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Abstract 12 

Limestone, a major part of the global sedimentary succession, susceptible to 13 

post-depositional diagenesis. Studies of limestone geochemistry are essential in the 14 

discrimination of tectonic settings of basins in which the limestones were deposited. 15 

Six Late Mesozoic and one Tertiary limestone successions of Tibet, western China, 16 

that were deposited in oceanic plateau, passive continental margin, active continental 17 

margin (fore-arc basin, back-arc basin and foreland basin) and continental inland 18 

freshwater basins were analyzed for their major, trace and rare earth element (REE) 19 

composition. This geochemical dataset, in combination with the Deep Sea Drilling 20 

Project and Ocean Drilling Program (DSDP and ODP) literature geochemical data 21 
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 2 

regarding limestones deposited in open ocean environments, permitted delineation of 22 

the geochemical characteristics of limestones accumulated in these various plate 23 

tectonic settings. Major elements (e.g., Fe2O3 and MnO, except for CaO) of these 24 

limestone successions show large variations but are positively correlated with Al2O3. 25 

The REE and trace element abundances for the inland and margin limestones show a 26 

distinct positive correlation with Al2O3 whereas REEs and trace elements of the open 27 

ocean limestones are positively correlated with MnO. There is a systematic increase 28 

in the magnitude of Ce anomalies of open ocean floor limestones away from 29 

spreading ridges to open ocean highs, to passive margins, and to active margins and 30 

inland freshwater basins. Open ocean limestones display a narrow range of (La/Sm)n 31 

(0.46–0.96), (Sm/Yb)n (0.25–1.96), and (La/Yb)n (0.23–1.38) but high (La/Ce)n (> 1.5) 32 

whereas the inland + margins limestones display a much larger range ((La/Sm)n 33 

(0.43–2.18), (Sm/Yb)n (0.6–2.98) and (La/Yb)n (0.7–2.25) but low (La/Ce)n (< 1.5). 34 

The inland+margins limestones are influenced geochemically upon terrigenous clasts 35 

while geochemistry of open ocean limestones is more dependent upon the flux of the 36 

hydrothermal Fe–Mn-oxyhydroxides. The control of the tectonic environments of the 37 

basins on the limestone geochemistry permits development of proxies for the 38 

discrimination of depositional regimes. The REE ratios (i.e., (La/Ce)n, Ce/Ce*) along 39 

with other immobile elemental ratios (e.g., Zr/Ti, La/Sc) of limestones provide the 40 

best means for the geochemical resolution of all four depositional regimes. A 41 

Rb–Sr–Ba triangular diagram is also useful for distinguishing between four tectonic 42 

settings. Applications of the immobile geochemical proxies to 39 literature limestone 43 
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successions demonstrate their validity, independent of diagenetic modification, 44 

metamorphism and high siliciclastic content (≤ 40 wt.%). 45 

 46 

Keywords: limestone; geochemistry; plate tectonics; tectonic discrimination; Tibet 47 

 48 

1. Introduction 49 

Limestone, covering about ~15% of the continental surface, is a major component 50 

of the global sedimentary shell and is affected by environmental and climatic 51 

influences (e.g., Wilson, 1975). Limestone successions record deposition in various 52 

tectonic settings, such as continental margin basins (e.g., Wilson, 1975), oceanic highs 53 

(e.g., Tarduno et al., 1985; Kerr, 2014; Zhang et al., 2014), oceanic floors above the 54 

carbonate compensation depth (CCD) (e.g., Liu and Schmitt, 1984, 1990; Michel et 55 

al., 1985; Wang et al., 1986; Hu et al., 1988; Liu et al., 1988; Nath et al., 1992, 1997), 56 

and in local inland freshwater lakes (e.g., Alonso-Zarza., 2003). Although primarily 57 

CaCO3, limestone typically contains a variety of trace elements that are obtained 58 

through metalliferous and terrigenous particulates and scavenging from seawater 59 

(Elderfield and Greaves, 1982; Murray et al., 1990, 1991a, 1991b, 1992; Bertram and 60 

Elderfield, 1993; Holser, 1997; Siby et al., 2008). Overview studies have 61 

demonstrated that the types and amounts of such particulates, as well as the trace 62 

elemental concentrations of seawater, generally depend on the plate tectonic 63 

environment of the basins (e.g., Murray et al., 1991a, 1991b, 1992; Holser, 1997). 64 

While lithostratigraphic, sedimentologic, palaeontologic and sequence stratigraphic 65 

studies and petrographic examination yield important data regarding depositional 66 

environment (e.g., Wilson, 1975; Zhang et al., 2004), limestones are liable to 67 

post-depositional recrystallization to obscure or obliterate primary textures. Therefore, 68 
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the relationship between geochemistry of limestones and plate tectonics provide 69 

additional criteria for recognizing ancient plate tectonic environments and secular 70 

changes in the chemistry of seawater (e.g., Webb and Kamber, 2000). This is 71 

particularly desirable for the regimes such as orogens that have undergone intense 72 

subduction, shortening, and/or denudation so that the primary information about 73 

tectonic settings of some tectonic units has been obscured (e.g., Tarduno et al., 1985; 74 

Zhang et al., 2014). However, systematic studies relating geochemistry of limestones 75 

to their tectonic settings are lacking, despite rather infrequent literature reports 76 

concerning limestone geochemistry. 77 

The purpose of the present paper is to present our analysis on the geochemistry of 78 

six Tibetan limestone successions (Fig. 1) deposited in the tectonic settings of oceanic 79 

plateau, passive continental margin, active continental margin and continental inland 80 

freshwater basin so as to provide a data base for our initial geochemical 81 

characterizations. In combination with the Deep Sea Drilling Project and Ocean 82 

Drilling Program (DSDP and ODP) literature geochemical data regarding limestones 83 

deposited in open ocean environments, we then delineate the geochemical 84 

characteristics of the limestones accumulated in various plate tectonic settings, in an 85 

attempt to establish the geochemical proxies for discrimination of tectonic settings in 86 

which the limestones were deposited. 87 

 88 

2. Plate tectonic classification of limestone sedimentary basins 89 

A simplified classification of the tectonic settings for the limestone sedimentation, 90 

emphasizing the proximity of the basin to a plate margin, and the type of plate 91 

boundary nearest the basin, as well as the type of the crust of the region, has been 92 

adopted (Allen and Allen, 2005). In the present study, only inland freshwater basins, 93 
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shallow-sea continental margin basins and open oceanic basins have been considered 94 

(Table 1). Plate interactions govern the tectonic movements and composition of 95 

siliciclastic source areas, as well as the position of the basin within the plate or the 96 

plate boundary (e.g., Dickinson and Suczek, 1979; Bhatia and Crook, 1986; Allen and 97 

Allen, 2005). The shallow-sea coastal basins and open oceanic basins examined here 98 

have been divided into six general tectonic settings (Table 1). 99 

Shallow-sea continental margin basins can be divided into unilaterally confined 100 

passive margin basin, and bilaterally confined active basins, including peripheral 101 

foreland basin, fore-arc basin, and back-arc basin (Dickinson and Suczek, 1979; Allen 102 

and Allen, 2005). The passive margin tectonic setting for limestone sedimentation 103 

occurs on Atlantic-type rifted continental margins developed along the trailing edges 104 

of continents or cratons (Dickinson and Suczek, 1979; Bhatia and Crook, 1986; Allen 105 

and Allen, 2005). Such basins are unilaterally confined by emergent stable continents 106 

with their opposite sides open to marine seaways or oceans. Such stable tectonic 107 

regimes are marked by large-areal clear, shallow waters, and likely provide best 108 

marine environments for the flourishing of marine invertebrates and the accumulation 109 

of many thick limestone successions throughout geologic history, if geographically 110 

located in warm climate zones (Wilson, 1975). The Dingri basin on the Tethyan 111 

Himalaya represents a long-lived basin developed on the stable, passive northern 112 

margin of the Gondwana supercontinent (GB in Fig. 1b; Table 1. XZBGM, 1993; Liu 113 

and Einsele, 1994). 114 

The bilaterally confined peripheral or retroarc foreland basin, fore-arc basin, and 115 

back-arc basin are constructed on active continental margins, marked by volcanic 116 
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rocks, and strike-slip, intensive compressional or extensional deformation (e.g., Frisch 117 

et al., 2011). Consequently, limestone sedimentary basins associated with active 118 

continental margins have diverse basement natures, geomorphic reliefs, and stress 119 

states and are bilaterally confined by (high) geomorphic reliefs which are composed 120 

of magmatic arc or deformed continental crust (Dickinson and Suczek, 1979; Bhatia 121 

and Crook, 1986; Allen and Allen, 2005. Table 1). Such instable tectonic regimes are 122 

characterized by narrow, perhaps short-lived, marine waters, significant input of 123 

siliciclastic sediments, and thus thin accumulations of limestone frequently in 124 

intercalation with siliciclastic layers. The Xigaze fore-arc basin, Cuoqin back-arc 125 

basin, and Yanshiping peripheral foreland basin are well-defined bilaterally-confined 126 

continental marginal basins in Tibet by various authors. The Xigaze fore-arc basin 127 

formed during the Cretaceous neighboring the Gangdese magmatic arc and separates 128 

from the open Neo-Tethys Ocean by accretionary wedge produced by subduction of 129 

the oceanic crust along the Yarlung–Zangpo trench (QB in Fig. 1b. Durr, 1996; Wang 130 

et al., 1999). The Cuoqin back-arc basin was built on the back of the Gangdese 131 

magmatic arc during the Early Cretaceous and was dominated by rifting during which 132 

an up-to-5-km thick limestone succession was deposited (WGZ in Fig. 1b. Zhang, 133 

2000, 2004; Zhang et al., 2002, 2004, 2007, 2012). These two-type basins are 134 

characterized by abundant volcanic interbeds and volcanic clastics in the sedimentary 135 

rocks (Durr, 1996; Zhang et al., 2004). The Yanshiping peripheral foreland basin 136 

formed when the eastern and western Qiangtang blocks collided during the Jurassic 137 

(PO1 in Fig. 1b. Leeder et al., 1988; Zhang et al., 2006b), in which the sandstones are 138 
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characterized by immature detrital composition of recycled orogenic source (Leeder et 139 

al., 1988; Zhang et al., 2006b). 140 

The open oceanic basins include two types: oceanic floor basin and oceanic highs 141 

basin. Oceanic highs are generally constructed upon broad oceanic floors and are 142 

marked by thickened oceanic crust overlapped by massive mafic volcanic rocks and 143 

often occur as oceanic plateaus, oceanic islands, or aseismic ridges. The limestone 144 

successions are aggregated on the tops of such highs and are typically represented by 145 

shallow-water platform limestones ringed by patch reefs, passing laterally into basinal 146 

bituminous pelagic limestones rich in planktonic microfossils (Tarduno et al., 1985; 147 

Kerr, 2014; Zhang et al., 2014). The Mid-Cretaceous Gaize limestone suite (GZ in Fig. 148 

1b) in central Tibet represents a type example that was deposited on the top of an 149 

oceanic plateau (the central Tibetan Meso-Tethyan oceanic plateau) and then was 150 

transported to continental margins (Zhang et al., 2014). We also use available DSDP 151 

and ODP literature data regarding limestones, including those collected from the 152 

Walvis Ridge (Wlv in Fig. 1a. Liu and Schmitt, 1984) and the Rio Grande Rise (Rgr 153 

in Fig. 1a. Quaternary–Upper Eocene; Hu et al., 1988) of the South Atlantic Ocean 154 

and from the Shatsky Rise of the Pacific Ocean (Stsk in Fig. 1a. Cretaceous/Tertiary 155 

boundary; Michel et al., 1985) for comparison. The oceanic floor basin that deposits 156 

limestones occurs above the CCD, and often receives deposition of thin lamination of 157 

limestone rich in planktonic microfossils. We use DSDP and ODP literature data of 158 

limestones collected from the Indian Ocean floor (Cenozoic; Liu and Schmitt, 1990) 159 

and the central Pacific Ocean floor (Quaternary–Upper Cretaceous; Liu et al., 1988) 160 
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as data base (Fig. 1a; Table S1). 161 

The continental interior inland lakes are fresh waters constructed on continental 162 

crust and are characterized by feed in abundant terrigenous clasts. The freshwater 163 

limestones are deposited on such tectonic regime are small areal and are generally 164 

intercalated with siliciclastic rocks. We use the Tertiary Wuli inland basin (WLB in 165 

Fig. 1b) and the Mid-Cretaceous Baishi inland basin (D1030 in Fig. 1b), both built on 166 

the Songpan–Ganzi complex in the northern–eastern Tibetan plateau (Leeder et al., 167 

1988; Wang et al., 2008). 168 

 169 

3. Samples, analytical techniques and termination 170 

Tibetan limestone samples for the present study were selected based on the 171 

following four criteria principally established by Webb and Kamber (2000) and 172 

Kamber and Webb (2001): (1) the samples with microscopically visible clay or 173 

intercalated with shales were avoided; (2) those samples with minor SiO2 of insoluble 174 

residues examined in acid dissolution and major-elemental analysis were selected so 175 

as to avoid clastic detritus; (3) the samples that contain dolomite, a diagenetic mineral 176 

in the limestones, were avoided; and (4) all samples lack evidence for hydrothermal 177 

alteration and mineralization, fluid inclusions, and secondary porosity. 178 

The fresh samples were powdered to 200 mesh in an agate mill to avoid 179 

contamination. Fused-glass discs were prepared for major-elemental analysis by 180 

ARL9800XP+ X-Ray fluorescence at the Center of Modern Analysis of the Nanjing 181 

University. Accuracy is better than 5% for major elements. Loss of ignition (LOI), 182 
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which consists principally of CO2, was determined at 980°C for 90 minutes. Trace 183 

element concentrations, including rare-earth elements (REEs), were obtained with 184 

standard Inductively Coupled Plasma–Mass Spectrometer (ICP–MS) procedures at 185 

Aurora M90 ICP–MS and Element XR HR–ICP–MS, at the State Key Laboratory of 186 

Mineral Deposit Research, the Nanjing University, as described in detail by Gao et al. 187 

(2003), Zhang (2004), and Zhang et al. (2004, 2012) (see Appendix A for limited and 188 

blank values). Samples (50 mg) were cleaned in ultra-pure water before dissolution in 189 

1 mL of 15 N double-distilled HNO3. The reproducibility of measurements, based on 190 

measures of USGS, GSJ, and IGGE standards, was better than 5% (2σ) for all of the 191 

REEs, and the analytical error is typically 2–4% (2σ) for elements >10 ppm and better 192 

than 8% for those <10 ppm (Appendix B). All the geochemical data are presented in 193 

Table S1. Pearson Correlation Coefficient r is used for a statistical measure of linear 194 

dependence between two elements or elemental ratios (Table S2). 195 

The REEs are divided by atomic number into three fractions: light REEs (LREE), 196 

including elements La, Ce, Pr, and Nd; middle REEs (MREE), including elements Sm, 197 

Eu, Gd, Tb, Dy, and Ho; and heavy REEs (HREE), including elements Er, Tm, Yb, 198 

and Lu. All REE abundances and ratios used in this paper have been normalized 199 

(subscript n) to those of the Post-Archean Australian Shale (PAAS: Taylor and 200 

McLennan, 1985). Ce often behaves differently from other REEs, owing to its 201 

oxidation in some waters to relatively insoluble Ce (IV) precipitated in form of CeO2 202 

(e.g., Elderfield and Greaves, 1982). The Ce anomaly is used to assess relative 203 

behavior of Ce with respect to the neighboring LREEs, and is defined by the ratio 204 
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Ce/Ce* = (Ce Sample/Ce PAAS)/Ce*, with Ce* obtained by linear interpolation between 205 

shale-normalized La and Nd values, in view of general absence of Pr in literature data 206 

regarding limestones collected from open oceanic environments (e.g., Liu and Schmitt, 207 

1984, 1990; Michel et al., 1985; Wang et al., 1986; Hu et al., 1988; Liu et al., 1988). 208 

Likewise, the Eu anomaly is defined by the ratio Eu/Eu* = (Eu Sample/Eu PAAS)/Eu*, 209 

and Eu* is obtained by linear interpolation between shale-normalized Sm and Tb 210 

values due to absence of Gd in literature data (e.g., Liu and Schmitt, 1984, 1990; 211 

Michel et al., 1985; Wang et al., 1986; Hu et al., 1988; Liu et al., 1988). The obtained 212 

Ce and Eu anomalies are nearly the same as the calculations by linear interpolations 213 

between shale-normalized La and Pr values or between shale-normalized Sm and Gd, 214 

because of coupling between Nd and Pr and between Gd and Tb, which are confirmed 215 

by comparison of calculations. Samples with Ce/Ce* or Eu/Eu* < 1 are considered to 216 

have a negative Ce or Eu anomaly. Variations in behavior across the REE spectrum 217 

are indicated by: (1) the degree of LREE enrichment with respect to HREE, defined 218 

as the ratio (La/Yb)n = (La Sample/La PAAS)/(Yb Sample/Yb PAAS), (2) the degree of LREE 219 

enrichment with respect to MREE, defined as the ratio (La/Sm)n = (La Sample/La 220 

PAAS)/(Sm Sample/Sm PAAS), and (3) the degree of MREE enrichment with respect to 221 

HREE, defined as the ratio (Sm/Yb)n = (Sm Sample/Sm PAAS)/(Yb Sample/Yb PAAS). 222 

The pseudo lanthanide yttrium (Y) is inserted between Ho and Dy in the REE 223 

pattern according to its identical charge and similar radius (REE+Y pattern; Bau, 224 

1996). 225 

 226 

4. Limestone geochemistry 227 
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In the discussion of this section, we include the analyses of major, trace and rare 228 

earth elements of six limestone successions by this study as well as the Deep Sea 229 

Drilling Project and Ocean Drilling Program (DSDP and ODP) literature geochemical 230 

data regarding limestones deposited in open ocean environments. 231 

 232 

4.1. Major elements 233 

All the limestones included in the limestone geochemical dataset are limited 234 

within < 10 wt.% for their non-CaO–LOI compositions 235 

(=SiO2+TiO2+Al2O3+Fe2O3+MnO+MgO+Na2O+K2O+P2O5). In most of the 236 

limestones, CaO concentrations are larger than 47 wt.% (Table S1). The samples 237 

collected from the peripheral foreland basin (PO1 in Fig. 1b), whose surroundings 238 

could have large relief elevations due to the continental collision among the 239 

Qiangtang blocks (e.g., Zhang et al., 2006b), have the largest non-CaO–LOI 240 

compositions, with an average of 8.091.86 wt.%. The inland limestones have second 241 

largest non-CaO–LOI compositions (on average 7.85 wt.%) but with a much larger 242 

variation (4.53 wt.%) and the samples from the two inland basins show different, 243 

large, non-CaO–LOI ranges. In contrast, the oceanic plateau limestones have the 244 

lowest non-CaO–LOI average (1.490.61 wt.%). The samples collected from fore-arc, 245 

inland, back-arc, and passive margin basins have similar non-CaO–LOI averages 246 

(4.45–5.6 wt.%). Among these basins, the peripheral foreland basin has largest 247 

major-element contents, except for MgO which is greater in samples from the oceanic 248 

plateau (Table S1). This could be attributed to the eruption of high-Mg lava while 249 

limestones accumulated (Zhang et al., 2014) rather than to diagenesis as dolomite is 250 

not present.  251 
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The Ca is dominantly of biogenic origin and, regardless of its original distribution, 252 

is primarily a dilutant of all other constituents, as evidenced by its strongly negative 253 

correlations with all other major and trace elements (Table S2). Al2O3 contents are 254 

invariant with respect to Fe2O3 for the inland limestones (Fig. 2a) but these two 255 

variables display positive correlation for the marine limestones (Fig. 2a, b; correlation 256 

coefficient r=0.76). In contrast, Al2O3 contents generally have a positive correlation 257 

with MnO for all the limestones (r=0.48), indicating that Fe2O3 and MnO are at least 258 

partially controlled by clay minerals but metalliferous hydrothermal input to the 259 

limestone geochemistry has a significant contribution. For the inland freshwater 260 

limestones and continental marginal marine limestones, P2O5 contents are well 261 

correlated with TiO2 (r=0.36–0.80), Fe2O3 (r=0.53–0.66) and K2O (r=0.52–0.77) 262 

(Table S2), implying that some, maybe most, of the P2O5 contents in these limestones 263 

may not be biogenic, because TiO2 and K2O are principally derived from 264 

aluminosilicate clastics and Fe2O3 from hydrothermal Fe–Mn-oxyhydroxides (e.g., 265 

Murray, 1994). 266 

Therefore, the major-elemental geochemistry of the limestones is largely 267 

controlled by the distance away from the continent and the topographic elevation as 268 

well as the volcanism, in a word, by the tectonic environments of the basins. Except 269 

for CaO and MgO, all the major elements are well correlated positively with each 270 

other. 271 

 272 

4.2. Rare-earth elements 273 

4.2.1. Total REE abundances 274 

Total REE abundances (REE) of the limestones are generally lower by one or 275 

two orders of magnitude when compared to the PAAS. REE in the limestones 276 
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increases from minimum values of 1.31 ppm at the oceanic plateau to 10–30 ppm 277 

along the continental margins and in the continental interior (Table S1). The 278 

limestones from various plate tectonic settings have changeable REE concentrations 279 

and markedly different patterns (Figs. 3–5). Moreover, the limestones from the same 280 

plate tectonic setting also have obvious undulation of REE concentrations but exhibit 281 

generally similar REE patterns (Figs. 3–5). The REE for the inland + margins 282 

limestones are distinctly positively correlated with SiO2, Al2O3, TiO2 and Fe2O3 (Fig. 283 

6a–d; r= 0.62, 0.48, 0.67, 0.45, respectively; Table S2), showing the control of detrital 284 

siliciclastic fraction on the REE. In contrast, the REE for the open ocean (floor + 285 

high) limestones only is positively correlated with MnO (r=0.58) but forms scatter 286 

with other major elements, indicating the control of Mn-oxyhydroxides on the REE. 287 

However, individual open ocean basins display definite linear trends between REE 288 

and Fe2O3 (Fig. 6b), which could be attributed to interoceanic variation in rare earth, 289 

major, and trace element depositional chemistry of sediments (e.g., Murray et al., 290 

1992). Should explain trends and differences between trends for Open Ocean 291 

suites.Considering limestones from all environments, the REE is in a strongly 292 

negative correlation with CaO (Table S2), affirming the dilatation of CaO. In 293 

particular, the back-arc basin limestones have the lowest REE among the continental 294 

margin limestones, which may be related to an inverse dependence on sedimentation 295 

rate, whose high sedimentation rate as stated above (Zhang et al., 2004) could have 296 

diluted and minimized the sediment's capacity to adsorb REE from seawater (e.g., 297 

Ruhlin and Owen, 1986). 298 
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 299 

4.2.2. Cerium anomalies 300 

Similar to the changing trend of Ce anomalies (Ce/Ce*) observed in waters and 301 

cherts as well as fine-grained marine sediments (see Murray et al., 1991a for a review), 302 

the magnitude of the Ce anomalies of the limestones exhibits a distinct increase from 303 

spreading ridge to continental coastal sea. In the diagrams of Ce/Ce* vs. Al2O3, Fe2O3 304 

and MnO (Fig. 7a–c), all exhibit good separation between the open ocean samples and 305 

the inland + margins samples. The Ce/Ce* values are the lowest (~0.29±0.14) in the 306 

spreading ridge-influenced regime (open ocean floor) and trend to successively higher 307 

values (~1.1) in the active margin limestones with decreasing metalliferous and 308 

increasing terrigenous influences (Fig. 7a–c; Table S1). The limestones deposited on 309 

the open ocean highs have slightly higher Ce/Ce* average (~0.34) than those on the 310 

ocean floors but with a larger range (± 0.28); the limestones on active margins 311 

(~1.1–1) have obviously larger Ce/Ce* values (~0.79) than those on passive margins 312 

but can hardly be distinguished from those on inland basins, showing that the passive 313 

margin limestones are less affected by terrigenous material (Fig. 7a–c; Table S1). 314 

Therefore, the magnitudes of the Ce anomaly in these limestones are controlled 315 

dominantly by the amounts of included metalliferous material and direct terrigenous 316 

input. Thus, the limestones can be classified into two groups based on the variation 317 

trend of the Ce/Ce* ratios: inland + margins vs. open ocean, depending on proximity 318 

of the basin to a continental plate margin (Fig. 7a–c). The former group have 319 

obviously higher Ce/Ce* ratios (lowest limit ~0.55) than the latter group (Figs. 7–9). 320 
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Furthermore, these two groups separately exhibit some consistence regarding the Ce 321 

anomalies; for example, the open ocean limestones have a positive Ce/Ce*–Fe2O3 322 

correlation (r=0.29) while the inland+ margins limestones form a scatter between 323 

Ce/Ce* ratios and Fe2O3 concentrations (Fig. 7b; Table S2). The Ce/Ce* ratios of all 324 

the limestones generally have a positive correlation with the Al2O3 concentrations 325 

(r=0.35) but have no correlation with the MnO concentrations (Fig. 7a, c). Plots of 326 

Ce/Ce* ratios against ΣREE/Al2O3 ratios to evaluate detrital siliciclastic influence in 327 

view of refractory element Al overwhelmingly of detrital siliciclastic provenance 328 

(Chen et al., 2015), again point out an obviously negative correlation between Ce 329 

anomalies and the detrital siliciclastic abundances (r= –0.56; Fig. 8a). 330 

For the marine limestones, the Ce concentrations obviously are positively 331 

correlated with Al2O3, Fe2O3 and MnO (r=0.81, 0.73, 0.67, respectively), and the Ce 332 

anomalies are weakly correlated positively with Al2O3 and MnO (r=0.33, 0.35, 333 

respectively) (Table S2), indicating that Ce in these rocks is controlled by both 334 

terrigenous and metalliferous input. In contrast, the Ce concentrations of the inland 335 

limestones are strongly positively correlated with TiO2, Al2O3, and K2O (r=0.73, 0.74, 336 

0.76, respectively), and their Ce anomalies are strongly positively correlated with 337 

TiO2, Fe2O3, MnO, MgO, K2O, and P2O5 (r=0.74, 0.64, 0.91, 0.79, 0.69, 0.98, 338 

respectively) (Table S2), reflecting that the Ce anomalies are controlled by multiple 339 

factors (such as terrigenous and hydrothermal inputs) although their concentrations 340 

are dominated by terrigenous clay particles. For all the limestones, Ce/Ce* is 341 

positively correlated with the relative enrichment of LREE over MREE and HREE 342 
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(r=0.57, 0.62, respectively) (Fig. 9; Table S2). Regression between Ce/Ce* and 343 

(La/Ce)n (Fig. 9d) shows a statistically significant relationship (y = 1.0048 x
–1

, 344 

r
2
=0.9688). It may relate to the exponential drop-off in sedimentation rate away from 345 

spreading ridges during seafloor spreading, which controls rate of uptake of Ce and 346 

La, and differing rates of uptake may contribute to trend. 347 

The back-arc basin samples, which have largest burial rate as shown by 348 

a >-3.3-km-thick limestone-dominated sedimentary succession deposited during an 349 

interval of ~20 Myr at the Mid-Cretaceous (Zhang et al., 2004), have the lowest 350 

Ce/Ce* values among the active margin limestones (Table S1), showing that the 351 

overall burial rate also is a critical factor that controls the Ce/Ce* magnitudes as 352 

observed in chert and other fine-grained marine sedimentary rocks by Murray et al. 353 

(1991a). 354 

 355 

4.2.3. Europium anomalies 356 

The inland limestones have the most pronounced Eu enrichment (averagely 357 

Eu/Eu*=3.46) with large undulation (3.28), that is, different inland basins have 358 

apparently various Eu/Eu* ranges. The foreland limestones have the second largest 359 

Eu/Eu* average of 1.710.76. In contrast, the fore-arc limestones have the lowest 360 

Eu/Eu* values (0.990.17) whereas the limestones from other tectonic settings have 361 

similar Eu anomalies (averagely 1.12 to 1.24). Of the limestones deposited on open 362 

oceanic environments, those on the oceanic highs have obviously higher Eu/Eu* 363 

values (1.240.54) than those on the oceanic floors (1.120.18) (Fig. 10; Table S1). 364 

For the inland limestones, their Eu concentrations are strongly to weakly 365 
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correlated positively with all the major elements except CaO (Table S2), indicating 366 

that Eu in these rocks is controlled by both terrigenous and metalliferous input. Their 367 

Eu anomalies are obviously correlated positively with MgO, MnO, P2O5, Ce/Ce* (Fig. 368 

11), and (La/Sm)n (r=0.64, 0.59, 0.67, 0.57, respectively), but negatively correlated 369 

with (Sm/Yb)n (r=–0.52) (Table S2). The En enrichment in the inland limestones 370 

could be ascribed to enhanced dissolution from suspended riverine particles and 371 

higher stability in freshwater solution (Goldstein and Jacobsen, 1988). For the 372 

foreland limestones, the Eu concentrations are negatively correlated with TiO2, Al2O3, 373 

Fe2O3 (Fig. 10a, b), and K2O (r=–0.33, –0.58, –0.48, –0.61, respectively) but 374 

positively correlated with MnO (Fig. 10c), MgO, Na2O, P2O5, and CaO (r=0.67, 0.43, 375 

0.36, 0.44, 0.61, respectively), and the Eu anomalies are positively correlated with 376 

CaO, (La/Sm)n, (La/Yb)n, and Y/Ho (r=0.75, 0.45, 0.45, 0.68 respectively), but 377 

negatively correlated with TiO2, Al2O3 (Fig. 10a), K2O, and Ce/Ce* (Fig. 11) (r=–0.56, 378 

–0.64, –0.59, –0.64, respectively) (Table S2). Therefore, the positive Eu anomalies 379 

observed for the foreland limestones in the normalized patterns might be caused by 380 

feldspars contributed by mafic rocks likely supplied from the ophiolite suites in the 381 

nearby suture zones (e.g., Zhang et al., 2006b). In addition, these Eu anomalies also 382 

might be controlled by the amount of bioapatite, which relates to seawater clarity 383 

advantageous to flourishing of marine invertebrates. For the fore-arc limestones, the 384 

Eu concentrations are strongly positively correlated with all the major elements 385 

except CaO, and the Eu anomalies are negatively correlated with Ce/Ce*, (La/Sm)n, 386 

and (La/Yb)n (r=–0.67, –0.87, –0.64, respectively), but positively correlated with 387 
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(Sm/Yb)n (r=0.39) (Table S2). Compared to the limestones on the oceanic floors 388 

(r=0.41), the Eu concentrations of the limestone on the oceanic highs are much more 389 

strongly correlated positively with the MnO (r=0.91), reflecting that the positive Eu 390 

anomalies of the limestones may be caused by an increased oceanic input of 391 

hydrothermally emanated metalliferous fluids at oceanic highs. 392 

For the relationship between Eu/Eu* and Ce/Ce* ratios, two groups of the 393 

limestones can be easily distinguished as well: these two ratios have a distinct positive 394 

correlation (r=0.39) for the inland+margins limestones while they form a scatter for 395 

the open ocean limestones (Fig. 11).  396 

 397 

4.2.4. LREEs, MREEs, and HREEs 398 

The limestones again can be classified into two groups based on the consistence 399 

of LREEs, MREEs, and HREEs: inland + margins vs. open ocean, reflecting control 400 

of REE contents by proximity of the basin to a continental plate margin. For example, 401 

the open ocean limestones have a narrow range of LREE/MREE, MREE/HREE, and 402 

LREE/HREE ratios ((La/Sm)n, 0.46–0.96; (Sm/Yb)n, 0.25–1.96; (La/Yb)n, 0.23–1.38) 403 

whereas the inland + margins limestones display a much larger range ((La/Sm)n, 404 

0.43–2.18; (Sm/Yb)n, 0.6–2.98; (La/Yb)n, 0.7–2.25) (Figs. 12–14; Table S1). The 405 

LREE/HREE and MREE/HREE ratios (La/Yb)n and (Sm/Yb)n for the open ocean 406 

limestones have a distinct positive correlations with Al2O3 (r=0.36, 0.40) and Fe2O3 407 

(r=0.36, 0.36) contents, respectively; whereas these four-pair values form scatters for 408 

the inland + margins limestones (Figs. 12, 13). However, MREE/HREE ratios 409 
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((Sm/Yb)n) for the inland limestones have a distinct negative correlations with Fe2O3 410 

(r=–0.45) (Fig. 13c). LREE/MREE ratios ((La/Sm)n) for the open ocean limestones 411 

have a distinct negative correlations with MnO contents (r=–0.33) whereas these 412 

two-pair values form a scatter for the inland + margins limestones (Fig. 14b).  413 

For the La anomalies, (La/Ce)n, the limestones are easily distinguished into two 414 

groups again: the inland +margins group with low (La/Ce)n (< 1.5) while the open 415 

ocean group generally above this value (1.5. Fig. 9d). Plot of (La/Ce)n against ratios 416 

of terrigenous (indicated by Al2O3) and metalliferous (indicated by Fe2O3) 417 

end-member sources (Murray, 1994) better illustrates such differentiation and that 418 

(La/Ce)n is not correlated with terrigenous or metalliferous sources (Fig. 15). On the 419 

three diagrams of La anomalies vs. LREE/MREE, LREE/HREE, MREE/HREE ratios, 420 

respectively, the inland + margins limestones and the open ocean limestones are 421 

plotted into two distinct fields: these two fields are differentiated from each other not 422 

only by distinct (La/Ce)n values but also by far larger (La/Sm)n, (La/Yb)n and 423 

(Sm/Yb)n values of the inland + margins group (Fig. 16). The La anomalies display a 424 

strongly negative correlation with the Ce anomalies (r=–0.76; Fig. 9d). 425 

There are close relations between the ratios of LREEs, MREEs, and HREEs. For 426 

example, the LREE/HREE ratios for all the limestones are strongly positively 427 

correlated with the MREE/HREE and LREE/MREE ratios, respectively (r= 0.63, 0.64) 428 

(Fig. 17a, b; Table S2). In contrast, the LREE/MREE ratios for all the limestones are 429 

weakly negatively correlated with the MREE/HREE ratios (r=–0.20) but these 430 

two-pair ratios have strongly negative correlation for the inland +margins limestones 431 
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(r=–0.58) (Fig. 17a, b; Table S2). 432 

For the relationship between the ratios of LREEs, MREEs, and HREEs and the 433 

Ce/Ce* ratios, the differentiation are obvious between the inland+margins and open 434 

ocean limestones (Fig. 9a–c). For example, (La/Sm)n are strongly positively but 435 

(Sm/Yb)n are distinctly negatively correlated with Ce/Ce* for the inland+margins 436 

limestones (r=0.79 and –0.64, respectively); in contrast, these two pairs form a scatter 437 

for the open ocean limestones (Fig. 9a–c; Table S2). 438 

To summarize, the limestones deposited in open ocean environments (floors and 439 

highs) are characterized by three main features: pronounced Ce depletion (Ce/Ce*, 440 

0.33±0.14), HREE enrichment ((Yb/La)n, 1.49±0.21), and positive La anomaly, and 441 

thus they display a remarkably similar rightly-inclined pattern in the normalized 442 

spidergrams (Fig. 3). Such REE pattern is quite similar to typical seawater REE 443 

pattern (e.g., de Baar et al., 1991; Bau and Dulski, 1996), indicating that scavenging 444 

from seawater is a dominant mechanism for these limestones to obtain their REEs 445 

from open ocean environments. However, minor of them are of slight MREE 446 

enrichment, which can be attributed to preferential adsorption of LREEs and HREEs 447 

to Mn- and Fe-oxyhydroxides, respectively (e.g., Shields and Webb, 2004). 448 

The limestones sampled from various marginal basin environments cannot be 449 

easily distinguished between each other in the normalized patterns (Fig. 4). Generally, 450 

they have MREE-bulge signatures ((Sm/La)n, 1.01±0.21; (Sm/La)n, 1.31±0.57), which 451 

are likely due to preferential, nonquantitative MREE uptake of sedimentary apatite as 452 

viewed from the weak negative (La/Sm)n–P2O5 correlation (r=–0.32) and weak 453 
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positive (Sm/Yb)n–P2O5 correlation (r=0.25) and/or post-depositional REE exchange 454 

with non-detrital components and uptake of REE from host sediments (e.g., Byrne et 455 

al., 1996; Shields and Webb, 2004). Plots of (La/Sm)n, (Sm/Yb)n and (La/Yb)n ratios 456 

against ΣREE/Al2O3 ratios illustrate the influence of detrital siliciclastic matter on the 457 

relative abundances of various REE fractions (Fig. 18). 458 

The limestones collected from two inland basins display sharply contrasting 459 

REE+Y patterns: those from the Baishi basin have quite flat or slight MREE-bulge 460 

pattern whereas those from the Wuli basin have pronounced Eu positive anomalies 461 

(Eu/Eu*, 3.74–13.01) and strong or weak Y positive anomalies (Fig. 5). The flat 462 

distribution of the Baishi limestones signifies predominantly terrigenous siliciclastic 463 

influence; in contrast, the Eu peaks of the Wuli limestones could be a consequence of 464 

plagioclase enrichment. However, the positive Y anomalies of some Wuli limestones 465 

(Fig. 5), and thus their super-chondritic Y/Ho ratios, are incompatible with the 466 

viewpoint that such signature is a characteristic of open ocean water (e.g., Kawabe et 467 

al., 1991; Bau, 1996; Bau and Dulski, 1996; Bau et al., 1996). 468 

 469 

4.3. Trace elements 470 

Similar to the REEs, the trace elements for the inland + margins limestones are 471 

generally controlled by detrital siliciclastic fractions viewed by their positive 472 

correlations with Al2O3, TiO2, and Fe2O3 (r=0.31–0.98), except for Sr, Nb and Ta due 473 

to their potential diagenetic mobility. In contrast, the trace elements for the open 474 

ocean limestones display positive correlations with MnO (r=0.45–0.70) but scatters or 475 
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weak correlations with other major elements (Table S2), again pointing out their 476 

control by Mn-oxyhydroxides. 477 

For the high-strength-field elements (HSFEs; e.g., Th, U, Sc, Zr, Hf, Ga, Na, Ta) 478 

and the transitional trace elements (e.g., Co, Cr, Ni, Cu, Zn), their concentrations in 479 

the limestones are quite similar and are generally lower by one order of magnitude 480 

when compared to the PAAS (Table S1). However, the contents of the 481 

large-ion-lithophile elements (LILEs) in these limestones display obvious undulations 482 

with a large range. For example, the concentrations of Sr are similar to or higher by 483 

one order of magnitude than the PAAS whereas those of Rb and Ba vary from lower 484 

by two orders of magnitude than or similar to the PAAS (Table S1). Among the 485 

limestones deposited in various tectonic environments, the inland limestones have the 486 

lowest Sr contents and the open ocean limestones have the lowest Rb concentrations 487 

while the continental margin limestones possess the lowest Ba concentrations (Table 488 

S1), therefore the limestones from these various settings occupy distinct fields in the 489 

Rb–Sr–Ba triangular diagram (Fig. 19). 490 

The oceanic floor limestones have the lowest contents (generally lower by more 491 

than one order of magnitude) of all the trace elements except for Sr (Table S1) 492 

because of its diagenetic mobility. Among the limestones deposited in inland and 493 

margin basins, the foreland basin limestones have the largest contents of trace 494 

ferromagnesian elements Cr, Co, Sc and V (Table S1), which could be attributed the 495 

likely terrigenous supply of ophiolitic fragments in the central Qiangtang orogen 496 

(Zhang et al., 2006a, b). However, these limestones have intermediate contents of Ni, 497 

perhaps due to its diagenetic mobility. 498 

 499 

5. Geochemical proxies of sedimentary environments of limestones 500 
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Much progress has been achieved in determining the genesis of limestone through 501 

limestone biostratigraphy (e.g., Wilson, 1975), but general proxies by which 502 

depositional environments of limestone can be determined are not yet available. Such 503 

information will provide crucial constraints regarding the formation of sedimentary 504 

basins and tectonic environments. Trace element geochemistry has been proved to be 505 

a powerful tool in deciphering the plate tectonic regimes of magmatic rocks, and the 506 

provenance types of siliciclastic rocks and the tectonic settings of the sedimentary 507 

basins they were deposited, as well as the depositional environment of chert 508 

successions (e.g., Murray et al., 1990, 1991a, 1991b, 1992; Murray, 1994; Cullers, 509 

2002; Zhang, 2004; Zhang et al., 2007). Various studies have documented that trace 510 

elements including REEs in carbonates tend to be relatively stable through diagenesis, 511 

metamorphism or weathering (e.g., Banner et al., 1988; Holser, 1997; Webb and 512 

Kamber, 2000; Nothdurft et al., 2004; Frimmel, 2009; Nagarajan et al., 2011) and 513 

their patterns are a key to the average provenance compositions (Taylor and 514 

McLennan, 1985; Wani and Mondal, 2010; Nagarajan et al., 2011), since REEs are 515 

substituted for Ca
2+

 in the carbonate lattice (Zhong and Mucci, 1995) and the REE + 516 

Y concentrations in diagenetic fluids are very low (10
–6

 to 10
–4

 ppm) (Sholkovitz et al., 517 

1989; Banner and Hanson, 1990). The limestones in this study largely display 518 

subparallel patterns, indicative of weak diagenetic influences. Consequently, REEs, 519 

HFSEs and other immobile elements such as Al are considered to be most suited for 520 

tectonic setting determinations (see Murray et al., 1990; Murray, 1994). 521 

REEs are most powerful tool in determining the depositional environments of the 522 

limestones (e.g., Murray et al., 1990, 1991a, 1991b, 1992, 1994; Toyoda et al., 1990; 523 
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MacLeod and Irving, 1996; Holser, 1997; Madhavaraju and Ramasamy, 1999; 524 

Madhavaraju et al., 2010, 2016). Plots between Ce/Ce*, (La/Yb)n, (La/Sm)n, 525 

(Sm/Yb)n, and (La/Ce)n can easily distinguish the limestones deposited in open ocean 526 

setting from those deposited in continental margins and inland lakes, those deposited 527 

in open oceanic floors from those deposited in oceanic highs (Figs. 7–9, 11, 15–18), 528 

and those deposited in passive margin from those deposited in inland and active 529 

margin environments (Fig. 9a–c). By means of characteristic high Eu anomalies of the 530 

inland freshwater limestones, they can be differentiated from the marine limestones in 531 

use of plots related to Eu/Eu* (Figs. 8b, 11). Plot of ratios of immobile 532 

ferromagnesian vs. felsic HFSEs (La/Sc vs. Zr/Ti) can also distinguish the inland 533 

freshwater limestones from the marine limestones (Fig. 20).  534 

For the unaltered limestones of this study, LILEs can also provide useful 535 

information on the sedimentary environments that the limestones were deposited. For 536 

example, the triangular Rb–Sr–Ba diagram can well distinguish among the inland 537 

freshwater limestones, the continental marginal limestones, and the open ocean 538 

limestones (Fig. 19). In addition, the inland freshwater limestones, based on their low 539 

Sr/Ba and Sr/Rb ratios, are distinguished from the continental margin seawater 540 

limestones in the Sr/Ba vs. Sr/Rb diagram (Fig. 21). 541 

High, superchondritic Y/Ho ratios (i.e., 44–74) have been considered as a proxy 542 

for marine carbonates by previous authors, because Yttrium is not removed from 543 

seawater as efficiently as is its geochemical twin Ho (e.g., Bau, 1996). However, 544 

Johannesson et al. (2006) illustrated seawater-like REE data for ground-waters from 545 

central Mexico and proved that such signature is not unique to the marine 546 

environment. In particular, four of our Eocene Wuli freshwater limestones display 547 

superchondritic Y/Ho ratios (> 44. Fig. 5). Therefore, we do not tend to recommend 548 
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Y/Ho ratios as proxy for marine limestones, in particular, when the limestones are 549 

impure. 550 

 551 

6. Tests of geochemical proxies 552 

We here apply the proxies presented above to 39 available literature limestone 553 

successions worldwide, ranging in age from Neoarchaean to Holocene (Table 2), to 554 

test the reliability of proxies (Fig. 22a–d). These literature successions include 555 

limestones deposited in inland freshwater basin, passive margin, active continental 556 

margins and open ocean basins, which have been well constrained by geologic and 557 

geochemical studies, and thus provide a full range of tectonic settings where 558 

limestones were deposited. Our examinations illustrate that the geochemical proxies 559 

of limestones based on immobile elemental ratios can provide reliable and useful 560 

constraints on the limestone depositional environment. For space limitation, we here 561 

exemplified the applicability of these proxies to the literature limestone suites listed in 562 

Table 2 in two diagrams about (La/Ce)n and Ce/Ce* ratios (Fig. 22a, b), a La/Sc–Zr/Ti 563 

diagram (Fig. 22c) and a Sr/Rb–Sr/Ba diagram (Fig. 22d). Plots of these literature 564 

geochemical data in the (La/Ce)n–Ce/Ce* diagrams easily distinguish the 565 

margins+inland limestones from the open ocean limestones; clearly, the diagrams 566 

using other REE ratios (e.g., (La/Yb)n, (La/Sm)n, (Sm/Yb)n) (e.g., Figs. 9a, 9b, 16b, 567 

16c, 17) also are reliable for such tectonic setting discrimination of various limestone 568 

suites. In addition, plots of available literature data in the La/Sc–Zr/Ti diagram can 569 

differentiate the seawater margins limestones from the freshwater inland limestones 570 

(Fig. 22c). However, plots of literature data in the Sr/Rb–Sr/Ba diagram (Fig. 22d) 571 

produce large uncertainty; for example, plots of literature geochemical data of 572 

Precambrian passive margin pure limestones (e.g., Klein and Beukes, 1989; Bolhar and 573 
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Van Kranendonk, 2007; Nagarajan et al., 2011; Sen and Mishra, 2015) generally fall 574 

in the inland freshwater limestone area (unshown) and those of Phanerozoic margins 575 

impure limestones (e.g., Cullers, 2002; Abedini and Calagari, 2015; Madhavaraju et 576 

al., 2016) fall across the inland-margins limestone areas, although some of 577 

Phanerozoic margins pure limestones (e.g., Cullers, 2002; El Hefnawi et al., 2010; 578 

Madhavaraju et al., 2016) fall in the right area (Fig. 22d). Consequently, the proxies 579 

using LILEs should be used with great caution. 580 

Because the proxies are principally established based upon the immobile 581 

elemental ratios, applications to the impure limestones with high non-CaCO3 582 

composition up to 40 wt. % (Table 2) demonstrates the validity of discrimination for 583 

tectonic environment (Fig. 22a–c). This is illustrated by the similar outcomes of 584 

discrimination utilizing impure limestones and pure limestones deposited in the Late 585 

Cretaceous active continental margin of western America (Ft. Hays, Colorado; Cullers, 586 

2002), in the Neoproterozoic passive margin of southern India (Bhima Basin, 587 

Karnataka; Nagarajan et al., 2011), in the Aptian–Albian active continental margin 588 

(back-arc basin?) of western Mexico (Madhavaraju et al., 2010), in the Early 589 

Cretaceous Baja California fore-arc basin of Mexico (Madhavaraju et al., 2016), in 590 

the Paleoproterozoic passive margin of South Africa (Tsikos et al., 2001) and so on 591 

(Fig. 22a–c).  592 

We note that these immobile elemental geochemical proxies also are applicable to 593 

dolomitized limestones and dolostones (Fig. 22a–c). For example, the Early 594 

Proterozoic dolostones from the northern margin of the North China craton display 595 

nearly no Ce anomalies, which, along with low (La/Ce)n ratios (0.7–0.8)  (Tang et al., 596 

2009), affirms a continental margin environment for their accumulation (Fig. 22a, b). 597 

In contrast, most of the Ediacaran–Cambrian dolostones from Oman have REE 598 
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continental margin signatures of slightly negative Ce anomalies and low (La/Ce)n 599 

ratioother (Fig. 22a, b. Schroder and Grotzinger, 2007), consistent with the 600 

conclusions drawn based on geologic and geochemical studies (Schroder and 601 

Grotzinger, 2007). 602 

In addition, the geochemical proxies of immobile elemental ratios even can apply 603 

to the marbles formed at various metamorphic grades (Fig. 22a–c). For example, the 604 

granulite-facies marble from the Lower Proterozoic Hapschan Series, eastern Anabar 605 

Shield, Siberia, has Ce/Ce* and (La/Ce)n ratios of 0.75–1 and 1.02–1.64, respectively 606 

(Ce* obtained by linear interpolation between shale-normalized La and Sm values, in 607 

view of absence of Sm values). Its protolith likely accumulated in a continental 608 

margin environment based on the limestone geochemical proxies (Fig. 22a–c), 609 

consistent with the inference from extensive studies of geology, geochemistry and 610 

isotopes (Condie et al., 1991). Even in the well-known Dabie and Sulu UHP belts, the 611 

eclogite-facies marbles display distinct REE continental margin signatures (Fig. 22a, 612 

b), compatible with the verdict based on studies of regional geology (Tang et al., 2006; 613 

Xia et al., 2012). 614 

Application of the criteria presented above to the limestone successions whose 615 

depositional environments are under debate are particularly useful and can shed new 616 

light on the depositional setting of these special successions. For example, there is 617 

intense debate on depositional setting of stromatolitic carbonates of the Neoarchaean 618 

Fortescue Group, Pilbara Craton, western Australia, and interpretations are contrasted 619 

by lacustrine (e.g., Bolhar and Van Kranendonk, 2007) vs shallow-marine settings 620 

(e.g., Sakurai et al., 2005). This is a key issue to better understanding what geological 621 

factors controlled suitable habitats for early life (Bolhar and Van Kranendonk, 2007). 622 

Application of our immobile elemental geochemical proxies to the Pilbara carbonate 623 
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dataset of Bolhar and Van Kranendonk (2007) points to an inland, lacustrine 624 

sedimentary environment for the Neoarchaean stromatolitic carbonates (Fig. 22a–c); 625 

in particular, they are of high Zr/Ti ratios (Fig. 22c), consistent with a freshwater 626 

basin setting. Another example is taken from the South China block. It has been 627 

intensely debated whether there is Paleo-Tethyan branch within the South China block 628 

(e.g., Hsü, et al., 1990; Zhang and Cai, 2009). The geochemistry of the Mid–Late 629 

Permian Laibin limestones within the South China block provides further information 630 

towards resolving their depositional environment and South China tectonics. 631 

According to the dataset provided by Qiu et al. (2013), the limestones display low 632 

Ce/Ce* values (prevalently < 0.4) but high (La/Ce)n ratios (> 4), indicative of an open 633 

ocean depositional environment (Fig. 22a, b). This inference is consistent with their 634 

deep-water characteristics that are revealed by abundant radiolarian fossils in the 635 

limestones (Qiu and Wang, 2010) and interbedded cherts of hydrothermal origin with 636 

distinct open ocean geochemical signatures (Qiu and Wang, 2011). Therefore, the 637 

possibility of a Paleo-Tethyan branch within the South China block cannot be 638 

overlooked. 639 

In view that only post-mid-Mesozoic limestones are used for the establishment of 640 

the geochemical proxies in this study, special attention is paid to examine 641 

applicability of the criteria for Paleozoic and older limestones (Table 2). Such test is 642 

important since a major shift occurred in limestone sedimentation from the platforms 643 

in Proterozoic, Paleozoic and Early Mesozoic time to the open oceans by Late 644 

Mesozoic through to modern times (e.g., Arvidson et al., 2006; Ries et al., 2010) with 645 

the advent of calcareous plankton (e.g. coccolithophorids). This shift may cause 646 

changes in relative sedimentation rates of platforms versus open oceans from 647 

Paleozoic to Late Mesozoic time, which might affect adsorption of REEs and minor 648 
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elements from seawater through burial rate variation and seawater exposure times (e.g. 649 

Murray et al., 1991). In addition, the secular shifts occurred in CaCO3 mineral 650 

polymorph dominance between aragonite and calcite in the Phanerozoic (e.g., Ries et 651 

al., 2010), which could be a factor to affect the limestone geochemistry. Our 652 

examinations on 23 limestone successions of Neoarchaean through early Mesozoic 653 

time (Table 2) indicate that these proxies based on immobile elemental ratios are well 654 

applicable to such older limestone suites (Fig. 22a–c). This is perhaps because the 655 

limestone geochemistry was principally determined by the tectonic environments in 656 

which the limestones were deposited and maybe was not liable to the changes of both 657 

limestone lithofacies and CaCO3 mineral polymorphs. 658 

 659 

7. Average chemical compositions of limestones 660 

Limestones exhibit a large variation in their bulk composition. Estimates of 661 

average geochemical compositions of limestone are still lacking and, to our 662 

knowledge, only an available estimate of major and trace element compositions of the 663 

Phanerozoic marine limestone was given by Condie et al. (1991) albeit without any 664 

detail. Such estimate is essential for its implications for sedimentary environments 665 

and seawater evolution, particularly considering that a wealth of high-quality analyses 666 

of limestones (e.g., Armstrong-Altrin et al., 2003; Frimmel, 2009; Madhavaraju et al., 667 

2010, 2016; Fu et al., 2011; Nagarajan et al., 2011; Loope et al., 2013; Qiu et al., 2013; 668 

Tian et al., 2014; Sen and Mishra, 2015) have become available in the publications in 669 

recent years. As tectonic environment is the primary control on limestone composition 670 

as discussed above, the average compositions of limestones of four main tectonic 671 
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settings, along with some estimate of uncertainty (standard deviations), are calculated 672 

(Table 3). We also try to give a preliminary estimate of the composition of all the 673 

limestones, but this estimate should be quite rough because it is not calculated based 674 

on the voluminous ratios of the limestones deposited in various environments. Only 675 

those samples with the total detritus < 10 wt.% are included in the computation (Table 676 

S3). Following Murray (1994), total iron was converted to Fe2O3 if it was reported as 677 

FeO or both ferric and ferrous values were given in the literature; data below the 678 

detection limit in several cases had been incorporated into the calculations by using a 679 

value of one-half of the detection limit. 680 

The average composition of the open oceanic limestones is characterized by 681 

lowest Al2O3, Fe2O3 and Ce concentrations but highest La and other REE 682 

concentrations; therefore, these limestones have most strongly negative Ce anomalies 683 

(averagely Ce/Ce* = 0.32) and most strongly positive La anomalies (averagely, 684 

(La/Ce)n= 6.07) (Table 3). Among the limestones deposited in the passive and active 685 

margins and inland freshwater lakes, the passive marginal limestones have obviously 686 

lower Al2O3 concentrations, slightly lower negative Ce anomalies, and slightly higher 687 

La anomalies; the inland freshwater limestones are highlighted by their high Eu/Eu* 688 

ratios (averagely 3.74). Nevertheless, these three kinds of limestones have almost 689 

indistinguishable Fe2O3 and REE concentrations and other REE ratios (Table 3). 690 

 691 

8. Conclusions 692 

 We have analyzed the major, trace and rare earth elements of six Tibetan 693 
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limestone successions deposited in oceanic plateau, passive continental margin, 694 

active continental margin (fore-arc basin, back-arc basin and foreland basin) and 695 

continental inland freshwater basin to provide a data base for our initial 696 

geochemical characterizations.  697 

 In combination with the Deep Sea Drilling Project and Ocean Drilling Program 698 

(DSDP and ODP) literature geochemical data of limestones deposited in open 699 

ocean environments, we delineate the geochemical characteristics of the 700 

limestones accumulated in various plate tectonic settings.  701 

 The limestone geochemistry is well controlled by the distance away from the 702 

continent and the topographic elevation as well as the volcanism, that is, by the 703 

tectonic environments of the basins. The inland + margins limestones 704 

geochemically depend on the terrigenous clasts while the open ocean limestones 705 

on the hydrothermal Fe–Mn-oxyhydroxides.  706 

 The REE ratios (i.e., (La/Ce)n, Ce/Ce*) as well as other immobile elemental 707 

ratios (e.g., Zr/Ti, La/Sc) of limestones are good proxies of all four depositional 708 

regimes. Rb–Sr–Ba triangular diagram is also useful for distinguishing the four 709 

tectonic settings. Applications of these immobile geochemical proxies to 39 710 

literature limestone successions demonstrate their validity, independent of 711 

diagenetic modification, metamorphism and high siliciclastic amount (≤ 40 712 

wt.%). 713 

 The average composition of the limestones deposited in four various depositional 714 

environments are presented, and the open oceanic limestones are differentiated 715 
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from the other three groups of limestones while the latter are lesser distinguished. 716 
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Fig. 1. (A) Schematic global plate tectonic map, reproduced from the General 1023 

Bathymetric Chart of the Oceans world map 2014 (www.gebco.net), showing the 1024 

http://www.gebco.net/


 46 

open oceanic sites referenced in this study. The characters in parentheses denote 1025 
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this study. Age abbreviations: T–Tertiary; K2–Late Cretaceous; K1–Early 1029 

Cretaceous; J2–Middle Jurassic. 1030 

 1031 

Fig. 2. Positive correlations of Al2O3 with Fe2O3 and MnO of the limestones 1032 

deposited in open ocean environments of the Pacific, Atlantic, and Indian Oceans, 1033 

central Tibetan Meso-Tethyan oceanic plateau and Tibetan inland and continental 1034 

margin environments. Data plotted are listed in Table S1. For the sample 1035 

locations, see Fig. 1a and b. Data sources: Pacific Ocean floor–Liu et al., 1988; 1036 

Indian Ocean floor–Liu and Schmitt, 1990; Rgr–Hu et al., 1988; Stsk–Michel et 1037 

al., 1985; Wlv–Liu and Schmitt, 1984; the others are from this study. 1038 

 1039 

Fig. 3. REE +Y concentrations of limestones deposited in open ocean environments 1040 

of the Pacific, Atlantic, and Indian Oceans and central Tibetan Meso-Tethyan 1041 

oceanic plateau, normalized to PAAS (Taylor and McLennan, 1985). Data plotted 1042 

are listed in Table S1. For the sample locations, see Fig. 1a and b. Data sources: 1043 

Pacific Ocean floor–Liu et al., 1988; Indian Ocean floor–Liu and Schmitt, 1990; 1044 

Rio Grande Rise–Hu et al., 1988; Walvis Ridge–Liu and Schmitt, 1984; Shatsky 1045 

Rise–Michel et al., 1985; Meso-Tethyan ocean plateau (GZ in Fig. 1b)–this 1046 
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study. 1047 

 1048 

Fig. 4. REE+Y concentrations of limestones deposited in continental margin 1049 

environments, Tibet, western China, normalized to PAAS (Taylor and McLennan, 1050 

1985). For the sample locations, see Fig. 1b. Data plotted are listed in Table S1 1051 

and are from this study. 1052 

 1053 

Fig. 5. REE +Y concentrations of limestones deposited in inland freshwater 1054 

environment, Tibet, western China, normalized to PAAS (Taylor and McLennan, 1055 

1985). For the sample locations, see Fig. 1b. Data plotted are listed in Table S1 1056 

and are from this study.  1057 

 1058 

Fig. 6. La vs. Al2O3, Fe2O3, MnO and P2O5 of limestones deposited in various 1059 

depositional environments. Data plotted are listed in Table S1. For the sample 1060 

locations, see Fig. 1a and b. Data sources: Pacific Ocean floor–Liu et al., 1988; 1061 

Indian Ocean floor–Liu and Schmitt, 1990; Rgr–Hu et al., 1988; Stsk–Michel et 1062 

al., 1985; Wlv–Liu and Schmitt, 1984; the others are from this study. 1063 

 1064 

Fig. 7. Ce/Ce* vs. Al2O3, Fe2O3, MnO and P2O5 of limestones deposited in various 1065 

depositional environments. Ce/Ce* is normalized to PAAS (Taylor and 1066 

McLennan, 1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1067 

 1068 
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Fig. 8. ΣREE/Al vs. Ce/Ce* and Eu/Eu* of limestones deposited in various 1069 

depositional environments, normalized to PAAS (Taylor and McLennan, 1985). 1070 

Data plotted are listed in Table S1. Data sources as in Fig. 6. 1071 

 1072 

Fig. 9. Ce/Ce* vs. (La/Yb)n, (La/Sm)n, (Sm/Yb)n and (La/Ce)n of limestones 1073 

deposited in various depositional environments, normalized to PAAS (Taylor and 1074 

McLennan, 1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1075 

 1076 

Fig. 10. Eu/Eu* vs. Al2O3, Fe2O3, MnO and P2O5 of limestones deposited in various 1077 

depositional environments, Eu/Eu* is normalized to PAAS (Taylor and 1078 

McLennan, 1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1079 

 1080 

Fig. 11. Eu/Eu* vs. Ce/Ce* of limestones deposited in various depositional 1081 

environments, normalized to PAAS (Taylor and McLennan, 1985). Data plotted 1082 

are listed in Table S1. Data sources as in Fig. 6. 1083 

 1084 

Fig. 12. Al2O3 vs. (La/Sm)n, (Sm/Yb)n, and (La/Yb)n of limestones deposited in 1085 

various depositional environments, normalized to PAAS (Taylor and McLennan, 1086 

1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1087 

 1088 

Fig. 13. Fe2O3 vs. (La/Sm)n, (Sm/Yb)n, and (La/Yb)n of limestones deposited in 1089 

various depositional environments, normalized to PAAS (Taylor and McLennan, 1090 
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1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1091 

 1092 

Fig. 14. MnO vs. (La/Sm)n, (Sm/Yb)n, and (La/Yb)n of limestones deposited in 1093 

various depositional environments, normalized to PAAS (Taylor and McLennan, 1094 

1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1095 

 1096 

Fig. 15. Al2O3/(Al2O3+ Fe2O3) vs. (La/Ce)n of limestones deposited in various 1097 

depositional environments, normalized to PAAS (Taylor and McLennan, 1985). 1098 

Data plotted are listed in Table S1. Data sources as in Fig. 6. 1099 

 1100 

Fig. 16. (La/Ce)n vs. (La/Sm)n, (Sm/Yb)n, and (La/Yb)n of limestones deposited in 1101 

various depositional environments, normalized to PAAS (Taylor and McLennan, 1102 

1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1103 

 1104 

Fig. 17. (La/Yb)n vs. (La/Sm)n vs. (Sm/Yb)n of limestones deposited in various 1105 

depositional environments, normalized to PAAS (Taylor and McLennan, 1985). 1106 

Data plotted are listed in Table S1. Data sources as in Fig. 6. 1107 

 1108 

Fig. 18. ΣREE/Al vs. (La/Sm)n, (Sm/Yb)n, and (La/Yb)n of limestones deposited in 1109 

various depositional environments, normalized to PAAS (Taylor and McLennan, 1110 

1985). Data plotted are listed in Table S1. Data sources as in Fig. 6. 1111 

 1112 
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Fig. 19. Rb–Sr–Ba triangular diagram of limestones deposited in various depositional 1113 

environments. Data plotted are listed in Table S1. Data sources as in Fig. 6. 1114 

 1115 

Fig. 20. Zr/Ti vs. La/Sc of Tibetan limestones deposited in inland freshwater basin 1116 

and continental margin environments. Data plotted are listed in Table S1 and are 1117 

from this study. 1118 

 1119 

Fig. 21. Sr/Ba vs. Sr/Rb diagram of Tibetan limestones deposited in inland freshwater 1120 

basin and continental margin environments. Data plotted are listed in Table S1 1121 

and are from this study. 1122 

 1123 

Fig. 22. Tests of geochemical proxies for the plate tectonic settings in which the 1124 

limestones were deposited. (a) is from Fig. 16a, (b) from Fig. 9c, (c) from Fig. 20 1125 

and (d) from Fig. 21. The numbers in these diagrams represent the same serial 1126 

numbers of literature limestone sites as listed in Table 2; Nos. 1–6, active 1127 

continental margin; Nos. 7–23, passive continental margin; Nos. 24–26, open 1128 

ocean; Nos. 27–29, inland; No. 30–under debate; Nos. 31–36, dolostone; Nos. 1129 

37–39, marble; Nos. 1–7, 9, 14, 18, 20, 22, and 30 contain impure limestones 1130 

(non-CaCO3 >10 wt.%). See Table 2 for the details about the age, tectonic setting 1131 

and data sources of these limestone suites. The yellow and white areas in (d) 1132 

denote the impure and pure limestones, respectively. 1133 

 1134 
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Table 1. Plate tectonic classification of basins in which limestones deposited. 1135 

 1136 

Table 2. Tectonic setting classification of various limestone suites for test of 1137 

geochemical proxies. 1138 

 1139 

Table 3. Average geochemical compositions of limestones deposited in various 1140 

tectonic environments. 1141 

1142 
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Tectonic setting Dominant 

depositional 

basin

Nature of 

crust

Characteristics 

of 

environment

Source of 

trace 

elements

Studied basin Reference

Continental margin

Unilaterally-

confined coastal 

basin/passive 

continental margin

peri-cratonic 

depocenters

normal 

continenta

l crust

extensional, 

pericratonic, 

stable

Late Cretaceous Himalaya 

(Dingri, GB in Fig.1b)

Liu and Einsele 

(1994)

back-arc 

(rift) basin

extended 

continenta

l crust

extensional, 

close to 

volcanic arc 

with bimodal 

Mid-Cretaceous Lhasa 

block (Cuoqin, WGZ in 

Fig.1b)

Zhang et al. 

(2004)

fore-arc 

basin

transitiona

l crust

extensional, 

confined by 

volcanic arc 

and 

subduction 

zone

Cretaceous Gangdese fore-

arc (Xigaze, QB in 

Fig.1b)

Dürr (1996); 

Wang et al. 

(1999)

peripheral or 

retroarc 

foreland 

basin

thickened 

continenta

l crust

contractional, 

close to 

mountain belt

Jurassic Qiangtang block 

(Yanshiping, PO1 in 

Fig.1b)

Leeder et al. 

(1988); Zhang 

et al. (2006b)

Oceanic floor ocenic floor 

above 

carbonate 

compensatio

n depth

normal 

oceanic 

crust

stable Indian Ocean/ Pacific 

Ocean (Fig.1a)
Liu and Schmitt 

(1984, 1990), 

Michel et al. 

(1985), Wang et 

al. (1986), Liu 

et al. (1988)

Oceanic high oceanic 

island, 

oceanic 

plateau, 

aseismic 

ridge

thicken 

oceanic 

crust

patch reefs, 

liable to 

oceanic 

plateau 

volcanism

Mid-Cretaceous Meso-

Tethys oceanic plateau 

(Gaize, GZ in Fig.1b); 

Walvis Ridge (Wlv in 

Fig.1a) and Rio Grande 

Rise (Rgr in Fig.1a) of 

South Atlantic Ocean; 

Shatsky Rise of Pacific 

Ocean (Stsk in Fig.1a) 

Zhang et al. 

(2014), Michel 

et al. (1985), Hu 

et al. (1988), 

Liu and Schmitt 

(1984)

Land  

Continental interior inland lake extended 

continenta

l crust

enclosed, 

contractional

terrigenous 

clasts, 

freshwater 

adsorption

Tertiary (Wuli, WLB in 

Fig.1b) and Early 

Cretaceous (Baishi, 

P1030 in Fig.1b) Songpan-

Ganzi terrane

Leeder et al. 

(1988); 

XZBGM 

(1993); Wang et 

al. (2008)

Table 1 Plate tectonic classification of basins for limestone

terrigenous 

clasts, 

seawater 

adsorption, 

hydrotherma

l plume

Bilaterally-confined 

coastal basin/ active 

continental margin

particulates 

from 

hydrotherma

l plume, 

seawater 

adsorption

Open ocean



No. Tectonic setting Age Reference

Active continental margin

1
a Ft. Hays Limestone, Colorado, USA Late Cretaceous Cullers, 2002

2
a limestone, Ruteh Formation, Kanigorgeh, NW Iran Late Permian Abedini and Calagari, 

2015

3
a Rohtas Limestone, Semri Group, Son Valley, Central India  Early Mesoproterozoic Sen and Mishra, 2015

4
a, b Ukhrul Limestone of Assam-Arakan Basin, Manipur, NE India Late Cretaceous to Eocene Devi and Duarah, 2015

5
a Alisitos Formation, Baja California, Mexico Early Cretaceous Madhavaraju et al., 2016

6
a Mural Formation, Bisbee Group, Northern Sonora, Mexico Aptian–lbian Madhavaraju et al., 2010

Passive continental margin

7
a Transvaal Supergroup, South Africa Early Proterozoic Klein and Beukes, 1989

8 Changxing Formation, Yangtze Craton, southern China Early Triassic (~240 Ma) Liu et al., 1988

9
a Shahabad Formation, Bhima Basin, Karnataka, southern India Neoproterozoic Nagarajan et al., 2011

10 Galicia Margin, North Atlantic Cenozoic–Upper Jurassic Liu et al., 1988

11
Great Barrier Reef, Australia Holocene Webb and Kamber, 2000

12
Stromatolitic carbonates, Campbellrand platform, South Africa Late Archean (~2.52 Ga) Kamber and Webb, 2001

13 Orbata–Serdj Formations limestones, Central Tunisia Early Cretaceous Tlig and M'Rabet, 1985

14
b limestone, Khashm Al-Raqaba area, El-Galala El-Qibliya, Egypt Eocene El Hefnawi et al., 2010

15 Krol and Bilara limestones, NW India Late Neoproterozoic Mazumdar et al., 2003

16 Microbialite, Demirtas, Turkey Permian-Triassic transition Loope et al., 2013

17 Microbialite, Cili, south China Permian-Triassic transition Loope et al., 2013

18
a Kudankulam limestones, southern India Late Miocene Armstrong-Altrin et al., 

2003

19
Reefal carbonates, Lennard Shelf, Canning Basin, Western Australia Late Devonian Nothdurft et al., 2004

20
a Mooidraai Formation Fe-rich limestone,Kalahari Manganese Field, 

Transvaal Supergroup, South Africa

Palaeoproterozoic Tsikos et al., 2001

21
Stromatolitic carbonates, Pilbara Craton, Australia Archean (~3.45 Ga) Van Kranendonk et al., 

2003

22
a Yinkeng, Helongshan and Nanlinghu Formations, Chaohu, southern 

China

Latest Permian-Lower Triassic Chen et al., 2015

23 Qixia Formation, Shizhu, Chongqing, southern China Permian Tian et al., 2014

Open ocean

24 Cayman Brac Cenozoic Zhao and Jones, 2013

25 Cismon limestone/marlstone couplets, Venetian, northern Italy Albian–Cenomanian Bellanca et al., 1997

26
Laytonville Limestone, central Franciscan Melange, western USA Late Cretaceous (~95 My) Liu et al., 1988

Inland

27 Fortescue Group, Pilbara Craton, western Australia Neoarchaean (2.78–2.63 Ga) Bolhar and Van 

Kranendonk, 2007

28 Stromatolitic carbonate from the lacustrine  Green River Formation, 

western United States

Eocene Bolhar and Van 

Kranendonk, 2007

29 Lacustrine Kebar Formation, Central Tunisia Early Cretaceous Tlig and M'Rabet, 1985

Under debate

30
a Limestone, Tieqiao section, Laibin, Guangxi province, south China Middle to Late Permian Qiu et al., 2013

Dolostone

31 Orbata–Serdj Formations limestones, Central Tunisia (passive margin) Early Cretaceous Tlig and M'Rabet, 1985

32 Orbata–Serdj Formations limestones, Central Tunisia (inland) Early Cretaceous Tlig and M'Rabet, 1985

33 Transect from well BB-3 through well MM NW-7 to well ALNR-1, 

Oman (passive margin)

Ediacaran–Cambrian boundary Schroder and Grotzinger, 

2007

34 Cili, south China (passive margin) Permian–Triassic transition Loope et al., 2013

Table 2. Tectonic setting classification of various limestone suites for test of geochemical proxies



35 Semri Group, Son Valley, Central India  (active margin) Early Mesoproterozoic Sen and Mishra, 2015

36 Dashiqiao Formation, Liaohe Group, eastern Liaoning province,north 

China (active margin)

Early Proterozoic (~2.2 Ga) Tang et al., 2009

Marble

37
Marble, Hapschan Series, eastern Anabar Shield, Siberia (passive 

margin)

Early Proterozoic (~2.4 Ga) Condie et al., 1991

38
Impure marbles, Jiaobei terrane, Sulu UHP orogen, China (passive 

margin)

Middle Neoproterozoic (~786 

Ma)

Tang et al., 2006

39 Impure marbles, Shuanghe, Dabie UHP orogen, China (passive margin) Paleozoic Xia et al., 2012

Notes : a, impure limestones (non-CaCO3 >10 wt.%) are included; b, there are no data of rare-earth elments.



Table 3. Average geochemical compositions of limestones deposited in various tectonic environments.

open ocean passive margins active margins margins marine Inland all

average standard 

deviatio

n

averagestandar

d 

deviatio

average standard 

deviatio

n

average standard 

deviatio

n

average standard 

deviatio

n

averagestandard 

deviatio

n

average standard 

deviatio

nn =174 n =135 n =102 n =237 n =411 n =16 n =427

wt.%

Al2O3 0.47 0.55 0.44 0.61 0.81 0.89 0.60 0.77 0.54 0.69 0.89 0.34 0.56 0.68

Fe2O3 0.26 0.29 0.46 0.74 0.51 0.37 0.48 0.61 0.39 0.51 0.41 0.54 0.39 0.51

MnO 0.04 0.04 0.09 0.09 0.03 0.02

ppm

Cr 5.99 7.99 9.60 7.81 9.06 5

Sc 1.67 1.52 1.89 8.84 1.46 0.57

La 12.47 10.72 3.63 4.60 3.69 3.49 3.66 4.15 7.34 8.76 3.48 2.38 7.19 8.64

Ce 5.73 5.72 6.16 8.87 6.68 6.97 6.38 8.09 6.11 7.20 6.68 4.65 6.13 7.12

Nd 12.07 11.75 3.18 3.96 3.47 4.07 3.30 4.00 6.96 9.24 2.03 1.85 6.78 9.12

Sm 2.40 2.43 0.65 0.74 0.67 0.65 0.66 0.70 1.39 1.86 0.44 0.41 1.35 1.84

Eu 0.61 0.64 0.14 0.17 0.17 0.16 0.15 0.16 0.34 0.49 0.30 0.25 0.34 0.48

Tb 0.41 0.42 0.10 0.11 0.10 0.10 0.10 0.10 0.23 0.32 0.07 0.07 0.22 0.32

Yb 1.37 1.39 0.26 0.22 0.31 0.27 0.28 0.24 0.74 1.06 0.21 0.14 0.72 1.05

Lu 0.18 0.18 0.04 0.03 0.05 0.04 0.04 0.04 0.10 0.14 0.03 0.02 0.10 0.14

Normalized to PAAS (Taylor and McLennan, 1985)

Eu/Eu* 1.19 0.47 1.01 0.20 1.27 0.47 1.12 0.37 1.15 0.41 3.91 3.74 1.25 0.97

Ce/Ce* 0.32 0.25 0.76 0.16 0.86 0.23 0.80 0.20 0.60 0.32 1.09 0.18 0.62 0.33

[La/Ce]n 6.07 5.06 1.42 0.41 1.21 0.25 1.33 0.36 3.34 4.05 1.09 0.04 3.25 4.00

[La/Sm]n 0.85 0.22 0.86 0.20 0.84 0.36 0.85 0.28 0.85 0.26 1.26 0.46 0.87 0.28

[Sm/Yb]n 0.89 0.20 1.12 0.59 1.04 0.41 1.08 0.52 1.00 0.43 1.03 0.24 1.00 0.42

[La/Yb]n 0.77 0.34 0.95 0.65 0.88 0.45 0.92 0.57 0.86 0.49 1.25 0.43 0.87 0.49


