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Abstract

:

Two rivers from Taiwan with different source inputs, the Danshuei (polluted) and Liwu (non-polluted), were selected to study the behavior of molybdenum (Mo) isotopes during weathering and riverine transport. In the Danshuei River, δ98/95Mo ranges from 0.83‰ to 1.50‰ (wet season) and 0.54‰ to 1.25‰ (dry season). With a few exceptions, δ98/95Mo in the Danshuei River is lighter during the wet season, while, in contrast, heavier in the dry season. In the Liwu River, δ98/95Mo varies from 0.54‰ to 1.30‰ and gets heavier along the mainstream. Using the MixSIAR model, three Mo sources are identified in the Danshuei River: seawater intrusion, rock–water interaction, and anthropogenic inputs. Seawater intrusion can explain the heavy δ98/95Mo downstream signal during the wet season contributing 14–39% from the MixSIAR model. However, the lighter δ98/95Mo signal during the dry season is most likely due to anthropogenic inputs in the middle and lower reaches of the Danshuei River contributing 75–98%. In the Liwu River, dissolved Mo isotopes correlate with SO42−/Na and (Sr/Na) ×1000 ratio, suggesting that pyrite oxidation coupled with carbonate weathering governs the heavy δ98/95Mo signature, with sequestration of light δ98/95Mo into secondary mineral phases in bedload sediments. Furthermore, these results have important implications for riverine Mo sources to the ocean, controlled by anthropogenic activity and weathering processes.
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1. Introduction


In the last few decades, the fundamentals of molybdenum (Mo) isotope geochemistry in the marine system have been well studied [1,2]. However, the river system, being the most important transporter of the dissolved elements and suspended particles from the continents to the ocean, is intricate and dynamic [3,4,5,6]. Additionally, the river system is negatively impacted by increases in urbanization, agricultural activities, and industrial applications, which may further alter the hydrological processes [7,8]. Consequently, many aspects of Mo isotopic fractionation in the river system in response to natural and anthropogenic factors have not been well studied [1,2,9,10,11,12].



Molybdenum isotopes are a promising proxy to study oxidative weathering at a continental scale. Many recent studies have reported that the riverine δ98/95Mo is isotopically heavier than the average upper continental crust (UCC) δ98/95MoUCC = 0 to 0.4‰ [1,13,14,15]. Overall, the global riverine δ98/95Mo signature spans a wide range from δ98/95Mo = −0.1‰ to 2.3‰ [10,11,12,16,17,18,19]. This large Mo isotopic fractionation in global rivers most likely reflects the heterogeneity in lithologies, modes of continental weathering, and specific climatic/environmental settings. Some studies have suggested that the heavier riverine δ98/95Mo signature may be associated with the sequestration of lighter Mo isotopes in the residual weathering products, e.g., soil, clays, and/or organic matter [20,21,22]. In contrast, other studies have demonstrated that the weathering of catchment lithology, in particular, the preferential dissolution of mineral phases with a heavier δ98/95Mo signature such as the weathering of sulfide-rich minerals, may control the δ98/95Mo in the dissolved load [17,23]. Taiwan rivers flow through different lithologies within the same basin and are affected by several processes [9]. In addition to chemical weathering, the contribution of the anthropogenic input of Mo in the river systems has received little attention. Molybdenum is extensively used as an industrial material and is subsequently discharged as wastewater [24,25]. Lately, the potential point sources of pollution from anthropogenic activity on the surface Mo cycle from acid mine drainage and mine tailings (i.e., mine waste storage facilities) have been reported [24,25,26]. Evidently, the rock–water interaction and anthropogenic input could potentially affect the Mo isotope signature and its geochemical behavior during riverine transport. As a result, anthropogenic Mo can transform the natural Mo isotopic composition of river water and alter the surface Mo cycle. In this regard, understanding Mo behavior and its fractionation mechanism in polluted rivers is crucial to constrain the impact of anthropogenic contaminants.



Taiwan is one of the fastest-developing South Asian countries in the world, and its water quality is rapidly deteriorating [27]. The Danshuei River, the largest river in northern Taiwan, flows through the metropolitan area of Taipei, where a total population of ~6 million people resides, and is an important water resource for such a high population density. It receives both treated/untreated domestic sewage, agriculture, and industrial effluents, thus making it one of the most heavily polluted rivers in northern Taiwan [28,29,30,31], and it is a proper target for discussing Mo behavior in the polluted river system. To gather more insight on Mo isotope behavior, a well-drained, non-polluted Liwu River was chosen for comparison. It flows through the steep, eroding topography of eastern Taiwan and accounts for the highest silicate cation denudation rate of ~18 t km−2 in the world [32]. Liwu River water chemistry is controlled mainly by hydrological processes and its associated chemical weathering fluxes and is mostly free from anthropogenic pollution.



Herein, we present the isotopic ratio of dissolved riverine Mo for the first time in the Danshuei (polluted) and Liwu (non-polluted) Rivers in Taiwan, which will improve our understanding of riverine Mo behavior in two different settings. Based on these considerations, the main objectives of this study are: first, to investigate the comparative behavior of the dissolved δ98/95Mo ratio and its Mo concentration in these two river catchments; second, to identify the potential sources of Mo; and third, to understand the impact of anthropogenic influence on the Mo geochemical cycle.




2. Materials and Methods


2.1. Study Area


2.1.1. Danshuei River


The Danshuei (25°10′ N; 121°10′ E) the third largest river in Taiwan, covers 7.6% of the total area, and has a mainstream length of 159 km with a drainage area of 2726 km2 [33]. It is a hypoxic subtropical estuary, with a channel gradient ranging from 0.15% to 27%. Because of its low channel gradient downstream, the seawater intrusion can reach up to 40–50 km [34,35]. It receives a mean annual precipitation of 2325 mm (Central Weather Bureau, http://www.cwb.gov.tw/ (accessed on 24 February 2022)) and has three major tributaries: the Dahan, Keelung, and Xindian Rivers. The confluence of the Dahan and Xindian Rivers forms the main Danshuei River (Figure 1a). The Dahan River contributes 31%, the Keelung River contributes 27%, while the Xindian River contributes 37% of the total freshwater discharge. The mean water discharge rate is 233 m3/s for the main Danshuei River, while the upstream average river discharge rates for the Dahan, Keelung, and Xindian are 62.1, 26.1, and 72.7 m3/s, respectively [36]. The Danshuei drainage basin comprises mainly low-grade metamorphic and sedimentary rocks containing shale, slate, phyllite, argillite, and sandstones [37]. In addition, the two major volcanic regions, the Tatun volcanic group (TVG) and Keelung volcanic comprise andesite rocks aged 0.1–2 Ma [38,39].




2.1.2. Liwu River


The Liwu River, which originates 3500 m above sea level, has a length of 55 km and a basin size of 616 km2 (Figure 1b) [40]. The landslide-dominated Liwu River watershed is primarily covered by dense tropical forest and is situated in Taiwan’s Taroko National Park. It has a very high catchment erosion rate of ~12.5 mm/yr, likely owing to frequent earthquakes, intense rainfall, and its steep topography, which give rise to landslides accompanied by rapid soil erosion [5]. Despite its small size, about ~14 Mt/yr of suspended load is discharged annually into the Philippine Sea [5,40]. The Liwu River has three major tributaries: the Waheir, Dasha, and Shakadang. The upper part of the Liwu catchment consists of Miocene to Eocene slate of the Backbone Range, with schists and marble of the Tailuko Belt in the middle and lower reaches [37]. The landslide-dominated Liwu River accounts for 22%, 56%, and 22% of slate, schist, and marble of the total drainage area [41]. No marble outcrops have been reported in the upper reaches of the Waheir and Dasha Rivers and their tributaries, as they drain completely through the Paleozoic-Mesozoic schist of the Tailuko Belt. However, the extent of the marble outcrop increases along the middle to lower reaches of the mainstream Liwu River.





2.2. Sampling and Analytical Procedures


River water samples were collected in pre-cleaned high-density polyethylene (HDPE) bottles, filtered through a 0.22 µm cellulose acetate filter, and acidified to pH ~2 with ultra-pure concentrated nitric acid. The sampling details are given in the Supplementary Materials. A double-spike method was used for Mo isotope measurement and its description is given in [9,42,43,44].



The Mo isotopic composition is expressed as δ98/95Mo notation as follows:


δ98/95Mo (‰) = [(98Mo/95Mo)sample/(98Mo/95Mo)NIST SRM-3134 − 1] × 1000



(1)







All the Mo isotope data cited from the literature in this study were normalized to NIST SRM-3134 = +0.25‰, a certified international inter-laboratory Mo isotope standard [45,46,47]. The accuracy and reproducibility of the Mo isotopic measurement were verified by periodic analysis of two international standard reference materials, BHVO-2 (δ98/95Mo = 0.21 ± 0.07‰, 2σ, n = 5) and IAPSO seawater (δ98/95Mo = 2.34 ± 0.08‰, 2 σ, n = 5). Both the standards were in good agreement with the previously published values [10,44,47,48,49,50]. The total procedural blank was negligible (<1% of total Mo analyzed).





3. Results


3.1. Hydrological Parameters and Major Ion in the Dissolved Load


The hydrological parameters and major ion data for the Danshuei River is shown in Table 1. The river water pH varied from slightly acidic to alkaline, with high pH values upstream in each tributary during both seasons. Sampling sites D4, D5, and K2 exhibit very high electrical conductivity (EC) and total dissolved solids (TDS) values during the wet season. The average TDS for the large rivers of the world is 286 mg/L [3]. The ion chemistry in the Danshuei River and its tributaries was dominated by Na+ and Cl− ions. During the wet season, the cation fraction varied in the order Na+ > Mg2+ > Ca2+ > K+, accounting for 81%, 10%, 5%, and 2% of the total cation (Table 1), while during the dry season, Na+ > Ca2+ > Mg2+ > K+ accounted for 50%, 27%, 13% and 4%, respectively. The Cl− and SO42− anion accounted for 92% and 8% in the wet season, and 37% and 51% in the dry season. The major ion concentration increases toward the lower reaches of the Danshuei River during the wet season, while the seasonal variation in major ion concentration remained small upstream of the river catchment.



The hydrological parameters measured in the field and major ion data for the Liwu River are shown in Table 2. No apparent seasonal variation was found for both pH and TDS; however, the TDS value in the Liwu River (~226 mg/L) was slightly lower than the global average at 286 mg/L [3]. Ca2+ was the dominant cation for both the wet and dry seasons, followed by Mg2+, Na+, and K+ (Table 2). Both the Danshuei and Liwu River water samples lie between the silicate and carbonate end-member, while the three samples from the Danshuei River fall on the seawater end-member (Figure 2).




3.2. Temporal and Spatial Distribution of δ98/95Mo and Mo Concentration


The temporal and seasonal variation of dissolved δ98/95Mo and the Mo concentration for the Danshuei and Liwu Rivers are given in Table 3 and Table 4. In the Danshuei River, the dissolved δ98/95Mo displays a large variation from 0.83‰ to 1.50‰ (with an average δ98/95Mo = 0.99 ± 0.22‰, 1 SD), with Mo concentration ranging from 1.20 to 37.77 nM in the wet season. During the dry season, the δ98/95Mo ranges from 0.54‰ to 1.25‰ (with an average δ98/95Mo = 0.91 ± 0.23‰, 1 SD), and Mo concentration ranges from 0.49 to 38.04 nM. In addition, the Danshuei River exhibits a large fractionation for the δ98/95Mo along the river catchment (Figure 3a); the upstream and midstream reaches were heavier in the dry season. In contrast, the lower reaches in the dry season show lighter δ98/95Mo signatures, while the heavier δ98/95Mo was observed in the lower reaches during the wet season. The concentration of Mo was low in the upper reaches of each tributary and gradually increases downstream along the mainstream river (Figure S1).



For the Liwu River, the δ98/95Mo ranges from 0.54‰ to 1.18‰ (with an average δ98/95Mo = 0.90 ± 0.22‰, 1 SD) during the wet season, while in the dry season, the δ98/95Mo was heavier, from 0.99‰ to 1.30‰, (with an average δ98/95Mo = 1.18 ± 0.17‰, 1 SD). In addition, the δ98/95Mo signal show a systematic increase from upstream to downstream along the Liwu River catchment (Figure 3b). The Mo concentration varies from 22.72 to 57.17 nM in the wet season and from 29.94 to 65.17 nM in the dry season, with no spatial distribution pattern (Figure S1). The middle reaches show low Mo abundance compared to the upper and lower reaches; however, interestingly, all sampling sites in the Liwu had a higher Mo abundance than the global average Mo concentration = 8 nM [51]. The δ98/95Mo in the Liwu riverine bedload sample show light Mo isotope values of −0.06‰ to 0.43‰ (Table 4).





4. Discussion


4.1. Major Elements


The molar ratio of Mg/Na versus Ca/Na is shown in Figure 2. The results illustrate that all the river water samples from the Danshuei and Liwu Rivers lie in the mixing line between silicate, carbonate, and seawater end-members [3]. This indicates that the dissolved load in these two rivers was mainly derived from the weathering of carbonate and silicate rocks [35,52], except for the three samples D4, D5, and K2 from the wet season. These three samples lie closer to the seawater composition and has very high Cl, Na, and other major ion concentrations (Figure 2; Table 1), suggesting that they were most likely affected by tidal intrusion. The upstream of the Dahan River, a tributary of the Danshuei River, had relatively high Mg/Na, Ca/Na, and Sr/Na ratios and contributes to a higher carbonate weathering. This may be the result of the selective weathering of disseminated calcite veins, which are common in metamorphic formations [35,53,54]. In contrast, samples from the mainstream Keelung, Xindian, and Danshuei Rivers lie closer to the silicate end-member, owing to weathering of Na-rich plagioclase and/or Na-bearing minerals. The low Mg/Na, Ca/Na, and Sr/Na ratio in these rivers may be attributed to the low physical weathering rate and/or limited rock–water interaction. In the Liwu River, water samples lie very close to the carbonate end-member as they contain more input from carbonate weathering, which is consistent with the presence of Tailuko marble in the Liwu catchment [32,55]. Hence, the Liwu River has more Ca2+ ions released relative to Na+, and the dissolution of carbonates dominates its river water chemistry.




4.2. Behavior of Mo Isotopic Composition and Its Concentration during Weathering and Riverine Transport Processes


The river water samples from the Danshuei (polluted) and Liwu (non-polluted) were investigated to check if there was any systematic isotopic fractionation in terms of Mo. The δ98/95Mo isotopic signal in the headwaters of the Danshuei River and its tributaries were heavy and became progressively lighter with a gradual increase in Mo concentration from upstream to downstream, excluding the samples D4, D5, and K2 marked in blue circles, which had significant seawater contributions during the wet season, as presented in Figure 3a. On the contrary, in the Liwu River, a very good systematic increase in the δ98/95Mo signature from the upper to the lower reaches was observed (Figure 3b). The average bedrock δ98/95Mo value in low-grade metamorphic, sedimentary, and volcanic rocks around Taiwan is much smaller [9] and cannot account for such a large variability observed in the dissolved load (~1‰) in Taiwan rivers. As a result, the observed shift toward a heavier δ98/95Mo signature in the dissolved load must be accompanied by some other processes during river transport. Based on Pearce et al. [18], the authors reported lighter δ98/95Mo upstream (close to the river source) and heavier δ98/95Mo downstream in Icelandic rivers. The same authors suggested that the observed enrichment of the heavy δ98/95Mo signal in the dissolved load along the river catchment should favor the removal of the lighter δ98/95Mo isotope via adsorption onto secondary mineral formation, such as Fe-Mn oxides [18]. Similar findings from other studies were also in line with the Icelandic rivers, where the δ98/95Mo signal in dissolved load becomes heavier downstream [11,18,56]. However, results from the Danshuei River catchment were in contrast to them (Figure 3a). The δ98/95Mo versus 1/Mo (Figure 3c) in the Danshuei River did not show any correlation in the wet season. This may be due to the physical mixing of river water and/or the strong exchange of materials during the wet season, where a lot of material gets mixed in because of enhanced mechanical erosion and landslides. However, during the dry season, it showed an excellent positive correlation (R2(dry) = 0.74), where samples with low Mo concentration had a heavier δ98/95Mo signal. The Mo abundance and other trace metal concentrations (Cu, Ni, Fe, and Zn; Table 3) gradually increases with a lighter δ98/95Mo value along the downstream of the Danshuei River catchment. Molybdenum is highly unreactive and present as a soluble molybdate (MoO42−) oxyanion in oxygenated water. If Mo was attributed to a simple binary mixing between the seawater and river water end-member in the Danshuei River, a negative trend should have been observed where upstream riverine Mo should have a low Mo concentration with lighter δ98/95Mo, while seawater should have a high Mo concentration with heavy δ98/95Mo. Such conservative mixing behavior of Mo has been reported in few estuaries such as the Narmada River in India, the Borgarfjörður estuary in Iceland, and the Itchen estuary in southeast England [16,18,56]. However, the data from the Danshuei River suggest that the observed pattern may be attributed to some other process and/or mixing of a third end-member with a lighter δ98/95Mo source, and which will be discussed further in Section 4.3.



For the non-polluted natural Liwu River, δ98/95Mo was plotted against 1/Mo concentration in Figure 3d. Two upstream samples (L13, δ98/95Mo = 0.74 ± 0.11‰; L8, δ98/95Mo = 0.54 ± 0.08‰) and the Shakadang River (L19, δ98/95Mo (wet) = 1.18 ± 0.08‰; δ98/95Mo (dry) = 1.30 ± 0.08‰) deviate from the linear trend. Principally, both upstream samples (L13 and L8) lie far away from the mainstream river and had slightly different δ98/95Mo signatures. After their confluence, however, the δ98/95Mo signal show a good linear trend (R2 = 0.76; Figure 3d) from midstream to downstream, which may suggest that a single fractionation mechanism is responsible for the observed Mo isotopes in the Liwu River. A similar negative linear trend was also observed between δ98/95Mo and the SO42−/Na and (Sr/Na ×1000) ratio (Figure 4a,b). The Liwu River is largely free from human activity, and the river water chemistry is mainly governed by natural weathering processes. Since Mo in precipitation is extremely low (~0.04–0.3 nM) [22,57], the precipitation effect on δ98/95Mo riverine load is negligible [18]. Hence, all the Mo and other major ions in the Liwu River should have come from the natural weathering of source rocks. The data shows that the midstream Liwu River had a high SO42− concentration, high Sr concentration, and relatively high (Ca + Mg) concentrations with lighter δ98/95Mo and a low Mo concentration, and vice versa downstream. The middle reaches, in particular, the Dasha and Waheir tributary, drain schist and slate with disseminated calcites [41,58]. The enhanced dissolution of disseminated calcites in these low-grade metamorphic terranes is 350 times faster than plagioclase and may be responsible for the release of high (Ca + Mg), Sr, and SO42− content in the middle reaches of the Liwu River [53,59], while the Mo concentration reported in carbonates was very low <0.1 μg/g [60]. Both SO42− and (Ca + Mg) concentration plots show a good correlation (R2 = 0.90; Figure 4c) and may suggest that SO42−, (Ca + Mg), and Sr come from similar/same sources. The average SO42− concentration in global rivers is ~0.1 mM [61], while the SO42− concentration in the Liwu River was 3–15 times higher than the global average [62]. As Mo is abundant in pyrites and associated with sulfide-rich minerals because of its chalcophile tendency [63], Mo isotopic fractionation may be associated with the incongruent weathering of bedrock, especially the preferential dissolution of mineral phases that account for observed heavy δ98/95Mo signal [17,23,51]. Pyrites are abundant in the Liwu catchment [32,64]. As there is no evaporite deposit, e.g., gypsum, in the Liwu River, all the sulfates in the Liwu River are likely due to the oxidation of pyrites present in metamorphic and sedimentary rocks in the area [62]. Sulfuric acid sourced from pyrite weathering is a major weathering agent reported in Taiwan watersheds [9,65,66,67]. The sulfuric acid produced by the dissociation of pyrites provides sulfate and H+ ions into the river water and promotes the dissolution of carbonates. Thus, the incongruent weathering of bedrock coupled with sulfide oxidation and carbonate weathering may be attributed to the heavy δ98/95Mo in the Liwu River. The riverine bedload sediments in the Liwu were found to be lighter than the dissolved load and acts as a sink for the lighter Mo isotopes (Figure 4d). The observed high ∆98/95Mo (diss-BL), i.e., the difference in δ98/95Mo value between the dissolved load (diss) and their corresponding bedload samples (BL) values, reflect higher oxidative weathering in the landslide-dominated Liwu catchment and the removal of light δ98/95Mo potentially by secondary weathered products, such as oxides/clays in the riverine bedload. This may indicate the natural mechanism responsible for the fractionation of Mo isotopes during riverine transport and is also comparable to the δ98/95Mo signatures from the soil profile in Hawaii [20,68].




4.3. Characterizing the Natural and Anthropogenic Sources in the Danshuei River


The δ98/95Mo signature show a good positive linear relationship with dissolved oxygen (DO) and pH (Figure 5a,b) during the dry season, with no significant change in the wet season observed in the Danshuei River. During the dry season, the upper reaches of the Danshuei River and its tributary had higher dissolved oxygen levels, ranging from 5.52 to 10.4 ppm, while the lower reaches were characterized with lower DO, <2.6 ppm for sites D3, D4, and D5. The headwaters are well aerated, but as the Danshuei River reaches the Taipei basin, the oxygen level drops sharply. Since the lower reaches of the Danshuei River catchment are densely populated and discharge a significant amount of domestic and industrial wastewater [27,69,70], it is speculated that the low dissolved oxygen level may be attributed to the large oxygen consumption due to wastewater discharge from the industrial sector. This inference draws additional support from the observation that these sites had elevated Mo and other trace element concentrations, e.g., Cu, Ni, Zn, and Fe, as shown in Table 3. The data show that in the Danshuei River, the pH value ranged from neutral to a strong alkaline condition (pH = 7.01–8.56). It is interesting to note that the pH ~7 at sites (D4, D5 during the dry season) had a light δ98/95Mo and very high [Mo], while at similar pH value sites (X1 in the wet season and K2 in the dry season) had a relatively high δ98/95Mo with a low concentration of Mo. Furthermore, both dissolved oxygen and pH show a good correlation (R2 = 0.63, Figure 4c) in the dry season, with an elevated Mo concentration and other trace element (Cu, Ni, Zn, and Fe) concentrations at low pH and low DO. However, the results from this study were in contrast to the findings from Revels et al. [19], where the authors proposed that low pH is associated with low Mo concentration and speculated that retention of lighter δ98/95Mo in soils to mineral surfaces and/or organic matter through sorption makes the dissolved load heavier in δ98/95Mo. At neutral pH conditions, Mo does not adsorb to the mineral surface [71]. Since Mo is very redox-sensitive and strongly influenced by response to changes in dissolved oxygen, it is suggested that Mo isotopes may be fractionated while undergoing reductive dissolution and changing the oxidation state from +6 to +4 at low dissolved oxygen [72,73]. A similar behavior was observed in the Coastal Plain rivers of Taiwan influenced by anthropogenic perturbations [9,74]. Owing to the anoxic condition of the Danshuei River, speciation and distribution patterns of trace metals with varying environmental conditions have also been reported previously [29,70].



Potential sources that may influence the river water chemistry in the Danshuei catchment are plotted in Figure 6. The variation of δ98/95Mo in the highly polluted Danshuei River can be explained by the mixing of three end-member sources with distinct δ98/95Mo signatures. Three potential end-members are identified as (A) rock weathering: moderately high δ98/95Mo with very low Mo concentration; (B) anthropogenic input: light δ98/95Mo with highest Mo concentration; and (C) seawater intrusion: highest δ98/95Mo with high Mo concentration values (Figure 6). To characterize and quantify the source contribution from different end-members, a modeling approach using the MixSIAR model was applied [75,76,77]. For a single isotopic system, the following equation can be written with three end-member components:


    X   M   =   f   A     X   A   +   f   B     X   B   +   f   c     X   c    



(2)






  1 =   f   A   +   f   B   +   f   C    



(3)




where f = fraction; X = Mo isotopic composition; M = measured signal resulting from the three different end-members A, B, and C, respectively. We did not have the specific δ98/95Mo to constrain the anthropogenic end-member from the nearby Danshuei catchment. However, δ98/95Mo signal in the primary/input and output industrial wastewater were analyzed from Guanyin Industrial Park in Taoyuan (Table S1) and Agongdian Industrial area in Kaohsiung (Table S2), and their mean δ98/95Mo value was taken as the anthropogenic end-member. These were the only available δ98/95Mo data for industrial sources at the moment. The details of the industrial wastewater sample are given in the Supplementary Materials. To constrain the rock weathering end-member, site KI was selected as it is located upstream and is relatively free from the heavily industrialized area [27]. The model input parameters constraining each end-member source are given in Table 5, while the model results are shown in Figure 7 (and Table 6) and indicate that the contribution from seawater Mo in the Danshuei Rivers was small (<7%) in the dry season when compared to the wet season. The upstream of the Dahan, Keelung, and Xindian tributaries show the highest weathering contribution in both seasons. The weathering contribution shows a gradual decline toward the lower reaches, whereas the anthropogenic contribution increases toward the middle and lower reaches in the Danshuei catchment. Lastly, the anthropogenic contribution was more pronounced in the dry season. The results demonstrate that the regular sampling of river catchment from headwaters to river mouth can reveal important details regarding the origin of solutes and perturbation within the catchment.





5. Conclusions


This study investigated the Mo behavior and its associated isotope fractionation mechanism in the Danshuei (polluted) and Liwu (non-polluted) Rivers in Taiwan. The results provide useful information to assess Mo behavior in two different river settings.



	(1)

	
After excluding samples influenced by seawater intrusion, the spatial variation in the δ98/95Mo signal from the upper to lower reaches in the Danshuei River displays a decreasing trend. On the contrary, in the Liwu River, the dissolved δ98/95Mo displays a clear trend with a significant increase in the δ98/95Mo signal from upstream to downstream along the river profile.




	(2)

	
The Mo isotope data in the Danshuei River can be best explained as: (a) anthropogenic input-induced reductive dissolution of soluble MoO42− oxyanion from +6 to +4 oxidation state at low dissolved oxygen, which may be accompanied by Mo isotope fractionation; (b) the mixing of three end-members, such as rock weathering, anthropogenic input, and seawater, that is characterized by different chemical and isotopic signature influences the Danshuei River water chemistry. The anthropogenic input and seawater are the primary contributors governing the middle and lower reaches, while the upper reaches are primarily governed by rock weathering.




	(3)

	
In the Liwu River, a negative correlation was observed between δ98/95Mo versus 1/Mo, SO42/Na ratio, and (Sr/Na) × 1000 ratio from midstream to downstream along the river profile. This supports the hypothesis that Mo isotopic fractionation in the Liwu catchment is caused by simultaneous sulfuric-acid-induced oxidative weathering of pyrites and carbonates. Furthermore, the lighter δ98/95Mo is partitioned in riverine bedload sediments, acting as a sink for light Mo isotopes.







Overall, the results indicate that Mo isotopes are a potential tracer for establishing the anthropogenic contribution and natural Mo sources in the river system.
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The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/w15101873/s1: Figure S1: The spatial and seasonal distribution of Mo abundance in the (a) Danshuei and (b) Liwu Rivers. In the Danshuei River, the sampling sites (D4, D5, and K2) marked with blue circles are influenced by seawater intrusion during the wet season. The filled symbol represents the wet season samples, while the open symbol represents the dry season samples; Table S1: The δ98/95Mo isotopic composition and Mo abundance in wastewater from the Guanyin Industrial area, Taoyuan; Table S2: The δ98/95Mo isotopic composition and Mo abundance in wastewater from the Agongdian Industrial area, Kaohsiung; Table S3: Major ion concentration for the Danshuei River water in mg/L; Table S4: Major ion concentration in mg/L and Mo concentration in μg/L for Liwu River water; Table S5: Seasonal variation in Mo and trace element concentrations in μg/L from Danshuei River water.
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Figure 1. Schematic map showing the lithology and sampling locations of the (a) Danshuei River; (b) Liwu River. 
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Figure 2. The Ca/Na versus Mg/Na ratio in the dissolved load collected from the Danshuei and Liwu Rivers. The end-member composition of silicates, carbonates, and seawater is taken from Gaillardet et al. [3]. The open symbol represents samples from the dry season and the filled symbol represents wet season samples. The gray symbol represents Danshuei River data, which were taken from the previous study by Chu et al. [35] for comparison. 
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Figure 3. The seasonal and spatial variations in δ98/95Mo composition in (a) the Danshuei River. The samples from the wet season (D4, D5, and K2) influenced by seawater intrusion are circled in blue; (b) the Liwu River. The orange arrows denote Liwu River tributaries and the gray band represents the riverine bedload sample from the Liwu River catchment with an average value of δ98/95Mo = 0.16 ± 0.21‰ (1 SD), which is indicative of the total variation observed within the bedload samples. The two marble rock samples are represented by red squares and the average Mo isotopic composition in the low-grade metamorphic and volcanic rock around Taiwan is marked by a pink box. The δ98/95Mo composition for these bedrocks is taken from Ekka et al. [9]. (c) The δ98/95Mo composition in the Danshuei River plotted against 1/Mo concentration. (d) The plot of δ98/95Mo composition versus 1/Mo concentration in the Liwu River displays a systematic progression of a heavier δ98/95Mo isotope from midstream to downstream of the river catchment. The filled symbol represents the wet season and the open symbol represents the dry season samples. 
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Figure 4. The δ98/95Mo composition versus SO42−/Na concentration displays a linear trend from middle to lower reaches in (a) the Liwu River. The open square symbols represent the dry season, while the filled square symbols represent the wet season samples. (b) The δ98/95Mo composition versus (Sr/Na) ×1000 ratio in the Liwu River. (c) The relationship between SO42− and (Ca + Mg) concentration in the Liwu River. (d) The δ98/95Mo variability in dissolved load and their corresponding riverine bedload samples. The dissolved load is marked by blue square symbols and the bedload samples are marked by gray diamond symbols for the Liwu catchment. The open symbols represent the dry season, while the filled symbols represent the wet season. The dotted lines represent the difference in δ98/95Mo value between the dissolved load (diss) and their corresponding bedload samples (BL). Since no bedload sample was collected at site L19 (Shakadang main river), site 21 was chosen, which is also a part of the Shakadang River at another location. 
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Figure 5. The variation of δ98/95Mo composition versus dissolved oxygen (DO) (a) in the Danshuei River. (b) The δ98/95Mo composition versus pH; (c) the correlation between dissolved oxygen and pH in the Danshuei River catchment. The term “[Mo]” indicates Mo concentration. Sites D5, D4, and K2 from the wet season, influenced by seawater intrusion, are not shown in the above plots. The open symbols represent the dry season, while the filled symbols represent the wet season. 
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Figure 6. The plot of the δ98/95Mo ratio versus 1/Mo concentration and three potential end-member sources in the Danshuei River. To constrain the rock weathering end-member (A), site K1 was selected for the wet and dry seasons. To constrain the anthropogenic end-member (B) an average δ98/95Mo value in the industrial wastewater from Guanyin and Agongdian Industrial Park was taken, which is marked by a green rectangle symbol, and the seawater end-member (C) is marked by a blue star symbol. The open symbol represents the dry season and the filled symbol represents the wet season river water samples from the Danshuei River. 
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Figure 7. The estimated relative contribution of potential end-member sources influencing the Danshuei River water chemistry during the (a) wet season, and (b) dry season. 






Figure 7. The estimated relative contribution of potential end-member sources influencing the Danshuei River water chemistry during the (a) wet season, and (b) dry season.



[image: Water 15 01873 g007]







[image: Table] 





Table 1. Hydrological parameters and major ion data for Danshuei River water.






Table 1. Hydrological parameters and major ion data for Danshuei River water.





	
River

	
Site

	
Sample

	
Dist.

	
T

	
Sal.

	
pH

	
TDS

	
EC

	
ORP

	
DO

	
Na+

	
Mg2+

	
K+

	
Ca2+

	
Sr2+

	
Si

	
Cl

	
NO3−

	
SO42−




	

	

	

	
(km)

	
°C

	
(‰)

	

	
mg/L

	
µs/cm

	
mV

	
ppm

	
mM

	
mM

	
mM

	
mM

	
μM

	
mM

	
mM

	
mM

	
mM






	
Wet season




	
Dahan

	
Yixing

	
D1

	
76.5

	
26.0

	
0.15

	
8.27

	
158

	
315

	
107

	
7.87

	
0.30

	
0.46

	
0.03

	
0.90

	
2.97

	
0.15

	
0.02

	
0.01

	
0.52




	
Dahan

	
Sanying

	
D2

	
38.8

	
28.6

	
0.18

	
8.33

	
191

	
383

	
76.9

	
7.01

	
0.74

	
0.42

	
0.09

	
0.98

	
2.63

	
0.21

	
0.51

	
0.01

	
0.42




	
Dahan

	
Ganyuang

	
D3

	
33.9

	
28.1

	
0.28

	
8.3

	
294

	
585

	
93.9

	
9.01

	
2.04

	
0.46

	
0.15

	
1.23

	
3.08

	
0.17

	
1.15

	
0.15

	
0.70




	
Dahan

	
Dahan

	
D4

	
21.95

	
30.4

	
1.10

	
7.5

	
1089

	
2177

	
149

	
5.74

	
13.65

	
1.63

	
0.41

	
0.95

	
4.00

	
0.19

	
13.07

	
n.d

	
1.47




	
Keelung

	
Ruifang

	
K1

	
63.45

	
28.3

	
0.08

	
7.98

	
86

	
172

	
145

	
8.15

	
0.65

	
0.18

	
0.04

	
0.33

	
0.91

	
0.13

	
0.28

	
0.03

	
0.23




	
Keelung

	
Dazhi

	
K2

	
20.0

	
29.9

	
0.79

	
6.81

	
796

	
1593

	
133

	
2.86

	
10.48

	
1.29

	
0.31

	
0.48

	
2.51

	
0.12

	
11.10

	
0.07

	
0.77




	
Xindian

	
Xiulang

	
X1

	
30.63

	
28.6

	
0.07

	
7.01

	
77

	
155

	
142

	
7.21

	
0.43

	
0.17

	
0.04

	
0.35

	
1.03

	
0.17

	
0.19

	
0.02

	
0.17




	
Danshuei

	
Zhongzing

	
D5

	
18.33

	
30.1

	
5.71

	
7.31

	
5105

	
10210

	
173

	
6.25

	
86.57

	
9.96

	
2.03

	
2.13

	
16.32

	
0.09

	
94.70

	
n.d

	
5.58




	
Dry season




	
Dahan

	
Yixing

	
D1

	
76.5

	
16.0

	
0.14

	
8.24

	
144

	
288

	
216

	
8.58

	
0.29

	
0.42

	
0.02

	
0.80

	
2.85

	
0.14

	
0.02

	
0.01

	
0.52




	
Dahan

	
Sanying

	
D2

	
38.8

	
19.4

	
0.14

	
7.69

	
150

	
300

	
198

	
6.59

	
0.52

	
0.33

	
0.08

	
0.83

	
2.17

	
0.16

	
0.37

	
0.01

	
0.42




	
Dahan

	
Ganyuang

	
D3

	
33.9

	
20.4

	
0.26

	
7.45

	
267

	
534

	
185

	
2.26

	
1.74

	
0.42

	
0.15

	
1.05

	
2.85

	
0.16

	
1.01

	
0.15

	
0.70




	
Dahan

	
Dahan

	
D4

	
21.95

	
19.8

	
0.29

	
7.12

	
295

	
590

	
89.6

	
1.34

	
3.13

	
0.46

	
0.16

	
0.90

	
2.28

	
0.21

	
1.77

	
n.d

	
1.47




	
Keelung

	
Ruifang

	
K1

	
63.45

	
15.9

	
0.09

	
8.56

	
93

	
186

	
139

	
10.4

	
0.57

	
0.17

	
0.03

	
0.30

	
0.80

	
0.11

	
0.28

	
0.03

	
0.23




	
Keelung

	
Dazhi

	
K2

	
20.0

	
18.9

	
0.15

	
7.13

	
154

	
307

	
188

	
5.52

	
0.96

	
0.23

	
0.09

	
0.43

	
1.03

	
0.10

	
0.62

	
0.07

	
0.77




	
Xindian

	
Xiulang

	
X1

	
30.63

	
19.7

	
0.06

	
7.33

	
65

	
130

	
182

	
7.74

	
0.40

	
0.16

	
0.03

	
0.33

	
0.91

	
0.17

	
0.19

	
0.02

	
0.17




	
Danshuei

	
Zhongzing

	
D5

	
18.33

	
19.2

	
0.23

	
7.09

	
239

	
478

	
176

	
2.60

	
2.22

	
0.37

	
0.12

	
0.60

	
1.60

	
0.14

	
1.63

	
n.d

	
5.58








Notes: Dist.: distance from the river mouth; T: temperature; Sal.: salinity; TDS: total dissolved solids; EC: electrical conductivity; ORP: oxidation-reduction potential; DO: dissolved oxygen; n.d: not defined. For reference the major ion concentration data is also given in mg/L in the Supplementary Materials (Table S3).













[image: Table] 





Table 2. Hydrological parameters and major ion data for Liwu River water.
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Site

	
Sample

	
T

	
pH

	
TDS

	
ORP

	
DO

	
Na+

	
Mg2+

	
K+

	
Ca2+

	
Sr2+

	
Si

	
Cl

	
NO3

	
SO42−




	

	

	
°C

	

	
mg/L

	
mV

	
ppm

	
mM

	
mM

	
mM

	
mM

	
μM

	
mM

	
mM

	
mM

	
mM






	
Wet season




	
Jinwen Bridge

	
L1

	
23.88

	
8.32

	
183

	
182.1

	
4.10

	
0.11

	
0.41

	
0.06

	
1.30

	
5.43

	
0.04

	
0.03

	
0.02

	
0.73




	
Pudu Bridge

	
L2

	
20.77

	
8.20

	
181

	
144.5

	
10.83

	
0.12

	
0.45

	
0.08

	
1.71

	
8.90

	
0.05

	
0.01

	
0.01

	
1.24




	
Dasha River

	
L3

	
21.67

	
8.51

	
226

	
64.2

	
7.40

	
0.12

	
0.41

	
0.09

	
1.85

	
9.41

	
0.05

	
0.01

	
0.01

	
1.32




	
Swallow Grotto Bridge

	
L4

	
21.87

	
8.06

	
192

	
94.2

	
7.75

	
0.11

	
0.48

	
0.06

	
1.47

	
7.10

	
0.04

	
0.01

	
0.02

	
0.91




	
Waheir River

	
L5

	
20.89

	
8.42

	
181

	
58.1

	
6.43

	
0.09

	
0.44

	
0.04

	
1.44

	
6.59

	
0.04

	
0.01

	
0.02

	
0.77




	
Luoshao Bridge

	
L8

	
18.89

	
8.38

	
149

	
117

	
9.17

	
0.09

	
0.46

	
0.04

	
1.39

	
5.13

	
0.05

	
0.02

	
0.07

	
0.60




	
Cuigu Bridge

	
L13

	
14.30

	
8.32

	
139

	
94

	
7.08

	
0.04

	
0.10

	
0.07

	
1.65

	
2.54

	
0.04

	
0.01

	
0.03

	
0.50




	
Yuewang Pavillion Bridge

	
L18

	
21.76

	
8.28

	
189

	
83.5

	
7.70

	
0.11

	
0.46

	
0.06

	
1.54

	
6.81

	
0.04

	
0.01

	
0.01

	
0.90




	
Shakadang (main)

	
L19

	
26.46

	
8.18

	
124

	
166

	
4.21

	
0.06

	
0.19

	
0.07

	
0.98

	
1.84

	
0.03

	
0.06

	
0.03

	
0.26




	
Ning-An Bridge

	
L23

	
23.41

	
8.10

	
187

	
183.1

	
4.32

	
0.12

	
0.45

	
0.06

	
1.39

	
6.06

	
0.04

	
0.03

	
0.02

	
0.79




	
Dry season




	
Jinwen Bridge

	
L1

	
18.63

	
7.85

	
173

	
71.7

	
6.05

	
0.15

	
0.49

	
0.07

	
1.53

	
6.11

	
0.04

	
0.05

	
0.02

	
0.83




	
Pudu Bridge

	
L2

	
8.30

	
8.30

	
221

	
41.4

	
10.83

	
0.21

	
0.58

	
0.09

	
1.99

	
10.69

	
0.05

	
0.02

	
0.01

	
1.59




	
Shakadang (main)

	
L19

	
18.81

	
8.27

	
133

	
142.4

	
8.06

	
0.08

	
0.23

	
0.09

	
1.07

	
1.96

	
0.03

	
0.06

	
0.02

	
0.31








Notes: T: temperature; TDS: total dissolved solids; ORP: oxidation-reduction potential; DO: dissolved oxygen. For reference the major ion concentration data is also given in mg/L in the Supplementary Materials (Table S4).
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Table 3. The seasonal variation in δ98/95Mo isotopic composition, Mo abundance, and trace element concentration in the Danshuei River.
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River

	
Site

	
Sample

	
δ98/95Mo

	
2 SD

	
Mo

	
Fe

	
Zn

	
Cu

	
Ni




	

	

	

	
(‰)

	

	
nM

	
nM

	
nM

	
nM

	
nM






	
Wet season




	
Dahan

	
Yixing

	
D1

	
0.96

	
0.06

	
8.00

	
39.94

	
13.92

	
2.52

	
1.53




	
Dahan

	
Sanying

	
D2

	
0.90

	
0.06

	
12.71

	
106.91

	
0.15

	
16.05

	
7.84




	
Dahan

	
Ganyuang

	
D3

	
0.86

	
0.09

	
16.40

	
587.93

	
30.90

	
30.53

	
183.17




	
Dahan

	
Dahan

	
D4

	
0.83

	
0.06

	
26.55

	
603.51

	
199.76

	
91.44

	
455.27




	
Keelung

	
Ruifang

	
K1

	
0.93

	
0.09

	
1.20

	
398.82

	
6.58

	
8.18

	
4.09




	
Keelung

	
Dazhi

	
K2

	
1.07

	
0.06

	
11.27

	
176.40

	
15.30

	
4.41

	
25.22




	
Xindian

	
Xiulang

	
X1

	
0.88

	
0.06

	
3.34

	
378.58

	
6.58

	
8.18

	
4.09




	
Danshuei

	
Zhongzing

	
D5

	
1.50

	
0.09

	
37.77

	
448.60

	
583.05

	
12.91

	
169.39




	
Dry season




	
Dahan

	
Yixing

	
D1

	
1.05

	
0.11

	
3.19

	
22.56

	
11.17

	
1.89

	
2.22




	
Dahan

	
Sanying

	
D2

	
0.97

	
0.13

	
14.05

	
396.67

	
218.72

	
22.51

	
20.96




	
Dahan

	
Ganyuang

	
D3

	
1.00

	
0.13

	
11.72

	
464.18

	
79.99

	
44.07

	
231.21




	
Dahan

	
Dahan

	
D4

	
0.62

	
0.13

	
38.04

	
676.40

	
5676.20

	
120.87

	
785.99




	
Keelung

	
Ruifang

	
K1

	
1.25

	
0.11

	
0.49

	
402.58

	
9.94

	
5.35

	
4.43




	
Keelung

	
Dazhi

	
K2

	
0.84

	
0.11

	
8.83

	
966.51

	
23.40

	
11.80

	
31.52




	
Xindian

	
Xiulang

	
X1

	
0.99

	
0.11

	
2.35

	
367.66

	
9.94

	
5.35

	
4.43




	
Danshuei

	
Zhongzing

	
D5

	
0.54

	
0.13

	
25.53

	
573.96

	
463.29

	
28.01

	
158.97








Notes: SD: standard deviation; Mo: molybdenum concentration; δ98/95Mo: isotopic composition of molybdenum. For reference the Mo concentration and trace element concentration data are also given in μg/L in the Supplementary Materials (Table S5).
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Table 4. The δ98/95Mo isotopic composition and Mo concentration in river water and riverine bedload sediment from the Liwu River.






Table 4. The δ98/95Mo isotopic composition and Mo concentration in river water and riverine bedload sediment from the Liwu River.





	
River Water

	
Riverine Bedload Sediment




	
Site Name

	
Sample

	
δ98/95Mo

	
2 SD

	
Mo

	
Site Name

	
Sample

	
δ98/95Mo

	
2 SD

	
Mo




	

	

	
(‰)

	

	
nM

	

	

	
(‰)

	

	
ppm






	

	

	
Wet season

	

	

	

	

	
Wet season

	

	




	
Jinwen Bridge

	
L1

	
1.15

	
0.07

	
53.80

	
Jinwen Bridge

	
L1

	
0.03

	
0.08

	
0.70




	
Pudu Bridge

	
L2

	
0.81

	
0.07

	
34.76

	
Pudu Bridge

	
L2

	
−0.06

	
0.08

	
1.05




	
Dasha River

	
L3

	
0.70

	
0.08

	
31.73

	
Shakadang (branch)

	
L21

	
0.43

	
0.07

	
0.29




	
Swallow Grotto Bridge

	
L4

	
1.05

	
0.07

	
49.77

	

	

	

	

	




	
Waheir River

	
L5

	
0.78

	
0.05

	
22.72

	

	

	

	

	




	
Luoshao Bridge

	
L8

	
0.54

	
0.08

	
39.74

	

	

	

	

	




	
Cuigu Bridge

	
L13

	
0.74

	
0.11

	
57.17

	

	

	

	

	




	
Yuewang Pavillion Bridge

	
L18

	
0.86

	
0.05

	
31.48

	

	

	

	

	




	
Shakadang (main)

	
L19

	
1.18

	
0.08

	
24.17

	

	

	

	

	




	
Ning-An Bridge

	
L23

	
1.14

	
0.11

	
55.16

	

	

	

	

	




	

	

	
Dry season

	

	

	
Dry season

	

	

	

	




	
Jinwen Bridge

	
L1

	
1.25

	
0.04

	
65.17

	
Pudu Bridge

	
L2

	
0.05

	
0.06

	
0.78




	
Pudu Bridge

	
L2

	
0.99

	
0.08

	
40.13

	
Shakadang (branch)

	
L21

	
0.33

	
0.06

	
0.35




	
Shakadang (main)

	
L19

	
1.30

	
0.08

	
29.94

	

	

	

	

	








Notes: SD: standard deviation. For reference the Mo concentration data from Liwu River water are also given in μg/L in the Supplementary Materials (Table S4).
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Table 5. The input parameters for different end-member components used in the MixSIAR model.






Table 5. The input parameters for different end-member components used in the MixSIAR model.





	
Wet Season




	
End-Member

	
δ98/95Mo

	
1 SD

	
1/Mo

	
1 SD




	

	
(‰)

	

	
(nM−1)

	






	
A (Rock weathering)

	
0.93

	
0.21

	
0.83

	
0.08




	
B (Anthropogenic)

	
0.7

	
0.11

	
0.003

	
0.0003




	
C (Seawater)

	
2.3

	
0.05

	
0.01

	
0.0005




	
Dry Season




	
End-Member

	
δ98/95Mo

(‰)

	
1 SD

	
1/Mo

(nM−1)

	
1 SD




	
A (Rock weathering)

	
1.25

	
0.21

	
2.04

	
0.2




	
B (Anthropogenic)

	
0.7

	
0.11

	
0.0025

	
0.0003




	
C (Seawater)

	
2.3

	
0.05

	
0.01

	
0.0005








Note: SD: Standard deviation.
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Table 6. The relative source contribution of different end-members in the Danshuei River using the MixSIAR model.






Table 6. The relative source contribution of different end-members in the Danshuei River using the MixSIAR model.





	

	
% Contribution from Three End-Member Sources




	
River

	
Site

	
Sample

	
EM-A

(Weathering)

	
SD

	
EM-B

(Anthropogenic)

	
SD

	
EM-C

(Seawater)

	
SD






	
Wet season




	
Dahan

	
Yixing

	
D1

	
18%

	
11%

	
73%

	
11%

	
9%

	
5%




	
Dahan

	
Sanying

	
D2

	
11%

	
7%

	
82%

	
8%

	
7%

	
5%




	
Dahan

	
Ganyuang

	
D3

	
9%

	
6%

	
86%

	
7%

	
5%

	
4%




	
Dahan

	
Dahan

	
D4

	
6%

	
5%

	
90%

	
6%

	
4%

	
4%




	
Keelung

	
Ruifang

	
K1

	
78%

	
13%

	
18%

	
12%

	
4%

	
4%




	
Keelung

	
Dazhi

	
K2

	
13%

	
9%

	
73%

	
10%

	
14%

	
6%




	
Xindian

	
Xiulang

	
X1

	
38%

	
13%

	
57%

	
14%

	
5%

	
5%




	
Danshuei

	
Zhongzing

	
D5

	
5%

	
6%

	
57%

	
10%

	
39%

	
9%




	
Dry season




	
Dahan

	
Yixing

	
D1

	
15%

	
1%

	
78%

	
7%

	
7%

	
7%




	
Dahan

	
Sanying

	
D2

	
3%

	
0%

	
92%

	
6%

	
5%

	
6%




	
Dahan

	
Ganyuang

	
D3

	
4%

	
0%

	
90%

	
7%

	
6%

	
7%




	
Dahan

	
Dahan

	
D4

	
1%

	
0%

	
98%

	
2%

	
1%

	
2%




	
Keelung

	
Ruifang

	
K1

	
98%

	
2%

	
2%

	
2%

	
1%

	
1%




	
Keelung

	
Dazhi

	
K2

	
5%

	
0%

	
92%

	
4%

	
3%

	
4%




	
Xindian

	
Xiulang

	
X1

	
21%

	
1%

	
75%

	
6%

	
5%

	
6%




	
Danshuei

	
Zhongzing

	
D5

	
2%

	
0%

	
97%

	
2%

	
1%

	
2%








Note: SD: Standard deviation; EM: End-member.
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