (for instance, East Jiaodebushan and Xiaogushan) also show low- and moderate-Mg rock compositions, others (for instance, Weishan and West Jiaodebushan) present only low-Mg ones.



In the Molabushan and Longmenshan volcanoes, we sampled both edifices and spatially related to them lava flows (Figure 4a,b, Table S1). In the Molabushan volcano, we took four samples from a lava flow to the northwest and eight samples from a crater rim to identify low-Mg rocks in the former and moderate-Mg rocks in the latter. The cone samples represent porous slag, massive central parts of volcanic bombs, and fragments of lava flows preserved at the top of the crater rim. In the West Longmenshan volcano, we took three samples from a lava flow to the southwest and 11 samples from different fragments of the edifice composed of slag, volcanic bombs, agglutinates, and small bodies of massive rocks exposed due to explosions. All analyzed rocks were of the low-Mg group. Slags showed compositions similar to those of massive rocks. In the East Longmenshan volcano, we took five samples from a crater rim and two samples from a lava flow near the base of a volcanic cone. All these samples were of the moderate-Mg group. For comparison, we picked up trachyandesites in the Laoshantou flow (seven samples) and basaltic trachyandesites in the Old Gelaqiushan flow (five samples) that are representative for the low-Mg group of volcanic rocks.





4. Results


4.1. Low- and Moderate-Mg Volcanic Units


The low- and moderate-Mg volcanic units are identified on the diagrams of MgO versus SiO2, Na2O + K2O versus SiO2, and K2O/Na2O versus SiO2 (Figure 5 and Figure 6). The former units are of trachyandesite and basaltic trachyandesite compositions with MgO contents of 4.8–7.0 wt.% and SiO2 contents of 52–55 wt.%. The latter showed phonotephrite compositions with elevated MgO contents of 7.3–8.5 wt.% and lower SiO2 contents of 48–51 wt.%. Trachyandesite of Laoshantou flow had MgO contents as low as 3.1–3.5 wt.% and SiO2 contents as high as 56.0–56.9 wt.% (Table 2, Table S1). Moderate-Mg rocks and Laoshantou trachyandesite had relatively low K2O/Na2O ratios, while low-Mg rocks presented elevated values.



Moderate-Mg lavas erupted in the last 0.6 Ma. The compositional contrast between the Laoshantou trachyandesite and moderate-Mg rocks from the Molabushan and Longmenshan volcanos is clearly observed in the diagram of CIPW normative minerals (Figure 7). The older Laoshantou trachyandesite is silica-saturated (i.e., it contains normative hypersthene and quartz), the younger moderate-Mg rocks are strongly silica-undersaturated (i.e., they show 9–14 % of normative nepheline with elevated contents of normative anorthite).




4.2. Old Lithospheric, Recent Homogeneous, and Modified Pb Isotopic Signatures


Important information on magma sources of viscous (lithospheric) mantle may be inferred from the linearity of data points on the uranogenic lead-isotope diagram due to the different half-lives of the parent isotopes 238U and 235U that are kinetically inseparable from each other in any geological environment. Zartman et al. [47] reported Pb isotopic compositions of Linju basalts (Shandong Peninsula) that covered the entire range of volcanic rocks from East China yielding a linear distribution of points with a slope that corresponds to an age of 2.57 Ga. Such a distribution of data points was interpreted as a secondary isochron indicative of the lithospheric source age. Basu et al. [4] approximated Pb isotopic ratios of volcanic rocks from the Wudalianchi, Changbaishan, Hannooba, Minxi, Datong, and Kuandian fields by the NHRL (Northern Hemisphere Reference Line) with a slope of 1.77 Ga. Afterward, Tatsumoto et al. [5] used Pb isotopic data from volcanic rocks of the Kuandian and Hannuoba fields to assess metasomatic enrichment events at 3.38 and 2.65 Ga, respectively, in the subcontinental lithosphere.



The linearity of data points on the uranogenic lead-isotope diagram is indicative for estimating the ages of lithospheric sources for volcanic rocks from Wudalianchi. Data from the Laoshantou and Old Gelaqiushan flows yielded a secondary isochron, whose slope corresponds to an age of 1.88 ± 0.06 Ga (MSWD = 0.67). The East Asian common reservoir composition also falls on this isochron line (Figure 8a), which is indicative of incubation time for this reservoir as viscous (lithospheric) material. However, no trends connect the East Asian common reservoir with data points of moderate-Mg rocks from the Molabushan cone and East Longmenshan volcano. These are shifted relative to the 1.88 Ga secondary isochron to the right and below, likely due to a later generation of their sources. Moderate-Mg rocks from the Molabushan cone revealed 207Pb/204Pb values within the range of analytical error (i.e., in terms of 207Pb/204Pb, these rocks are derivatives of a recent homogeneous source). An appreciable range of 206Pb/204Pb values is indicative of some period of time resulting in accumulation of the 206Pb isotope in a closed Molabu source and in rocks of the cone after their crystallization.



Unlike the 207Pb/204Pb–206Pb/204Pb plot, which reveals deviation of data points of rocks from the Molabushan cone and East Longmenshan below the Laoshantou-Gelaqiu reference line 1.88 Ga, the 208Pb/204Pb–206Pb/204Pb plot shows a single trend for all Wudalianchi rocks (Figure 8a,b). Obviously, processing of the mantle material led to the homogenization of low 207Pb abundances in the Molabu source and derivative (modified) melts of the East Longmenshan volcano, but did not provide time-dependent variations of uranogenic (206Pb) and thorogenic (208Pb) isotopes. In the recently homogenized Molabu source and derivative melts, these radionuclides represent more than 99% of uranogenic lead and 100% of thorogenic lead. As a result, only the 207Pb/204Pb–206Pb/204Pb plot yielded information on the younger events.



In contrast to moderate-Mg rocks of the Molabushan cone, low-Mg compositions of the Molabushan flow showed Pb isotopic ratios similar to values of the Gelaqiu source and a mixing trend directed toward the Molabu one. Similar mixing trends are defined between the Gelaqiu and Molabu sources for rocks from other Wudalianchi volcanoes. The same trend is designated, for instance, by data points of moderate-Mg rocks from the Bijiashan and Laoheishan (Figure 8). 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios of moderate-Mg rocks from the East Longmenshan volcano were elevated relative to those from the Molabushan cone, while the Pb isotopic ratios of low-Mg rocks from the West Longmenshan were close to the values of the Gelaqiu source. Unlike rocks from the Molabushan volcano, those from the East Longmenshan provide no adequate age information for a source region.



The division of rocks in terms of MgO contents is consistent with specific variations of Pb isotopic ratios (Figure 9). Compared to lithosphere-derived low-Mg rocks from the Molabushan flow and West Longmenshan, those from the recent homogeneous Molabu source (i.e., from the Molabushan cone and East Longmenshan) showed elevated 206Pb/204Pb and 208Pb/204Pb ratios. Moderate-Mg rocks of the East Longmenshan revealed increasing 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios relative to those of the Molabushan cone (Figure 9). Obviously, some kind of process modified Molabu liquids result in the relative increase of Pb isotopic ratios in moderate-Mg rocks of the East Longmenshan. The difference between Pb isotopic compositions of low- and moderate-Mg rocks emphasizes a non-lithospheric (i.e., convectively homogenized) mantle origin of the Molabu source.




4.3. Anomalous Pb Range in Moderate-Mg Rocks


Pyrolite-normalized incompatible trace-element patterns of rocks from Wudalianchi demonstrate relatively uniform spectra that differ from oceanic basalt signatures [2,30,49]. The rocks showed negative anomalies of Cs, Th–U, Nb–Ta, and peaks of Ba, K, La. Laoshantou trachyandesites and partly Old Gelaqiushan basaltic trachyandesites exhibited slightly decreased abundances of these elements relative to moderate-Mg compositions. From Pr to Yb, the normalized patterns showed smoothly decreasing values. The only exception was a strongly variable Pb concentration from a trough in sample CH-15-65 (3.7 ppm Pb) to a peak in sample CH-15-41 (21.2 ppm Pb) (Figure 10).



All but one moderate-Mg sample from the Molabushan cone had 11–13 ppm Pb and 7.7–8.1 wt.% MgO. The elevated Pb concentration (21 ppm) in sample CH-15-41 corresponded to the lowest MgO content of this group (7.34 wt.%). Pb concentrations in moderate-Mg rocks from the East Longmenshan volcano decreased from 10.6 to 3.7 ppm with a relative decrease of MgO content from 8.46 to 7.36 wt.%. Taking into account such an unusual Pb variation, moderate-Mg rocks from the East Longmenshan are considered here as modified liquids from the homogeneous Molabu source. In contrast, the Laoshantou trachyandesite and Old Gelaqiushan basaltic trachyandesite showed a narrow Pb range (13–14 ppm). Almost the same narrow Pb range is characteristic of low-Mg rocks from the Molabushan and West Longmenshan volcanoes (Figure 11).





5. Discussion


5.1. Hypothesis on Extraction of Sulfides from Melts of the Molabu Source


The difference between moderate-Mg rocks from the Molabushan cone and East Longmenshan volcano in terms of Pb isotopic ratios and Pb abundances is likely due to sulfide extraction resulting from the addition of a sulfur-bearing component to moderate-Mg melts of the Molabu source. If sulfides had been extracted from melts of the Molabu source without introduction of an external component, moderate-Mg rocks would have yielded trends of increasing Th/Pb and U/Pb ratios without variations of Pb isotope ratios (i.e., the expected trends would have extended parallel to the abscissa axes in the graphs in Figure 12). Such trends, however, are not characteristic of moderate-Mg rocks. Instead, the graphs showed curvilinear trends, starting by data points of rocks from the Molabushan cone and ending by ones from the East Longmenshan volcano.



The trends appeared to display the common evolution of the Molabu source melts affected by the addition of sulfur-bearing material with the progressive extraction of sulfides from melts of the Molabushan and East Longmenshan volcanoes. Separation of only sulfides that have Th/Pb and U/Pb ratios equal to 0 would have resulted in direct trends from the Molabu source. The observed bends of the paths in the graphs of Figure 12 show the signature of an external component displayed in the highest Pb isotope ratios that distinguish the material of the sulfur-bearing material from the Molabu source magma. We defined Pb isotopic ratios of (1) magmatic component of the Molabu source—206Pb/204Pb = 17.074, 207Pb/204Pb = 15.438, 208Pb/204Pb = 37.146 and (2) external sulfur-silicate component—206Pb/204Pb = 17.246, 207Pb/204Pb = 15.466, 208Pb/204Pb = 37.453. The silicate contribution is reflected in the erupted residual melts with the Th/Pb, U/Pb, and Th/U ratios close to 1.5–2, 0.3, and 5.0–6.6, respectively. In the ore-forming magmatic process, the external sulfur-silicate component is combined, on the one hand, directly with the magma of the Molabu source (Th/Pb = 0.47, U/Pb = 0.067, Th/U = 7), and on the other hand, with the final residual melt generated after sulfide extraction (Th/Pb > 3.0, U/Pb > 0.5).



Separation of an immiscible sulfide liquid from a silicate medium affects not only S and Pb, but also Ni, Co, Cu, and Fe [18,19,20,21,22,52,53,54]. Geochemical effects of sulfide extraction were confirmed on the S versus Ni/Co, S versus Ni/Mg, and Ni versus MgO diagrams (Figure 13 and Figure 14).



In igneous rocks, Ni and Co enter into both sulfides and silicates, while S enters only into sulfides. Study of sample CH-15-43, which shows the maximal S abundance 280 ppm among rocks from the Molabushan cone, confirmed sulfur residence in pyrite particles determined using a scanning electron microscope. The decrease in sulfur from rocks of the Molabushan cone to those of East Longmenshan clearly marks a process of sulfide extraction. As sulfur content falls from 120–280 ppm in rocks of the Molabushan cone to 60–170 ppm in those of East Longmenshan, Ni/Co and Ni/Mg ratios decrease from 4.8–5.3 and 23–26 to 3.7–4.7 and 20–22, respectively.



Low- and moderate-Mg rock groups have comparable Ni concentrations. Low-Mg rocks from the Molabushan volcano showed elevated Ni abundances relative to those from the West Longmenshan volcano. Moderate-Mg rocks of the Molabushan cone denote an individual trend that also presents control of Ni by silicates. Concentration of Ni in rocks of the Molabushan cone (166–196 ppm) decreases to 144–180 ppm in rocks of the East Longmenshan. This shift might indicate additional control of Ni in liquids of the latter volcano by sulfide extraction.




5.2. Hypothesis on Generation of Wudalianchi Magmas in Sources of Enriched Sub-Continental Mantle (ESCM) Related to the Primordial Mantle (PM) Evolution


A Ce/Pb value ~25 is characteristic of OIB and MORB [19,55]. Ce/Pb and Nd/Pb ratios of N-MORB (normal mid-ocean ridge basalts) are essentially constant at ~25 and ~20, respectively. So, it is assumed that lead behaves in a similar manner to these rare earth elements during partial melting and fractional crystallization. Measurements of mineral–melt partition coefficients show, however, that Pb is much more incompatible than Ce and Nd in silicates, but has a high sulfide melt/silicate melt distribution coefficient. This means a major control on the behavior of Pb by its partitioning into sulfide during melting and differentiation [19,21]. Unlike oceanic basalts, both the continental crust and magmas, generated in convergent tectonic settings, are enriched in Pb with a Ce/Pb as low as 2.5 that is explained by a fluid phase transfer of lead from the subducted oceanic crust [56].



Both low- and moderate-Mg rocks from Wudalianchi revealed no Ce/Pb signatures specific for oceanic or convergent continental margin sources (~25 or 2.5, respectively), but showed Ce/Pb typical of the primordial mantle (PM = 10.7 ± 0.5). Therefore, the Wudalianchi source material represents the ESCM that never passed the oceanic stage, but could originate through processing of the evolved PM material, which was likely retained in the East Asian common reservoir [9]. Therefore, there is no reason to refer to Wudalianchi rocks as EM1 OIB end-member as was previously thought [1,2,4,5].



Similar to 208Pb/204Pb–Th/U, 207Pb/204Pb–U/Pb, and 206Pb/204Pb–U/Pb variations (Figure 12), in the Ce/Pb versus 206Pb/204Pb diagram (Figure 15), an anomalous Pb behavior in moderate-Mg rocks from the Molabushan cone and East Longmenshan volcano is displayed by a non-linear trend. Data points of rocks from the Molabushan cone yielded strongly correlated Ce/Pb and 206Pb/204Pb ratios, whereas those of rocks from the East Longmenshan volcano showed remarkably increased Ce/Pb and narrow 206Pb/204Pb. The sulfur-silicate component of the East Longmenshan showed trends toward primary melt of the Molabu source (Ce/Pb ~10) and residual melt (Ce/Pb ~50). A primary magmatic 206Pb/204Pb value corresponded to Ce/Pb typical of the PM.



The ESCM signature is also likely retained by Wudalianchi rocks on the Th/Yb versus Ta/Yb diagram, in which rocks of the continental crust are plotted above the mantle array displayed by OIB and MORB [57]. On one hand, advanced separation of a crustal component from the OIB source results in a restite-type source signature with elevated Th/Yb and Ta/Yb ratios (i.e., restite source shifts below the MORB and OIB array), as it was inferred in the study of Cenozoic volcanic rocks from Central Mongolia [34]. On the other hand, the specific array of the ESCM rocks might be a result of a separation of continental crust from the upper mantle reservoir. In Figure 16, the evolved trend of rocks from the ESCM is placed above the MORB and OIB array (Figure 16).



The trace-element set of the undifferentiated mantle (pyrolite) [50] is characteristic of the Bulk Silicate Earth (BSE) composition that corresponds to the Geochron. The Wudalianchi mantle lithospheric sources belong to viscous mantle displayed in the common reservoir of East Asia that was differentiated at ca. 1.88 Ga (Figure 8). This event designated the possible ascend of undifferentiated mantle material, resulting in the generation of the enriched continental lithospheric mantle.




5.3. Trace-Element Modeling of Batch Partial Melting


Compositional difference between sources of the convective and lithospheric mantle reservoirs beneath Wudalianchi is estimated through simulation of the equilibrium partial melting using the Shaw equation [58] for trace elements: Rb, Ba, Th, U, K, Nb, Ta, La, Sr, Zr, Hf, Sm, Ti, Eu, Dy, Y, and Yb (Figure 17a). The equation solution yielded trace-element concentrations in a source. The source was assumed to consist of: (1) the undifferentiated mantle (pyrolite) [50] that satisfies the distribution of incompatible trace elements (Rb, Ba, K, La, etc.) in olivine, orthopyroxene, clinopyroxene, garnet, and (2) components of amphibole-phlogopite-apatite veins provided an additional budget of incompatible trace elements. The used trace-element concentrations in minerals were recalculated as average values from [59,60,61,62,63,64,65].



A set of mineral/melt distribution coefficients (D) was mostly from a previous compilation reported by Table 3 in [66]. Distribution coefficients and trace-element abundances for apatite, amphibole, and phlogopite were used after [66], except of the DCpx/melt for La (0.044) and DPhl/melt for Rb (2.48) were taken from [67] and [63], respectively. In a garnet-bearing source, La/Yb, Gd/Yb, and Dy/Yb in melts increased with the decreasing of the melt fraction. Using the (La/Yb)n ratio might yield confusing results due to one order variations of La concentration in mica and amphibole of the same type of rock [62,64]. To avoid this uncertainty, the degrees of partial melting in sources were estimated from relations between (Dy/Yb)n and Ybn (Figure 17b,c).



The diagrams of Figure 17 clearly trace the compositions of the Gelaqiu and Molabu model sources (melting of the lithospheric and convective mantle, respectively). The melting trend of the Gelaqiu model source shows a reverse slope (i.e., decrease of Yb with increase of the Dy/Yb ratio) that is governed by predominant melting of clinopyroxene and garnet (Table 3). In such a source, the proportions of minerals were: 8.2 wt.% Grt, 58.8 wt.% Ol, 3 wt.% Am, 5 wt.% Phl, 10 wt.% Opx, 15 wt.% Cpx, and 0.03 wt.% Ap. The melting trend of the Molabu model source is characterized by wide variations in the (Dy/Yb)n at a sustained content of Ybn. In such a source, the proportion of garnet decreases and those of phlogopite and amphibole increase (4.7 wt.% Grt, 52 wt.% Ol, 6 wt.% Am, and 12 wt.% Phl).





6. Conclusions


In this paper, we have intended to explain anomalously wide variations of Pb abundances in rocks from the Molabushan cone and East Longmenshan volcano using trace-element and Pb isotopic data. We defined lithospheric components in the Laoshantou and Old Gelaqiushan lava flows due to common secondary isochron of their rocks with a slope corresponding to an age of 1.88 Ga. The Laoshantou and Gelaqiu sources produced low-Mg liquids at the time interval of initial volcanic activity in Wudalianchi at ca. 2.5 and 2.0 Ma ago. The younger Molabushan and Longmenshan volcanoes also had low-Mg units derived through melting of the Gelaqiu-like source material. The West Longmenshan volcano, which produced material from this kind of source, began erupting since 1.3 Ma ago. The Molabushan and East Longmenshan volcanoes, which exhibited moderate-Mg liquids, were active only in the past 0.6 Ma. Rocks from the Molabushan cone yielded a secondary isochron with a flat slope that designates liquids from the recent convectively-homogenized Molabu source (Figure 18).



We infer that the Laoshantou and Gelaqiu lithospheric mantle sources are associated with the common reservoir that is defined in the Cenozoic volcanic rocks of East Asia. From the Ce/Pb, Th/Yb, and Ta/Yb ratios of low- and moderate-Mg rock groups, we suggest that the old lithospheric Laoshantou and Gelaqiu sources formed due to differentiation of the enriched sub-continental mantle and that the recent Molabu source likely derived from similar mantle material.



We assessed peculiar geochemical signatures of moderate-Mg rocks such as an increase of Ce/Pb from 8 to 47, Th/Pb from 0.5 to 2.6, U/Pb from 0.07 to 0.46, 206Pb/204Pb from 16.900 to 17.246, 207Pb/204Pb from 15.437 to 15.466, and 208Pb/204Pb from 37.146 to 37.453. Furthermore, we demonstrate a change of rock compositions from the Molabushan cone to East Longmenshan in terms of decreasing S, Ni concentrations, Ni/Co, and Ni/MgO ratios. All these variations provide evidence for modification of liquids from the recent homogeneous Molabu source by the efficient extraction of sulfides.
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Figure 1. Location of the Wudalianchi volcanic field on the active continental margin of Eurasia (a), spatial position of Molabushan and Longmenshan volcanoes relative to the older Laoshantou and Old Gelaqiushan flows (b), and grouping of volcanoes (c). 
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Figure 2. Activities of the Molabushan and Longmenshan volcanoes relative to a sequence of eruptions in the Central Group of volcanoes and older lava flows. A time range of the initial flows is highlighted by the green color. Propagated eruptions are designated with a blue stripe and red arrows. The scheme is modified after [32] using additional data [33] and references therein. 
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Figure 3. Photos of the volcanoes: (a) Longmenshan (view from the north), (b) Molabushan (view from the west). 
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Figure 4. Location of sampling sites in the Molabushan (a) and Longmenshan (b) volcanoes. 
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Figure 5. Variations of MgO versus SiO2 in low- and moderate-Mg rocks from the Molabushan and Longmenshan volcanoes compared to those from older lava flows. The data used were from Table 2 and Table S1. Anhydrous compositions were recalculated to 100%. 
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Figure 6. Division of low- and moderate-Mg rocks on Na2O + K2O versus SiO2 (a) and K2O/Na2O versus SiO2 (b) diagrams. Symbols are as in Figure 5. In diagram (b), the classification fields of the International Union of Geological Sciences (IUGS) are shown after [46]. Anhydrous compositions were recalculated to 100%. 
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Figure 7. Division of low- and moderate-Mg rocks on a diagram of CIPW normative minerals. Symbols are as in Figure 5. Normative minerals: ne—nepheline, hy—hypersthene, qz—quartz, an—anorthite, ab—albite. 
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Figure 8. Diagrams of 207Pb/204Pb versus 206Pb/204Pb ratios (a,a’) and 208Pb/204Pb versus 206Pb/204Pb ratios (b,b’). Symbols are as in Figure 5. Calculation of the secondary isochron was performed using the Isoplot program [48]. To demonstrate mixing relations between the Gelaqiu and Molabu sources, additional data for moderate-Mg rocks from the Bijiashan and Laoheishan volcanoes [2,6] are plotted by blue triangles. Insets (a’) and (b’) indicate positions of diagrams (a) and (b) (red rectangles) relative to the whole range of East China volcanic rocks and end members of ocean basalts: DMM (Depleted MORB Mantle), EM1, EM2 (Enriched Mantle 1, 2) as well as relative to the BSE (Bulk Silicate Earth), Geochron, and NHRL [48]. The field of East China basalts and data of Pb isotopic ratios of rocks from Linju, Shandong Province are shown after [47]. The East Asian common reservoir (206Pb/204Pb = 17.55; 207Pb/204Pb = 15.52; 208Pb/204Pb = 37.76) is indicated after [9]. Slopes of reference lines, which approximate data points of sources, are explained in the text. 
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Figure 9. Pb isotopic ratios versus MgO diagrams, (a) 208Pb/204Pb ratios; (b) 207Pb/204Pb ratios; (c) 206Pb/204Pb ratios. Symbols are as in Figure 5. 
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Figure 10. Pyrolite-normalized trace-element patterns of rocks from older flows and key samples of moderate-Mg rocks from the Molabushan cone and East Longmenshan volcano. Samples CH-15-65 and CH-15-41 showed the lowest and highest Pb concentrations, respectively. Typical continental crust compositions are shown for comparison. Normalizing values are after [50] (Pb = 150 ppb), continental crust compositions are after [51]. 
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Figure 11. Pb versus MgO diagram. Symbols are as in Figure 5. 
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Figure 12. 208Pb/204Pb versus Th/U (a) and 206Pb/204Pb, 207Pb/204Pb versus U/Pb (b,c). Symbols are as in Figure 5. The two purple arrows in each graph indicate an array of modified compositions resulting from the introduction of the sulfur-silicate component with elevated Pb isotopic ratios into the primary melt of the Molabu source. 
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Figure 13. S versus Ni/Co (a,c) and Ni/MgO (b,d) diagrams. Symbols are as in Figure 5. 
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Figure 14. Ni versus MgO diagram. Symbols are as in Figure 5. East Longmenshan data points show a shift relative to the Molabushan ones that might be due to the effective extraction of sulfides from melts of the Molabu source. 
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Figure 15. Ce/Pb versus 206Pb/204Pb diagram. Symbols are as in Figure 5 and Figure 12. 
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Figure 16. Th/Yb versus Ta/Yb diagrams that demonstrate deviations of Wudalianchi rocks from the MORB and OIB array (a) and the continental crust compositions (LC—lower, MC—middle, UC—upper, TC—total) (b). Symbols are as in Figure 5. The bi-directional dark-blue arrow on (b) shows the advanced generation of a restite signature from the OIB source due to separation of a complementary component (CC) after [30]. 
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Figure 17. Results of trace-element modeling of equilibrium melting on the diagrams of normalized trace-element patterns (a) and (Dy/Yb)n versus Ybn (b,c). Symbols are as in Figure 5. Abbreviations: Ol—olivine, Opx—orthopyroxene, Cpx—clinopyroxene, Phl—phlogopite, Am—amphibole, Ap—apatite. In the Gelaqiu and Molabu model sources, variable proportions of minerals, indicated on the diagrams (b,c), are complemented by a constant proportion of minerals: Opx 10 wt.%, Cpx 15 wt.%, Ap 0.03 wt.%. Numbers in italics indicate the degree of partial melting (F). Melting of moderate-Mg rocks from East Longmenshan and Laoshantou trachyandesites are not modeled because of later modifications. Pyrolite normalization is after [50]. 
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Figure 18. Initial eruptions of liquids from the individual lithospheric Laoshantou and Gelaqiu sources generated beneath Wudalianchi at ca. 1.88 Ga ago (a) and subsequent eruptions of mixed liquids from the mantle lithospheric Gelaqiu and sub-lithospheric Molabu sources accompanied by extraction of sulfides from liquids of the latter (b). The position of the Molabu source below the Gelaqiu one is shown conventionally. This source might be a chamber within the lithospheric mantle. 
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Table 1. Measured results for the SRM NBS-981 reference material obtained in different laboratories.
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	Method of Normalizing
	206Pb/204Pb
	207Pb/204Pb
	208Pb/204Pb
	References





	ID (TIMS)
	16.9356 ± 7
	15.4891 ± 9
	36.7006 ± 34
	[39]



	ID (MC-ICP-MS)
	16.9377 ± 14
	15.4922 ± 25
	36.6941± 35
	This work



	Tl (MC-ICP-MS)
	16.9369 ± 39
	15.4904 ± 34
	36.6949 ± 87
	[40]



	ID (MC-ICP-MS)
	16.9376 ± 46
	15.4917 ± 35
	36.6986 ± 90
	MACQUARIE University,

GEMOC ANKC



	ID (MC-ICP-MS)

Tl (MC-ICP-MS)
	16.9417 ± 29

16.9356 ± 55
	15.4996 ± 31

15.4911 ± 74
	36.724 ± 9

36.697 ± 23
	[41]



	ID (MC-ICP-MS)
	16.9413 ± 17
	15.4983 ± 27
	36.7182 ± 38
	[42]



	Tl (MC-ICP-MS)
	16.9308 ± 10
	15.4839 ± 11
	36.6743 ± 30
	[43]



	ID (TIMS)
	16.9356 ± 48
	15.4912 ± 47
	36.702 ± 14
	[44]



	ID (TIMS)
	16.936 ± 1
	15.492 ± 2
	36.705 ± 5
	[45]
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Table 2. Representative data of volcanic rocks.
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1

	
2

	
3

	
4

	
5

	
6




	
Sample

	
CH-15-43

	
CH-15-39

	
CH-15-66

	
CH-15-58

	
CH-15-19

	
CH-16-135




	

	
PT

	
BTA

	
PT

	
TA

	
BTA

	
TA






	
SiO2, wt.%

	
48.45

	
52.31

	
47.83

	
53.98

	
52.77

	
56.70




	
TiO2

	
2.59

	
2.59

	
2.35

	
2.47

	
2.24

	
2.08




	
Al2O3

	
12.87

	
14.01

	
13.12

	
13.95

	
14.45

	
15.03




	
Fe2O3

	
9.99

	
3.17

	
9.72

	
2.71

	
3.28

	
3.09




	
FeO

	
0.62

	
4.80

	
0.41

	
5.11

	
5.27

	
4.46




	
MnO

	
0.15

	
0.13

	
0.13

	
0.10

	
0.09

	
0.10




	
MgO

	
7.73

	
6.43

	
7.57

	
6.35

	
6.15

	
3.25




	
CaO

	
7.30

	
5.90

	
8.19

	
5.56

	
5.76

	
5.23




	
Na2O

	
3.75

	
3.44

	
3.48

	
3.48

	
2.99

	
3.81




	
K2O

	
4.58

	
5.45

	
4.49

	
5.11

	
4.27

	
4.65




	
P2O5

	
0.97

	
0.96

	
1.01

	
0.94

	
0.88

	
0.79




	
H2O−

	
0.11

	
0.06

	
0.12

	
0.07

	
0.31

	
0.10




	
H2O+

	
0.81

	
0.66

	
1.43

	
0.53

	
1.54

	
0.73




	
Total

	
99.92

	
99.91

	
99.85

	
100.36

	
100.01

	
100.03




	
Be, ppm

	
3.1

	
3.1

	
2.8

	
2.7

	
3.0

	
3.6




	
Stot

	
280

	
270

	
130

	
70

	
<60

	
70




	
Sc

	
13.1

	
11.2

	
14.8

	
10.8

	
16.5

	
13.2




	
V

	
144

	
119

	
158

	
127

	
118

	
102




	
Co

	
38

	
30

	
39

	
31

	
31

	
22




	
Ni

	
183

	
167

	
150

	
177

	
157

	
42




	
Cu

	
30

	
30

	
35

	
42

	
27

	
26




	
Zn

	
85

	
77

	
116

	
226

	
76

	
128




	
Rb

	
88.6

	
97.9

	
105.8

	
95.9

	
68.3

	
86.7




	
Sr

	
1455

	
1431

	
1467

	
1446

	
1519

	
1111




	
Y

	
22.6

	
20.4

	
23.3

	
18.9

	
19.6

	
20.4




	
Zr

	
359

	
394

	
322

	
371

	
409

	
402




	
Nb

	
75.3

	
56.6

	
68.1

	
49.7

	
56.4

	
40.1




	
Cs

	
0.94

	
0.81

	
1.19

	
0.47

	
0.70

	
0.52




	
Ba

	
1671

	
1714

	
1708

	
1753

	
1784

	
1176




	
La

	
94.1

	
83.1

	
91.9

	
77.7

	
80.9

	
85.4




	
Ce

	
164

	
149

	
166

	
144

	
146

	
159




	
Pr

	
18.47

	
16.68

	
18.6

	
16.4

	
16.4

	
17.2




	
Nd

	
69.3

	
63.5

	
68.9

	
61.0

	
62.4

	
62.0




	
Sm

	
11.39

	
10.57

	
11.67

	
10.51

	
10.34

	
10.16




	
Eu

	
3.13

	
2.91

	
3.22

	
2.84

	
2.88

	
2.70




	
Gd

	
9.00

	
8.05

	
9.14

	
7.99

	
7.87

	
7.49




	
Tb

	
1.11

	
1.05

	
1.14

	
1.02

	
1.00

	
1.02




	
Dy

	
4.70

	
4.38

	
5.02

	
4.30

	
4.17

	
4.38




	
Ho

	
0.82

	
0.75

	
0.87

	
0.73

	
0.74

	
0.76




	
Er

	
1.89

	
1.74

	
2.04

	
1.61

	
1.67

	
1.76




	
Yb

	
1.27

	
1.22

	
1.31

	
1.13

	
1.14

	
1.30




	
Lu

	
0.16

	
0.16

	
0.19

	
0.17

	
0.14

	
0.18




	
Hf

	
9.24

	
9.89

	
8.22

	
9.39

	
10.31

	
9.96




	
Ta

	
3.75

	
2.79

	
3.82

	
2.71

	
2.74

	
2.34




	
Pb

	
12.8

	
12.8

	
3.7

	
11.9

	
12.7

	
13.3




	
Th

	
9.28

	
7.04

	
9.31

	
6.34

	
6.44

	
6.39




	
U

	
1.66

	
1.36

	
1.47

	
1.14

	
1.02

	
1.04




	
206Pb/204Pb

	
17.1469 ± 11

	
16.9000 ± 13

	
17.2420 ± 21

	
16.8707 ± 17

	
16.8860 ± 13

	
16.5903 ± 24




	
207Pb/204Pb

	
15.4372 ± 10

	
15.4468 ± 13

	
15.4563 ± 19

	
15.4515 ± 16

	
15.4465 ± 14

	
15.4120 ± 22




	
208Pb/204Pb

	
37.2631 ± 27

	
36.9245 ± 34

	
37.4077 ± 49

	
36.8949 ± 39

	
36.8779 ± 36

	
36.6785 ± 53








1–2, Molabushan volcano: 1—cone, 2—flow; 3—East Longmenshan volcano; 4—West Longmenshan volcano; 5—Old Gelaqiushan flow; 6—Laoshantou flow. PT—phonotephrite, BTA—basaltic trachyandesite, TA—trachyandesite. The whole dataset is shown in the Table S1. LOI (loss on ignition) is composed of a fraction extracted by drying of a sample under the temperature of 100 °C (H2O−) and another one by heating of a sample under the temperature of 900 °C (H2O+).
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Table 3. Compositions of model sources for Wudalianchi liquids (batch partial melting).
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Source

	
Gelaqiu

	
Molabu Source






	

	
Wi

	
Xi

	
Wi

	
Xi




	
Ol

	
0.5877

	
0.0997

	
0.5227

	
0.3297




	
Opx

	
0.1

	
0.1

	
0.1

	
0.1




	
Cpx

	
0.15

	
0.47

	
0.15

	
0.25




	
Grt

	
0.082

	
0.25

	
0.047

	
0.14




	
Phl

	
0.05

	
0.05

	
0.12

	
0.12




	
Am

	
0.03

	
0.03

	
0.06

	
0.06




	
Ap

	
0.0003

	
0.0003

	
0.0003

	
0.0003




	
F

	
0.02–0.06 (West Longmenshan)

0.05–0.10 (Old Gelaqiushan)

	
0.001–0.08 (Molabushan cone)








Wi—proportions of minerals in model source material, Xi—proportions of minerals consumed by the melt. The melting trends are shown in the (Dy/Yb)n versus Ybn diagrams (Figure 17b,c). F—melt fraction calculated using the (Dy/Yb)n—Ybn relation.
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