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Abstract 34 

 35 

Several deep drillholes were made in the Onega palaeobasin by the Fennoscandian Arctic 36 

Russia–Drilling Early Earth Project (FAR-DEEP) of the International Continental Scientific 37 

Drilling Program (ICDP). These provided fresh core material documenting the Lomagundi-38 

Jatuli Isotopic Event (LJIE), its termination, and the start of the Shunga Event (SHE) of an 39 

enhanced accumulation of organic matter. The cored section represents the most complete 40 

known record of the end of the LJIE. 41 

 42 
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The late phase of the LJIE, recorded in FAR-DEEP Core 11A, is represented by the upper 43 

part of the Tulomozero Formation (TF), a 300-m-thick unit composed of variegated 44 

dolostones, siltstones and shales. Accumulated under oxic conditions on a shallow-water 45 

carbonate platform, the TF hosts the earliest known thick formations of halite and massive 46 

anhydrite. Low-temperature greenschist facies metamorphism caused partial recrystallisation 47 

of the rocks; however, a primary carbonate phase, the dolomite, exhibits a negligible degree 48 

of post-depositional alteration of the carbon isotope system. The dataset of 46 bulk-carbonate 49 

analyses of carbon and oxygen isotopes yielded δ13Ccarb ranging between +6.8 and +11.8‰, 50 

and revealed a positive excursion from +8 to +11.8‰ followed by a decline to +8‰ towards 51 

the top of the 300-m-thick succession. 52 

 53 

The cored part of the overlying Zaonega Formation (ZF) recovered in holes 12AB and 13A is 54 

an 800-m-thick unit composed of mixed siliciclastic–carbonate facies with numerous mafic 55 

lava flows and tuff beds intruded by gabbro sills. The formation represents an unprecedented 56 

episode of enhanced accumulation of organic-rich rocks and preserves the earliest known 57 

supergiant, petrified oilfield, all typifying the SHE. The sedimentological, petrographic, 58 

geochemical and C- and O-isotopic study of over 800 m of core throughout the ZF suggests 59 

that the initial carbonate deposition occurred in a lacustrine environment, then rapidly 60 

proceeding through a lagoonal setting to a rifted deepwater shelf, and finally to a carbonate 61 

platform. Both the deepwater shelf and the platformal settings are marked by organic-rich 62 

environments. The primary dolomite was potentially exposed to syn- and post-depositional 63 

hydrothermal/metasomatic alterations, organic matter diagenesis, metamorphic mineral 64 

reactions, CO2 degassing, and finally a low-temperature, post-metamorphic calcitisation 65 

resulting in overall large fluctuations of δ13Ccarb between -22 and +8‰. The dataset of over 66 

413 bulk-carbonate analyses of carbon and oxygen isotopes, screened petrographically and 67 
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geochemically against post-depositional alteration, revealed 28 least-altered samples within 68 

three stratigraphic intervals, suggesting multiple positive and negative δ13Ccarb excursions 69 

throughout over 1000 m of stratigraphy. A shift from +5 to +9‰ followed by a drop to near 70 

zero values marks the lower part of the ZF. A δ13Ccarb decline from +8‰ to below zero in the 71 

middle and upper part of the ZF defines the end of the LJIE. A subsequent prominent negative 72 

excursion down to -6‰ does not show convincing isotopic evidence for influence of 73 

methanogenesis, and hence appears to be of primary depositional origin. An erratic positive 74 

excursion in the uppermost part of the drilled section indicates return of δ13Ccarb to a near 75 

normal marine value.  76 

 77 

 78 

Keywords: Palaeoproterozoic, dolomite, pyrobitumen, carbon isotopes, Fennoscandia  79 

 80 

1. Introduction 81 

 82 

The Onega palaeobasin located in southeastern Fennoscandia (Fig. 1) contains a 83 

Palaeoproterozoic sedimentary-volcanic succession which has been drilled by the recently 84 

completed FAR-DEEP ICDP project (http://far-deep.icdp-online.org). The succession has the 85 

world’s most complete known geological record that covers the transition from the 86 

Lomagundi-Jatuli Isotopic Event (LJIE) to the Shunga Event (SHE) (Melezhik, 2012). The 87 

LJIE, recorded in the Tulomozero Formation (TF) represents an unprecedented perturbation 88 

of the global carbon cycle resulting in a positive excursion of δ13C in sedimentary carbonates 89 

(e.g., Baker and Fallick, 1989a, b), whereas the SHE, recorded in the Zaonega Formation 90 

(ZF), is known for an intensive accumulation of organic matter and formation of the earliest 91 

known supergiant petroleum oil field (Mossman et al., 2005; Melezhik et al., 2009). 92 
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These two global-scale palaeoenvironmental events (Fig. 2) are among several 93 

revolutions associated with an advanced stage of the progressive oxidation of Earth's 94 

environments (reviewed in Melezhik et al., 2005a). This stage was an environmental drama 95 

that affected the entire biosphere (which comprises lithosphere, hydrosphere and atmosphere) 96 

on an unprecedented scale (reviewed in Kump et al., 2013). There is compelling evidence that 97 

the LJIE and SHE time interval represents a dynamic period in the history of the Earth (Kump 98 

et al., 2011; Planavsky et al., 2012; Asael et al., 2013; Canfield et al., 2013), yet many details 99 

of the global-scale geochemical cycles remain understudied. This is particularly the case for 100 

the carbon cycle, recently provoking a series of controversial and conflicting interpretations 101 

(e.g., Kump et al. (2011) and Canfield et al. (2013) versus Qu et al. (2012) and Farquhar et al. 102 

(2014)). In this contribution we address the upper part of the TF and the lower and middle 103 

parts of the ZF whose deposition represents the time window for the transition from the LJIE 104 

to the SHE (Fig. 3), and whose carbonate rocks recorded invaluable information for 105 

deciphering the operation of global cycling of carbon. 106 

Brasier et al. (2011) published detailed petrographic and geochemical characteristics 107 

of the ZF carbonate rocks in FAR-DEEP Core 10B, and reported δ13Ccarb values ranging in 108 

the middle part of the TF from +7.7 to +15.7‰. Črne et al. (2014) recently published a rather 109 

comprehensive account of the petrographic and geochemical characteristics of the ZF 110 

carbonate rocks in FAR-DEEP Core 12AB and reported a pervasive calcitisation of primary 111 

dolomite, associated with overprinting of depositional C-isotopic values.  112 

The main goals of this article are: (i) to provide a review of already published as well 113 

as a discussion of new FAR-DEEP material on the carbonate carbon isotopic excursion 114 

through the transition from the LJIE to the SHE; (ii) to employ a large database for screening 115 

against post-depositional alteration of δ13Ccarb; (iii) to consider the deposition of the ZF 116 

carbonates in the context of basin evolution; (iv) and finally to provide a better understanding 117 
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of the global carbon cycle through one of the most intriguing episodes of Earth's evolution in 118 

Deep Time. 119 

 120 

 121 

2. Material studied 122 

 123 

The FAR-DEEP project cored 15 drillholes and provided 3650 m of core material from the 124 

eastern Fennoscandian Shield (Melezhik, 2012). This includes 6 drillholes that intersected 125 

1900 m of sedimentary-volcanic succession which records the LJIE and SHE in a single 126 

basin, the Onega palaeobasin (Fig. 1). The current research is based on sedimentological, 127 

petrographic and geochemical studies of carefully logged FAR-DEEP Cores 11A, 12A, 12B 128 

and 13A.  129 

Hole 11A (436 m) drilled in the northern part of the Onega palaeobasin intersected the 130 

middle and upper part of the TF and the base of the ZF (Figs 1 and 3A). Holes 12A (99.57 m) 131 

and 12B (411.46 m) sampled overlapping sections of the volcano-sedimentary succession of 132 

the ZF. Hole 13A (240 m) was drilled 25 km north-west of 12A and 12B (hereafter 12AB), 133 

and intersected the ZF section which partially overlaps with that intersected by Holes 12AB 134 

(Figs 1 and 3A). The base of the uppermost dolostone unit in Cores 13A (76.6 m) and 12AB 135 

(9.3 m, Fig. 10) was used as the lithostratigraphic marker boundary (Črne et al., 2013a, b; 136 

2014). In addition, a lithological interval with several thin beds containing specific black and 137 

pale brown clay balls (Fig. 4) was suggested as another marker unit for the correlation of 138 

Cores 13A (183–159 m) and 12AB (180–160 m).  139 

 Comprehensive core description and photodocumentation is combined with 896 XRF 140 

analyses of major elements, 627 ICP-AES analyses of trace elements, and 413 bulk-carbonate 141 

analyses of carbon and oxygen stable isotopes (Appendices A–C).  142 

6 
 



143 

 144 

3. Analytical methods  145 

146 

Fifteen grams of rock powder were used to analyse major and trace elements at the Geological 147 

Survey of Norway (NGU) by X-ray fluorescence spectrometry using a PANalytical Axios at 4 148 

kW. Elemental concentrations in whole-rock samples were determined on acidified extracts 149 

(cold 10% HCl) by inductively coupled plasma-atomic emission spectrometry (ICP-AES) 150 

using a Thermo Jarell Ash ICP 61. Total organic carbon (TOC), and total carbon (TC) were 151 

determined at NGU and at the University of Münster. At NGU sealed tube combustion using 152 

a Leco SC-444 had a total analytical uncertainty of 15%. For measurements of TOC, the 153 

samples were reacted with 10% HCl before the combustion and inorganic carbon (IC) was 154 

calculated as the difference between TOC and TC. At the University of Münster the IC was 155 

determined by reaction with 10% HCl acid and TC by combustion of the sample; TOC was 156 

calculated from TC and IC. Stable carbon and oxygen isotope analyses were performed at the 157 

Scottish Universities Environmental Research Centre (SUERC). Approximately 1 mg powder 158 

was reacted overnight with phosphoric acid at 70˚C. Isotopic ratios were measured on PRISM 159 

II or AP2003 mass spectrometers. Repeat analyses of NBS-18 and internal calcite standards 160 

are generally better than ±0.2‰ for carbon and ±0.3‰ for oxygen. Carbon and oxygen 161 

isotopic values are reported and discussed in the conventional delta notation relative to V-162 

PDB and V-SMOW, respectively. 163 

164 

 165 

4. The Onega palaeobasin 166 

167 
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The Onega palaeobasin represents a fragment of continental margin preserved on the 168 

Archaean Karelian craton in the eastern part of the Fennoscandian Shield. The basin 169 

accommodated over 5000 m of sedimentary and volcanic rocks over the c. 2440–1890 Ma 170 

time interval (Fig. 3), which is radiometrically poorly constrained (reviewed in Glushanin et 171 

al., 2011; Melezhik et al., 2012b). Basin filling was interrupted by numerous non-depositional 172 

breaks and several episodes of erosion of unknown duration.  173 

Initial deposition in the Onega palaeobasin was associated with an incipient rifting 174 

which began in northeastern Fennoscandia prior to 2505 Ma (e.g., Melezhik and Hanski, 175 

2012). The rifting became widespread following the emplacement of plume-related, layered 176 

gabbro-norite intrusions and dyke swarms at 2505-2440 Ma (Hanski and Melezhik, 2012), 177 

leading to the establishment of an active continental margin. The mantle-plume-driven 178 

continental uplifts led to the emplacement of voluminous continental flood basalts, which at c. 179 

2440 Ma were uplifted, dissected by repeated rifting and affected by erosion and deep 180 

weathering within the entire shield area, then followed by the onset of the global-scale 181 

Huronian-age glaciation (Marmo and Ojakangas, 1984; Melezhik, 2006; Melezhik et al., 182 

2013c). 183 

No or very little igneous activity is documented between 2400 and 2200 Ma in the 184 

Fennoscandian Shield (reviewed in Hanski and Melezhik, 2012) reflecting world-wide 185 

magmatic slowdown (Condie et al., 2009). The advanced rifting at c. 2200-2060 Ma was 186 

followed by formation of a vast epeiric sea and large shallow-water carbonate platforms 187 

(Melezhik and Hanski, 2012). This period was marked by subaerial eruptions of highly-188 

oxidised lavas (Hanski, 2012), deposition of chemically-mature sandstones, and 13C-rich 189 

dolostones representing the LJIE. Red beds became abundant in both subaerial and 190 

subaqueous conditions, and the earliest-known thick halite and massive anhydrite formations 191 

were recorded (Morozov et al., 2010).  192 
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At approximately 2100 Ma, the late Archaean craton was eventually affected by 193 

advanced separation and formation of the Kola Ocean and Svecofennian Sea (e.g., Daly et al., 194 

2006). During this tectonic development the Onega palaeobasin formed a rifted active 195 

continental margin bordering the Svecofennian Sea (Lahtinen et al., 2008). This was the time 196 

when the volcano-sedimentary succession of the ZF was deposited, followed by voluminous 197 

subaqueous mafic magmatism. This was accompanied by an unprecedented accumulation of 198 

Corg-rich rocks and formation of the earliest known petrified giant oilfield (Melezhik et al., 199 

2009; Melezhik et al., 2012b) representing the worldwide SHE (e.g., Melezhik et al., 2005a).  200 

The overlying clastic sediments were deposited in lacustrine and shallow-water shelf 201 

environments after a non-depositional break and erosion episode of unknown duration. The 202 

lacustrine greywacke-shale succession records an event of surface oil seeps derived from 203 

tectonically compromised ZF oil reservoirs (Melezhik et al., 2009).  204 

Between 1890 and 1790 Ma, the early Palaeoproterozoic volcano-sedimentary 205 

succession underwent deformation and greenschist-facies metamorphism of the Svecofennian 206 

orogeny. The rocks were deformed into a system of roughly parallel, northwest-southeast 207 

trending folds that overall form a synclinorium (Kharitonov, 1966).  208 

The Onega palaeobasin hosts six V-U-Mo-precious-rare metal deposits and numerous 209 

shows (Fig. 1B). Their position has both lithological and structural control. The deposits are 210 

situated along contacts between ZF black shales and underlying red beds, and located within 211 

northwest-southeast trending antiforms affected by vertical faults (e.g., Golubev and Novikov, 212 

2005). Ore processes are associated with a three-phase, low-temperature metasomatic 213 

alteration, not linked to any igneous activity, and dated to 1760 ± 60 Ma (U-Pb, Golubev and 214 

Novikov, 2005), hence postdating the Svecofennian metamorphism and deformation.  215 

 216 

5. The Tulomozero Formation 217 
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 218 

5.1. Depositional age and lithostratigraphy 219 

 220 

Since the work of Galimov et al. (1968) and Schidlowski et al. (1975), the TF has been central 221 

to a number of studies investigating the global carbon cycle during the Palaeoproterozoic 222 

(Yudovich et al., 1991; Akhmedov et al., 1993; Karhu, 1993; Tikhomirova and Makarikhin, 223 

1993; Melezhik and Fallick, 1996; Heiskanen and Rychanchik, 1999; Melezhik et al., 1999a, 224 

2005b; Brasier et al., 2011). Despite the intensive sedimentological and C-, O- and Sr-isotopic 225 

studies, the precise depositional time of the TF remains poorly constrained (Fig. 3). The only 226 

currently published age is 2090 ± 70 Ma obtained by a Pb-Pb technique on dolomite 227 

(Ovchinnikova et al., 2007).  228 

In the Onega palaeobasin the TF is composed of diverse evaporite-carbonate-siliciclastic 229 

lithofacies showing frequent vertical (e.g., Fig. 5) as well as lateral variations (Melezhik et al., 230 

2012b). In the south-western part of the Onega palaeobasin, the TF succession starts with a c. 231 

194-m-thick halite bed apparently accumulated within a lagoonal setting developed directly 232 

on an Archaean granite basement (Morozov et al., 2010). The halite is brown, pink and grey 233 

in colour and contains minor sylvinite and numerous clasts of magnesite (Fig. 6).  234 

In the southeast, the correlative section is composed of red sandstone-dolarenite-235 

mudstone cycles deposited in a braided fluvial system passing into a peritidal coastal plain 236 

(Melezhik et al., 2000), whereas in the north, it comprises fining-upward dolarenite-siltstone 237 

cycles accreted on the slope of a carbonate platform (Melezhik et al., 2013a).  238 

In the southwest, the above rock succession is followed by a c. 290-m-thick unit of 239 

nodular shales interbedded with thick and massive anhydrite-magnesite beds (Fig. 7; 240 

Krupenik et al., 2011a), all accumulated in a sabkha environment. Elsewhere in the basin, the 241 

time-equivalent succession comprises lithofacies associated with the growth of a shallow-242 
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marine carbonate platform. This includes supratidal-intertidal and carbonate-clastic-evaporite 243 

cycles, sabkha mudstones, slope dolarenites and reefal stromatolitic dolostones. Several 244 

episodes of repeated carbonate-evaporite cycles, sabkha and playa evaporites, dissolution-245 

collapse breccias, surface and subaqueous karstification events record frequent fluctuations in 246 

sea level, numerous phases of exposure in oxic environments, and overall accumulation in a 247 

shallow-water epeiric sea (Melezhik et al., 2013a).  248 

All terrestrial and marine sedimentary rocks and halite beds are predominantly red, 249 

brown, pink or variegated in colour (Figs 3B, C, D and 6) implying oxygen availability in 250 

depositional systems. Epigenetic bleaching and discolouration advancing through joints and 251 

porous beds is widespread and results in the formation of hundreds of meters of clastic and 252 

carbonate rocks with patchy appearance.  253 

The bulk lithology of the TF as documented in Core 11A is as diverse as in many other 254 

studied sections (e.g., Melezhik et al., 2012b). Carbonate rocks are the dominant lithology and 255 

include massive, bedded, crystalline and stromatolitic dolostones, dolarenites, dolorudites, 256 

dolomarls, in situ and redeposited dissolution breccias. Shale, siltstone and sandstone have 257 

been documented among non-carbonate rocks (Melezhik et al., 2013a). Soft-sediment 258 

deformation, dissolution cavities and microkarst are abundant throughout the drilled section. 259 

A thick, basin-wide, mafic lava flow occurs in the middle part of the drilled section. Figure 8 260 

provides photodocumentation of the main rocks types exemplifying the major lithofacies and 261 

their sedimentological features. The TF intersected by Core 11A has been subdivided into 262 

seven distinct lithological units (Fig. 5). These are, starting from the base: member 1 263 

(Dolostone-Siltstone-Shale); member 2 (Sandstone-Siltstone-Shale-Dissolution Breccia); 264 

member 3 (Lower Dolostone); member 4 (Siltstone-Shale-Basalt); member 5 (Dolostone-265 

Dissolution Breccia); member 6 (Conglomerate); and member 7 (Upper Dolostone) (Melezhik 266 

et al., 2013a).  267 
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 268 

5.2. Sedimentological features of carbonate rocks 269 

 270 

The carbonate rocks of the TF cored by FAR-DEEP Hole 11A recorded invaluable 271 

information on the Proterozoic global carbon cycle towards the termination of the LJIE. 272 

Petrography, geochemistry and sedimentological characteristics of the TF as a whole, and of 273 

the carbonate lithofacies in particular, have been comprehensively studied (e.g., Melezhik et 274 

al., 1999a; 2000, 2001; Brasier et al., 2011; Reuschel et al., 2012). A detailed lithological 275 

description of Core 11A can be found in Melezhik et al. (2013a). Hence, below we provide 276 

only petrographic and geochemical information that is essential for deciphering the 277 

depositional trend of δ13Ccarb.  278 

 In Core 11A the carbonate rocks occur throughout stratigraphy, comprising either 279 

thick discrete units (member 7; Fig. 5) or intercalations with minor beds of sandstones, shales 280 

and conglomerates in members 1, 3 and 5. In other intervals (member 2 and 4) they occur as 281 

thin beds in sandstone-siltstone-shale successions.  282 

 In the lower part of the drilled succession, which includes members 1 and 2 at 436–283 

374 m, the carbonate rocks comprise 0.2- to 2.5-m-thick dolostone-dolomarl/shale cycles, and 284 

more rarely dolostone-evaporite cycles, accumulated in a peritidal carbonate flat setting 285 

(Melezhik et al., 2013a). All rocks have variegated colour and irregular bedding (Fig. 8A, B). 286 

In situ brecciation and soft-sediment deformation, due to post-depositional growth of 287 

sulphates as well as dissolution of evaporitic minerals, are common.  288 

In the overlying succession (member 3 at 374–327.4 m) carbonate rocks are the 289 

dominant lithology. These are mainly thick beds of light-coloured and variegated dolarenite 290 

and dolorudite with massive, crude bedding, irregular lamination and in situ brecciation (Fig. 291 

8C, D). Thinner sandstone-siltstone-shale-marl interbeds exhibit lensoidal (sand ripples), 292 
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lenticular and flaser bedding. The succession is marked by numerous thick dolostone-293 

dolomarl/shale shallowing-up cycles with limited evidence for subaerial exposure, and is 294 

interpreted as representing deposition along the lower part of intertidal flats (Melezhik et al., 295 

2013a). 296 

 The following member 4 (327.4–282 m) contains only one thin dolorenite interval 297 

embedded in intertidal siltstone-shale lithofacies with a variegated colour, lensoidal and wavy 298 

lamination which was partially modified by dissolution and cementation, and growth of 299 

pseudomorphs after Ca-sulphates. The sedimentation was interrupted by the emplacement of a 300 

c. 20-m-thick body of mafic lava with a large areal extent (e.g., Satzuk et al., 1988; Krupenik 301 

et al., 2011a). In Core 11A the upper contact of the flow shows signs of subaerial or 302 

submarine weathering and erosion and incorporation of the weathered material into the 303 

overlying shales (Melezhik et al., 2013a). 304 

 Member 5 (282–203 m) is dominated by carbonate rocks and dissolution-collapse 305 

breccias. Most of the carbonate rocks are redeposited and composed of poorly-sorted and 306 

angular intraformational clasts with abundant rip-ups of black, haematite-rich mudstone (Fig. 307 

8E). Throughout the section, rocks contain abundant mm-sized quartz-pseudomorphed 308 

sulphate nodules, discoidal and twinned crystals after gypsum, and dolomite-replaced halite-309 

bearing beds. Rare dolomarl beds show dissolution surfaces and enterolithic structures of 310 

former anhydrite beds (Fig. 8F). Large solution holes filled with debris of collapsed overlying 311 

beds are abundant. The overall member 5 succession is defined by numerous 0.5- to 10-m-312 

thick dolostone-breccia cycles interpreted as a stack of shallowing-up carbonate-evaporite 313 

cycles deposited in a sabkha environment (Melezhik et al., 2013a). 314 

 The overlying member 6 (203–179 m) includes only one thin interval of carbonate 315 

rock, and is composed mainly of polymict clast-supported carbonate conglomerates with a 316 

talc-rich matrix (Fig. 8G) resembling terra rossa soil (Fig. 8H). These lithofacies have not 317 
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been documented previously in the TF and represent a unique, local occurrence. The 318 

conglomerates show neither bedding nor stratification and bear no signs of reworking by 319 

currents or wave action, yet the rounded morphology of clasts suggests either weathering or 320 

freshwater dissolution and physical reworking. Melezhik et al. (2013a) have interpreted these 321 

rocks as partially-reworked karstic collapse breccias originated after dissolution of evaporites. 322 

 The uppermost part of the TF (Member 7, 179–106.3 m) is represented in Core 11A 323 

by three different lithofacies, all chiefly composed of carbonate rocks (Fig. 5). The lower 324 

lithofacies (179–c. 160 m) is the only one in Core 11A containing oncolithic/oolitic 325 

dolostones (Fig. 8I) accumulated in a subtidal–intertidal flat setting (Melezhik et al., 2013a). 326 

The other lithology in this interval is a c. 1-m-thick slumped shale-dolomarl (Fig. 8J) capped 327 

by dissolution-collapse breccia.  328 

The following succession (160–120 m) is composed of a buff, parallel-laminated, 329 

microcrystalline, relatively pure dolostone (Fig. 8K) with layers of brown, laminated 330 

dolomarl. The lowermost 20-m-thick interval is typified by abundant solution-enlarged cracks 331 

and large cavities filled with red, clay-rich, intraformational breccia resembling terra rossa 332 

(Fig. 8L). The observed sedimentological features have been interpreted as karst per se or 333 

perhaps karren (e.g., Bogli, 1980) developed on a carbonate platform (Melezhik et al., 2013a). 334 

The karstified interval is followed by massive to laminated pure dolostones, overlain by two 335 

deepening-upward cycles of flat-laminated and columnar stromatolites (Fig. 8M), apparently 336 

forming a large biostrome or bioherm formed on a carbonate platform under subtidal 337 

conditions.  338 

 339 

5.3. Petrographic and geochemical characteristics of carbonate rocks 340 

 341 
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The carbonate rocks studied in Core 11A were variably recrystallised under low-temperature 342 

greenschist facies conditions identified by the incipient reaction of dolomite and quartz 343 

forming talc. The recrystallisation processes partially obliterated primary depositional textures 344 

and structures, but all the rocks retain readily identifiable bedding and lamination (Fig. 8). 345 

Micritic dolomite is rarely preserved and most of the carbonate microfabrics are defined by 346 

granular, crystalline and micro-sparitic dolomite. Late carbonate phases, which fill voids, 347 

veins and cement breccias, are sparitic dolomite. 348 

 The carbonate rocks are predominantly impure with the major non-carbonate phase 349 

being silica. The abundance of SiO2 ranges from <0.5 to over 40 wt.%, whereas the content of 350 

Al2O3 is commonly below 2 wt.% (Appendix A; Fig. 5A, B). The silica is either chemically 351 

precipitated quartz, formed as the result of post-depositional silicification, or clastic quartz 352 

grains. The abundance of SiO2 is lowest in member 7 where the content of total inorganic 353 

carbon is the highest of all, approaching 12 wt.% (Fig. 5C). Most of the carbonate rocks are 354 

devoid of, or low in, Na2O and K2O (Fig. 5D, E). The organic carbon (TOC) content in all 355 

rocks is below the detection limit of 0.1 wt.%. 356 

 All carbonate samples studied in Core 11A, with two exceptions, are dolomitic in 357 

composition (Fig. 5F) with Mg/Cacarb ratios ranging between 0.60 and 0.66 (Appendix A) and 358 

averaging at 0.64 (n = 42), hence close to the ratio of stoichiometric dolomite (0.62). 359 

Corresponding MgO/CaOwr (whole-rock) ratios fluctuate between 0.77 and 3.15, averaging at 360 

0.83 (Fig. 5G), thus higher than the ratio of stoichiometric dolomite (0.71). Both Mg/Cacarb 361 

and MgO/CaOwr ratios suggest intensive calcitisation of one sample at depth 246.36 m, and 362 

the presence of a variable amount of magnesite at depths 411.33, 202.93 and 195.95 m. All 363 

other intervals, which have MgO/CaOwr >0.71 combined with Mg/Cacarb ≈ 0.62, contain talc 364 

(Fig. 5F, G).  365 
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The abundance of Srcarb in the dolostones shows a large range (11–252 µg·g-1) with the 366 

lowest values in intensely silicified dolostones (e.g., SiO2 = 76 wt.%, Sr = 11 µg·g-1, depth 367 

336.7 m, Fig. 5H). The calcitised dolostone has Srcarb = 130 µg·g-1, whereas Sr content in the 368 

magnesite-bearing intervals ranges between 42 and 65 µg·g-1. The abundance of Mncarb varies 369 

greatly (46–1700 µg·g-1), with the highest values associated with thin dolostone intervals 370 

located close to siliciclastic beds or hosted by siltstone-shale units (e.g., 1700 µg·g-1 at depth 371 

283.3 m, Fig. 5I). The calcitised dolostone has Mncarb = 220 µg·g-1. The magnesite-bearing 372 

intervals show a relatively low Mn content (22–104 µg·g-1). 373 

The stratigraphic distribution and large range of the Fecarb abundances (20–3610 µg·g-374 

1) somewhat mimic those of Mncarb (Fig. 5J). Similarly, the highest values commonly mark 375 

dolostone intervals located close to siliciclastic rock, or thin beds hosted by siltstone-shale 376 

units. Carbonate phases from member 6 also show elevated content of Mncarb (160–560 µg·g-377 

1). In addition, there is a well-pronounced enrichment from 100 to 3610 µg·g-1 in the 378 

uppermost part of the section, towards the contact with the ZF within the 123–106.6 m 379 

interval (Fig. 5J). 380 

 The dolostones studied in Core 11A are characterised by low Mn/Srcarb ratios, 381 

averaging at 2.9 ± 2 and ranging between 0.63 and 7.6 (n = 37). The exceptions with elevated 382 

ratios are: (i) thin intervals of dolostone sandwiched in siltstone-shale units (12. 5 and 33 m; 383 

see Fig. 5K); (ii) dolostones located in close proximity to contacts with the mafic lava (12.3 384 

m); (iii) some carbonate intervals associated with member 6 conglomerates (17.0 m) and 385 

dissolution-collapse breccias (12.3 m). 386 

All drilled and studied carbonate rocks in Core 11A show a significant enrichment in 387 

13C relative to VPDB. Carbon isotopic values vary between 5.8 and 11.8‰, thus ranging over 388 

6‰ (Fig. 5L). δ18Ocarb values are relatively low (+18.6 ± 0.7 VSMOW, n = 46) and show a 389 

large fluctuation (+11.4 to +19.9‰, Fig. 5M).  390 
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 391 

5.4. Screening for post-depositional alteration of the carbon-isotopic composition of the TF 392 

carbonates 393 

 394 

Several studies have specifically targeted the issue of post-depositional alteration of the TF 395 

δ13Ccarb, and these have demonstrated that diagenetic and greenschist-grade metamorphic 396 

processes resulted in only insignificant modification of depositional δ13C values (Melezhik et 397 

al., 1999a, 2000, 2001). In general, there is no evidence that dolomite precipitation, 398 

calcitisation of calcium sulphates and originally high δ13C values were influenced by bacterial 399 

sulphate reduction or methane generation (Brasier et al., 2011). However, the oxygen isotope 400 

system might have experienced a significant depletion in 18O with respect to marine 401 

carbonates. This was associated with diagenetic recrystallisation and metamorphic mineral 402 

reactions.  403 

The dolomite + quartz + sericite ± calcite ± talc metamorphic mineral paragenesis can 404 

be observed in Core 11A, likely indicating that the dolomite reacted with silicates to produce 405 

calcite and talc (Winkler, 1979) with CO2 enriched in 13C: 406 

 407 

6[Ca, Mg(CO3)2] + 8SiO2 + 2H2O → Mg6[Si8O20](OH)4 + 6CaCO3 + 6CO2 (1) 408 

 409 

Discrimination diagrams presented in Fig. 9 compare/contrast Core 11A data with 410 

several previously reported datasets. These include other FAR-DEEP cores (e.g., 10A, 10B) 411 

as well as those obtained previously (7, 9, 4699 and 5177) in different parts of the Onega 412 

palaeobasin (Fig. 1B). The Core 11A dataset, similar to those of other cores, suggests that 413 

throughout the formation δ13Ccarb does not correlate with SiO2 content, δ18Ocarb, Mn/Sr or 414 

Mg/Ca (Fig. 9). Moreover, various lithofacies ranging from impure and pure dolostones to 415 
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limestones and even magnesites share rather similar δ13C values (Fig. 9A, D). All this is 416 

indicative of a high preservation of depositional δ13Ccarb. 417 

Diagenetic, metamorphic and hydrothermal alterations affect carbonate material in 418 

similar ways (e.g., Nabelek, 1991). These processes usually lower depositional δ13C and δ18O 419 

values, introduce Mn and remove Sr. In general, during post-depositional open system 420 

recrystallisation, the δ13C of calcite and dolomite would be buffered by the dissolving 421 

precursor, while the δ18O, Mn and Sr contents would be partially shifted towards equilibrium 422 

with the ambient diagenetic fluids. Consequently, the common geochemical assessment of 423 

post-depositional alteration of marine carbonates is largely based on the relative abundances 424 

of Mn and Sr (e.g., Brand and Veizer, 1980). The Mn/Srcarb ratio is used routinely and 425 

commonly as the parameter for discrimination between altered (Mn/Srcarb >10) and least 426 

altered (Mn/Srcarb <10) dolostones in Precambrian time (e.g., Kaufman and Knoll, 1995).  427 

All except 5 samples have Mn/Srcarb <10, compatible with a negligible involvement of 428 

freshwater fluids during carbonate recrystallisation. However, if samples having Mn/Srcarb 429 

>10 or even Mn/Srcarb >5 are excluded, the general stratigraphic δ13Ccarb trend remains largely 430 

unchanged (Fig. 5L). Moreover, samples with Mn/Srcarb >5 or >10 are characterised by 431 

similar or even higher δ13Ccarb and δ18Ocarb than others in the succession. Consequently, all 432 

measured δ13Ccarb in Core 11A are accepted as relatively unaltered and hence representing a 433 

robust proxy for the carbon isotopic composition of seawater towards the end of the LJIE.  434 

 435 

 436 

5.5. The δ13Ccarb temporal trend through the TF 437 

 438 

The Core 11A dataset representing the middle and upper parts of the TF shows high δ13Ccarb 439 

values in its lowermost part (up to +10.4‰), followed by a sharp decline to +8‰ over c. 30 440 
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m, then by an erratic increase to +12‰ within a c. 130-m-thick succession, and finally by a 441 

continuous drop to +7.5‰ in the uppermost 110 m (Fig. 5L). Such a stratigraphic trend 442 

recorded in Core 11A through the middle and upper parts of the TF corroborates the 443 

fluctuations of δ13Ccarb reported previously from the composite section of the TF, including a 444 

pronounced drop towards the upper contact with the ZF (e.g., Melezhik et al., 2013a).  445 

 446 

 447 

6. The Zaonega Formation 448 

 449 

6.1. Depositional age, lithostratigraphy, igneous activity, and oil generation  450 

 451 

A maximum age for the ZF has been imprecisely constrained at 2090 ± 70 Ma by a Pb-Pb 452 

technique on dolomite of the underlying TF (Ovchinnikova et al., 2007). Hannah et al. (2008) 453 

reported a preliminary Re–Os age of c. 2050 Ma obtained on organic matter from the upper 454 

part of the ZF. A minimum age for the ZF of c. 1980 Ma has been constrained by several 455 

whole-rock and mineral Sm–Nd and Pb–Pb isochrons on the Konchozero mafic-ultramafic 456 

unit which was emplaced in the upper part of the ZF but is considered to be co-magmatic with 457 

the overlying volcanic formation (Puchtel et al., 1992; Puchtel et al., 1998).  458 

The ZF has the greatest areal distribution of all formations in the Onega palaeobasin (Fig. 459 

1B). Its lower contact was documented in various places followed by controversial 460 

interpretations (e.g., Negrutsa, 1984; Galdobina, 1987). Based on FAR-DEEP data the basal 461 

contact of the ZF is sharp and defined by an angular unconformity between underlying, 462 

steeply-dipping, stromatolitic dolostones and flat-lying ZF variegated, parallel-laminated and 463 

cross-bedded sandstones. The above-described contact relationship may imply a period of 464 

uplift and erosion that preceded the deposition of the ZF (Melezhik et al., 2013a).  465 
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The ZF sampled in Core 12AB has been subdivided by Črne et al. (2013a, b; 2014) into 466 

several informal lithostratigraphic units (members). These are from the bottom upwards: the 467 

Greywacke member (498–250m) which includes the significant basin-wide gabbroic 468 

Magmatic Unit B (484–414 m), the Dolostone-Greywacke member (250–179.7m), the 469 

Mudstone-Limestone member (179.7–9.3 m) and the topmost Dolostone-Chert member. In 470 

this contribution, a parallel subdivision is suggested by recognising an additional unit termed 471 

the Lowermost Dolostone (LMD, 258–233 m, Fig. 10).  472 

The bulk lithology of the ZF as documented in Core 12AB (99.57 and 411.46 m) and 473 

13A (240 m) is represented by organic-matter-rich, greywacke-siltstone-shale rhythmites (Fig. 474 

11A, B) deposited from turbidity currents (Črne et al., 2013 a, b). The turbiditic clastic 475 

sedimentation was accompanied by voluminous, tholeiitic, mafic, extrusive and intrusive 476 

magmatism with crustal geochemical signatures (Puchtel et al., 1998). Soft-sediment 477 

deformation, slumped beds, sedimentary/diagenetic boudinage, sedimentary dykes, 478 

intraformational conglomerates, and explosion-expulsion breccias (Fig. 11C–E) are common 479 

general features of the ZF (Melezhik et al., 2012b; Črne et al., 2013a, b). Disseminated pyrite, 480 

diagenetic pyrite concretions, and later metamorphic pyrrhotite are abundant throughout the 481 

formation. Chert and calcite nodules are also present (Fig. 11F–H). The abundance of 482 

carbonate nodules and concretionary beds cannot be reliably established because they are not 483 

always distinguishable in core from thin sedimentary carbonate beds (Črne et al., 2014).  484 

Carbonate rocks occurring in the basal part of the ZF were studied in the top 106 m of 485 

Core 11A. Here, they appear as thin beds within a succession composed of several dm- to m-486 

scale, fining-upward sandstone-siltstone/dolomarl cycles that pass up-section into clayey 487 

siltstones with minor dolostone and dolomarl. The rocks show parallel and small- to large-488 

scale cross-bedding, rhythmic bedding and graded bedding (Melezhik et al., 2013). The 3500-489 

m-deep Onega Parametric Hole drilled in the central part of the Onega basin (Fig. 1) suggests 490 
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that the carbonate rocks are rare in the lower part of the section (Krupenik et al., 2011a). They 491 

become abundant starting from 406 m in Core 12AB.  492 

The stratigraphic distribution of total inorganic carbon (TIC) content in all rocks from 493 

Cores 12AB and 13A suggests that carbonate is a common component of the middle and 494 

upper parts of the ZF (Fig. 10A). However, its highly variable content reflects the great 495 

abundance of mixed carbonate-siliciclastic lithologies. Nevertheless, in several intervals TIC 496 

content exceeds 10 wt.% and indicates the presence of relatively pure carbonate rocks. 497 

Thickness and abundance of carbonate beds with TIC >10 wt.% increase significantly in the 498 

uppermost part of the drilled section (Fig. 10B). In the lower part of Core 12AB, there are few 499 

carbonate beds and they are only several centimetres to several decimetres thick. The 500 

carbonate rocks are either layered or massive (Fig. 12A, B) and form parts of carbonate/marl-501 

mudstone cycles which, in turn, are associated with thicker units of greywacke-siltstone-shale 502 

rhythmites (Črne et al., 2014). In contrast, in the middle part of Core 12AB carbonate beds 503 

form thicker units which may be composed of several mudstone-draped beds (Fig. 12C). In 504 

the uppermost part of the formation, carbonate rocks are most abundant and up to 4.5 m thick 505 

(Črne et al., 2013 a, b). They are massive and indistinctly bedded (Fig. 12D–F). In Core 13A 506 

carbonate rocks are syn-depositionally brecciated. The uppermost dolostones in both Core 507 

12AB and Core 13A contain several spherule beds of possible impact origin (Huber et al., 508 

2014). 509 

Igneous rocks constitute 30–35% of the length of the drilled succession (Fig. 10) and 510 

are represented by pillowed and amygdaloidal-textured mafic lava flows and gabbro sills. The 511 

gabbro sill occurring in the lower part of the formation is over 50 m thick, was intersected by 512 

several drillholes across the Onega palaeobasin and appears to be a prominent basin-scale 513 

intrusion. Hornfels rocks are absent at contacts of magmatic rocks; instead, both sills and 514 

lavas have interacted with water-bearing, unconsolidated sediments forming peperites (Biske 515 
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et al., 2004; Poleshchuk, 2011) and associated explosion-expulsion breccias (Fig. 11E, I; 516 

Melezhik et al., 2013b).  517 

Voluminous mafic magmatism punctuating sedimentation in a rift setting has been 518 

considered to provide enhanced heat flow, the high thermal gradient resulting in the 519 

establishment of a shallow-depth oil window (Melezhik et al., 2013b). Evidence of liquid 520 

hydrocarbon generation and migration is plentiful throughout the ZF. Former oil migration 521 

pathways appear as varied-scale pyrobitumen-filled veinlets and veins cutting different 522 

lithologies. The most voluminous fossil oil trap in the drilled sections is located within 523 

brecciated dolostones and cherts in the upper part of Core 13A (Fig. 10). No information 524 

exists on the scale of oil traps in the Onega palaeobasin prior to Svecofennian deformation 525 

and metamorphism. However, many examples demonstrate that some or all Zaonega oil 526 

reservoir seals were breached several times and oil was spilled both onto the seafloor and 527 

subaerially (Melezhik et al., 2004, 2013b; Qu et al., 2012).  528 

 529 

6.2. Petrography and geochemistry of carbonate rocks 530 

 531 

The carbonate rocks of the ZF archive invaluable information on the Proterozoic global 532 

carbon cycle in general (e.g., Kump et al., 2011) and on the termination of the Lomagundi-533 

Jatuli isotopic event in particular. However, the rocks experienced a set of multiple and 534 

complex post-depositional alterations (e.g., Črne et al., 2014, Fallick et al., submitted) that 535 

make deciphering of primary signatures a challenging task. Hence, below we present and 536 

discuss major petrographic, sedimentological and geochemical features of the ZF carbonate 537 

rocks and aim at providing some additional insights into their primary nature and post-538 

depositional history.  539 
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Carbonates occurring in the lowermost part of the ZF and studied in Core 11A represent 540 

a succession of thinly-bedded, variegated rocks locally termed krivoserite (e.g., Melezhik et 541 

al., 2012b). The carbonate rocks are impure, variably calcitised dolostones and dolomarls 542 

(Melezhik et al., 2013a). In the middle and upper parts of the section represented by Cores 543 

12AB and 13A, four main carbonate phases were recognised (Črne et al., 2014): i) Fe-Mn-544 

poor dolomite; ii) Fe-Mn-rich dolomite; iii) calcite relatively rich in Sr; and iv) Sr-poor 545 

calcite. Both types of dolomite were suggested to represent the early, most likely primary, 546 

sedimentary carbonate phase whereas the calcite was considered as a later phase formed 547 

during progressive burial and metamorphism accompanied by metamorphic carbonate-silicate 548 

reactions and possibly by hydrothermal alteration (Črne et al., 2014).  549 

Mg/Cacarb ratios measured in the ZF carbonates (Fig. 10D) range from calcite to almost 550 

stoichiometric dolomite (0.62). The first appearance of high Mg/Cacarb (dolomitic) rocks is 551 

associated with a carbonate-shale bed at 258–233 m in Core 12AB. Therefore, in the 552 

following discussion this bed is termed the Lowermost Dolostone (LMD, Fig. 10). Most of 553 

the low Mg/Cacarb rocks are documented in the interval located below the LMD, whereas high 554 

Mg/Cacarb rocks (dolomitic) occur within the LMD and above it (Fig. 10D).  555 

 556 

6.2.1. Core 11A, carbonate rocks at the base of the ZF 557 

The top 106 m of Core 11A represents the krivoserite succession composed of a thick 558 

interval of red and variegated sandstone-siltstones with several 0.5–10 cm thick beds of 559 

carbonate rocks. These are considered the lowermost carbonate rocks of the ZF (Melezhik et 560 

al., 2013a). They occur either as upper parts of fining-upward sandstone-shale-carbonate 561 

cycles, or as thin beds in laminated siltstones (Melezhik et al., 2013a). Most of the carbonate 562 

beds are composed of fine-grained dolomite and contain tremolite needles and a significant 563 

amount of clastic quartz and sericite. Some beds contain scattered pyrite cubes. The carbonate 564 
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rocks and their hosts are devoid of measurable organic carbon (Appendix A). Six carbonate 565 

beds, each a few cm thick, documented through the 104.39–31.55 m interval are characterised 566 

by whole-rock MgO/CaO ratios of 0.66 to 0.99. The Mg/Cacarb (acid-soluble) ratio ranges 567 

between 0.38 and 0.58 suggesting dolomitic and mixed dolomite-calcite mineralogies. Whole-568 

rock Al2O3 and SiO2 abundances are high (2–10 wt.%, and 8–38 wt.%, respectively). All 569 

rocks show an enrichment in 13C (δ13Ccarb = +4.9 to +8.2‰), whereas some samples exhibit a 570 

depletion in 18O (δ18Ocarb = +15.9 to +20.3‰; Appendix A) with respect to normal marine 571 

carbonates. These isotopic ratios show a positive but statistically insignificant correlation (r 572 

=+0.70, n = 6, <90%). The abundances of Mncarb range between 367 and 1670 µg·g-1, whereas 573 

the Sr content fluctuates between 23 and 176 µg·g-1, n = 85, respectively) resulting in a 574 

variable Mn/Sr ratio (3.2–30). 575 

 576 

6.2.2. Core 12AB, carbonate rocks below the LMD (406.6–258 m) 577 

Below the LMD, carbonate rocks occur as relatively thin, layered or massive beds (Fig. 578 

12A, B). They are composed of calcite intergrown into xenomorphic masses and contain 579 

chamosite, albite, K-feldspar, quartz, mica and minor tremolite. Beds commonly show a well-580 

pronounced lamination including graded units and internal erosional surfaces (Fig. 13A–D). 581 

Some intervals preserve primary clastic texture (Fig. 13E, F).  582 

On various discrimination diagrams these carbonate rocks plot in distinct fields and 583 

along distinct dolomite-calcite alteration trends (Fig. 14). The rocks are distinct from other ZF 584 

carbonates by combination of low Sr abundances and low Mg/Cacarb and δ18Ocarb values, with 585 

high Na2O contents and high Mn/Srcarb (Fig. 14D, E, G, H, I, L, M–U; Appendix B). Both 586 

δ18Ocarb and δ13Ccarb correlate negatively with the sodium abundances (Fig. 14P, Q). Although 587 

δ18Ocarb and δ13Ccarb correlate positively (r = +0.55, n = 148, >99.9%), the rocks are markedly 588 

depleted in 18O (δ18Ocarb = +11.5 to +15.4‰), whereas δ13Ccarb exhibits a large fluctuation 589 
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between -13.5 and +2‰ (Fig. 14L). This type of carbonate has variable contents of SiO2, TIC, 590 

total organic carbon (TOC), and total sulphur (TS). The abundances of Mncarb and Fecarb are 591 

high (1983 ± 1146 µg·g-1, and 8840 ± 7631 µg·g-1, n = 85, respectively). There are no or 592 

minimal through-bed geochemical and/or isotopic variations (Fig. 15A).  593 

The highest MgO/CaOwr (whole-rock) ratios measured in these carbonates correspond 594 

to near stoichiometric dolomite (0.71), though in six cases it ranges between 0.82 and 0.97 595 

(Figs 10C and 14A–I, O, R). In contrast, the highest measured Mg/Cacarb (acid-soluble) ratio 596 

is <0.1 (Figs 10D and 14D–G, T, U). In the intervals where high MgO/CaOwr ratios and 597 

MgOwr abundances correspond to low Mg/Cacarb ratios and Mgcarb content (Fig. 10D, E), 598 

whole-rock Al2O3 and Fe2O3 abundances are relatively high (Figs 10G, H and 14O, R), 599 

whereas Fecarb is similar to other carbonate rocks (Figs 10I and 14U). Consequently, in such 600 

intervals the abundances of Al2O3, Fe2O3 and MgO are linked to presence of an Al-Fe-Mg 601 

silicate, namely chamosite.  602 

 603 

6.2.3. Core 12AB, carbonate rocks within the LMD (258–233 m) 604 

The LMD comprises several discrete carbonate units separated by thin greywacke 605 

interlayers. Some carbonate units are massive and texturally homogeneous (Figs 16A and 606 

17A), whereas others show distinct bedding and are composed of several mudstone-draped 607 

beds (Fig. 12C). The LMD includes carbonate rocks with variable mineralogy ranging from 608 

pure dolomitic, through mixed dolomitic-calcitic, to calcitic. Consequently, the overall 609 

MgO/CaOwr ratio ranges between 0.02 and 1.2, whereas Mg/Cacarb fluctuates between 0.01 610 

and 0.63 (Fig. 10C, D). Carbonate beds of various compositions are either interlayered or 611 

occur as discrete, chemically and isotopically zoned units, where the core is commonly more 612 

dolomitic with respect to the margins (Črne et al., 2014). Most of the calcitic and mixed 613 

dolomitic-calcitic rocks contain abundant talc (Figs 16–17). 614 
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The LMD dolostones with insignificant degree of calcitisation, when both MgO/CaOwr 615 

and Mg/Cacarb ratios are close to that of stoichiometric dolomite, are often hosted by organic-616 

rich greywackes (Fig. 10N) or occur as thin interbeds within thicker units of variably 617 

calcitised dolostones, or in the core of beds with calcitised margins (Fig. 15C, D; for details, 618 

see Črne et al., 2014). The dolostones commonly show bedded texture (Fig. 16A) and 619 

frequently are composed of tightly intergrown euhedral or xenomorphic crystals of dolomite 620 

separated by thin films of organic matter (Fig. 16B). 621 

Variably calcitised dolostones of the LMD are characterised by granular, massive 622 

and/or bedded/layered textures (Figs 16A and, 17A). Some intervals display primary clastic 623 

microstructure and preserved intraclasts, hence indicating redeposition of carbonate material 624 

(Figs 17B–D). The rocks are commonly composed of intergrown euhedral or xenomorphic 625 

crystals of dolomite partially or entirely replaced by calcite and talc (Figs 16C–E and 17E, G), 626 

and separated by thin films of organic matter (Figs 16F and 17F). Some intervals contain 627 

abundant extensional cracks filled with white calcite (Fig. 17A). 628 

On various discrimination diagrams the LMD carbonate rocks plot mainly together with 629 

the carbonate rocks occurring above the LMD in Core 12AB and 13A (Fig. 14A–K, O, P, R, 630 

T–U), or only in Core 12AB (Fig. 14L–N, Q, S). However, on several plots the LMD 631 

carbonates partially overlap with rocks located below the LMD (Fig. 14A–G, L, O–Q, S–U). 632 

Perhaps, acting as an alteration shield or seal, the LMD carbonates recorded the geochemical 633 

characteristics and alteration history of all phases. The LMD carbonate rocks have highly 634 

variable SiO2, K2O, TIC, TOC, TS, Fe2O3wr, Srcarb and Fecarb, contents, and highly variable 635 

Mn/Srcarb, δ18Ocarb, δ13Ccarb values (Figs 10, 14 and 15). Although δ18Ocarb and δ13Ccarb 636 

correlate positively (r = +0.85, n = 56, >99.9), the correlation is driven by the presence of two 637 

separate subsets each showing no correlation between the two parameters. One subset, low 638 

δ18Ocarb (+13.7 to +16.0‰) and δ13Ccarb (-11.3 to -0.9‰), plots in the field of the underlying 639 
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carbonates, whereas the other subset of higher δ18Ocarb (+15.4 to +19.3‰) and δ13Ccarb (+0.1 640 

to +8.2‰) overlaps with the rocks overlying the LMD (Fig. 14L). Črne et al. (2014) reported 641 

δ18Ocarb-δ13Ccarb correlation on the scale of a single bed. The correlation is driven by pervasive 642 

calcitisation of primary dolostone where the late calcite phase is depleted in 13C and 18O.  643 

Considering further the entire LMD interval, Fe2O3wr, Fecarb content, Mn/Srcarb values 644 

and Srcarb abundances show well-pronounced stratigraphic trends starting from 255.5 m (Fig. 645 

10H, I, L, M). The Srcarb exhibits an erratic decrease from 300 to 30 µg·g-1. In contrast, 646 

Fe2O3wr, Fecarb contents and the Mn/Srcarb ratio shows an irregular increase with the 647 

stratigraphy (from 2 to 8 wt.%, from 400 to 55000 µg·g-1, and from 2 to 100, respectively). 648 

Individual beds commonly show well-pronounced through-bed compositional, geochemical 649 

and isotopic variations (Fig. 15A). In such cases, the margins are composed of variable or 650 

completely calcitised dolomite which is depleted in both 13C and 18O, whereas the cores have 651 

dolomitic compositions and significantly higher δ13Ccarb (by up to 17‰) and δ18Ocarb (by up to 652 

8‰) (for details, see Črne et al., 2014). In fact, all calcitised dolostones, regardless of 653 

dolomite/calcite ratio, have lower δ18Ocarb and δ13Ccarb values with respect to the 654 

stratigraphically corresponding dolostones. δ13Ccarb ranges between -11 and -2‰ (+2 to +8‰ 655 

in corresponding dolostones) with the lowest values in pure calcitic rocks where both 656 

MgO/CaOwr and Mg/Cacarb ratios are low. δ18Ocarb is invariably low, fluctuating around +14‰ 657 

(Fig. 15B–E).  658 

 659 

6.2.4. Cores 12AB and 13A, carbonate rocks above the LMD 660 

Carbonate rocks occurring above the LMD (upper carbonates hereafter) include rocks 661 

with variable mineralogy ranging from pure dolomitic, through mixed dolomitic-calcitic, to 662 

calcitic. Consequently, the overall MgO/CaOwr ratio ranges between 0.03 and 1.5, whereas 663 

Mg/Cacarb fluctuates between 0.01 and 0.65 (Fig. 10C, D). Carbonate beds of various 664 
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composition are either interlayered or occur as discrete, chemically and isotopically zoned 665 

units where the core is commonly more dolomitic with respect to margins (Fig. 15E). The 666 

calcitic and mixed dolomitic-calcitic rocks contain abundant talc. Similar to other carbonates 667 

of Core 12AB, calcite and talc formed through silicate-dolomite reaction (Črne et al., 2014). 668 

The dolostones with insignificant degree of calcitisation, when both MgO/CaOwr and 669 

Mg/Cacarb ratios are close to that of stoichiometric dolomite, are most abundant in the 670 

uppermost part of Core 13A (Fig. 10C, D). Here they form several meter-thick, coherent units 671 

(e.g., Fig. 15F). 672 

Overall, upper carbonates are characterised by diverse texture microfabrics (Figs 18–673 

19). They are either massive or bedded (Figs 18A and 19A). The two examples of the latter 674 

are syn-depositionally brecciated in the upper part of Core 13A (see lithological columns in 675 

Figs 10 and 18, Core 13A). The carbonate rocks are commonly composed of intergrown 676 

euhedral crystals of dolomite separated by thin films of organic matter (Fig. 20A, I–K), and in 677 

some intervals are partially replaced by calcite and talc. Preserved intraclasts indicate 678 

redeposition of carbonate material (Figs 18B and 20D). 679 

Variably calcitised dolostones occurring in the 172 to 173 m interval in Core 12AB are 680 

rather massive but show thin, curly laminae of organic-rich dolomicrite embedded into sparry 681 

dolomite matrices with clotted microfabrics (Fig. 19); the overall pattern resembles a 682 

microbial microstructure (e.g., Harwood and Sumner, 2012). In some intervals, these probable 683 

microbial carbonates include several mm-thick bands composed of tightly-packed, randomly-684 

oriented, 1-mm-long, rod-shaped crystals of dolomite, in places partially replaced by pyrite 685 

(Fig. 19D).  686 

Insignificantly calcitised dolostones are a characteristic feature of the upper part of Core 687 

13A. They occur as thick coherent units. The rocks are commonly layered and contain thick 688 

intervals of massive and laminated cherts (Fig. 15F). Several thick intervals show in situ 689 
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brecciation and cementation by pyrobitumen-rich material (Črne et al., 2013b). Both bedded 690 

and brecciated dolostone rocks contain insignificant volumes of siliciclastic material (Figs 691 

10B, G and 15E), and are characterised by variable microstructures (Fig. 20). Some intervals 692 

are composed of tightly-packed, large, euhedral dolomite crystals separated by thin films of 693 

organic-rich material. Such a lithology contains spherical clots of organic-rich, fine-grained 694 

dolomite (Fig. 20A) or areas enriched in pyrobitumen (Fig. 20B). There are beds showing 695 

primary parallel bedding and clastic microstructure (Fig. 20C–E). The clasts are rounded and 696 

composed of either microsparitic dolomite or euhedral dolomite crystals embedded into 697 

organic-rich matrix (Fig. 20D, E). Some beds exhibit diffuse bedding. The latter is expressed 698 

by irregular alternation of white, organic-poor and black organic-rich layers with patchy 699 

distribution of pyrobitumen (Fig. 20F–H). The most dominant microstructural pattern of the 700 

uppermost dolostone is characterised by the presence of tightly packed, small (0.1 mm), 701 

euhedral, dolomite crystals separated by thin films of organic-rich material (Fig. 20I). Re-702 

crystallisation leads to the formation of larger dolomite crystals accompanied by segregation 703 

of pyrobitumen (Fig. 20J–L).  704 

On various discrimination diagrams the upper carbonate rocks of Core 12AB and 13A 705 

show complete (Fig. 14A–K, P, R–U) or partial (Fig. 14L–N, O, Q) overlap and they plot 706 

mainly together with the carbonate rocks of the LMD (Fig. 14A–K, O, P, R, T–U). Although 707 

the upper carbonates of Core 12AB and Core 13A show considerable overlap, some cross-708 

plots also display differences. For instance, the upper carbonates of Core 13A (n = 102) are 709 

characterised by strong, significant (>99.9%), negative δ13Ccarb-SiO2 (-0.42), δ18Ocarb-SiO2 (-710 

0.67) and δ18Ocarb-Sr (-0.47) correlations, and positive correlation between δ13Ccarb and 711 

δ18Ocarb (+0.66). In contrast, in Core 12AB (n = 238) the correlation between all these 712 

parameters, except δ13Ccarb-δ18Ocarb, is insignificant. Carbonates in both cores show a 713 

significant negative δ13Ccarb-Sr and SiO2-Mg/Ca correlation; however, the correlation in Core 714 
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13A (-0.70 and -0.63, respectively) is again stronger than in Core 12AB (-0.54 and -0.52, 715 

respectively). In the overall dataset the negative correlation between δ13Ccarb and Sr is driven 716 

by mineralogical composition: 13C-depleted calcite has higher Sr content with respect to 13C-717 

richer dolomite (see Fig. 14D, F). 718 

The upper carbonate rocks have variable SiO2, K2O, TIC, TOC, TS, Fe2O3wr, Srcarb and 719 

Fecarb contents, and variable Mn/Srcarb, δ18Ocarb, δ13Ccarb values (Figs 10, 14 and 15E, F). Most 720 

of the carbonates are devoid of Na2O. Considering the upper carbonates in their entirety, the 721 

Mg/Cacarb ratios show a stepwise stratigraphic change. The lower rapid change from 722 

predominantly dolomitic to calcite-talc rocks occurs in Core 12AB at c.162 m, just above the 723 

upper clay-ball interval (Fig. 10D and lithological column). The upper rapid switch from 724 

predominantly calcite-talc rocks to dolostones occurs in both cores above the upper volcanic 725 

units. The uppermost dolostones of Core 13A alone show erratic stratigraphic increase of 726 

Fe2O3wr (0.1→8 wt.%), Fecarb (500→50000 µg·g-1) and K2O (0.01→4 wt.%) contents and 727 

Mn/Srcarb ratio (3→46) (Fig. 10H, I, K, M). 728 

Individual beds commonly show well-pronounced through-bed compositional, 729 

geochemical and isotopic variations (Fig. 15E). In such cases, margins are composed of 730 

variable or completely calcitised dolomite which is depleted in both 13C and 18O, whereas the 731 

core has dolomitic composition and significantly higher δ13Ccarb (for details, see Črne et al., 732 

2014). 733 

 734 

6.3. Identified post-depositional processes affecting mineralogical and C-isotopic 735 

composition of the ZF carbonate rocks. 736 

 737 

The post-depositional history of the ZF section was governed by diverse geological 738 

processes starting from organic diagenesis, hydrothermal/metasomatic alteration and seafloor 739 
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bitumen seeps triggered by semi-contemporaneous emplacement of the basin-scale gabbro 740 

sill, followed by oil generation, its migration and thermal maturation, regional metamorphism, 741 

and finally by post-metamorphic alterations (Melezhik et al., 1999b; Črne et al., 2014; see 742 

also Fallick et al., submitted). 743 

 744 

6.3.1. Alteration associated with regional metamorphism 745 

 746 

The dolomite + quartz + sericite ± K-feldspar +calcite + talc metamorphic mineral 747 

paragenesis is widespread in Cores 12AB and 13A within and above the LMD (Figs 14, 16 748 

and 17). This is a common mineral association developed in impure dolomitic rocks that have 749 

undergone low-temperature, greenschist-facies metamorphic alteration, and represents robust 750 

evidence that the dolomite reacted with silicates to produce calcite and talc (See equation 1) 751 

Tremolite is rare. It was observed in dolostones and dolomarls from the lowermost part 752 

of the ZF in Core 11A and in one sample located above the gabbro sill in Core 12AB. 753 

Similarly to talc, it forms through dolomite-quartz reaction but under high-temperature 754 

greenschist facies metamorphism (Winkler, 1979):  755 

 756 

5CaMg(CO3)2 + 8SiO2 + H2O → Ca2Mg5Si8O22(OH)2 + 3CaCO3 + 7CO2 (2) 757 

 758 

The alteration of depositional δ13Ccarb values of primary dolomite phase in the ZF through 759 

metamorphic reaction (1) was already reported by Črne et al. (2014). A larger database (n = 760 

613) demonstrates that intervals with high MgO/CaOwr ratios correspond to low Mg/Cacarb 761 

ratios, low TIC content, associated with depletion in 13C and formation of calcite and talc 762 

(Figs 10B, C, D, O and 15B–E). This is also supported by a significant, positive correlation of 763 

δ13Ccarb with Mg/Cacarb ratios (r = +0.60, n = 456, >99.9%; Fig. 14F), and negative correlation 764 
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with SiO2 (r = -0.26, n = 456, >99%; Fig. 14S) suggesting that alteration was largely 765 

associated with reaction (1). Such reaction is accompanied by degassing of 13C- and 18O-766 

enriched CO2 with concomitant depletion of newly formed carbonates in both isotopes by a 767 

few per mil (Nabelek et al., 1984; Valley, 1986). Consequently, the calcitisation and depletion 768 

of primary C- and O-isotopic values by a few per mil in carbonates containing talc and 769 

tremolite represents an impact of the regional greenschist metamorphism on the ZF 770 

dolostones.  771 

Although the dolomitic MgO/CaOwr and low Mg/Cacarb ratios observed in numerous 772 

intervals (Figs 10C, D and 15B–E) can be explained by the calcitisation of dolostones and the 773 

formation of calcite + talc ± dolomite metamorphic paragenesis (Figs 16C–F and 17G), in 774 

some intervals, MgO/CaOwr exceeds the ratio of stoichiometric dolomite (0.71) (Fig. 10C). 775 

Consequently, magnesium was partially mobile during the alteration. 776 

 777 

6.3.2. Organic diagenesis 778 

 779 

Carbonate and siliciclastic rocks comprising the lower part of the ZF (e.g., Core 11A) 780 

are devoid of organic matter, and hence were unlikely to have been affected by organic 781 

diagenesis. However, such an effect is likely for all carbonate rocks containing significant 782 

amounts of organic matter and/or hosted by organic-rich siliciclastic rocks. The presence of 783 

carbonate rocks with low δ13Ccarb (values down to -22.5‰; Črne et al., 2014) significantly 784 

below those commonly produced through dolomite-silicate reaction associated with 785 

greenschist-facies metamorphic conditions, and a large magnitude of δ13Ccarb depletion of 786 

calcite relative to stratigraphically corresponding dolomite (up to 17‰; Črne et al., 2014) 787 

cannot be explained by metamorphic volatilisation alone (e.g., Valley, 1986) and require an 788 

external source of 13C-depleted fluids involving oxidation of organic matter. Hence, in 789 
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organic-matter-rich locations, mineral reactions associated with chemical reduction-oxidation 790 

processes during diagenesis are suggested as the earliest apparent process affecting 791 

mineralogical, geochemical and isotopic composition of primary carbonate precipitates. 792 

Fe- and Mn-oxides are largely available in greywacke-siltstone-shale turbidites of the 793 

Zaonega formation. Sulphides are abundant and their isotopic composition suggests bacterial 794 

sulphate reduction (Shatsky, 1990; Melezhik et al., 1999b). Consequently, the recycling of 795 

organic matter involving thermal and bacterial reduction of sulphates and Fe- and Mn-oxides 796 

is the most probable early diagenetic source for 13C-depleted CO2; this can explain the entire 797 

measured δ13Ccarb range of the ZF carbonates significantly depleted in 13C. The absence of 798 

13C-rich diagenetic carbonates indicates no biogenic CO2 reservoirs related to active 799 

biological methanogenesis (cf. Irwin et al., 1977). 800 

Involvement of local or global methanotrophy was suggested to explain a prominent 801 

negative shift of δ13C documented in the organic matter of the ZF (Qu et al., 2012). However, 802 

methanotrophy is typically associated with formation of 13C-depleted authigenic carbonates 803 

with δ13Ccarb values less than -25‰ (Irwin et al., 1977; Kauffman et al., 1966; Schoell 1980, 804 

1988; Cavagna et al., 1999; Stakes et al., 1999; Peckmann et al., 2002). However, with the 805 

presence of abundant organic matter having low δ13Corg (Filippov and Golubev, 1994; Kump 806 

et al., 2011; Qu et al., 2012) there are only two carbonate samples with δ13Ccarb < -20‰. 807 

Carbonates depleted in 13C below such a value are absent in the ZF even in the interval 808 

containing the lowest δ13Corg of -42‰. The latter has been interpreted either to reflect intense 809 

oxidative weathering of rocks on a global scale (Kump et al., 2011) or to be influenced by 810 

methane cycling on a basinal scale (Qu et al., 2012; Lepland et al., 2014).  811 

Finally, whilst thermal and biogenic methane were likely components of the 812 

depositional and diagenetic environments, their isotopic imprint is not explicit in the existing 813 
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δ13Ccarb database and there is no obvious demand for the involvement of 12C from CH4 in the 814 

formation of ZF carbonates.  815 

 816 

6.3.3. Pre-metamorphic alteration associated with emplacement of the basin-scale gabbro sill 817 

 818 

Calcitic rocks occurring in Core 12AB below the LMD contain chamosite rather than 819 

talc. Considering that the highest MgO/CaOwr ratios mostly remain close to stoichiometric 820 

dolomite (Fig. 10C), we suggest that low Mg/Cacarb ratios combined with dolomitic 821 

MgO/CaOwr ratios are likely associated with calcitisation of a dolomite precursor with the 822 

leached Mg bound into chamosite. Here, the carbonates are also enriched in Na2O (Fig. 10J), 823 

but a considerable number of samples above 250 m show Na2O content below the detection 824 

limit of 0.1 wt.% (the sodium distribution is discussed further in Fallick et al., submitted). 825 

The severe calcitisation and considerable enrichment of all rocks in Na2O near the 826 

gabbro indicate that sodium and calcium alterations were very likely coupled with the 827 

emplacement of the basin-scale gabbro body. Such emplacement might have compromised 828 

seals of the Tulomozero halite and sulphate deposits, and caused their partial dissolution and 829 

remobilisation of Na and Ca that were eventually involved in the alteration processes of the 830 

ZF rocks. This is supported by the presence of halite and sylvinite micro-inclusions in the ZF 831 

organic-rich rocks reported by Kulikova (2013). Magnesium liberated from the decomposed 832 

dolomite, and externally supplied Fe, could have replaced sericite to form chamosite resulting 833 

in the calcite-chamosite metasomatic paragenesis. Hence, strictly speaking, the chamosite-834 

bearing calcitic rocks below the LMD are not sedimentary limestones per se, but rocks 835 

formed through metasomatic alteration of dolostones.  836 

However, in some intervals below the LMD, the MgO/CaOwr ratio is <0.1 (Figs 10C 837 

and 15A). Such ratios allow the primary phase to be calcite and not dolomite. This is also 838 
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supported by various cross-plots in which these calcitic rocks plot separately from the rest of 839 

the ZF carbonates (Fig. 14). Low-MgO/CaOwr carbonate rocks may represent either primary 840 

carbonate precipitates or diagenetically formed calcite concretions. Given only 52 mm width 841 

of core, differentiation between thin carbonate beds/layers and lenticular and large lensoidal 842 

concretions is challenging. However, small, lensoidal, calcite concretions are readily 843 

recognisable in Core 12AB and are abundant below the LMD (Fig. 11H; for more 844 

information, see Črne et al., 2013a), hence some analysed calcitic intervals may represent 845 

originally calcitic carbonate nodules. On the other hand, the petrographic features of some 846 

carbonate intervals also suggest that they were originally redeposited carbonate rocks (Fig. 847 

13E, F), perhaps calcitic in composition. 848 

 849 

6.3.4. Post-metamorphic calcitisation 850 

Throughout Cores 12AB and 13A, in all types of rocks, calcite occurs as 851 

porphyroblasts superimposed on metamorphic fabrics. In shales, calcite appears as replacive, 852 

lathlike or pancake-like shapes (Fig. 21A, B). In sandstones, it forms irregular porphyroblasts 853 

superimposed on granoblastic and meta-psammitic texture (Fig. 21C). In interbedded 854 

gritstone-sandstone-siltstone rocks, porphyroblastic calcite develops preferentially in coarser 855 

lithologies, partially or completely replacing feldspar and quartz, whereas fine-grained, 856 

organic-rich siltstone remains largely unaffected. 857 

 858 

6.4. Screening for post-depositional alteration of the carbon-isotopic composition of the ZF 859 

carbonates 860 

 861 

The brief overview of carbonate petrology and geochemistry provided above 862 

demonstrates a complex and multiphase alteration of the ZF carbonates within an organic-863 
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matter-rich environment. The carbonate rocks of the ZF show a large variation of δ13Ccarb 864 

ranging between -22.4 and +9‰, which is in itself consistent with post-depositional 865 

alteration. The alteration of depositional δ13Ccarb values of primary dolomite phases by 866 

calcitisation was already demonstrated by Črne et al. (2014) through comparison of dolomitic, 867 

mixed calcitic-dolomitic and calcitic rocks within geochemically zoned carbonate beds (see 868 

also Fig. 15).  869 

Črne et al. (2014) employed (Mg/Ca)*IC (being the Mg/Ca ratio multiplied by 870 

inorganic carbon content) as a screening parameter to identify the best-preserved samples, and 871 

conservatively suggested that all carbonates with (Mg/Ca)*IC < 6 are significantly altered. 872 

Consequently, only four dolostone samples were considered as the least altered: with δ13Ccarb 873 

of +8, +4 and -4‰ (at 250, 239 and 2 m in Core 12AB) and -2 ‰ (at 58 m in 13A). Here, 874 

using a larger database (n = 413), and employing the Mn/Srcarb ≤ 10 in dolomite samples 875 

(Mg/Ca ≥ 0.55) we obtained similar but not identical results from Cores 12Ab and 13A to 876 

those reported by Črne et al. (2014).  877 

Six samples of impure dolostones and dolomarls representing the krivoserite succession 878 

in the lowermost part of the ZF (Core 11A, 104.9–31.55 m) have δ13Ccarb ranging between 879 

+4.9 and +8.2‰ and Mn/Sr ratios fluctuating between 3.2 and 30. Two dolostone samples at 880 

the base of the ZF (104.39 and 97.03) with δ13Ccarb of +4.9 and +5.3‰ have corresponding 881 

Mn/Sr of 4.1 and 3.2, and hence both can be considered as belonging to the least altered 882 

group. Similarly, one dolomarl sample at 31.55 m depth, having Mn/Sr close to 10, is 883 

apparently only slightly altered. Finally, two other samples with δ13Ccarb of +8.3 and +7.3‰ at 884 

depths 82.14 and 75.79 m, marked by Mn/Sr of 26 and 30, are apparently altered, hence their 885 

original values could be only higher. However, lack of organic matter indicates the carbonate 886 

rocks recovered by Core 11A were not affected by organic diagenesis. Their depletion in 13C 887 
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was associated with the dolomite-quartz reaction in greenschist-facies metamorphic 888 

conditions, hence the expected lowering is limited to ~1 to 3 ‰, e.g., Melezhik et al. (2003).  889 

In Core 12AB, the δ13Ccarb value of +8‰ at 249.2 m reported previously by Črne et al. 890 

(2014) as the least altered is accepted as having Mn/Srcarb <10. Six new dolostone samples are 891 

added from 246.9–246.7 (δ13Ccarb = +2.6 to +4.0‰) and 243.2–243.1 m (δ13Ccarb = +3.0 to 892 

+3.3‰) intervals within the LMD. The value of +4‰ at 239 m reported by Črne et al. (2014) 893 

as belonging to the least altered group is rejected as having Mn/Srcarb of 20. In the upper part 894 

of the drilled section, the Mn/Srcarb ratio suggests 25 least altered samples in Cores 12AB and 895 

13A ranging between -8.4 to -1.6‰. 896 

Črne et al. (2014) have also utilised δ18Ocarb as an additional parameter for screening 897 

samples against postdepositional alteration. A δ13Ccarb-δ18Ocarb cross plot for the 25 least-898 

altered dolostone samples from the upper part of the ZF exhibits a significant positive 899 

correlation (r = 0.62, >99.9), which suggests that some of the least-altered samples might have 900 

been altered more strongly than others. In fact, the observed negative correlation is driven by 901 

a separate subset of four samples, all having δ13Ccarb below -6.5‰ (Fig. 22). Taking a 902 

conservative stand, these samples are considered as altered more strongly than the others and 903 

they are consequently excluded from the following reconstruction of the δ13Ccarb temporal 904 

trend. 905 

 906 

6.5. The carbon-isotopic composition of the ZF carbonates recorded in the Onega Parametric 907 

Hole (OPH). 908 

 909 

OPH was drilled in the southern part of the Onega palaeobasin, 70 km to the southwest 910 

of Holes 12AB and 13A (Fig. 1). The published δ13Ccarb data obtained from ZF carbonate 911 

rocks in OPH core show a large variation between -19.9 and +9.5‰ (Fig. 23). The range and 912 
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a stratigraphic pattern are identical to those observed in FAR-DEEP core (Fig. 10P versus Fig. 913 

23). The published material (Krupenik et al., 2011b) provides neither major nor trace element 914 

concentrations in samples measured for δ13Ccarb, consequently the isotopic data cannot here be 915 

screened geochemically against post-depositional alteration.  916 

 The OPH δ13Ccarb data characterise two lithologically different intervals. The first 917 

represents the base of the ZF where bedded carbonate-siliciclastic rocks, locally termed the 918 

krivoserites, are devoid of organic matter. Here, several δ13Ccarb measurements define two 919 

isotopic shifts starting from the base of the ZF. They are expressed as a positive shift from +5 920 

to +9‰ through a c. 120 m interval followed by a decline to 0‰ in a 50-m-thick succeeding 921 

succession (Fig. 23). As discussed above, the FAR-DEEP core data suggest that the alteration 922 

of primary δ13Ccarb ratios in the krivoserite succession is associated with dolomite+quartz 923 

reaction in greenschist-facies metamorphic conditions as much as 1–3‰ (e.g., Melezhik et al., 924 

2003). It is yet to be assessed if the upper part of the krivoserite succession has been affected 925 

by 13C-depleted fluids, derived from the overlying organic-rich rocks that have caused 926 

formation of carbonates with δ13Ccarb of -19‰ above krivoserites. 927 

The second interval characterised by δ13Ccarb data represents the section where all 928 

sedimentary rocks are rich in organic matter (Fig. 23). This interval starts with a sharp δ13Ccarb 929 

drop from 0 to -19‰ which is associated with the first appearance of organic matter-rich 930 

rocks; δ13Ccarb of -19‰ was obtained from carbonate material hosted by a bed of massive 931 

organic matter-rich rock (Fig. 23). The rest of the section is characterised by δ13Ccarb ranging 932 

between -19.5 and -1‰ with one remarkable outlier at +9.5‰. As reported by Črne et al. 933 

(2014) and has been discussed above, the corresponding interval cored by FAR-DEEP holes 934 

shows a complex, severe alteration of primary δ13Ccarb ratios through organic diagenesis, 935 

metamorphic reactions and hydrothermal calcitisation. Consequently, the unscreened OPH 936 
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δ13Ccarb data from this interval cannot securely be used for deciphering primary carbon 937 

isotopic trends.  938 

 939 

6.6. The δ13Ccarb temporal trend through the ZF 940 

 941 

Six δ13Ccarb measurements from Core 11A define an apparent excursion in the 942 

lowermost part of the ZF. The excursion is expressed by a 3‰ positive shift from +5 to +8‰ 943 

through a 25 m interval followed by a return to +5‰ in a 50-m-thick succeeding section (Fig. 944 

24). As Mn/Srcarb ratios suggest that the two isotopically heaviest values could originally have 945 

been even higher, the positive excursion might have been somewhat larger than the trend on 946 

Figure 24 suggests. 947 

The data published from OPH (Krupenik et al., 2011b; Fig. 23) define a similar 948 

excursion in the lowermost part of the ZF. The excursion is expressed as a 4‰ positive shift 949 

followed by a decline to 0‰ in a 170-m-thick succession (Fig. 23). Although these data were 950 

not screened for potential post-depositional alteration of the carbon isotope system caused by 951 

metamorphic reaction (very likely to be depleted in 13C by 1–3 ‰; Melezhik et al., 2003), the 952 

similarity of the excursions depicted from two sites located 70 km apart likely represents a 953 

basin-wide feature and speaks for their apparent primary depositional nature. In this case, 954 

Core 11A appears to represent a condensed section with respect to that cored by the Onega 955 

Parametric Hole (Fig. 24). 956 

The overlying 900 m of organic-rich rocks largely lack sedimentary carbonates which 957 

retain primary depositional δ13Ccarb values. However, there are three exceptional intervals, two 958 

in the middle and the other on top of the ZF. The first (246.9–246.7 m) and the second 959 

(243.2–243.1 m) are within the LMD where six least-altered values suggest a possible rapid 960 

negative shift from +8 to +3‰ over 3.8 m of stratigraphy (Fig. 25). Although very few high 961 
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values at around +8‰ at 243.2 m depth have been measured (e.g., Črne et al., 2014) and they 962 

are not corroborated in neighbouring intervals in the FAR-DEEP database, a very similar 963 

value of +9.5‰ has been reported from a carbonate material hosted by an organic matter-rich 964 

schist in the middle part of the ZF in the OPH core (Krupenik et al., 2011b; see Fig. 23). 965 

Although the OPH high value is apparently located at a higher stratigraphic position than the 966 

high values seen in 13A, they are collectively taken as a hint that the high δ13Ccarb in the 967 

middle part of the ZF possibly persisted basin-wide. 968 

Within the LMD, there are two dolostone samples in the 239.8–239.4 m interval with 969 

δ13Ccarb of +4.4 and +4.7‰. Although not recognised as being in the least-altered group based 970 

on their high Mn/Sr ratios, they can still provide insight into the global carbon cycle. Being 971 

affected/altered by organic diagenesis, their depositional δ13Ccarb values were likely higher, 972 

hence the LJIE extends to this level of stratigraphy. Similarly, another altered dolostone 973 

sample at depth 204.6 m with δ13Ccarb of +4.5 and Mn/Sr = 30 suggests that the end of the 974 

LJIE can be placed somewhat above 204 m.  975 

Finally, 21 least-altered samples from the third interval located in the uppermost part of 976 

Cores 12AB and 13A track another apparent positive shift from -6 to -2‰ within a 57.5 m 977 

interval. This excursion appears to be rather erratic, which may suggest that some of the least-978 

altered samples may still be significantly depleted in 13C; hence the shift may require 979 

additional study. 980 

These multiple δ13Ccarb shifts or excursions documented in Cores 11A, 12AB and 13A 981 

(with some corroboration from the Onega Parametric Drillhole) suggest that the deposition of 982 

13C-rich sedimentary carbonates extends from red beds of the underlying TF, which typifies 983 

the LJIE per se, to organic-rich environments signifying the SHE. Moreover, the FAR-DEEP 984 

δ13Ccarb data on the transition from the LJIE to the SHE, by far the most complete known in 985 

the world, also suggest that the overall temporal structure of the δ13Ccarb curve for the 986 
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Lomagundi-Jatuli time differs significantly from a single smooth loop (Karhu and Holland, 987 

1996; Bekker et al., 2006; Planavsky et al., 2012). The FAR-DEEP data suggest that at the 988 

end of the excursion there are several apparent positive and negative shifts within c. 1000 m 989 

of stratigraphy. Although being the most complete record to date of the end of the event, the 990 

data do not cover the entire 900 m of stratigraphy, and hence the internal structure of the 991 

δ13Ccarb temporal trend could be even more complex.  992 

 993 

7. Carbonate deposition during the termination of the LJIE 994 

 995 

During Zaonega time and the termination of the LJIE, the Onega palaeobasin area was 996 

part of the rifted flank of the Karelian craton and formed its continental margin to the 997 

Svecofennian Ocean. The Zaonega basin itself was originally assigned to a rift-bound lagoon 998 

(Melezhik et al., 1999b; Lahtinen et al., 2008; Melezhik and Hanski, 2012). 999 

The carbonate rocks occurring in the lowermost part of the ZF unconformably overlie 1000 

steeply dipping Tulomozero stromatolitic dolostones. The sedimentological data available 1001 

from field observations and FAR-DEEP core logging suggest that at least the initial phase of 1002 

sedimentation likely represents fluvial accumulation followed by deposition in a relatively 1003 

low-energy, siliciclastic-dominated, deep lacustrine setting (Melezhik et al., 2013) apparently 1004 

associated with an incipient rifting of the continental margin (Fig. 26A).  1005 

Up-section, a combination of dominant, immature, turbiditic, greywacke-siltstone-shale 1006 

rhythmites and subordinate, massive and bedded carbonate rocks represents a mixed 1007 

siliciclastic-carbonate depositional system (Črne et al., 2013a). It was suggested that 1008 

carbonate components were eroded/shed from a contemporaneous, environmentally-1009 

decoupled, carbonate platform/shelf and transported into the siliciclastic, organic-rich 1010 

Zaonega basin. While some sedimentological features (such as illustrated in Figs 14F–H, 1011 
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16B–D, 19B and 21D) indicate the resedimented nature of carbonate material and thus 1012 

support such inference, others (Fig. 20) do not.  1013 

In order to explain the source of redeposited carbonate material in the Zaonega 1014 

siliciclastic-carbonate depositional system, carbonate shedding from a nearby platform is 1015 

invoked. This might have occurred during intervals of sea-level highstand as is common with 1016 

Quaternary and extant rimmed carbonate platforms (e.g., Schlager et al., 1994). Because the 1017 

Zaonega depositional system was prograding southward (e.g., Melezhik and Hanski, 2012), a 1018 

carbonate platform is inferred to have been located somewhat to the south with respect to the 1019 

study area (Fig. 26B).  1020 

A plausible abrupt switch in carbonate composition from predominantly calcitic to 1021 

dolomitic at c. 258 m (Fig. 10D–F), if primary, would require involvement of different or 1022 

temporally-evolving carbonate source(s). Among the calcitic allochems, there are fragments 1023 

of laminated limestones (Fig. 13F) and recrystallised ooids (Črne et al.,2014), hence they 1024 

were apparently resedimented to the Zaonega siliciclastic basin from an inferred, short-lived, 1025 

oolitic shoal (Fig. 26B).  1026 

From c. 258 m and up-section, the primary carbonate phase in the ZF carbonate rocks is 1027 

dolomite and some beds contain dolostone intraclasts (Figs 17B–D and 19C, 20A, D, E). 1028 

Intervals of carbonate rocks are interbedded with greywacke-siltstone-shale rhythmites and 1029 

represent a minor component of the turbiditic succession; carbonate rocks are rather impure 1030 

(Figs 10A, B and 15B–D). Consequently, carbonate components were very likely shed or 1031 

eroded into the siliciclastic, organic-rich Zaonega basin from a single source, namely a 1032 

contemporaneous, environmentally-decoupled, carbonate platform (Fig. 26B) as suggested by 1033 

Črne et al. (2014). 1034 

In the middle part of Core 12AB, below the seafloor pyrobitumen spill (SFPS), some 1035 

dolostone beds show distinctly different microfabrics. These include thin, curly laminae of 1036 
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organic-rich dolomicrite embedded in clotted, sparry dolomite matrix (Fig. 20). Such features 1037 

are best interpreted as microbially-influenced precipitation of carbonates, hence the carbonate 1038 

material was unlikely shed or re-deposited from a nearby carbonate platform, and thus likely 1039 

accumulated in situ. 1040 

In the upper parts of Cores 12AB and 13A, several significant changes in petrography 1041 

and geochemistry of carbonate rocks occur. Here, the dolostones form thick coherent beds, 1042 

contain insignificant amount of siliciclastic material (Figs 10A, B and 15F), and often exhibit 1043 

in situ brecciation and cementation by petroleum or bitumen (now pyrobitumen) (e.g., Črne et 1044 

al., 2013b).  1045 

The dolostones are interbedded with thick intervals of massive and laminated chert. 1046 

Although dolostone beds contain carbonate sand-size clasts, many of them are composed of 1047 

pyrobitumen-supported, euhedral dolomite crystals (Fig. 20D). The latter observation implies 1048 

original deposition in an organic-rich environment. Consequently, geochemical, petrographic 1049 

and sedimentological characteristics of the dolostones from the upper part of the drilled 1050 

section can best be reconciled with in situ carbonate accumulation in organic-rich 1051 

environments with limited siliciclastic supply. We tentatively suggest that the carbonate 1052 

accumulation occurred within the northward-prograding carbonate platform (Fig. 26C). In situ 1053 

brecciated dolostone beds are interpreted as a collapsed edge of the rapidly prograding 1054 

platform with later cementation of cracks by migrated petroleum to form a prominent oil trap 1055 

(Melezhik et al., 2013b). An alternative explanation for the in situ brecciation is a seismic 1056 

event induced by impact of an extraterrestrial object (Huber et al., 2014). 1057 

In the uppermost part of Core 13A, the dolostones are overlain by a thick succession 1058 

dominated by thinly-bedded and laminated greywacke-siltstone deposited from turbidity 1059 

currents. This suggests that the carbonate platform was drowned due to either tectonic 1060 
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subsidence or sea-level rise. Shortly after, it was buried beneath a several-hundred-meter-1061 

thick pile of sub-aqueously extruded tholeiitic basalts (Fig. 26D). 1062 

 1063 

 1064 

8. Conclusions 1065 

 1066 

1. Dolostones of the Tulomozero Formation were deposited in oxic conditions on a 1067 

shallow-water carbonate platform marked by a frequent switch from peritidal to tidal 1068 

environment with intervening episodes of subaerial karstification, followed by a final 1069 

phase of emergence and partial erosion.  1070 

2. The primary carbonate phase, the dolomite, underwent metamorphic alteration under a 1071 

low-temperature greenschist facies, and exhibits only a modest degree of post-1072 

depositional alteration of δ13Ccarb, which ranges between +6.8 and +11.8‰ and thus 1073 

records the late phase of the Lomagundi-Jatuli Isotopic Event. 1074 

3. The measured Tulomozero dolostones reveal a positive δ13Ccarb excursion from +8 to 1075 

+11.8‰ followed by gradual decline to +8‰ throughout over 300 m of stratigraphy.  1076 

4. Carbonate rocks of the overlying Zaonega Formation were originally laid down in 1077 

depositional settings that evolved from a rift-bound lacustrine system through a rift-1078 

bound lagoon to a rifted, deepwater clastic shelf and to a carbonate platform.  1079 

5. The main phase of the carbonate deposition was associated with organic-rich 1080 

environments typifying the Shunga Event, and evolved from shedding onto the 1081 

volcanically-active, deepwater, clastic shelf to in situ accumulation on the carbonate 1082 

platform. 1083 
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6. Voluminous mafic magmatism synchronous with sedimentation in a rift setting 1084 

provided enhanced heat flow, a high thermal gradient and shallow-depth oil generation 1085 

and migration. 1086 

7. Pyrobitumen-rich, brecciated, platformal dolostones and cherts represent the most 1087 

voluminous known fossil oil reservoir in the Onega basin.  1088 

8. Some oil traps were partially breached resulting in the seafloor oil spills. The 1089 

consequences of such hydrocarbon debouchement on seafloor and water-column 1090 

microbial life and water geochemistry remain to be studied.  1091 

9. The primary carbonate phase, the dolomite, underwent syn- and post-depositional 1092 

hydrothermal/metasomatic alterations, organic carbon-related diagenesis, 1093 

metamorphic mineral reactions, and finally a low-temperature, post-metamorphic 1094 

calcitisation. 1095 

10. The multiple alterations resulted in a considerable overall variation of δ13Ccarb 1096 

measured in bulk carbonate samples ranging between -22 and +8‰.  1097 

11. The least altered dolomite samples show multiple positive and negative δ13Ccarb 1098 

excursions throughout over 1000 m of stratigraphy with a δ13Ccarb decline from +8‰ 1099 

to below zero defining the termination of the Lomagundi-Jatuli Isotopic Event in the 1100 

upper part of the Zaonega Formation. 1101 

12. The termination is followed by a prominent negative shift followed by erratic return to 1102 

a near normal marine δ13Ccarb value of -2‰. 1103 

13. The existing database suggests that neither positive nor negative excursions of the 1104 

least altered samples, nor the overall δ13Ccarb range, were greatly influenced by 1105 

methanogenesis. 1106 

FAR-DEEP cores provide by far the most complete known δ13Ccarb, geochemical and 1107 

sedimentological record through the Precambrian Lomagundi-Jatuli Isotopic Event and 1108 
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demonstrate that only the latest phase of the event is locally associated with an enhanced 1109 

accumulation of 12C-rich organic matter, allowing occurrences of high δ13C marine 1110 

carbonates. In contrast, for the main part of the event such an association is not documented. 1111 
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Figures 1472 

 1473 

 1474 

Fig. 1. (A) Geographic location of the study area. (B) Simplified geological map of the Onega 1475 

palaeobasin with the locations of studied drillholes (red triangles). Geological map is based on 1476 

Koistinen et al. (2001). Yellow diamonds denote positions of V-U-Mo-Pd deposits (Vinogradova, 1477 

2005).  1478 
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 1480 

Fig. 2. Major global palaeoenvironmental and tectonic events during the Early Palaeoproterozoic. 1481 

Modified from Melezhik et al. (2013a). 1482 

 1483 
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 1484 

Fig. 3. (A) Lithostratigraphic column of the Onega palaeobasin with positions of FAR-DEEP and 1485 

Onega parametric drillholes, and projection of global palaeoenvironmental events. Red lines 1486 

separating formations denote major hiatuses. Superscripts denote radiometric ages from (1) 1487 

Ovchinnikova et al. (2007), (2) Hannah et al. (2008) and (3) Puchtel et al. (1992, 1998). (B–G) Photos 1488 

of selected sedimentary rocks from the Onega Palaeoproterozoic succession illustrating some major 1489 
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global changes in Earth's palaeoenvironments; position of photos denoted in the column by (B–G). 1490 

Photographs (D) and (E) courtesy of Dmitry Rychanchik. 1491 

 1492 

 1493 

Fig. 4. (A) A scanned slab and (B) thin section showing parallel-laminated mudstone with a 1494 

greywacke bed containing abundant black, kerogen-rich balls of layered alumino-silicate (illite?). (C) 1495 

Scanned thin section showing abundant yellow and pale brown illite balls in massive mudstone. (A, B) 1496 

– Core 12AB, (C) – Core 13A. 1497 
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 1500 

Fig. 5. Geochemical profiles through the TF based on FAR-DEEP Core 11A. Major and trace element 1501 

data and isotopic composition of carbonate carbon are from FAR-DEEP database (http://far-deep.icdp-1502 

online.org). In Panels L and M, blue diamonds: Mn/Sr < 5; red diamonds: 10 ≥ Mn/Sr > 5; black 1503 

diamonds: Mn/Sr >10. 1504 
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 1506 

Fig. 6. (A) Sedimentological features of the halite as documented in the Onega Parametric Core. 1507 

Brown and pink, massive, coarsely-crystalline halite with numerous inclusions of anhydrite (white), 1508 

magnesite (yellow) and shale (pale grey). Photographs courtesy of Dmitry Rychanchik. (B) 1509 

Mineralogical composition of the halite bed intersected by the Onega Parametric Drillhole at the base 1510 

of the TF (based on data from Krupenik et al., 2011a).  1511 
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 1512 

 1513 

Fig. 7. (A) Selected sawn cores representing 2516–2507 m interval; (B) Selected unsawn cores from 1514 

2511–250 m interval; and (C) polished slab, illustrating massive structure of coarse-crystalline 1515 

anhydrite from the Onega Parametric Core. Photographs courtesy of Dmitry Rychanchik. Scale-bars 1516 

with cm divisions. 1517 
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 1520 

Fig. 8. Photographs illustrating the main sedimentological features of relevant rock types of the TF. 1521 

Sawn and unsawn FAR-DEEP core diameter is 4 cm here and in all following photographs unless 1522 

specified otherwise; numbers correspond to drillhole depth in metres. (A) Member 2: flat-laminated, 1523 

red dolomarl with small rip-ups of black, magnetite-rich mudstone and network of dissolution voids 1524 

and cracks cemented by white dolospar. (B) Member 2: white-pinkish, fine-grained dolostone with 1525 
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bedding expressed by sparse laminae, lenses and patches of black, haematite/magnetite-rich mudstone. 1526 

(C) Member 3: dolarenite-dolorudite with abundant small rip-ups of black, haematite-rich mudstone 1527 

and dolosparitic fabric caused by dissolution and re-cementation (Melezhik et al., 2013a). (D) Member 1528 

3: Recrystallised, bedded dolarenite with haematite spots. (E) Member 5: dissolution-collapse breccias 1529 

composed of angular, unsorted clasts of black, haematite-rich dolomarl embedded in white, drusy 1530 

dolomite. (F) Member 5: unsawn core of pale pink/white dolostone and laminated grey and black, 1531 

haematite-rich mudstone, exhibiting extensive soft-sediment deformation features, desiccation, partial 1532 

dismembering and cementation by white dolospar; layers marked by red arrow show a possible 1533 

enterolithic structure. (G) Member 6: redeposited, fragment-supported, dissolution-collapse, polymict, 1534 

conglomeratic breccia composed of unsorted intraformational clasts of dolostones, dolomarls and 1535 

magnesite in a clay-talc matrix. (H) Member 6: fragment-supported polymict dissolution-collapse 1536 

breccias composed of unsorted intraformational clasts of dolostones and dolomarls; note that the 1537 

cement is partially dissolved. (I) Member 7: photomicrograph in transmitted, non-polarised light 1538 

showing recrystallised dolomitic ooids or oncoids coated with haematite (red rims). (J) Member 7: 1539 

soft-sediment deformed grey shale and pink dolomarl. (K) Member 7: pale tan dolarenite with 1540 

indistinct parallel bedding. (L) Member 7: dissolution-collapse breccia (karst) in dolarenite-dolorudite 1541 

cemented by white dolospar. (M) Member 7: pink, stromatolitic dolostone passing upward into 1542 

indistinctly-bedded microsparitic dolostone. 1543 

 1544 

Photographs (A–D), (F) and (K–L) reproduced with kind permission of Springer Science+Business 1545 

Media from Melezhik, V.A., Prave, A.R., Lepland, A., Romashkin, A.E., Rychanchik D.V., and 1546 

Hanski E.J., (2013). 6.3.2 Tulomozero Formation: FAR-DEEP Hole 11A, in: Melezhik, V.A., Prave, 1547 

A.R., Fallick, A.E., Hanski, E.J., Lepland, A., Kump, L.R., Strauss, H. (eds.) Reading the Archive of 1548 

Earth’s Oxygenation. Volume 2: The Core Archive of the Fennoscandian Arctic Russia - Drilling 1549 

Early Earth Project. Series: Frontiers in Earth Sciences. Springer, Heidelberg, pp. 889–945. Copyright 1550 

Springer Science+Business Media 2013. 1551 
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 1553 

 1554 

Fig. 9. δ13Ccarb plotted against δ18Ocarb, SiO2 abundances, and Mn/Srcarb and Mg/Cacarb ratios in the TF 1555 

carbonate rocks. Data are from FAR-DEEP database (http://far-deep.icdp-online.org; core 10A, 11A), 1556 

Melezhik et al. (1999a; cores 4699 and 5177) and Brasier et al. (2011; core 10B). 1557 
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 1561 

Fig. 10. Geochemical profiles through the ZF based on FAR-DEEP holes 12AB and 13A. Major and 1562 

trace element data, δ13Ccarb and δ18Ocarb are from http://far-deep.icdp-online.org (FAR-DEEP), Kump 1563 

et al. (2011) and Črne et al. (2014). The published data are specified in Appendices A–C. Note that at 1564 

the depth of the lowermost dolostone bed (LMD) there are significant changes in K2O and Na2O 1565 

abundances, as well as in δ13Ccarb, Mg/Cacarb, ratios and other geochemical parameters. A cut-off > 1 1566 

wt.% total inorganic carbon (TIC) defines the boundary between non-carbonate and carbonate bearing 1567 

rocks. 1568 
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 1570 

Fig. 11. Main rock types and diagenetic concretions of the ZF. Core diameter is 5 cm. (A) Sandy 1571 

limestone (pale grey) alternating with thin, dark grey mudstone units intersected by thin vein filled 1572 

with pyrobitumen and sulphide. (B) Rhythmically interbedded greywacke and mudstone with 1573 

abundant sulphides (pale yellow). (C) Slumped, sandy limestone with syn-sedimentary deformation, 1574 

dismembered pyritised layers and sulphide nodules. (D) Slumped bed composed of soft-sediment 1575 
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deformed and dismembered beds of calcareous greywacke and black mudstone. (E) Explosive breccia 1576 

containing various unsorted, angular to rounded clasts from a few mm to more than 10 cm in size; 1577 

clasts are greywacke and sandy limestone (grey), mudstone (black) and pyrobitumen (red arrowed) 1578 

floating within a mudstone matrix. (F) Zoned, pyrite-pyrrhotite concretion in a black, massive, 1579 

organic-rich mudstone. (G) A dark grey, chert nodule (red arrowed) in interbedded sandy limestone 1580 

(bright) and laminated, dark-coloured, Corg-rich mudstone. (H) A calcite concretion in laminated 1581 

greywacke-mudstone. (I) Peperite composed of fragments of mafic lava flow (brownish-grey) and 1582 

organic rich mud (black) both with sulphidised margins; joints are filled with calcite.  1583 

Photographs (A), (D–F), (G) and (H) are from Core 12AB; (B), (C), and (I) from Core 13A. 1584 

Photographs (A–E) and (G) are reproduced with kind permission of Springer Science+Business Media 1585 

from Črne, A.E., Melezhik, V.A., Prave, A.R., Lepland, A., Romashkin, A.E., Rychanchik, D.V. 1586 

Hanski, E.J., Luo, Zh-Yu. (2013). 3.3.3. Zaonega Formation: FAR-DEEP Holes 12A and 12B, and 1587 

neighbouring quarries, and photograph (I) from 3.3.4. Črne, A.E., Melezhik, V.A., Prave, A.R., 1588 

Lepland, A., Romashkin, A.E., Rychanchik, D.V. Hanski, E.J., Luo, Zh-Yu. (2013). 3.3.4. Zaonega 1589 

Formation: FAR-DEEP Hole 13A In: Melezhik, V.A., Prave, A.R., Fallick, A.E., Hanski, E.J., 1590 

Lepland, A., Kump, L.R., Strauss, H. (eds.) Reading the Archive of Earth’s Oxygenation. Volume 2: 1591 

The Core Archive of the Fennoscandian Arctic Russia - Drilling Early Earth Project. Series: Frontiers 1592 

in Earth Sciences. Springer, Heidelberg, pp. 946–1007 and 1008–1046, respectively. Copyright 1593 

Springer Science+Business Media 2013.  1594 
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 1596 

Fig. 12. Carbonate rocks of the ZF. (A) Sandy 'limestone' (pale grey) alternating with thin, black 1597 

mudstone units. (B) A greywacke-hosted limestone lens composed of redeposited ooids (for details 1598 

see, Fig. 13E) (C) Beds of grey, massive, sandy dolostone with dark-coloured mudstone drapes. (D) 1599 

Beds of grey dolostone with mudstone drapes (red arrowed) cross-cut by pyrobitumen veinlets (yellow 1600 

arrowed). (E) Pale grey dolostone with black, silicified mudstone drapes and mudstone top. (F) 1601 

Massive dolostone with cracks filled by pyrobitumen (black) and calcite (white).  1602 

Photographs (A–D) are from Core 12AB; (E–F) – from Core 13A. Photographs reproduced with 1603 

kind permission of Springer Science+Business Media from Črne, A.E., Melezhik, V.A., Prave, A.R., 1604 

Lepland, A., Romashkin, A.E., Rychanchik, D.V. Hanski, E.J., Luo, Zh-Yu. (2013). 3.3.3. Zaonega 1605 

Formation: FAR-DEEP Holes 12A and 12B, and neighbouring quarries, and. 3.3.4. Zaonega 1606 

Formation: FAR-DEEP Hole 13A In: Melezhik, V.A., Prave, A.R., Fallick, A.E., Hanski, E.J., 1607 

77 
 



Lepland, A., Kump, L.R., Strauss, H. (eds.) Reading the Archive of Earth’s Oxygenation. Volume 2: 1608 

The Core Archive of the Fennoscandian Arctic Russia - Drilling Early Earth Project. Series: Frontiers 1609 

in Earth Sciences. Springer, Heidelberg, pp. 946–1007 and 1008–1046, respectively. Copyright 1610 

Springer Science+Business Media 2013.  1611 
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Fig. 13. Sedimentological and petrographic features of calcitic rocks from Core 12AB below 258 m. 1614 

(A) Unsawn core illustrating a calcitic bed showing sharp contacts with host greywackes (283.1 and 1615 

282.5 m), a faint bedding and an internal erosional surface enhanced by diagenetic recrystallisation 1616 

(282.65 m). (B) Indistinctly bedded calcitic rock passing into a massive variety. (C) Thinly laminated 1617 

calcitic rock starting with three thicker cycles each draped with mud-rich layers (arrowed). (D) A 1618 

probable clastic limestone (calcarenite) showing rapid upward grading. Clasts are recrystallised, and 1619 

matrix is composed of calcite grains intergrown into a xenomorphic mass which contains biotite and 1620 

albite. (E) A mass of xenomorphic calcite containing rounded clasts or intraclasts composed of sparry 1621 

calcite ± quartz. (F) A calcitic rock composed of unsorted, angular, platy fragments of laminated 1622 

limestone. (B), (C) and (D) - scanned thin sections; (F) - photomicrograph of Alizarin-red-stained thin 1623 

section in non-polarised, transmitted light. 1624 
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 1627 

Fig. 14. Various cross-plots illustrating geochemical features and apparent post-depositional 1628 

geochemical and isotopic trends in the ZF carbonate rocks from different depth intervals. The 1629 

diagrams are based on data from FAR-DEEP database (http://far-deep.icdp-online.org) and data 1630 

published by Kump et al. (2011) and Črne et al. (2014). The published data are specified in 1631 

Appendices A–C. 1632 
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 1634 

Fig. 15. Major geochemical features of carbonate rocks documented through the stratigraphy in Core 1635 

12AB and 13A. (A) A calcitic bed occurring below 258 m (for petrographic and sedimentological 1636 

characteristics, see Fig. 13). Both MgO/CaOwr and Mg/Cacarb ratios suggest calcitic mineralogy. There 1637 

are no through-bed chemical and isotopic variations. (B) An example of carbonate rock from the 1638 

lowermost part of the LMD. This is characterised by a mixed dolomite ± calcite + talc composition 1639 

(for petrographic and sedimentological characteristics, see Fig. 17) associated with the calcitisation of 1640 

dolostones through dolomite-quartz reaction. There are through-bed chemical variations. (C) An 1641 

example of carbonate rock from the middle part of the LMD. This is characterised by mixed dolomite 1642 

± calcite + talc composition with the presence of pure dolostone intervals. There are "through-bed" 1643 

chemical and isotopic variations. (D) An example of chemically and isotopically zoned carbonate bed 1644 

from the middle part of the LMD. This is characterised by mixed dolomite ± calcite + talc composition 1645 

with the presence of pure dolostone interval in the core of the bed (for petrographic and 1646 

sedimentological characteristics, see Fig. 16). (E) An example of pure dolostone from Core 12AB (for 1647 

petrographic and sedimentological characteristics, see Fig. 20). The dolostone contains a substantial 1648 

amount of TOC. There are no through-bed chemical and isotopic variations, δ13Ccarb stays significantly 1649 

below zero but a low Mn/Srcarb (5–9) suggests no obvious post-depositional alteration. 1650 
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The diagrams are based on data from FAR-DEEP database (http://far-deep.icdp-online.org) and 1651 

data reported in Kump et al. (2011) and Črne et al. (2013). The published data are specified in 1652 

Appendices A–C. 1653 

Legend: dark blue – calcitic rocks; pale blue – calcitised dolostone; light blue – dolostone; green 1654 

– calcareous greywacke; pale brown – greywacke; dark grey – mudstone; red – chert; dots – graded 1655 

bedding; stripes – parallel bedding, otherwise – massive. 1656 

 1657 
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 1658 

Fig. 16. Sedimentological and petrographic features of carbonate rocks with dolomite + calcite + talc 1659 

paragenesis from chemically and isotopically zoned carbonate bed representing the middle part of the 1660 

LMD. (A) Unsawn core illustrating alternating dolostone (247.30–247.08 and 246.90–246.47) and 1661 

calcite-talc rock. Both, the dolostone and calcite-talc intervals show irregular parallel bedding. The 1662 
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uppermost dolostone and the lowermost calcite-talc interval have sharp contacts with hosting 1663 

greywackes. Contacts between dolostone and calcite-talc intervals are either diffuse or well-1664 

pronounced. Some dolostone intervals have thin talc-calcite intervals (e.g., red arrowed). (B) 1665 

Dolostone composed of tightly packed sub-euhedral dolomite crystals partially replaced by calcite 1666 

(pink), and separated by thin film of organic matter (black). (C) Calcite (pink)-talc (pale blue) rock in 1667 

sharp contact with overlying interval enriched in talc (white). (D) Calcite (pink)-talc (pale blue) rock 1668 

gradually passing upward into calcitic rock. (E) Detailed view of the calcitic rock composed of minor 1669 

talc (white) and euhedral, rhomboidal, dolomite crystals replaced by calcite (pink) embedded into 1670 

organic-rich matrix (black). (F) Detailed view of calcite-talc rock composed of large porphyroblasts of 1671 

talc (white), tightly packed, euhedral, rhomboidal, dolomite crystals (pale grey) partially replaced by 1672 

calcite (pink). (B–F) - photomicrographs of Alizarin-red-stained thin sections in non-polarised, 1673 

transmitted light. 1674 
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 1676 

Fig. 17. Sedimentological and petrographic features of carbonate rocks with dolomite + calcite + talc 1677 

paragenesis representing the middle part of the LMD. (A) Unsawn core illustrating carbonate beds 1678 

having sharp contact with hosting black, Corg-rich greywackes. The beds are composed of calcite and 1679 

dolomite occurring in variable proportions. The upper bed (255.36 to 254.85 m) shows a granular 1680 

texture grading upward from c. millimetre size to finer grains, the middle bed (256.7 to 255.36 m) is 1681 

massive, whereas the lower bed exhibits indistinct layering. The two lower beds contain abundant 1682 
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cracks filled with white calcite. (B) Clastic carbonate rocks comprising the base of the lower bed. 1683 

White, grey and brown intraclasts are mainly pervasively calcitised dolomite (MgO/CaOwr = 0.41, 1684 

Mg/Cacarb = 0.02) with minor fragments of partially sulphidised, organic-rich substance (black). (C) 1685 

Details of rounded, calcitised intraclasts of micritic dolomite; black mineral is pyrite. (D) Radial 1686 

structure in possible recrystallised ooid from the base of the upper carbonate bed. (E) Stained (with 1687 

Alizarin-red) section illustrating partially calcitised (pink) dolomite grains cross-cut by calcite vein 1688 

(pink). (F) Euhedral crystals of intensely calcitised dolomite embedded in organic-rich matrix. (G) 1689 

Stained (with Alizarin-red) section of talc (white)-calcite (pink) rock where talc-calcite paragenesis 1690 

was formed through the dolomite-quartz reaction. (B–G) - photomicrographs of thin sections in non-1691 

polarised, transmitted light.  1692 
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1694 

Fig. 18. Sedimentological and petrographic features of carbonate rocks with dolomite + calcite + talc 1695 

paragenesis from chemically and isotopically zoned carbonate bed representing the middle part of 1696 

Core 13A. (A) Unsawn core showing a rather massive carbonate bed having sharp contacts (white 1697 

arrows) with hosting organic-rich, bedded greywacke. The bed has intensely calcitised margins 1698 

(marked by red arrows) and less calcitised dolomitic core. (B) Calcitised dolostone composed of 1699 

89 



rounded intraclasts of micritic (dark grey, red arrows) and microsparitic (grey, green arrows) dolostone 1700 

embedded in unevenly recrystallised carbonate matrix. Photomicrograph in non-polarised, transmitted 1701 

light. 1702 
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Fig. 19. Sedimentological and petrographic features of partially calcitised dolostone with microbial 1705 

fabrics. (A) Sawn core of the dolostone bed hosted by organic-rich greywacke. (B) Microbial fabric 1706 

expressed by wrinkled and buckled laminae of dark grey dolomicrite in a dolospar matrix. Note that 1707 

some micritic lamina show a large lateral extent (yellow arrow), whereas others do not. Some lamina 1708 

drape uneven palaeorelief (red arrow). (C) Microbial fabrics are expressed by wrinkled and buckled 1709 

laminae of dark grey dolomicrite in a dolospar matrix with a clotted microstructure. Note the presence 1710 

of clast draped by micritic lamina (red arrow). (D) A white dolomite band within dark grey dolostone 1711 

with microbial fabrics. The white band is composed of large, tightly-packed, randomly-oriented, rod-1712 

shaped, dolomite crystals partially replaced by pyrite (black). 1713 

 1714 

91 
 



 1715 

Fig. 20. Sedimentological and petrographic features of pure dolostone from uppermost part of Core 1716 

12AB. (A) Massive dolostone composed of tightly-packed euhedral dolomite crystals separated by 1717 

thin films of organic-rich material. Note rounded particle of fine-grained dolostone enriched in organic 1718 

matter (red arrowed) which may represent either an intraclast or a relict of a less recrystallised 1719 

precursor. (B) Organic-rich dolostone composed of euhedral crystals embedded into black, organic-1720 

92 
 



rich material. (C) Bedded dolostone where the bedding is expressed by an alternation of darker and 1721 

lighter layers; the base of layers shows clastic microtexture (see D and E). (D and E) Clastic dolostone 1722 

(dolarenite) where clasts are rounded and composed of either small, euhedral, dolomite crystals 1723 

(yellow arrowed) embedded into organic rich matrix or microsparitic dolomite (red arrowed); white in 1724 

(D) is recrystallised dolomite matrix. (F) Bedded dolostone where bedding is expressed by alternation 1725 

of layers composed of white, microcrystalline dolomite and those containing patches of black, 1726 

organic-rich material fringed by euhedral dolomite crystals. (G) Detailed view of diffuse, irregular 1727 

contact between layers of white and grey dolomite. (H) Patches of pyrobitumen (black) in the layer of 1728 

grey dolomite. (I) A patch of coarse crystalline dolomite with black pyrobitumen in grey, 1729 

microcrystalline dolomite. (J) Microtexture of the grey dolomite is expressed as tightly packed, small, 1730 

euhedral, dolomite crystals separated by thin films of organic-rich material. (K) Large rhomboids of 1731 

dolomite crystals with segregation of pyrobitumen (black). A, B, E, D and G - photomicrographs of 1732 

Alizarin-red-stained thin sections in non-polarised, transmitted light. C, F and I- scanned thin sections. 1733 

H, J and K – photomicrographs of thin sections in non-polarised, transmitted light.  1734 

 1735 

 1736 
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Fig. 21. Post-metamorphic calcite in the ZF. (A) Photomicrograph in non-polarised, transmitted light 1737 

of replacive, lathlike calcite crystals superimposed on mudstone metamorphic fabrics. (B) Replacive, 1738 

pancake-like crystals superimposed on mudstone metamorphic fabrics; scanned thin section stained by 1739 

Alizarin-red. (C) Photomicrograph in polarised, transmitted light of irregular porphyroblasts 1740 

superimposed on granoblastic/meta-psammitic texture.  1741 

 1742 

 1743 

Fig. 22. A δ13Ccarb-δ18Ocarb crossplot for the 25 least-altered dolostone samples (Mn/Sr ≤ 10) from the 1744 

upper part of the ZF. Note a significant positive correlation between these two parameters suggesting 1745 

an alteration. The dashed line perpendicular to the best-fit line is arbitrarily used here as a further cut-1746 

off for screening against possible alteration.  1747 
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 1749 

Fig. 23. δ13Ccarb profile through the ZF based on OPH core with data from Krupenik et al. (2012b).  1750 

 1751 
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 1752 

Fig. 24. A positive excursion of δ13Ccarb in the lowermost part of the ZF above the contact with the TF 1753 

(dashed line) as seen in supposedly time-equivalent intervals drilled by Hole 11A (condensed section) 1754 

and OPH. Note that the published data from OPH (Krupenik et al., 2011b) do not provide trace and 1755 

major element abundances, hence are not discriminated against post-depositional alteration. 1756 
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 1758 

Fig. 25. A stratigraphic profile of the least altered δ13Ccarb values obtained from dolomite in Cores 1759 

11A, 12AB and 13A. Data from OPH are not discriminated against post-depositional alteration. Blue 1760 

diamonds represent altered (Mn/Sr > 15–30) but 13C-rich dolostone samples which assist in defining 1761 

the end of the LJIE. Blue and red arrow-head lines denote observed (solid lines) and inferred (dashed 1762 

lines) negative and positive shifts through the late stage and the termination of the LJIE.  1763 
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 1765 

Fig. 26. A model illustrating evolving depositional settings of the ZF and depositional environments of 1766 

carbonates. Red bars indicate approximate positions of FAR-DEEP holes with respect to evolving 1767 

depositional environments. Note that the carbonate deposition began in a rift-bound lacustrine system 1768 

(Panel A). The main stage of the carbonate deposition has been gradually switched from shedding 1769 

(Panel B) to in situ accumulation (Panel C) due to progradation of an inferred carbonate platform. In 1770 

situ brecciation of dolostones (Panel C) might have been caused by either collapse of the edge of a 1771 

carbonate platform or due to seismic activity induced by extraterrestrial impact (Huber et al., 2014). 1772 

Panel D illustrates the phase of drowned carbonate platform followed by its burial beneath a thick pile 1773 

of sub-aqueously extruded basalts.  1774 

Rock images based on FAR-DEEP core; core diameter is 5 cm unless specified otherwise. (A) 1775 

Cross-bedded sandstone whose primary grey-green colour was overprinted by secondary oxidation; 1776 

Core 11A, depth 102.5 m. (B) Variegated, rhythmically bedded, lacustrine greywacke; Core 11A, 1777 

depth 91.5 m. (C) Bedded dolomarl overlain by cross-bedded greywacke; scanned, 2-cm-wide, thin 1778 
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section, Core 11A, depth 54.39m. (D) Impure calcitic rock (pale grey) alternating with thin, dark grey 1779 

mudstone units; Core 12B, depth 400 m. (E) Interbedded greywacke, black, Corg-rich mudstone and 1780 

calcareous greywacke commonly associated with mafic lava flows; Core 12B, depth 375.6 m. (F) 1781 

Massive, pyrobitumen-rich rock (seafloor spill) containing soft-sediment deformed fragments of 1782 

pyrobitumen and partially disintegrated, non-lithified siltstone-sandstone clasts; Core 12B, depth 151 1783 

m. (G) Peperite composed of dismembered mafic lava flow and black mudstone; Core 13A, depth 93 1784 

m. (H) In situ brecciated massive dolostone cemented by pyrobitumen (fossil oil trap); Core 13A, 1785 

depth 71.1 m. (I) Dark-coloured, laminated, Corg-rich mudstone with a small, lensoidal, chert nodule in 1786 

the middle; Core 12A, depth 22.5 m. (J) Indistinctly bedded dolostone with dark grey, silicified 1787 

interval; Core 13A, depth 19.2 m. (K) Photograph of pillow lava flow overlying the ZF. 1788 
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Appendix A. Chemical and C- and O-isotopic composition of carbonate rocks of the upper part of the Tulomozero Formation and the lower part of the Zaonega Formation based on Drillcore 11A.



		Sample #

		Depth.

m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		MnO

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		Zaonega Formation

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101042

		31.55

		19.6

		4.17

		4.60

		0.10

		14.8

		21.8

		<0.1

		0.97

		0.15

		0.11

		

		21400

		80300

		153000

		973

		94.4

		

		0.68

		0.52

		10.3

		

		5.0

		15.9



		3112678

		54.39

		30.7

		7.48

		5.70

		0.26

		11.4

		17.4

		1.12

		1.06

		0.16

		0.07

		 

		14900

		46600

		122000

		1070

		63.2

		 

		0.66

		0.38

		16.9

		 

		5.0

		17.1



		3101096

		75.79

		8.06

		2.04

		5.61

		0.06

		17.6

		25.9

		<0.1

		0.26

		0.29

		0.03

		 

		15000

		101000

		179000

		1670

		54.9

		 

		0.68

		0.56

		30

		 

		7.3

		18.3



		3101102

		82.14

		38.4

		10.1

		5.42

		0.48

		11.1

		11.2

		<0.1

		2.75

		0.10

		0.12

		 

		3560

		45200

		78800

		616

		23.8

		 

		0.99

		0.57

		26

		 

		8.2

		20.3



		3101120

		97.03

		30.5

		5.53

		2.51

		0.13

		12.5

		17.3

		0.10

		1.68

		0.09

		0.08

		

		7080

		69500

		120000

		558

		176

		

		0.72

		0.58

		3.2

		

		5.3

		17.0



		3101128

		104.39

		38.0

		8.92

		2.96

		0.42

		10.3

		12.5

		0.19

		1.90

		0.06

		0.13

		

		3980

		50500

		87500

		367

		90.1

		

		0.82

		0.58

		4.1

		

		4.9

		19.1



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		Tulomozero Formation

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		Upper Dolostone member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101146

		106.62

		11.8

		0.76

		1.20

		0.05

		18.8

		26.3

		<0.1

		0.02

		0.06

		0.05

		

		3610

		109000

		172000

		410

		58.8

		

		0.71

		0.63

		7.0

		

		7.6

		17.1



		3101158

		110.74

		13.5

		0.92

		0.80

		0.05

		19.1

		25.4

		<0.1

		<0.01

		0.05

		0.04

		

		1560

		106000

		167000

		303

		52.5

		

		0.75

		0.63

		5.8

		

		7.4

		18.0



		3101170

		116.19

		6.53

		0.33

		0.13

		0.02

		20.4

		28.5

		0.32

		0.22

		<0.01

		0.02

		

		313

		122000

		190000

		60.3

		50.5

		

		0.72

		0.64

		1.2

		

		8.3

		18.2



		3101184

		122.6

		0.74

		0.15

		0.07

		<0.01

		21.0

		30.6

		<0.1

		0.03

		0.01

		0.07

		

		161

		130000

		202000

		77.9

		49.4

		

		0.69

		0.64

		1.6

		

		8.7

		18.1



		3101198

		129.41

		1.26

		<0.02

		0.02

		<0.01

		20.6

		30.6

		<0.1

		<0.01

		0.02

		0.05

		

		79.7

		130000

		202000

		125

		133

		

		0.67

		0.64

		0.9

		

		5.8

		18.4



		3101210

		134.56

		0.61

		0.03

		0.04

		<0.01

		21.3

		30.9

		<0.1

		<0.01

		0.01

		0.04

		

		158

		130000

		199000

		82.6

		39.7

		

		0.69

		0.65

		2.1

		

		8.5

		19.1



		3101224

		141.6

		<0.5

		0.04

		0.05

		<0.01

		21.4

		30.8

		<0.1

		<0.01

		0.01

		0.04

		

		125

		128000

		198000

		78.2

		77.7

		

		0.69

		0.65

		1.0

		

		9.4

		19.0



		3101238

		147.84

		0.84

		0.20

		0.25

		<0.01

		21.1

		30.8

		<0.1

		<0.01

		0.01

		0.38

		

		167

		127000

		203000

		87.1

		41.1

		

		0.69

		0.63

		2.1

		

		7.0

		19.9



		3101252

		154.41

		3.16

		<0.02

		0.04

		<0.01

		20.5

		29.9

		<0.1

		<0.01

		0.02

		0.05

		

		89.6

		128000

		197000

		105

		85.1

		

		0.69

		0.65

		1.2

		

		9.0

		18.7



		3101262

		158.44

		2.40

		0.07

		0.09

		<0.01

		20.8

		30.2

		<0.1

		0.01

		0.03

		0.04

		

		119

		128000

		199000

		171

		50.3

		

		0.69

		0.64

		3.4

		

		8.5

		18.7



		3101276

		165.35

		0.79

		0.11

		0.11

		<0.01

		21.5

		30.5

		<0.1

		0.08

		0.04

		0.02

		

		215

		131000

		201000

		236

		77.0

		

		0.70

		0.65

		3.1

		

		9.1

		17.8



		3101288

		171.1

		28.6

		2.14

		1.11

		0.10

		18.5

		18.7

		<0.1

		0.20

		0.03

		0.06

		

		405

		76700

		123000

		181

		36.5

		

		0.99

		0.62

		5.0

		

		8.7

		18.6



		3101300

		176.95

		7.70

		1.51

		0.66

		0.05

		22.0

		26.1

		<0.1

		0.11

		0.06

		0.22

		

		174

		113000

		170000

		358

		65.0

		

		0.84

		0.66

		5.5

		

		9.6

		18.6







Appendix A (continued).



		Sample #

		Depth.

m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		MnO

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		Conglomerate member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101306

		181.6

		17.9

		0.08

		0.46

		<0.01

		17.7

		25.2

		<0.1

		<0.01

		0.03

		0.10

		

		163

		108000

		166000

		161

		63.5

		

		0.70

		0.65

		2.5

		

		9.8

		18.8



		3101314

		188

		39.9

		9.89

		5.22

		0.41

		20.1

		6.37

		0.37

		0.07

		0.11

		0.11

		 

		562

		26700

		42100

		653

		38.5

		 

		3.16

		0.63

		17.0

		 

		9.2

		19.1



		3101328

		195.95

		49.6

		9.73

		6.84

		0.46

		21.5

		0.98

		0.31

		0.12

		0.03

		0.21

		

		495

		7510

		6620

		60.8

		41.9

		

		21.87

		1.13

		1.5

		

		7.8

		18.1



		3101336

		202.93

		50.6

		12.2

		4.5

		0.43

		13.1

		2.20

		0.35

		0.44

		0.01

		0.07

		 

		261

		10800

		15200

		22.2

		64.6

		 

		5.95

		0.71

		0.3

		 

		11.3

		16.8



		Dolostone-Dissolution Breccia member 

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101348

		207.85

		12.8

		1.07

		0.48

		0.04

		19.9

		25.6

		<0.1

		0.05

		0.02

		0.01

		 

		71.8

		111000

		171000

		95.6

		52.5

		 

		0.78

		0.65

		1.8

		 

		11.3

		18.0



		3101358

		213.84

		9.91

		<0.02

		0.02

		<0.01

		19.2

		27.7

		<0.1

		<0.01

		0.02

		<0.01

		 

		40.4

		122000

		191000

		132

		45.2

		 

		0.69

		0.64

		2.9

		 

		11.6

		18.7



		3101372

		219.91

		<0.5

		0.08

		0.01

		<0.01

		21.3

		30.3

		<0.1

		<0.01

		<0.01

		<0.01

		 

		20.0

		135000

		209000

		47.9

		58.8

		 

		0.70

		0.65

		0.8

		 

		11.8

		18.2



		3101384

		225.48

		37.3

		0.83

		0.03

		<0.01

		14.2

		18.4

		<0.1

		0.02

		0.02

		0.03

		 

		79.2

		79900

		128000

		155

		25.1

		 

		0.77

		0.62

		6.2

		 

		10.6

		18.0



		3101398

		232.73

		13.0

		0.36

		0.07

		<0.01

		19.3

		26.2

		<0.1

		0.03

		0.01

		0.02

		 

		28.5

		115000

		178000

		61.9

		47.8

		 

		0.74

		0.65

		1.3

		 

		11.6

		18.4



		3101412

		238.79

		21.7

		0.10

		0.06

		<0.01

		16.8

		24.5

		<0.1

		<0.01

		0.04

		0.02

		 

		57.3

		102000

		166000

		162

		58.2

		 

		0.69

		0.61

		2.8

		 

		11.2

		17.2



		3101426

		246.36

		28.6

		4.11

		2.19

		0.22

		10.4

		26.8

		0.11

		0.62

		0.19

		0.02

		 

		62.2

		13300

		184000

		220

		130

		 

		0.39

		0.07

		1.7

		 

		10.3

		16.4



		3101440

		252.49

		32.1

		0.20

		0.04

		<0.01

		14.7

		20.8

		<0.1

		0.06

		0.07

		<0.01

		

		42.5

		89200

		145000

		446

		36.3

		

		0.71

		0.62

		12.3

		

		9.5

		19.3



		3101454

		259.37

		15.4

		0.10

		0.10

		<0.01

		18.3

		26.2

		<0.1

		<0.01

		0.05

		0.03

		

		70.6

		112000

		177000

		312

		41.0

		

		0.70

		0.63

		7.6

		

		9.8

		19.3



		3101468

		265.64

		17.3

		0.10

		0.11

		<0.01

		20.6

		29.4

		<0.1

		<0.01

		0.06

		0.03

		 

		128

		92000

		146000

		112

		38.5

		 

		0.70

		0.63

		2.9

		 

		10.3

		18.8



		3101478

		270.77

		17.2

		0.11

		0.11

		<0.01

		20.6

		29.4

		<0.1

		<0.01

		0.06

		0.04

		

		80.4

		92300

		147000

		148

		34.6

		

		0.70

		0.63

		4.3

		

		8.8

		18.9



		3101492

		277.08

		18.0

		0.11

		0.11

		<0.01

		21.5

		30.7

		<0.1

		<0.01

		0.06

		0.04

		

		78.9

		75500

		121000

		46.0

		44.7

		

		0.70

		0.62

		1.0

		

		8.5

		18.9



		Siltstone-Shale-Basalt member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101508

		283.3

		7.51

		1.69

		0.78

		0.07

		19.8

		27.1

		<0.1

		0.42

		0.25

		0.03

		 

		789

		116000

		186000

		1700

		51.5

		 

		0.73

		0.62

		33.0

		 

		11.1

		18.0



		3101692

		320.25

		40.5

		12.3

		15.6

		1.11

		11.7

		2.89

		1.64

		2.15

		0.03

		0.08

		 

		412

		12500

		20000

		138

		48.1

		 

		4.05

		0.63

		2.9

		 

		10.8

		17.4



		Lower Dolostone member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101678

		332.51

		18.0

		3.71

		2.85

		0.16

		17.8

		21.2

		<0.1

		0.15

		0.30

		0.07

		

		74.9

		90200

		144000

		1000

		81.3

		

		0.84

		0.63

		12.3

		

		9.7

		18.6



		3101662

		336.76

		76.5

		0.54

		0.44

		0.02

		5.46

		7.31

		<0.1

		0.03

		0.09

		0.05

		

		77.5

		22200

		37100

		68.8

		10.9

		

		0.75

		0.60

		6.3

		

		6.8

		18.7



		3101646

		350.85

		9.17

		0.29

		0.24

		0.02

		20.0

		27.3

		<0.1

		0.12

		0.21

		0.03

		

		271

		120000

		185000

		1360

		252

		

		0.73

		0.65

		5.4

		

		8.5

		19.8





Appendix A (continued).



		Sample #

		Depth.

m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		MnO

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101634

		356.27

		13.7

		0.05

		0.03

		<0.01

		17.4

		25.2

		<0.1

		<0.01

		0.18

		0.11

		

		45.2

		114000

		178000

		57.3

		42.3

		

		0.69

		0.64

		1.4

		

		7.7

		19.6



		3101620

		361.64

		9.36

		0.55

		2.02

		0.03

		19.7

		25.7

		<0.1

		0.04

		0.06

		0.05

		

		65.5

		113000

		175000

		53.7

		69.1

		

		0.77

		0.65

		0.8

		

		8.0

		18.9



		3101606

		365.46

		23.1

		0.16

		0.17

		<0.01

		15.8

		22.4

		<0.1

		0.02

		0.04

		0.04

		

		61.2

		100000

		157000

		53.1

		43.9

		

		0.71

		0.64

		1.2

		

		7.9

		19.0



		3101592

		370.37

		3.48

		0.07

		0.06

		<0.01

		19.4

		28.1

		<0.1

		<0.01

		0.08

		0.05

		

		49.2

		128000

		200000

		73.9

		44.8

		

		0.69

		0.64

		1.6

		

		7.7

		19.2



		Sandstone-Siltstone-Shale-Dissolution Breccia member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101578

		374.07

		44.3

		2.19

		2.13

		0.10

		12.1

		14.5

		<0.1

		0.04

		0.14

		0.08

		

		218

		63300

		101000

		181

		53.5

		

		0.83

		0.63

		3.4

		

		8.2

		19.1



		3101700

		378.72

		37.8

		2.67

		1.09

		0.09

		15.8

		15.5

		0.11

		0.01

		0.18

		0.02

		

		77.3

		68100

		106000

		69.6

		48.6

		

		1.02

		0.64

		1.4

		

		7.8

		18.9



		3101714

		384.84

		28.2

		2.83

		5.28

		0.12

		16.7

		17.6

		<0.1

		0.06

		0.26

		0.11

		

		157

		76700

		123000

		137

		54.8

		

		0.95

		0.62

		2.5

		

		7.8

		19.1



		3101726

		391.55

		20.2

		1.18

		1.30

		0.04

		18.8

		22.8

		<0.1

		0.08

		0.18

		0.05

		

		154

		98200

		155000

		111

		60.1

		

		0.82

		0.63

		1.8

		

		7.4

		18.9



		3101740

		398.29

		12.5

		0.93

		0.44

		0.04

		20.8

		25.9

		<0.1

		0.11

		<0.01

		0.03

		

		90.5

		108000

		174000

		48.5

		76.0

		

		0.80

		0.62

		0.6

		

		8.1

		19.0



		3101754

		405.36

		48.4

		4.17

		2.38

		0.23

		15.2

		10.2

		0.13

		0.16

		0.17

		0.02

		

		105

		46000

		69700

		88.5

		40.1

		

		1.49

		0.66

		2.2

		

		7.8

		18.8



		3101766

		411.33

		34.8

		7.86

		2.25

		0.28

		20.0

		10.6

		0.20

		0.40

		0.10

		0.03

		

		116

		52100

		73500

		104

		48.7

		

		1.89

		0.71

		2.1

		

		7.9

		18.9



		Dolostone-Siltstone-Shale member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101780

		418.24

		18.2

		3.68

		1.28

		0.17

		20.0

		21.3

		<0.1

		0.49

		0.08

		0.35

		

		573

		91700

		143000

		493

		88.7

		

		0.94

		0.64

		5.6

		

		9.0

		18.6



		3101804

		431.07

		22.0

		3.47

		1.57

		0.22

		18.5

		20.4

		<0.1

		0.22

		0.13

		0.37

		 

		187

		88300

		139000

		794

		63.7

		 

		0.91

		0.64

		12.5

		 

		10.4

		19.6









Carbon isotope data for the Tulomozero Formation from Reuschel et al. (2012)

Data shown in bold-face letters denote altered samples (Mn/Sr >10).




Appendix B. Chemical and C- and O-isotopic composition of carbonate rocks of the middle part of the Zaonega Formation based on Drillcore 12AB.

[bookmark: RANGE!A1:V11]

		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		Dolostone-Chert member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101810

		1.85

		1.60

		0.05

		0.21

		<0.01

		20.6

		30.2

		<0.1

		<0.01

		0.30

		

		863

		121000

		201000

		269

		45

		

		0.68

		0.60

		6.0

		

		-3.7

		22.1



		3101812

		2.43

		2.87

		0.08

		0.34

		<0.01

		21.0

		28.9

		<0.1

		0.02

		0.09

		

		1650

		121000

		185000

		231

		48

		

		0.73

		0.65

		4.8

		

		-3.7

		21.9



		3101814

		2.76

		3.35

		0.05

		0.25

		<0.01

		20.6

		29.7

		<0.1

		0.01

		0.26

		

		1050

		119000

		195000

		276

		60

		

		0.69

		0.61

		4.6

		

		-3.9

		21.6



		3101816

		3.31

		4.76

		0.05

		0.24

		<0.01

		20.3

		28.7

		<0.1

		0.01

		0.10

		

		700

		120000

		193000

		257

		39

		

		0.71

		0.62

		6.6

		

		-3.7

		22.5



		3101818

		3.57

		5.17

		0.06

		0.25

		<0.01

		20.3

		28.9

		<0.1

		<0.01

		0.18

		

		716

		119000

		193000

		255

		42

		

		0.70

		0.62

		6.1

		

		-3.1

		21.9



		3101820

		4.08

		2.86

		0.57

		0.81

		0.04

		21.1

		28.8

		<0.1

		0.15

		0.12

		

		1930

		120000

		191000

		359

		52

		

		0.73

		0.63

		6.9

		

		-4.1

		21.5



		3101822

		4.79

		18.3

		0.19

		0.35

		<0.01

		17.2

		24.4

		<0.1

		0.06

		0.16

		

		1600

		97800

		162000

		463

		52

		

		0.70

		0.60

		8.9

		

		-4.6

		21.0



		3101828

		6.72

		10.2

		0.06

		0.24

		<0.01

		19.6

		27.7

		<0.1

		0.02

		0.03

		

		1150

		104000

		186000

		605

		46

		

		0.71

		0.56

		13

		

		-7.5

		21.7



		3101830

		6.91

		11.9

		0.10

		0.27

		<0.01

		20.9

		26.1

		<0.1

		0.03

		0.01

		

		1050

		99000

		174000

		475

		46

		

		0.80

		0.57

		10

		

		-6.1

		21.7



		3101832

		7.24

		14.0

		0.21

		0.34

		0.02

		18.5

		26.8

		<0.1

		0.05

		0.09

		

		1400

		90200

		183000

		557

		62

		

		0.69

		0.49

		9.0

		

		-6.1

		22.1



		3101838

		8.11

		15.0

		2.04

		0.50

		0.06

		4.61

		37.5

		<0.1

		0.75

		0.05

		

		808

		5610

		256000

		396

		277

		

		0.12

		0.02

		1.4

		

		-13.1

		17.0



		3101840

		8.22

		8.77

		1.34

		0.36

		0.04

		4.50

		40.0

		<0.1

		0.51

		4.99

		

		1150

		14900

		269000

		369

		324

		

		0.11

		0.06

		1.1

		

		-15.9

		17.4



		3101842

		8.75

		5.28

		0.12

		0.27

		<0.01

		20.6

		28.4

		<0.1

		0.03

		0.51

		

		1380

		110000

		189000

		565

		80

		

		0.73

		0.58

		7.1

		

		-7.2

		18.4



		3101844

		9.02

		12.3

		0.25

		0.36

		0.01

		21.5

		25.7

		<0.1

		0.07

		0.06

		

		1320

		93300

		169000

		760

		69

		

		0.84

		0.55

		11

		

		-7.7

		20.3



		3101922

		9.13

		13.1

		1.82

		0.49

		0.03

		5.78

		39.4

		<0.1

		0.67

		0.20

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.15

		n.d.

		n.d.

		

		-14.8

		17.2



		Mudstone-Limestone member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101946

		11.1

		12.4

		1.87

		9.53

		0.05

		6.90

		32.2

		<0.1

		0.84

		0.01

		

		844

		4140

		218000

		1160

		281

		

		0.21

		0.02

		4.1

		

		-14.8

		17.5



		3101948

		11.2

		22.4

		4.03

		3.38

		0.52

		8.73

		23.7

		<0.1

		1.78

		1.37

		

		1100

		7290

		163000

		813

		216

		

		0.37

		0.04

		3.8

		

		-10.3

		17.1



		3101950

		11.4

		22.5

		0.61

		14.9

		0.10

		11.7

		23.2

		<0.1

		0.27

		0.04

		

		797

		3410

		157000

		916

		200

		

		0.50

		0.02

		4.6

		

		-16.9

		17.0



		3101952

		11.5

		28.1

		1.22

		6.25

		0.17

		14.8

		25.2

		<0.1

		0.54

		0.18

		

		777

		4660

		171000

		1090

		215

		

		0.59

		0.03

		5.1

		

		-15.9

		17.2



		3101954

		11.6

		14.9

		1.80

		7.59

		0.03

		8.16

		31.5

		<0.1

		0.78

		0.03

		

		859

		3500

		212000

		1280

		261

		

		0.26

		0.02

		4.9

		

		-16.3

		17.3



		3101960

		13.3

		31.6

		3.64

		8.65

		0.45

		5.96

		20.6

		0.21

		1.46

		0.20

		

		715

		3130

		138000

		1310

		181

		

		0.29

		0.02

		7.2

		

		-11.4

		17.3



		3101974

		15.7

		13.1

		3.00

		6.51

		0.18

		5.98

		32.1

		<0.1

		1.13

		0.04

		

		927

		3680

		215000

		1050

		257

		

		0.19

		0.02

		4.1

		

		-13.1

		17.3



		3101976

		15.9

		21.5

		1.71

		5.76

		0.24

		11.3

		24.4

		<0.1

		0.67

		0.05

		

		859

		3960

		164000

		803

		200

		

		0.46

		0.02

		4.0

		

		-14.8

		17.0







Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3101978

		16.1

		21.2

		1.92

		6.11

		0.26

		11.2

		24.0

		<0.1

		0.67

		0.04

		

		900

		3830

		160000

		793

		189

		

		0.47

		0.02

		4.2

		

		-13.9

		17.1



		3101980

		16.2

		18.2

		4.09

		5.19

		0.21

		10.5

		25.4

		<0.1

		1.67

		0.03

		

		848

		3970

		169000

		826

		204

		

		0.41

		0.02

		4.0

		

		-13.1

		17.1



		3101988

		16.4

		5.78

		0.73

		2.35

		0.10

		19.7

		28.0

		<0.1

		0.23

		0.27

		

		5240

		99700

		187000

		705

		113

		

		0.70

		0.53

		6.2

		

		-8.1

		16.9



		3101990**

		16.5

		13.1

		0.68

		6.63

		0.13

		17.6

		24.4

		<0.1

		0.20

		1.03

		

		5150

		64100

		154000

		711

		143

		

		0.72

		0.42

		5.0

		

		-9.5

		16.9



		3101992

		16.6

		16.0

		0.93

		1.85

		0.10

		9.60

		31.6

		<0.1

		0.16

		0.08

		

		1570

		13600

		217000

		943

		281

		

		0.30

		0.06

		3.4

		

		-12.6

		17.0



		3101998

		16.9

		9.87

		1.47

		3.16

		0.15

		6.91

		37.5

		<0.1

		0.17

		0.22

		

		1880

		14900

		255000

		1000

		305

		

		0.18

		0.06

		3.3

		

		-11.3

		17.4



		3102000

		17.0

		17.4

		1.35

		3.22

		0.20

		11.2

		29.1

		<0.1

		0.11

		0.18

		

		2060

		15400

		199000

		831

		235

		

		0.38

		0.08

		3.5

		

		-11.8

		17.4



		3102004

		17.19

		18.1

		4.15

		6.18

		0.75

		12.9

		19.0

		<0.1

		0.60

		0.09

		

		2620

		13200

		132000

		638

		143

		

		0.68

		0.10

		4.5

		

		-11.5

		17.1



		3102010

		17.5

		6.41

		1.98

		4.40

		0.26

		9.24

		37.2

		<0.1

		0.23

		0.13

		

		5290

		31800

		249000

		1130

		280

		

		0.25

		0.13

		4.0

		

		-11.6

		17.9



		3102012

		17.7

		9.65

		4.32

		6.19

		0.66

		10.2

		31.3

		<0.1

		0.30

		0.23

		

		2440

		14500

		212000

		841

		281

		

		0.33

		0.07

		3.0

		

		-11.0

		16.8



		3102014

		17.79

		13.9

		6.56

		6.00

		0.69

		13.3

		25.1

		<0.1

		0.43

		0.28

		

		1590

		9060

		167000

		657

		224

		

		0.53

		0.05

		2.9

		

		-11.4

		17.3



		3102016

		17.89

		16.7

		6.61

		3.20

		0.13

		13.3

		22.6

		<0.1

		0.51

		0.04

		

		1500

		9150

		158000

		637

		211

		

		0.59

		0.06

		3.0

		

		-11.9

		17.7



		3102026

		18.2

		8.22

		1.29

		4.65

		0.10

		7.44

		38.9

		<0.1

		0.22

		0.02

		

		2980

		22900

		258000

		1080

		299

		

		0.19

		0.09

		3.6

		

		-12.3

		17.9



		3102028

		18.3

		12.1

		1.83

		6.46

		0.09

		7.95

		35.9

		<0.1

		0.36

		0.01

		

		1300

		9160

		239000

		932

		306

		

		0.22

		0.04

		3.0

		

		-15.3

		17.4



		3102058

		18.74

		15.3

		8.38

		6.38

		1.32

		15.8

		23.8

		<0.1

		0.07

		0.05

		

		886

		8040

		162000

		607

		201

		

		0.66

		0.05

		3.0

		

		-11.4

		17.8



		3102060

		18.88

		14.5

		7.45

		7.23

		1.43

		14.4

		23.3

		<0.1

		0.12

		1.38

		

		969

		9860

		159000

		541

		198

		

		0.62

		0.06

		2.7

		

		-10.9

		17.3



		3102062

		18.9

		8.54

		2.76

		2.23

		0.33

		11.8

		35.0

		<0.1

		0.11

		0.11

		

		929

		31200

		237000

		886

		290

		

		0.34

		0.13

		3.1

		

		-10.8

		18.8



		3102066

		19.08

		7.99

		3.25

		3.49

		0.66

		17.9

		27.0

		<0.1

		0.13

		0.03

		

		1790

		67200

		179000

		708

		130

		

		0.66

		0.38

		5.4

		

		-5.1

		19.0



		3102068

		19.18

		7.94

		2.88

		3.87

		0.59

		18.6

		26.6

		<0.1

		0.15

		0.11

		

		1570

		75300

		175000

		609

		117

		

		0.70

		0.43

		5.2

		

		-5.2

		19.1



		3102070

		19.31

		10.3

		1.53

		1.66

		0.23

		17.9

		25.5

		<0.1

		0.16

		0.05

		

		1760

		74100

		171000

		716

		121

		

		0.70

		0.43

		5.9

		

		-4.9

		20.0



		3102074

		19.47

		32.1

		1.09

		1.34

		0.14

		18.9

		20.2

		<0.1

		0.23

		0.06

		

		876

		17900

		137000

		500

		151

		

		0.94

		0.13

		3.3

		

		-12.6

		18.4



		3102078

		19.65

		21.0

		3.88

		3.02

		0.61

		13.1

		24.2

		<0.1

		0.93

		4.90

		

		1770

		13100

		164000

		377

		210

		

		0.54

		0.08

		1.8

		

		-15.8

		17.1



		3102080

		19.7

		31.9

		1.55

		1.02

		0.10

		16.7

		24.2

		<0.1

		0.44

		0.10

		

		579

		6640

		168000

		521

		231

		

		0.69

		0.04

		2.3

		

		-16.4

		17.1



		3102082

		19.8

		19.0

		2.49

		1.14

		0.11

		10.5

		33.3

		<0.1

		0.72

		1.21

		

		920

		10700

		220000

		659

		300

		

		0.32

		0.05

		2.2

		

		-15.0

		17.5



		3102084

		19.97

		22.4

		1.92

		2.36

		0.11

		4.34

		30.0

		<0.1

		0.59

		0.02

		

		746

		4140

		202000

		610

		229

		

		0.14

		0.02

		2.7

		

		-12.4

		16.8







Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3102102

		22.04

		22.9

		0.52

		0.80

		0.02

		1.02

		33.3

		<0.1

		0.14

		17.60

		

		882

		4150

		223000

		169

		327

		

		0.03

		0.02

		0.5

		

		-10.3

		17.0



		3102106**

		23.8

		31.1

		1.73

		1.11

		0.04

		9.31

		23.5

		<0.1

		0.57

		0.02

		

		1390

		9190

		156000

		388

		214

		

		0.40

		0.06

		1.8

		

		-12.6

		16.0



		3102108

		24.0

		29.0

		1.59

		1.57

		0.04

		9.07

		23.5

		<0.1

		0.50

		0.04

		

		757

		4420

		160000

		388

		214

		

		0.39

		0.03

		1.8

		

		-12.1

		17.1



		3102132

		26.0

		10.8

		2.84

		0.91

		0.07

		6.66

		38.4

		<0.1

		0.58

		0.02

		

		527

		4330

		263000

		635

		312

		

		0.17

		0.02

		2.0

		

		-13.8

		17.2



		3102134

		26.1

		16.4

		1.30

		0.57

		0.04

		9.00

		34.7

		<0.1

		0.24

		0.01

		

		460

		4880

		240000

		578

		285

		

		0.26

		0.02

		2.0

		

		-13.3

		17.2



		3104572

		26.2

		18.9

		0.87

		0.65

		0.05

		10.3

		34.0

		<0.1

		0.11

		0.01

		

		413

		5700

		236000

		571

		277

		

		0.30

		0.02

		2.1

		

		-12.8

		17.0



		3102142

		26.42

		34.1

		0.91

		0.76

		0.04

		18.1

		21.4

		<0.1

		0.08

		0.08

		

		341

		4590

		146000

		369

		168

		

		0.85

		0.03

		2.2

		

		-13.2

		16.4



		3102144

		26.6

		26.9

		0.75

		0.68

		0.05

		14.7

		28.8

		<0.1

		0.03

		0.31

		

		349

		6220

		198000

		489

		224

		

		0.51

		0.03

		2.2

		

		-13.4

		16.9



		3102146

		26.68

		29.7

		0.63

		0.66

		0.03

		15.8

		25.5

		<0.1

		0.04

		0.26

		

		362

		5820

		179000

		444

		207

		

		0.62

		0.03

		2.1

		

		-15.1

		16.8



		3102148

		26.81

		20.0

		0.83

		1.21

		0.05

		16.2

		25.7

		<0.1

		0.05

		0.11

		

		1170

		41600

		180000

		564

		167

		

		0.63

		0.23

		3.4

		

		-9.9

		17.8



		3102150

		27.0

		20.5

		1.24

		0.90

		0.07

		14.0

		27.2

		<0.1

		0.05

		0.10

		

		964

		25100

		187000

		536

		192

		

		0.51

		0.13

		2.8

		

		-11.5

		17.3



		3102154

		27.17

		19.1

		1.20

		0.80

		0.07

		17.7

		24.4

		<0.1

		0.05

		0.07

		

		1470

		54000

		171000

		577

		142

		

		0.73

		0.32

		4.1

		

		-8.5

		16.8



		3102156

		27.28

		20.3

		1.08

		0.78

		0.07

		18.5

		23.0

		<0.1

		0.05

		0.09

		

		1520

		53200

		158000

		553

		129

		

		0.80

		0.34

		4.3

		

		-8.1

		17.1



		3102160

		27.4

		21.1

		1.04

		0.98

		0.06

		16.7

		24.5

		<0.1

		0.04

		0.08

		

		1440

		46300

		169000

		575

		149

		

		0.68

		0.27

		3.9

		

		-8.6

		18.4



		3102162

		27.51

		19.6

		1.00

		0.85

		0.06

		17.6

		24.9

		<0.1

		0.04

		0.06

		

		1500

		51800

		174000

		604

		148

		

		0.71

		0.30

		4.1

		

		-8.4

		18.4



		3102168

		27.68

		13.1

		1.18

		0.81

		0.07

		17.9

		24.9

		<0.1

		0.05

		0.07

		

		1670

		72300

		169000

		626

		119

		

		0.72

		0.43

		5.3

		

		-6.4

		17.9



		3102170

		27.81

		11.2

		1.08

		1.04

		0.05

		17.6

		26.5

		<0.1

		0.04

		0.06

		

		1690

		76700

		179000

		671

		122

		

		0.66

		0.43

		5.5

		

		-6.0

		17.3



		3102172

		27.92

		10.3

		0.99

		1.48

		0.05

		18.5

		27.0

		<0.1

		0.03

		0.50

		

		1810

		84200

		188000

		754

		136

		

		0.69

		0.45

		5.5

		

		-5.8

		17.3



		3102174

		28.05

		12.9

		1.08

		0.90

		0.06

		18.9

		27.1

		<0.1

		0.03

		0.57

		

		1990

		78400

		183000

		882

		130

		

		0.70

		0.43

		6.8

		

		-6.3

		18.2



		3104574

		28.12

		12.8

		0.96

		0.89

		0.05

		19.9

		26.3

		<0.1

		0.02

		0.50

		

		1930

		85700

		184000

		814

		123

		

		0.76

		0.47

		6.6

		

		-5.8

		18.4



		3102176

		28.19

		13.0

		0.97

		0.83

		0.06

		16.5

		29.1

		<0.1

		0.03

		0.36

		

		2090

		67700

		198000

		1010

		152

		

		0.57

		0.34

		6.6

		

		-6.9

		17.7



		3102180

		28.41

		15.2

		1.25

		1.29

		0.07

		19.7

		25.7

		<0.1

		0.04

		0.27

		

		2010

		73000

		172000

		942

		119

		

		0.77

		0.42

		7.9

		

		-6.7

		18.1



		3102182

		28.54

		18.7

		1.18

		1.60

		0.08

		20.4

		24.1

		<0.1

		0.03

		0.26

		

		1720

		65500

		160000

		815

		113

		

		0.85

		0.41

		7.2

		

		-6.9

		18.3



		3102184

		28.66

		10.4

		1.07

		1.09

		0.07

		19.0

		27.7

		<0.1

		0.04

		0.28

		

		1800

		83500

		188000

		906

		125

		

		0.69

		0.44

		7.2

		

		-5.9

		18.2



		3102186

		28.74

		29.8

		0.28

		1.03

		0.02

		15.5

		27.8

		<0.1

		0.01

		0.02

		

		335

		5110

		190000

		558

		210

		

		0.56

		0.03

		2.7

		

		-16.4

		16.7







Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3102188

		28.83

		44.1

		0.63

		0.89

		0.04

		23.1

		15.0

		<0.1

		0.02

		0.03

		

		266

		3440

		103000

		318

		109

		

		1.54

		0.03

		2.9

		

		-16.5

		17.0



		3102190

		28.95

		37.2

		0.57

		0.88

		0.03

		19.8

		20.0

		<0.1

		0.05

		0.07

		

		464

		5840

		141000

		437

		156

		

		0.99

		0.04

		2.8

		

		-14.2

		17.1



		3102192

		29.1

		33.1

		0.78

		0.90

		0.04

		17.4

		20.4

		<0.1

		0.16

		0.12

		

		613

		5380

		139000

		430

		164

		

		0.85

		0.04

		2.6

		

		-13.2

		16.8



		3102194

		29.25

		26.9

		0.91

		1.78

		0.05

		14.1

		25.4

		<0.1

		0.25

		0.06

		

		662

		4880

		180000

		531

		206

		

		0.56

		0.03

		2.6

		

		-11.1

		16.9



		3102196**

		30.2

		27.0

		4.04

		2.26

		0.18

		7.76

		23.7

		<0.1

		1.41

		0.06

		

		2830

		14600

		156000

		531

		188

		

		0.33

		0.09

		2.8

		

		-12.9

		15.1



		3102198

		30.3

		22.2

		5.69

		2.75

		0.21

		9.98

		28.5

		<0.1

		1.83

		0.05

		

		856

		3740

		197000

		621

		228

		

		0.35

		0.02

		2.7

		

		-9.6

		17.0



		3102224

		39.86

		32.2

		1.43

		1.18

		0.05

		2.63

		29.7

		<0.1

		0.45

		0.57

		

		3460

		11300

		197000

		1290

		286

		

		0.09

		0.06

		4.5

		

		-10.1

		16.9



		3113866

		99.9

		30.6

		1.56

		1.27

		0.06

		2.43

		33.6

		<0.1

		0.42

		0.11

		

		3640

		5490

		237000

		1860

		258

		

		0.07

		0.02

		7.2

		

		-14.3

		15.9



		3102370

		100.05

		29.9

		2.27

		2.38

		0.06

		3.86

		31.9

		<0.1

		0.84

		0.14

		

		6280

		8720

		234000

		1820

		252

		

		0.12

		0.04

		7.2

		

		-15.3

		14.7



		3102372

		100.27

		25.8

		2.13

		3.16

		0.06

		3.78

		33.1

		<0.1

		0.85

		0.17

		

		7720

		10500

		235000

		1970

		270

		

		0.11

		0.04

		7.3

		

		-14.2

		14.7



		3102374**

		100.50

		24.8

		1.94

		3.11

		0.07

		3.68

		33.9

		<0.1

		0.78

		0.18

		

		12400

		19200

		220000

		1930

		270

		

		0.11

		0.1

		7.1

		

		-13.4

		15.2



		3113868

		100.72

		22.3

		1.97

		2.12

		0.06

		3.40

		36.4

		<0.1

		0.79

		0.08

		

		5730

		8400

		252000

		1840

		250

		

		0.09

		0.03

		7.4

		

		-15.0

		16.1



		3102376

		100.85

		21.5

		1.58

		1.58

		0.09

		2.40

		36.3

		<0.1

		0.12

		0.04

		

		3050

		3950

		256000

		2030

		269

		

		0.07

		0.02

		7.5

		

		-13.5

		14.8



		3102400

		110.2

		23.0

		4.30

		4.11

		0.15

		5.96

		28.9

		<0.1

		0.48

		0.17

		

		5960

		7210

		205000

		1920

		235

		

		0.21

		0.04

		8.2

		

		-11.6

		15.1



		3102420

		110.89

		8.92

		1.90

		2.22

		0.06

		2.70

		39.3

		<0.1

		0.22

		0.48

		

		5830

		6000

		271000

		2730

		277

		

		0.07

		0.02

		9.9

		

		-10.8

		14.8



		3102442

		119.5

		16.8

		1.89

		12.9

		0.15

		7.13

		31.4

		<0.1

		0.57

		0.03

		

		21800

		10100

		209000

		2580

		432

		

		0.23

		0.05

		6.0

		

		-7.3

		15.2



		3102448**

		120.57

		17.2

		3.29

		7.84

		0.23

		8.12

		32.2

		<0.1

		1.20

		0.04

		

		24900

		26100

		206000

		2800

		443

		

		0.25

		0.1

		6.3

		

		-6.4

		15.9



		3102450

		120.9

		45.3

		5.19

		4.24

		0.31

		6.51

		18.4

		<0.1

		1.58

		0.04

		

		10300

		12800

		125000

		1620

		234

		

		0.35

		0.10

		6.9

		

		-6.5

		14.7



		3102454

		121.3

		36.8

		5.02

		5.13

		0.34

		6.82

		22.5

		<0.1

		1.71

		0.10

		

		11300

		15000

		152000

		2120

		265

		

		0.30

		0.10

		8.0

		

		-5.3

		14.6



		3102456

		121.5

		36.0

		6.82

		6.97

		0.40

		8.76

		19.4

		<0.1

		2.26

		0.19

		

		6350

		9800

		130000

		1890

		233

		

		0.45

		0.08

		8.1

		

		-5.4

		14.9



		3102460

		121.74

		47.9

		8.42

		5.44

		0.57

		7.86

		12.1

		1.12

		2.45

		0.07

		

		5040

		8080

		81100

		1250

		146

		

		0.65

		0.10

		8.6

		

		-8.5

		18.0



		3113876

		122.0

		30.4

		4.74

		4.71

		0.31

		6.28

		26.5

		0.13

		1.65

		0.05

		

		5060

		8520

		190000

		2520

		349

		

		0.24

		0.04

		7.2

		

		-6.0

		16.2



		3113878

		122.55

		33.3

		8.55

		7.66

		0.60

		9.65

		18.0

		0.61

		2.95

		0.07

		

		5230

		8530

		127000

		1810

		201

		

		0.54

		0.07

		9.0

		

		-3.9

		16.1



		3113880

		122.9

		23.4

		5.88

		6.15

		0.40

		8.64

		26.4

		<0.1

		2.36

		0.04

		

		6270

		10900

		187000

		2540

		296

		

		0.33

		0.06

		8.6

		

		-4.4

		16.4



		3113882

		123.1

		29.4

		4.08

		5.06

		0.27

		6.13

		24.3

		<0.1

		1.60

		0.04

		

		6530

		11100

		171000

		2310

		309

		

		0.25

		0.06

		7.5

		

		-6.3

		15.7







Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3113884

		123.3

		16.1

		2.68

		6.33

		0.21

		4.09

		34.8

		<0.1

		1.03

		0.03

		

		5220

		8660

		245000

		3220

		394

		

		0.12

		0.04

		8.2

		

		-5.8

		16.0



		3113886

		124.0

		26.6

		5.02

		6.08

		0.40

		7.08

		25.3

		<0.1

		1.98

		0.05

		

		5790

		9870

		175000

		2420

		275

		

		0.28

		0.06

		8.8

		

		-4.9

		16.1



		3113888

		125.7

		36.9

		9.71

		8.42

		0.61

		6.20

		16.1

		2.00

		2.42

		0.06

		

		7380

		10900

		111000

		1580

		162

		

		0.39

		0.10

		9.8

		

		-3.2

		15.6



		3113892*

		126.6

		19.1

		4.32

		5.85

		0.25

		8.46

		31.1

		<0.1

		1.80

		0.03

		

		5400

		10700

		214000

		2710

		315

		

		0.27

		0.05

		8.6

		

		-5.1

		16.3



		3102474*

		126.88

		9.29

		1.33

		9.64

		0.09

		15.1

		25.5

		<0.1

		0.53

		0.08

		

		28700

		77000

		165000

		4360

		142

		

		0.59

		0.47

		31

		

		-6.0

		17.1



		3102476**

		127.05

		7.96

		1.16

		9.29

		0.08

		16.3

		26.4

		<0.1

		0.47

		0.08

		

		31000

		87900

		167000

		4600

		162

		

		0.62

		0.5

		28

		

		-5.4

		16.2



		3113894*

		127.2

		22.1

		1.15

		10.4

		0.08

		10.2

		27.7

		<0.1

		0.53

		0.05

		

		3590

		8430

		187000

		2360

		260

		

		0.37

		0.05

		9.1

		

		-8.3

		16.3



		3113896

		127.5

		36.0

		8.06

		5.94

		0.54

		7.29

		17.2

		1.04

		2.56

		0.05

		

		4210

		7400

		120000

		1550

		164

		

		0.42

		0.1

		9.5

		

		-1.7

		16.2



		3113898

		130.96

		35.7

		8.37

		4.33

		0.67

		3.28

		22.5

		1.63

		1.97

		0.08

		

		4210

		7290

		154000

		1880

		215

		

		0.15

		0.05

		8.7

		

		-4.2

		16.3



		3113900

		132.07

		24.4

		5.84

		4.31

		0.52

		3.80

		29.0

		0.12

		1.93

		0.16

		

		5640

		9160

		201000

		2560

		275

		

		0.13

		0.05

		9.3

		

		-3.1

		16.2



		3102562

		156.1

		39.6

		2.73

		3.92

		0.24

		4.43

		24.6

		<0.1

		1.01

		0.03

		

		2290

		6160

		162000

		1110

		151

		

		0.18

		0.04

		7.4

		

		-3.3

		17.0



		3102564

		156.24

		33.7

		1.75

		5.95

		0.17

		3.28

		28.1

		<0.1

		0.64

		0.03

		

		2550

		7380

		188000

		1200

		222

		

		0.12

		0.04

		5.4

		

		-1.5

		15.8



		3102568

		157.6

		16.9

		1.97

		2.11

		0.15

		4.53

		39.0

		<0.1

		0.68

		0.06

		

		3970

		11900

		264000

		1760

		306

		

		0.12

		0.05

		5.8

		

		-2.7

		15.4



		3102570

		158.0

		26.4

		2.81

		3.68

		0.21

		11.7

		23.5

		<0.1

		0.89

		0.07

		

		14500

		51500

		162000

		2070

		163

		

		0.50

		0.32

		13

		

		-4.0

		16.4



		3102578

		158.5

		25.0

		2.28

		3.79

		0.23

		11.9

		23.7

		<0.1

		0.55

		0.14

		

		16600

		58000

		167000

		2090

		172

		

		0.50

		0.35

		12

		

		-3.9

		16.5



		3102580

		158.6

		26.7

		2.03

		4.29

		0.20

		11.3

		23.3

		<0.1

		0.54

		0.12

		

		16300

		56500

		164000

		2020

		171

		

		0.48

		0.34

		12

		

		-4.1

		16.6



		3102582

		159.5

		20.2

		3.09

		3.84

		0.20

		13.1

		25.2

		<0.1

		0.99

		0.07

		

		16000

		57600

		178000

		2010

		177

		

		0.52

		0.32

		11

		

		-5.2

		16.6



		3102584

		159.6

		25.6

		3.61

		4.34

		0.36

		11.7

		23.6

		<0.1

		1.37

		0.14

		

		13200

		45400

		164000

		1650

		180

		

		0.50

		0.28

		9.2

		

		-4.6

		16.4



		3102586

		159.9

		26.1

		3.67

		4.40

		0.24

		11.3

		23.4

		<0.1

		1.49

		0.05

		

		12500

		42200

		163000

		1590

		178

		

		0.48

		0.26

		8.9

		

		-4.4

		16.0



		3102588

		160.0

		26.2

		2.59

		3.97

		0.20

		12.1

		23.1

		<0.1

		1.02

		0.04

		

		17400

		56500

		161000

		1740

		173

		

		0.52

		0.35

		10

		

		-4.1

		16.4



		3102590

		160.53

		23.3

		2.43

		4.09

		0.23

		12.8

		23.6

		<0.1

		0.97

		0.03

		

		19000

		60400

		167000

		1820

		173

		

		0.54

		0.36

		11

		

		-3.7

		16.6



		3102592

		160.86

		32.1

		2.64

		1.68

		0.14

		4.42

		30.5

		0.10

		1.12

		0.03

		

		2310

		5170

		209000

		1240

		230

		

		0.14

		0.02

		5.4

		

		-2.9

		15.1



		3102602*

		162.86

		11.9

		1.65

		12.2

		0.11

		18.7

		32.1

		<0.1

		0.65

		0.11

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.58

		n.d.

		n.d.

		

		-8.5

		18.0



		3102604*

		163.0

		11.6

		1.56

		6.31

		0.15

		14.3

		27.5

		<0.1

		0.69

		0.03

		

		25800

		73600

		187000

		2150

		154

		

		0.52

		0.39

		14

		

		-3.2

		16.6



		3102606*

		163.1

		17.0

		2.77

		11.4

		0.20

		8.93

		27.7

		<0.1

		1.25

		0.03

		

		11300

		29900

		184000

		1480

		196

		

		0.32

		0.16

		7.6

		

		-4.2

		16.0







Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3102636

		170.44

		42.7

		7.17

		3.90

		0.56

		6.14

		11.5

		0.55

		2.80

		0.06

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.53

		n.d.

		n.d.

		

		-5.8

		15.2



		3102640

		172.3

		9.61

		2.08

		3.89

		0.10

		11.8

		32.7

		<0.1

		0.79

		0.03

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.36

		n.d.

		n.d.

		

		-3.7

		16.2



		3113828

		172.41

		4.66

		0.80

		4.88

		0.07

		17.3

		28.2

		<0.1

		0.29

		0.07

		

		25900

		100000

		192000

		1570

		101

		

		0.61

		0.52

		16

		

		0.9

		16.1



		3113830

		172.52

		5.22

		0.87

		4.83

		0.07

		17.2

		27.2

		<0.1

		0.29

		0.15

		

		25600

		101000

		187000

		1480

		95

		

		0.63

		0.54

		16

		

		2.5

		15.8



		3113832

		172.76

		6.31

		1.04

		5.69

		0.08

		17.0

		26.4

		<0.1

		0.40

		0.09

		

		31400

		99700

		183000

		1520

		98

		

		0.64

		0.54

		15

		

		1.9

		15.6



		3113834

		172.9

		8.87

		1.54

		6.47

		0.12

		16.2

		25.2

		<0.1

		0.57

		0.07

		

		32100

		92000

		174000

		1450

		96

		

		0.64

		0.53

		15

		

		0.6

		15.4



		3113836

		175.0

		15.7

		4.57

		7.82

		0.43

		12.5

		24.4

		<0.1

		1.90

		0.10

		

		23000

		47500

		169000

		1460

		156

		

		0.51

		0.28

		9.4

		

		-4.8

		17.2



		3113838

		175.27

		16.3

		5.42

		8.37

		1.03

		13.9

		22.5

		<0.1

		2.13

		0.07

		

		22700

		50400

		156000

		1360

		135

		

		0.62

		0.32

		10

		

		-4.0

		15.9



		3113840

		175.7

		40.1

		12.80

		8.19

		2.16

		4.99

		10.6

		0.73

		3.96

		0.12

		

		4550

		6160

		74100

		448

		100

		

		0.47

		0.08

		4.5

		

		-3.7

		15.8



		3102652

		176.6

		8.19

		1.74

		6.21

		0.12

		14.9

		28.7

		<0.1

		0.62

		0.04

		

		30900

		79300

		193000

		1660

		165

		

		0.52

		0.41

		10

		

		-3.2

		17.1



		3102654

		176.71

		15.3

		3.69

		7.85

		0.45

		13.5

		23.3

		<0.1

		1.34

		0.09

		

		31300

		63000

		159000

		1390

		158

		

		0.58

		0.40

		8.8

		

		-3.9

		16.8



		3102656

		177.4

		16.2

		2.39

		6.70

		0.16

		12.8

		25.8

		<0.1

		0.85

		0.03

		

		33000

		63600

		174000

		1660

		165

		

		0.50

		0.37

		10

		

		-3.6

		16.9



		3102658

		177.5

		7.51

		0.99

		7.33

		0.12

		15.3

		27.3

		<0.1

		0.33

		0.02

		

		39600

		87400

		180000

		1810

		121

		

		0.56

		0.49

		15

		

		-2.0

		17.2



		3102660

		177.67

		13.0

		1.86

		7.86

		0.27

		14.1

		25.1

		<0.1

		0.66

		0.03

		

		39900

		75900

		169000

		1780

		126

		

		0.56

		0.45

		14

		

		-3.4

		16.4



		Dolostone-Greywacke member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3102666**

		179.9

		9.11

		1.33

		7.29

		0.09

		15.6

		26.9

		<0.1

		0.43

		0.07

		

		42500

		84200

		172000

		2060

		115

		

		0.58

		0.5

		18

		

		-2.6

		16.0



		3102668

		181.2

		16.3

		2.62

		7.55

		0.14

		8.10

		30.6

		<0.1

		0.93

		0.09

		

		22700

		39300

		203000

		2060

		219

		

		0.26

		0.19

		9.4

		

		-6.6

		16.3



		3102670

		181.34

		12.6

		2.26

		10.1

		0.16

		13.3

		25.3

		<0.1

		0.88

		0.05

		

		37600

		73200

		171000

		2290

		119

		

		0.53

		0.43

		19

		

		-3.6

		17.0



		3113842*

		183.1

		25.5

		2.24

		5.25

		0.12

		6.66

		27.8

		<0.1

		0.73

		0.04

		

		27500

		35500

		195000

		2200

		206

		

		0.24

		0.18

		11

		

		-4.9

		17.1



		3113844

		184.3

		30.3

		2.74

		9.29

		0.15

		6.57

		23.0

		<0.1

		0.92

		0.04

		

		30200

		32000

		159000

		2080

		176

		

		0.29

		0.20

		12

		

		-6.2

		16.8



		3113846

		186.77

		2.59

		1.01

		7.31

		0.08

		16.9

		27.7

		<0.1

		0.29

		0.04

		

		38300

		101000

		191000

		2430

		117

		

		0.61

		0.53

		21

		

		-0.8

		15.4



		3102680**

		187.69

		2.60

		0.98

		7.63

		0.08

		17.0

		28.8

		<0.1

		0.23

		0.04

		

		43800

		91500

		183000

		2840

		117

		

		0.59

		0.5

		24

		

		-1.5

		17.1



		3102684

		188.5

		31.7

		2.54

		6.95

		0.13

		7.63

		21.9

		<0.1

		0.79

		0.05

		

		29600

		38000

		152000

		2220

		149

		

		0.35

		0.25

		15

		

		-4.4

		16.9



		3102686

		188.7

		31.2

		1.87

		8.19

		0.10

		4.66

		24.9

		<0.1

		0.58

		0.03

		

		19000

		22800

		169000

		2140

		193

		

		0.19

		0.13

		11

		

		-6.1

		16.3



		3102688

		188.87

		30.3

		2.74

		5.56

		0.15

		4.74

		27.8

		<0.1

		0.83

		0.03

		

		19200

		19600

		190000

		2260

		225

		

		0.17

		0.10

		10

		

		-6.2

		16.2







Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3102692

		190.22

		10.3

		1.34

		7.08

		0.07

		15.3

		26.1

		<0.1

		0.37

		0.03

		

		41200

		89000

		174000

		2920

		105

		

		0.59

		0.51

		28

		

		-2.7

		17.9



		3102696

		191.12

		37.8

		4.14

		4.95

		0.36

		4.27

		23.2

		<0.1

		1.32

		0.19

		

		16500

		11600

		160000

		1650

		211

		

		0.18

		0.07

		7.8

		

		-4.8

		15.4



		3102698

		191.8

		45.9

		6.65

		8.60

		0.59

		5.03

		12.2

		0.29

		2.20

		0.05

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.41

		n.d.

		n.d.

		

		-7.0

		15.4



		3102702

		192.65

		7.47

		0.83

		6.21

		0.05

		15.8

		26.9

		<0.1

		0.16

		0.03

		

		35900

		91800

		179000

		2690

		95

		

		0.59

		0.51

		28

		

		-1.8

		17.1



		3102704

		192.79

		13.9

		2.22

		6.34

		0.06

		14.2

		23.7

		<0.1

		0.37

		0.05

		

		27600

		75300

		161000

		1960

		116

		

		0.60

		0.47

		17

		

		-0.5

		17.3



		3102706**

		193.24

		10.1

		1.18

		4.66

		0.03

		14.6

		27.7

		<0.1

		0.19

		0.03

		

		23900

		76200

		177000

		1970

		155

		

		0.53

		0.4

		13

		

		-0.9

		16.8



		3102708

		193.37

		3.85

		0.65

		4.64

		0.03

		16.8

		26.9

		<0.1

		0.14

		0.03

		

		26600

		100000

		180000

		1770

		152

		

		0.62

		0.56

		12

		

		1.1

		18.2



		3113850

		194.57

		3.95

		0.35

		3.24

		0.01

		16.7

		27.3

		<0.1

		0.04

		0.02

		

		18100

		102000

		190000

		1380

		104

		

		0.61

		0.54

		13

		

		-1.7

		15.4



		3102730

		195.19

		10.6

		2.86

		5.27

		0.08

		13.9

		26.5

		<0.1

		0.71

		0.01

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.52

		n.d.

		

		

		-1.9

		17.5



		3113854

		196.2

		15.2

		0.47

		4.58

		0.03

		12.4

		26.0

		<0.1

		0.13

		0.06

		

		24000

		74400

		180000

		1750

		123

		

		0.48

		0.41

		14

		

		-2.3

		16.5



		3113856

		196.62

		1.38

		0.34

		5.03

		0.03

		16.9

		28.7

		<0.1

		0.11

		0.12

		

		31500

		104000

		200000

		1950

		86

		

		0.59

		0.52

		23

		

		-0.5

		16.4



		3113858

		197.6

		3.18

		1.28

		6.40

		0.08

		16.7

		28.1

		<0.1

		0.40

		0.01

		

		37900

		99200

		192000

		2230

		88

		

		0.59

		0.52

		25

		

		-0.7

		17.4



		3113860v

		197.9

		8.50

		3.26

		7.65

		0.15

		12.9

		28.5

		<0.1

		0.94

		0.02

		

		35100

		68400

		196000

		2170

		137

		

		0.45

		0.35

		16

		

		-3.1

		17.6



		3102746

		198.78

		0.90

		0.40

		6.59

		0.02

		17.0

		29.7

		<0.1

		0.07

		0.01

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.57

		n.d.

		n.d.

		

		0.3

		19.3



		3102750

		199.87

		24.2

		9.65

		19.8

		0.60

		7.87

		13.5

		0.18

		2.40

		0.05

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.58

		n.d.

		n.d.

		

		-3.9

		15.6



		3102752

		200.3

		18.0

		5.88

		10.3

		0.45

		10.3

		23.8

		0.23

		1.20

		0.04

		

		30300

		40200

		165000

		2240

		181

		

		0.43

		0.24

		12

		

		-5.1

		15.7



		3113864

		203.9

		29.1

		4.16

		7.74

		0.22

		5.91

		25.0

		<0.1

		1.26

		0.02

		

		24400

		21100

		175000

		1800

		135

		

		0.24

		0.12

		13

		

		-7.3

		19.4



		3113746

		204.64

		1.88

		0.28

		4.83

		0.03

		17.9

		28.9

		<0.1

		0.08

		0.02

		

		30200

		109000

		198000

		1750

		59

		

		0.62

		0.55

		30

		

		4.5

		16.7



		3113748

		205.1

		25.9

		3.16

		9.36

		0.15

		7.10

		24.3

		<0.1

		0.76

		0.03

		

		28100

		33600

		167000

		2130

		140

		

		0.29

		0.20

		15

		

		-4.5

		17.4



		3113752

		218.02

		31.7

		3.14

		6.37

		0.14

		10.9

		18.6

		0.49

		0.69

		0.15

		

		36100

		61800

		130000

		1740

		47

		

		0.59

		0.48

		37

		

		1.3

		16.0



		3113750

		218.54

		12.4

		1.92

		6.05

		0.13

		14.4

		25.4

		0.32

		0.39

		0.09

		

		36500

		85800

		176000

		3140

		74

		

		0.57

		0.49

		42

		

		2.3

		15.9



		3113754

		220.75

		26.7

		1.37

		5.57

		0.07

		12.4

		21.2

		<0.1

		0.33

		0.25

		

		32900

		73500

		147000

		1740

		29

		

		0.58

		0.50

		60

		

		3.3

		16.6



		3113756

		221.17

		13.3

		3.72

		7.98

		0.27

		14.2

		23.0

		0.54

		0.87

		0.06

		

		42700

		80300

		157000

		1800

		27

		

		0.62

		0.51

		67

		

		3.4

		16.3



		3113758

		223.14

		23.2

		3.15

		7.43

		0.11

		13.0

		20.3

		0.43

		0.46

		0.14

		

		37000

		71800

		139000

		1800

		34

		

		0.64

		0.52

		53

		

		2.3

		16.4



		3102804

		223.53

		37.0

		6.44

		6.60

		0.19

		9.85

		15.4

		1.36

		0.85

		0.07

		

		24600

		48000

		106000

		1270

		20

		

		0.64

		0.45

		65

		

		2.1

		18.1





Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3113760

		225.94

		31.0

		4.41

		8.98

		0.26

		11.1

		17.0

		0.11

		0.80

		0.15

		

		34700

		54800

		119000

		1400

		55

		

		0.65

		0.46

		26

		

		2.4

		16.6



		3113762

		227.19

		37.5

		4.32

		7.95

		0.24

		9.54

		16.3

		0.32

		0.91

		0.09

		

		33000

		47300

		113000

		1750

		65

		

		0.59

		0.42

		27

		

		0.3

		15.7



		3113764

		228.6

		16.1

		1.33

		7.00

		0.08

		13.9

		24.0

		<0.1

		0.25

		0.13

		

		39800

		82800

		167000

		2270

		42

		

		0.58

		0.50

		55

		

		2.5

		16.4



		3113766

		229.53

		26.4

		3.32

		8.43

		0.15

		11.9

		19.6

		<0.1

		0.55

		0.10

		

		37800

		63200

		137000

		1930

		44

		

		0.61

		0.46

		43

		

		2.3

		16.4



		3113768

		231.71

		25.8

		3.36

		8.28

		0.19

		11.0

		21.0

		<0.1

		0.79

		0.08

		

		40700

		58600

		146000

		2120

		68

		

		0.52

		0.40

		31

		

		2.0

		15.7



		Lowermost Dolostone member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3113770

		233.46

		6.35

		1.02

		7.82

		0.09

		15.8

		26.8

		<0.1

		0.37

		0.04

		

		48000

		95000

		182000

		3190

		24

		

		0.59

		0.52

		135

		

		3.1

		16.3



		3113772

		235.56

		3.32

		1.47

		10.1

		0.13

		15.7

		26.6

		<0.1

		0.36

		0.10

		

		55200

		92500

		181000

		2600

		31

		

		0.59

		0.51

		84

		

		1.7

		15.4



		3102834

		236.79

		1.76

		0.83

		6.70

		0.05

		17.7

		28.8

		<0.1

		0.13

		0.04

		

		39300

		106000

		194000

		1540

		37

		

		0.61

		0.55

		42

		

		2.9

		17.9



		3113774

		237.89

		1.21

		0.60

		4.24

		0.05

		18.8

		29.7

		<0.1

		0.12

		0.12

		

		25300

		113000

		203000

		768

		41

		

		0.63

		0.56

		19

		

		3.4

		16.7



		3113776

		238.35

		2.72

		1.37

		6.93

		0.12

		17.5

		27.8

		<0.1

		0.24

		0.08

		

		35800

		102000

		191000

		1130

		68

		

		0.63

		0.53

		17

		

		1.6

		15.5



		3102844**

		239.27

		9.17

		4.23

		5.79

		0.37

		19.1

		23.6

		<0.1

		1.39

		0.06

		

		23900

		95000

		151000

		709

		34

		

		0.81

		0.60

		21

		

		3.9

		16.3



		3102846

		239.39

		3.35

		1.51

		4.16

		0.09

		19.2

		27.8

		<0.1

		0.33

		0.11

		

		20300

		115000

		192000

		705

		36

		

		0.69

		0.60

		20

		

		4.4

		17.6



		3102850

		239.78

		2.42

		0.87

		3.35

		0.06

		19.5

		28.4

		<0.1

		0.27

		0.06

		

		16800

		118000

		195000

		783

		36

		

		0.69

		0.61

		22

		

		4.6

		17.4



		3102858**

		241.22

		23.2

		5.91

		13.3

		0.47

		11.3

		14.2

		1.00

		1.79

		0.16

		

		10200

		49300

		94200

		567

		34

		

		0.80

		0.50

		17

		

		0.2

		15.7



		3102862

		241.44

		3.91

		1.25

		4.98

		0.09

		18.2

		27.3

		<0.1

		0.41

		0.07

		

		19300

		107000

		186000

		1050

		51

		

		0.67

		0.58

		21

		

		0.5

		16.9



		3113778

		241.89

		13.3

		1.47

		2.98

		0.09

		16.3

		26.0

		0.16

		0.45

		0.10

		

		9440

		93700

		177000

		533

		55

		

		0.63

		0.53

		9.7

		

		3.6

		16.7



		3113780

		242.14

		12.2

		3.23

		3.62

		0.28

		16.2

		24.8

		0.54

		0.88

		0.04

		

		11700

		90400

		169000

		564

		50

		

		0.65

		0.53

		11

		

		2.3

		15.7



		3102864

		242.26

		10.6

		3.51

		5.27

		0.37

		16.2

		25.5

		0.30

		1.16

		0.23

		

		11100

		83700

		173000

		526

		71

		

		0.64

		0.48

		7.4

		

		2.0

		17.2



		3102868

		243.09

		3.52

		1.15

		1.62

		0.11

		20.1

		29.3

		<0.1

		0.47

		0.06

		

		6680

		115000

		200000

		573

		75

		

		0.69

		0.58

		7.7

		

		3.3

		17.3



		3102870

		243.24

		4.42

		1.60

		1.89

		0.08

		19.6

		28.6

		<0.1

		0.57

		0.08

		

		6830

		111000

		199000

		486

		81

		

		0.69

		0.56

		6.0

		

		3.0

		17.3



		3113782

		243.42

		8.28

		2.01

		2.10

		0.09

		17.9

		27.8

		<0.1

		0.86

		0.04

		

		7610

		91200

		190000

		504

		91

		

		0.64

		0.48

		5.6

		

		2.1

		16.1



		3113784

		243.82

		42.3

		8.47

		5.32

		0.53

		13.7

		11.3

		<0.1

		2.91

		0.81

		

		1470

		6910

		79300

		173

		98

		

		1.21

		0.09

		1.8

		

		-5.9

		14.6



		3113786

		244.15

		19.8

		4.99

		3.93

		0.38

		17.6

		20.4

		<0.1

		2.01

		0.02

		

		8960

		60200

		141000

		508

		79

		

		0.86

		0.43

		6.4

		

		0.1

		17.2



		3113788

		244.19

		11.1

		1.96

		3.95

		0.15

		15.7

		27.8

		<0.1

		0.78

		0.14

		

		9480

		77800

		191000

		479

		122

		

		0.56

		0.41

		3.9

		

		2.1

		15.8





Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3113790

		244.85

		7.71

		1.40

		2.21

		0.15

		18.5

		27.7

		<0.1

		0.61

		0.24

		

		7710

		96000

		189000

		596

		82

		

		0.67

		0.51

		7.3

		

		2.3

		16.0



		3102876

		246.53

		11.9

		2.53

		8.29

		0.06

		16.9

		22.9

		<0.1

		1.05

		0.04

		

		3370

		63400

		157000

		444

		89

		

		0.74

		0.40

		5.0

		

		0.4

		16.7



		3102878

		246.66

		9.51

		2.98

		1.94

		0.09

		20.7

		24.6

		<0.1

		1.34

		0.06

		

		7550

		96000

		171000

		449

		53

		

		0.84

		0.56

		8.6

		

		2.9

		17.4



		3102880

		246.75

		2.02

		0.553

		1.79

		0.04

		20.5

		29.5

		<0.1

		0.16

		0.02

		

		6680

		122000

		200000

		560

		57

		

		0.69

		0.61

		9.9

		

		3.6

		17.8



		3102882

		246.82

		2.33

		0.260

		1.20

		0.02

		20.6

		29.9

		<0.1

		0.05

		0.02

		

		4360

		126000

		209000

		592

		72

		

		0.69

		0.60

		8.2

		

		4.0

		17.3



		3102884

		246.91

		6.11

		0.365

		1.21

		0.02

		21.1

		28.6

		<0.1

		0.10

		0.01

		

		4800

		115000

		195000

		618

		62

		

		0.74

		0.59

		9.9

		

		2.6

		17.4



		3102886

		247.03

		23.1

		7.61

		2.55

		0.34

		14.0

		24.3

		<0.1

		3.04

		0.02

		

		661

		4680

		174000

		620

		228

		

		0.58

		0.03

		2.7

		

		-0.9

		13.9



		3102890

		247.1

		18.0

		3.90

		1.99

		0.24

		13.7

		30.0

		<0.1

		1.22

		0.50

		

		1400

		22300

		209000

		729

		260

		

		0.46

		0.11

		2.8

		

		-3.2

		14.6



		3102896

		247.21

		5.19

		0.76

		1.52

		0.05

		20.0

		28.9

		<0.1

		0.16

		0.54

		

		3100

		110000

		201000

		815

		77

		

		0.69

		0.55

		11

		

		2.1

		17.4



		3102898

		247.32

		2.19

		0.42

		17.0

		0.07

		1.24

		53.1

		0.89

		0.20

		0.04

		

		1640

		36300

		186000

		727

		178

		

		0.02

		0.20

		4.1

		

		-3.1

		15.3



		3102904*

		248.7

		71.9

		0.73

		1.69

		0.02

		1.19

		12.1

		<0.1

		0.18

		<0.01

		

		693

		1740

		88500

		370

		105

		

		0.10

		0.02

		3.5

		

		-7.4

		14.6



		3102908**

		249.2

		11.1

		0.41

		1.29

		0.02

		20.4

		28.9

		<0.1

		0.07

		0.15

		

		1950

		82100

		183000

		822

		80

		

		0.71

		0.40

		10

		

		3.4

		15.9



		3102906**

		249.33

		1.67

		0.38

		0.25

		0.02

		20.2

		31.1

		<0.1

		0.01

		0.07

		

		915

		127000

		215000

		340

		36

		

		0.65

		0.59

		9.6

		

		8.2

		19.3



		3102910*

		249.46

		26.3

		0.50

		2.26

		0.03

		18.2

		24.7

		<0.1

		0.04

		0.17

		

		609

		30500

		172000

		717

		146

		

		0.74

		0.18

		4.9

		

		-3.8

		16.0



		3102912*

		249.56

		36.4

		0.40

		1.24

		0.02

		19.1

		21.2

		<0.1

		0.08

		0.14

		

		376

		4550

		145000

		640

		173

		

		0.90

		0.03

		3.7

		

		-8.8

		14.1



		3102914*

		249.65

		36.2

		0.50

		1.00

		0.02

		18.8

		22.0

		<0.1

		0.19

		0.14

		

		423

		4190

		148000

		675

		205

		

		0.85

		0.03

		3.3

		

		-6.7

		13.9



		3102916*

		249.73

		27.6

		1.45

		1.87

		0.05

		14.7

		27.8

		<0.1

		0.57

		0.08

		

		495

		3670

		196000

		917

		302

		

		0.53

		0.02

		3.0

		

		-4.5

		14.2



		3102918*

		249.8

		27.5

		1.19

		2.13

		0.04

		14.1

		27.3

		<0.1

		0.51

		0.07

		

		520

		3300

		195000

		900

		311

		

		0.52

		0.02

		2.9

		

		-4.3

		14.1



		3102920*

		249.9

		28.1

		3.49

		2.12

		0.11

		7.38

		29.5

		<0.1

		1.57

		0.02

		

		578

		3300

		207000

		988

		273

		

		0.25

		0.02

		3.6

		

		-4.2

		14.0



		3102946**

		254.83

		3.58

		0.96

		1.58

		0.10

		1.24

		50.3

		<0.1

		0.35

		0.01

		

		499

		1900

		325000

		914

		138

		

		0.02

		0.01

		6.6

		

		-11.3

		13.9



		3102948

		254.95

		3.23

		1.03

		0.961

		0.08

		1.99

		50.2

		<0.1

		0.32

		0.01

		

		415

		1960

		352000

		903

		126

		

		0.04

		0.01

		7.2

		

		-10.7

		14.0



		3102952

		255.2

		3.77

		1.41

		1.13

		0.08

		3.08

		48.6

		<0.1

		0.18

		0.01

		

		382

		2190

		348000

		891

		139

		

		0.06

		0.01

		6.4

		

		-7.6

		13.7



		3102954

		255.3

		21.4

		1.20

		1.21

		0.07

		12.0

		34.0

		<0.1

		0.08

		0.01

		

		466

		3050

		239000

		1380

		247

		

		0.35

		0.01

		5.6

		

		-2.4

		14.7



		3102956

		255.5

		25.8

		1.28

		1.55

		0.08

		14.5

		29.1

		<0.1

		0.02

		0.01

		

		390

		2970

		207000

		1300

		213

		

		0.50

		0.01

		6.1

		

		-5.5

		14.6



		3102958

		255.6

		5.58

		1.05

		1.49

		0.09

		14.7

		34.8

		<0.1

		<0.01

		0.01

		

		3920

		68900

		248000

		2140

		132

		

		0.42

		0.28

		16

		

		-2.3

		14.9





Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3102960

		255.76

		5.50

		1.38

		1.94

		0.10

		16.9

		32.0

		<0.1

		0.02

		0.03

		

		4440

		81200

		223000

		2370

		140

		

		0.53

		0.36

		17

		

		-2.3

		14.7



		3102962

		255.88

		3.79

		1.04

		1.87

		0.08

		17.6

		32.7

		<0.1

		<0.01

		0.03

		

		4890

		91900

		226000

		2480

		131

		

		0.54

		0.41

		19

		

		-2.4

		14.7



		3102964

		256.4

		9.17

		1.42

		2.61

		0.12

		13.2

		35.0

		<0.1

		<0.01

		0.03

		

		3580

		45400

		243000

		2370

		202

		

		0.38

		0.19

		12

		

		-3.4

		15.0



		3102966

		256.5

		18.0

		2.74

		3.07

		0.20

		12.0

		33.6

		<0.1

		0.02

		0.03

		

		741

		4670

		238000

		1560

		327

		

		0.36

		0.02

		4.8

		

		-3.8

		14.1



		3102968

		256.74

		17.3

		9.08

		5.25

		0.51

		17.5

		21.8

		<0.1

		0.04

		0.05

		

		740

		3370

		158000

		1060

		250

		

		0.80

		0.02

		4.2

		

		-1.9

		14.0



		3102970

		256.96

		34.1

		0.30

		2.56

		0.03

		17.7

		21.8

		<0.1

		0.01

		0.05

		

		381

		2690

		154000

		1190

		360

		

		0.81

		0.02

		3.3

		

		-5.0

		13.9



		3102972

		257.1

		19.5

		4.48

		3.93

		0.28

		14.1

		30.2

		<0.1

		0.02

		0.07

		

		525

		3410

		209000

		1510

		363

		

		0.47

		0.02

		4.2

		

		-3.9

		13.8



		3102974

		257.2

		16.8

		4.79

		3.88

		0.30

		13.0

		31.8

		<0.1

		0.04

		0.07

		

		614

		3850

		222000

		1460

		356

		

		0.41

		0.02

		4.1

		

		-3.6

		13.9



		3102976

		257.3

		17.8

		5.03

		4.11

		0.32

		13.7

		33.7

		<0.1

		0.05

		0.08

		

		559

		3590

		214000

		1490

		323

		

		0.41

		0.02

		4.6

		

		-5.4

		14.0



		3102978

		257.4

		11.3

		1.23

		4.79

		0.07

		13.4

		33.9

		<0.1

		0.02

		0.08

		

		2460

		41100

		230000

		1950

		214

		

		0.40

		0.18

		9.1

		

		-4.7

		14.6



		3102980

		257.7

		19.8

		2.09

		3.64

		0.14

		11.5

		33.3

		<0.1

		0.33

		0.03

		

		745

		3380

		232000

		1720

		349

		

		0.35

		0.01

		4.9

		

		-4.9

		13.8



		3102982

		257.9

		17.3

		5.10

		2.91

		0.13

		9.49

		32.0

		<0.1

		1.78

		0.02

		

		969

		3480

		221000

		1520

		240

		

		0.30

		0.02

		6.3

		

		-2.9

		14.0



		Greywacke member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3102990

		258.97

		8.78

		1.93

		2.17

		0.09

		3.90

		44.8

		<0.1

		0.79

		0.01

		

		819

		3870

		311000

		2460

		295

		

		0.09

		0.01

		8.3

		

		-5.1

		14.0



		3102992

		259.11

		8.08

		1.79

		1.21

		0.06

		4.01

		46.1

		<0.1

		0.79

		<0.01

		

		752

		3890

		310000

		2590

		322

		

		0.09

		0.01

		8.0

		

		-5.3

		14.0



		3102994

		259.3

		10.3

		3.70

		7.71

		0.36

		4.19

		37.6

		0.47

		1.07

		0.05

		

		744

		2960

		265000

		1080

		110

		

		0.11

		0.01

		9.8

		

		-9.0

		13.9



		3102996

		259.39

		7.89

		2.96

		1.10

		0.28

		0.86

		48.1

		0.64

		0.62

		0.08

		

		473

		2910

		329000

		1350

		85

		

		0.02

		0.01

		16

		

		-9.7

		13.3



		3102998

		259.47

		7.12

		2.82

		1.28

		0.25

		0.72

		48.0

		0.44

		0.76

		0.03

		

		1050

		2310

		343000

		1750

		144

		

		0.02

		0.01

		12

		

		-6.8

		13.5



		3103000

		259.7

		8.61

		2.84

		4.87

		0.25

		0.76

		44.2

		0.84

		0.62

		0.02

		

		1120

		2360

		310000

		1860

		181

		

		0.02

		0.01

		10

		

		-10.2

		13.8



		3103006

		260.48

		44.9

		11.0

		5.83

		0.80

		1.77

		12.0

		2.97

		3.36

		0.04

		

		2440

		4070

		86900

		960

		96

		

		0.15

		0.05

		10

		

		-2.9

		13.9



		3113792

		262.07

		16.0

		4.98

		4.57

		0.45

		0.57

		38.3

		1.84

		0.74

		0.11

		

		3130

		2110

		260000

		2620

		137

		

		0.01

		n.d.

		n.d.

		

		-5.6

		14.9



		3103012

		262.4

		16.3

		5.32

		6.87

		0.54

		0.59

		35.7

		1.66

		1.10

		0.09

		

		5760

		1880

		259000

		2660

		135

		

		0.02

		0.01

		20

		

		-5.0

		13.9



		3103014

		262.57

		6.44

		2.12

		1.62

		0.22

		0.82

		48.6

		0.73

		0.23

		0.05

		

		3360

		3500

		342000

		2690

		125

		

		0.02

		0.01

		22

		

		-7.1

		14.4



		3103016

		262.69

		1.81

		0.59

		0.83

		0.06

		0.63

		52.4

		0.20

		0.09

		0.03

		

		2640

		3280

		375000

		3200

		124

		

		0.01

		0.01

		26

		

		-8.3

		13.7



		3113794

		264.2

		22.7

		8.68

		8.24

		0.68

		3.52

		27.0

		2.09

		1.34

		0.08

		

		14100

		6330

		187000

		2080

		133

		

		0.13

		0.03

		16

		

		-5.8

		14.4





Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3103034

		266.54

		15.3

		5.50

		12.7

		0.70

		4.40

		30.2

		0.41

		1.56

		0.15

		

		16100

		7600

		222000

		2500

		276

		

		0.15

		0.03

		9.1

		

		-2.2

		13.9



		3103036

		266.67

		5.70

		1.85

		3.84

		0.24

		0.60

		48.1

		0.54

		0.22

		0.07

		

		7370

		2570

		349000

		3130

		115

		

		0.01

		0.01

		27

		

		-7.8

		13.8



		3103046**

		267.10

		24.0

		7.97

		8.31

		1.09

		2.92

		27.4

		2.37

		1.33

		0.09

		

		18800

		5040

		182000

		2510

		118

		

		0.11

		0.03

		21

		

		-5.8

		13.6



		3113806

		271.06

		13.9

		4.85

		4.91

		0.41

		1.82

		37.6

		1.49

		0.50

		0.08

		

		11700

		5020

		261000

		3080

		158

		

		0.05

		0.02

		19

		

		-3.2

		14.1



		3113808

		272.24

		2.88

		0.714

		1.93

		0.07

		0.39

		48.6

		0.19

		0.09

		0.08

		

		3950

		1460

		339000

		3350

		126

		

		0.01

		0.004

		27

		

		-7.5

		14.0



		3103096

		277.28

		22.0

		5.56

		9.72

		0.58

		2.85

		28.7

		1.20

		0.52

		0.04

		

		13500

		5470

		211000

		2490

		105

		

		0.10

		0.03

		24

		

		-5.3

		13.5



		3103118*

		282.65

		20.9

		4.45

		5.66

		0.45

		2.89

		34.6

		0.45

		1.16

		0.04

		

		17400

		8070

		247000

		4720

		110

		

		0.08

		0.03

		43

		

		-6.4

		13.2



		3103120*

		282.78

		4.71

		1.83

		2.43

		0.23

		1.11

		48.9

		0.32

		0.19

		0.05

		

		7900

		2640

		345000

		3280

		68

		

		0.02

		0.01

		48

		

		-8.0

		13.3



		3103122*

		282.9

		6.85

		2.58

		2.92

		0.28

		1.30

		47.1

		0.65

		0.14

		0.05

		

		6240

		2270

		335000

		3840

		119

		

		0.03

		0.01

		32

		

		-6.5

		13.4



		3103124*

		283.02

		17.1

		6.07

		5.98

		0.58

		2.99

		35.1

		1.53

		0.27

		0.05

		

		7500

		3220

		252000

		4030

		88

		

		0.09

		0.01

		46

		

		-5.9

		13.1



		3103126*

		283.15

		10.3

		3.15

		3.49

		0.35

		1.81

		44.0

		0.62

		0.24

		0.04

		

		6760

		2930

		309000

		3710

		82

		

		0.04

		0.01

		46

		

		-6.7

		13.3



		3113716

		283.7

		25.3

		11.9

		14.9

		1.23

		7.56

		18.0

		1.51

		0.66

		0.07

		

		13900

		6520

		122000

		1040

		68

		

		0.42

		0.05

		15

		

		-5.8

		13.5



		3113720_3

		286.65

		10.2

		4.32

		5.56

		0.43

		2.34

		40.8

		0.95

		0.14

		0.07

		

		5570

		2550

		284000

		3510

		127

		

		0.06

		0.01

		28

		

		-3.3

		13.5



		3113720_1

		286.65

		9.71

		4.39

		6.91

		0.46

		2.70

		40.5

		0.80

		0.18

		0.11

		

		14600

		4040

		291000

		1870

		112

		

		0.07

		0.01

		17

		

		-7.3

		13.9



		3103146

		289.96

		18.0

		6.98

		7.52

		0.53

		4.65

		32.5

		0.99

		0.30

		0.04

		

		6970

		3360

		229000

		2340

		77

		

		0.14

		0.01

		30

		

		-5.9

		13.1



		3103162

		293.1

		36.8

		11.0

		9.77

		0.87

		6.33

		15.9

		2.11

		0.45

		0.05

		

		14000

		7540

		112000

		1820

		55

		

		0.40

		0.07

		33

		

		-5.1

		12.8



		3103166

		294.73

		30.2

		13.8

		17.3

		1.34

		9.19

		10.2

		1.75

		0.81

		0.12

		

		15900

		8310

		67300

		666

		41

		

		0.90

		0.12

		16

		

		-1.2

		13.7



		3113724

		295.2

		18.6

		9.40

		17.4

		0.97

		7.47

		20.5

		0.52

		0.21

		0.09

		

		10200

		4600

		140000

		1180

		78

		

		0.36

		0.03

		15

		

		-0.8

		14.9



		3113726

		296.73

		29.5

		15.0

		17.0

		1.23

		10.3

		10.6

		1.79

		0.43

		0.12

		

		14300

		7370

		68400

		531

		44

		

		0.97

		n.d.

		n.d.

		

		-0.7

		13.5



		3113728

		298.71

		26.7

		13.2

		17.8

		1.51

		10.2

		12.5

		0.80

		0.32

		0.11

		

		10900

		5570

		82200

		435

		38

		

		0.82

		0.07

		11.4

		

		-3.0

		13.5



		3103252

		299.79

		40.7

		11.2

		12.8

		1.18

		6.99

		10.3

		1.63

		0.51

		0.11

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.68

		n.d.

		n.d.

		

		-3.9

		13.1



		3103188

		302.7

		8.52

		4.39

		5.76

		0.43

		3.30

		41.8

		0.36

		0.01

		0.08

		

		4460

		2040

		294000

		3370

		127

		

		0.08

		0.01

		27

		

		-6.7

		13.2



		3103190

		302.83

		11.1

		5.73

		7.42

		0.53

		4.17

		38.0

		0.57

		0.02

		0.12

		

		4880

		2340

		268000

		2950

		175

		

		0.11

		0.01

		17

		

		-4.2

		13.2



		3103254

		303

		2.40

		1.38

		2.90

		0.17

		1.22

		50.5

		<0.1

		0.01

		0.03

		

		4270

		1660

		358000

		3830

		165

		

		0.02

		0.005

		23

		

		-7.1

		13.2



		3113730

		303.63

		11.1

		4.14

		3.57

		0.40

		1.95

		42.3

		1.10

		0.11

		0.05

		

		4330

		1980

		292000

		2530

		90

		

		0.05

		0.007

		28

		

		-5.9

		13.7





Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3103200

		305.7

		14.3

		6.62

		7.88

		0.62

		5.14

		34.4

		0.60

		0.10

		0.09

		

		6080

		3120

		249000

		2160

		55

		

		0.15

		0.01

		39

		

		-7.4

		13.2



		3103202

		305.8

		34.9

		10.1

		10.1

		0.83

		5.43

		17.7

		2.33

		0.20

		0.07

		

		7210

		3570

		127000

		1520

		39

		

		0.31

		0.03

		39

		

		-4.8

		13.1



		3113732

		306.68

		36.6

		12.6

		14.5

		0.97

		9.40

		10.3

		1.24

		0.12

		0.08

		

		8440

		4310

		67800

		586

		15

		

		0.91

		0.06

		40

		

		-5.9

		13.0



		3113734

		308.78

		12.6

		3.96

		4.21

		0.38

		2.17

		41.2

		0.96

		0.09

		0.06

		

		3680

		1970

		282000

		1390

		64

		

		0.05

		0.01

		22

		

		-9.6

		13.7



		3103208**

		310.43

		9.49

		3.88

		4.21

		0.38

		2.57

		43.2

		0.63

		0.03

		0.06

		

		1940

		1010

		283000

		1940

		99

		

		0.06

		0.004

		20

		

		-10.0

		13.1



		3103210

		310.55

		10.1

		4.11

		5.10

		0.37

		3.43

		41.4

		0.32

		0.03

		0.08

		

		2580

		1460

		295000

		2310

		111

		

		0.08

		0.00

		21

		

		-9.4

		13.3



		3103212

		310.67

		6.92

		2.85

		2.98

		0.32

		1.91

		46.6

		0.53

		0.05

		0.07

		

		2030

		1240

		328000

		2140

		112

		

		0.04

		0.00

		19

		

		-8.4

		13.1



		3113736

		313.49

		31.2

		11.8

		15.7

		1.20

		10.0

		12.2

		0.25

		0.06

		0.19

		

		6550

		3450

		81800

		583

		33

		

		0.82

		0.04

		18

		

		-5.0

		13.5



		3103220

		314.61

		38.2

		10.9

		12.0

		0.98

		7.36

		10.9

		1.34

		0.07

		0.12

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.68

		n.d.

		n.d.

		

		-5.0

		13.0



		3103222

		314.7

		31.0

		9.98

		12.5

		0.89

		7.30

		16.5

		0.78

		0.07

		0.10

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.44

		n.d.

		n.d.

		

		-5.4

		12.9



		3113742

		319.5

		29.1

		10.9

		14.6

		0.98

		7.34

		16.1

		0.75

		0.08

		0.12

		

		7840

		3420

		109000

		518

		45

		

		0.46

		0.03

		12

		

		-8.4

		13.3



		3113688

		368.71

		32.0

		12.4

		18.8

		0.97

		10.8

		11.2

		1.25

		0.04

		0.15

		

		9570

		4490

		58000

		271

		15

		

		0.96

		0.08

		18

		

		-10.6

		12.5



		3113690

		369.5

		54.2

		11.5

		6.42

		0.79

		4.31

		10.1

		5.79

		0.09

		0.09

		

		2350

		1200

		47600

		188

		16

		

		0.43

		0.03

		12

		

		-12.9

		12.4



		3113694

		372.3

		42.1

		7.94

		5.80

		0.52

		4.72

		20.1

		3.92

		0.18

		0.05

		

		4920

		2760

		116000

		571

		31

		

		0.23

		0.02

		18

		

		-9.8

		12.8



		3103294

		374.6

		33.1

		7.54

		9.67

		0.67

		6.85

		21.9

		0.60

		0.04

		0.08

		

		7080

		3200

		146000

		924

		42

		

		0.31

		0.02

		22

		

		-8.8

		12.3



		3113696

		376.74

		30.1

		12.1

		15.6

		1.29

		9.65

		13.6

		0.77

		0.13

		0.17

		

		10500

		5240

		89000

		558

		30

		

		0.71

		0.06

		19

		

		-9.9

		13.1



		3103308

		377.9

		40.5

		10.4

		12.2

		1.09

		7.41

		13.6

		1.10

		0.13

		0.11

		

		9410

		4370

		92500

		529

		26

		

		0.54

		0.05

		20

		

		-10.5

		12.2



		3113698

		380.96

		12.2

		2.91

		3.62

		0.30

		2.00

		42.6

		0.27

		0.02

		0.07

		

		2500

		1050

		297000

		3960

		78

		

		0.05

		0.004

		51

		

		-10.8

		12.5



		3113710

		381.7

		28.5

		10.8

		11.4

		0.97

		6.16

		20.3

		1.85

		0.35

		0.14

		

		10400

		4840

		140000

		1570

		44

		

		0.30

		0.03

		36

		

		-10.7

		12.2



		3113712

		382.58

		14.3

		2.45

		3.13

		0.24

		1.78

		42.3

		0.21

		0.01

		0.04

		

		2200

		987

		291000

		4130

		68

		

		0.04

		0.003

		61

		

		-11.5

		12.6



		3103326

		385.55

		22.0

		7.70

		4.45

		0.42

		2.58

		32.9

		2.72

		0.32

		0.07

		

		8550

		4370

		236000

		1620

		111

		

		0.08

		0.02

		15

		

		-8.4

		12.4



		3113642

		386.4

		46.1

		11.9

		8.74

		0.80

		5.11

		11.6

		3.91

		0.21

		0.19

		

		7590

		3600

		70100

		455

		25

		

		0.44

		0.05

		19

		

		-10.2

		12.1



		3103332

		388.7

		27.1

		12.6

		15.3

		1.19

		9.06

		16.3

		1.43

		0.35

		0.15

		

		14800

		7370

		108000

		962

		42

		

		0.56

		0.07

		23

		

		-10.8

		12.0



		3113646

		392.4

		26.4

		9.58

		9.38

		0.64

		5.87

		23.7

		2.10

		0.20

		0.09

		

		8670

		3940

		159000

		1560

		49

		

		0.25

		0.02

		32

		

		-10.3

		14.6



		3103340**

		393.34

		38.6

		8.22

		7.23

		0.50

		4.18

		19.6

		2.13

		0.28

		0.04

		

		11500

		5270

		126000

		1290

		50

		

		0.21

		0.04

		26

		

		-10.2

		11.5





Appendix B (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		wt.%

		

		µg·g-1

		

		

		

		

		

		‰



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3103342

		393.5

		42.2

		9.75

		7.79

		0.54

		4.55

		16.6

		2.82

		0.34

		0.04

		

		10100

		4730

		115000

		1210

		43

		

		0.27

		0.04

		28

		

		-10.6

		11.8



		3103352*

		394.3

		32.5

		11.4

		8.32

		0.64

		4.83

		21.0

		3.66

		0.17

		0.09

		

		7170

		3210

		143000

		1220

		48

		

		0.23

		0.02

		25

		

		-10.5

		11.9



		3103354*

		394.4

		32.1

		11.6

		8.50

		0.69

		4.85

		21.2

		3.64

		0.18

		0.09

		

		7700

		3420

		146000

		1140

		46

		

		0.23

		0.02

		25

		

		-10.9

		11.9



		3103356*

		394.5

		34.7

		11.7

		9.75

		0.69

		5.79

		18.6

		3.54

		0.17

		0.11

		

		8250

		3710

		121000

		1160

		39

		

		0.31

		0.03

		30

		

		-10.7

		12.0



		3113650

		395.4

		47.4

		9.47

		8.97

		0.87

		4.88

		13.5

		2.67

		0.26

		0.08

		

		13900

		5040

		81800

		747

		29

		

		0.36

		0.06

		26

		

		-9.1

		13.0



		3103364

		396.9

		21.9

		8.83

		10.3

		1.40

		4.90

		27.6

		1.05

		0.48

		0.22

		

		17500

		6660

		191000

		2180

		43

		

		0.18

		0.03

		51

		

		-10.8

		12.0



		3113652

		398.5

		23.0

		9.14

		11.8

		1.48

		5.17

		25.0

		0.94

		0.37

		0.21

		

		15100

		5750

		168000

		1840

		37

		

		0.21

		0.03

		49

		

		-11.0

		12.4



		3113654

		399.8

		29.3

		11.2

		13.4

		1.68

		5.33

		18.9

		1.83

		0.70

		0.17

		

		21000

		7680

		123000

		1540

		30

		

		0.28

		0.06

		52

		

		-10.2

		12.3



		3103370

		400.1

		32.3

		12.2

		14.2

		1.61

		5.04

		16.3

		1.81

		0.78

		0.12

		

		n.d.

		n.d.

		n.d.

		n.d.

		n.d.

		

		0.31

		n.d.

		n.d.

		

		-11.3

		11.8



		3113658

		401.99

		17.7

		5.67

		5.55

		0.59

		1.38

		36.5

		2.20

		0.13

		0.06

		

		4720

		2140

		248000

		2180

		53

		

		0.04

		0.01

		41

		

		-11.1

		12.3



		3103378

		402.33

		17.2

		5.38

		2.68

		0.49

		1.11

		40.1

		2.13

		0.08

		0.05

		

		3440

		1100

		278000

		2050

		67

		

		0.03

		0.004

		31

		

		-11.5

		11.9



		3103380

		402.42

		19.5

		5.61

		3.34

		0.64

		1.54

		38.3

		2.10

		0.10

		0.06

		

		3420

		956

		258000

		1890

		59

		

		0.04

		0.004

		32

		

		-11.5

		11.9



		3103384

		403.15

		28.3

		8.74

		4.41

		0.59

		1.47

		30.9

		3.34

		0.05

		0.23

		

		2570

		410

		197000

		1460

		38

		

		0.05

		0.002

		38

		

		-12.4

		12.0



		3113664

		404.34

		12.0

		3.43

		3.24

		0.34

		0.99

		43.4

		1.23

		0.07

		0.04

		

		2820

		731

		292000

		3030

		48

		

		0.02

		0.003

		63

		

		-11.9

		12.4



		3103400**

		406.25

		22.7

		4.97

		3.36

		0.37

		3.24

		35.4

		1.88

		0.06

		0.04

		

		4420

		1800

		208000

		1360

		43

		

		0.09

		0.01

		31

		

		-12.1

		12.3



		3103402

		406.45

		21.1

		4.76

		7.38

		0.36

		2.78

		34.0

		2.00

		0.04

		0.05

		

		19000

		1240

		225000

		1570

		41

		

		0.08

		0.01

		38

		

		-12.0

		12.0



		3103404

		406.58

		24.0

		6.24

		2.76

		0.40

		1.86

		34.2

		2.73

		0.10

		0.05

		

		2620

		825

		231000

		1580

		44

		

		0.05

		0.004

		36

		

		-11.5

		12.0









* - Analytical data from Črne et al. (2013)

** - Isotope data from Kump et al. (2011)

Data shown in bold-face letters denote the least altered samples.


Appendix C. Chemical and C- and O-isotopic composition of carbonate rocks of the upper part of the Zaonega Formation based on Drillcore 13A.



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		Dolostone-Chert member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3113592

		2.05

		23.6

		1.17

		7.42

		0.09

		11.8

		21.8

		<0.1

		0.44

		0.10

		

		47000

		74300

		155000

		5440

		118

		

		0.54

		0.48

		46

		

		-5.4

		19.2



		3104648

		3.30

		6.14

		0.92

		9.18

		0.09

		14.9

		26.8

		<0.1

		0.37

		0.05

		

		55000

		94600

		181000

		4030

		110

		

		0.56

		0.52

		37

		

		-5.8

		18.3



		3104650

		3.64

		7.05

		0.97

		7.00

		0.07

		15.4

		27.3

		<0.1

		0.30

		0.01

		

		44500

		101000

		198000

		4170

		112

		

		0.56

		0.51

		37

		

		-5.5

		20.7



		3113594

		4.38

		10.0

		1.04

		7.89

		0.09

		15.1

		26.1

		<0.1

		0.44

		0.02

		

		52000

		98600

		188000

		4420

		108

		

		0.58

		0.52

		41

		

		-4.3

		20.2



		3113598

		5.88

		19.9

		2.07

		8.30

		0.16

		12.7

		21.9

		<0.1

		0.70

		0.04

		

		48000

		78500

		160000

		4570

		79

		

		0.58

		0.49

		58

		

		-3.8

		21.5



		3104654

		6.02

		41.1

		8.22

		8.25

		0.77

		8.94

		11.7

		<0.1

		3.43

		0.07

		

		23100

		32300

		87400

		2190

		99

		

		0.76

		0.37

		22

		

		-6.1

		20.9



		3104658

		6.40

		34.7

		6.14

		9.12

		0.43

		8.72

		16.8

		<0.1

		2.61

		0.08

		

		25000

		30600

		125000

		3140

		188

		

		0.52

		0.24

		17

		

		-8.8

		19.8



		3104670

		12.65

		24.3

		4.17

		5.11

		0.36

		11.8

		20.7

		<0.1

		1.39

		0.05

		

		30800

		75000

		154000

		3240

		97

		

		0.57

		0.49

		34

		

		-4.8

		20.3



		3104674

		13.24

		23.0

		2.25

		6.01

		0.14

		12.3

		21.3

		<0.1

		0.80

		0.04

		

		25300

		80700

		158000

		4070

		100

		

		0.58

		0.51

		41

		

		-4.7

		20.1



		3104676

		14.22

		8.14

		0.87

		3.23

		0.06

		18.3

		27.2

		<0.1

		0.42

		0.06

		

		18400

		117000

		199000

		2530

		118

		

		0.67

		0.59

		21

		

		-3.3

		20.9



		3104678

		14.76

		19.0

		1.70

		6.04

		0.10

		13.3

		24.1

		<0.1

		0.61

		0.05

		

		19700

		83600

		173000

		3660

		99

		

		0.55

		0.48

		37

		

		-5.3

		21.0



		3113604

		15.75

		8.34

		0.82

		1.65

		0.05

		18.6

		27.6

		<0.1

		0.32

		0.04

		

		8130

		119000

		196000

		1360

		98

		

		0.67

		0.61

		14

		

		-2.7

		22.1



		3113606

		16.30

		15.9

		2.06

		1.60

		0.11

		16.3

		24.2

		<0.1

		0.75

		0.16

		

		9040

		104000

		173000

		1800

		118

		

		0.67

		0.60

		15

		

		-4.7

		20.6



		3113608

		16.70

		2.37

		0.52

		1.79

		0.03

		20.3

		29.6

		<0.1

		0.25

		0.02

		

		7460

		131000

		210000

		876

		102

		

		0.69

		0.62

		8.6

		

		-1.6

		21.7



		3113610

		17.26

		4.11

		0.58

		2.49

		0.04

		19.2

		28.5

		<0.1

		0.25

		0.02

		

		11400

		127000

		204000

		836

		134

		

		0.67

		0.62

		6.2

		

		-3.5

		20.8



		3104684

		18.67

		6.13

		1.16

		1.01

		0.09

		18.8

		28.0

		<0.1

		0.37

		0.05

		

		4530

		126000

		204000

		1060

		121

		

		0.67

		0.62

		8.8

		

		-5.1

		21.5



		3104686

		19.91

		3.16

		0.44

		0.59

		0.03

		20.6

		29.7

		<0.1

		0.15

		0.03

		

		1410

		139000

		215000

		366

		70

		

		0.69

		0.65

		5.2

		

		-3.1

		22.3



		3104692

		21.01

		14.1

		1.90

		1.16

		0.05

		16.7

		26.6

		<0.1

		1.03

		0.02

		

		4560

		93000

		195000

		1680

		122

		

		0.63

		0.48

		14

		

		-9.5

		20.6



		3113614

		21.50

		12.6

		1.09

		1.00

		0.04

		17.5

		26.3

		<0.1

		0.59

		0.03

		

		4120

		107000

		187000

		1650

		128

		

		0.67

		0.57

		13

		

		-7.7

		20.5



		3113624

		21.70

		20.2

		1.89

		1.55

		0.06

		13.5

		25.5

		<0.1

		0.93

		0.03

		

		3780

		74700

		184000

		1920

		121

		

		0.53

		0.41

		16

		

		-11.1

		20.9



		3104702

		23.53

		26.9

		5.29

		4.15

		0.62

		8.33

		22.5

		0.22

		2.49

		0.10

		

		1500

		18000

		164000

		718

		166

		

		0.37

		0.11

		4.3

		

		-14.5

		18.0



		3104708

		26.01

		0.90

		0.19

		0.36

		0.03

		20.4

		30.8

		<0.1

		0.08

		0.02

		

		2290

		138000

		222000

		996

		156

		

		0.66

		0.62

		6.4

		

		-8.4

		20.4



		3104724

		29.14

		4.02

		0.09

		0.11

		<0.01

		19.2

		30.4

		<0.1

		0.03

		0.16

		

		708

		129000

		219000

		335

		76

		

		0.63

		0.59

		4.4

		

		-4.6

		20.9



		3104734

		31.24

		4.27

		0.07

		0.14

		<0.01

		18.2

		31.6

		<0.1

		0.02

		0.01

		

		900

		122000

		227000

		320

		94

		

		0.58

		0.54

		3.4

		

		-3.8

		19.5



		3104740

		33.03

		6.50

		0.08

		0.12

		<0.01

		18.6

		29.9

		<0.1

		0.03

		0.17

		

		743

		128000

		216000

		389

		79

		

		0.62

		0.59

		4.9

		

		-4.4

		20.0



		3104762

		39.40

		16.9

		0.18

		0.21

		<0.01

		14.0

		29.1

		<0.1

		0.09

		0.02

		

		1350

		93400

		208000

		830

		147

		

		0.48

		0.45

		5.6

		

		-8.2

		19.7



		3104764

		40.10

		2.13

		0.06

		0.05

		<0.01

		19.1

		32.2

		<0.1

		0.03

		0.10

		

		366

		130000

		233000

		250

		98

		

		0.59

		0.56

		2.6

		

		-3.6

		19.6





Appendix C (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3104712

		26.58

		11.4

		3.83

		3.53

		0.16

		14.4

		28.5

		0.16

		1.79

		3.12

		

		1390

		68500

		204000

		640

		149

		

		0.51

		0.34

		4.3

		

		-5.9

		21.6



		3104778

		42.17

		1.50

		0.11

		0.14

		<0.01

		18.5

		32.5

		<0.1

		<0.01

		1.33

		

		752

		116000

		216000

		519

		136

		

		0.57

		0.54

		3.8

		

		-5.0

		19.1



		3113490

		43.81

		34.3

		8.02

		8.50

		0.77

		11.2

		14.5

		<0.1

		3.97

		0.11

		

		479

		3090

		107000

		988

		112

		

		0.77

		0.03

		8.8

		

		-9.9

		16.7



		3104784

		44.65

		4.94

		0.75

		1.95

		0.06

		18.7

		29.0

		<0.1

		0.34

		0.02

		

		7710

		121000

		211000

		2090

		82

		

		0.64

		0.57

		26

		

		-4.5

		20.8



		3113492

		44.81

		6.61

		1.42

		2.83

		0.08

		18.7

		27.4

		<0.1

		0.64

		0.02

		

		11200

		113000

		196000

		2070

		74

		

		0.68

		0.58

		28

		

		-4.9

		21.7



		3104786

		46.85

		6.35

		1.38

		4.08

		0.11

		15.8

		29.7

		<0.1

		0.62

		0.03

		

		5460

		93900

		208000

		1840

		99

		

		0.53

		0.45

		19

		

		-5.2

		18.8



		3113494

		48.80

		24.0

		5.47

		2.47

		0.20

		9.43

		27.9

		<0.1

		2.84

		0.07

		

		558

		3780

		204000

		1300

		225

		

		0.34

		0.02

		5.8

		

		-13.4

		16.8



		3113496

		49.06

		23.9

		3.27

		1.38

		0.08

		5.88

		33.8

		<0.1

		1.70

		0.03

		

		545

		3900

		242000

		1430

		274

		

		0.17

		0.02

		5.2

		

		-16.9

		16.9



		3113500

		50.92

		1.60

		0.51

		1.17

		0.03

		19.6

		31.3

		<0.1

		0.14

		0.02

		

		5420

		126000

		218000

		1690

		92

		

		0.63

		0.58

		18

		

		-4.5

		20.9



		3104796

		53.45

		1.81

		0.59

		0.78

		0.04

		20.3

		30.3

		<0.1

		0.18

		0.02

		

		3880

		133000

		220000

		703

		82

		

		0.67

		0.60

		8.6

		

		-3.7

		22.1



		3104800

		56.61

		6.42

		2.30

		0.87

		0.07

		18.4

		27.6

		<0.1

		0.69

		0.02

		

		1790

		98600

		190000

		668

		101

		

		0.67

		0.52

		6.6

		

		-8.7

		17.7



		3113510*

		57.82

		9.59

		3.59

		1.19

		0.10

		16.5

		28.6

		<0.1

		1.42

		0.01

		

		1800

		72200

		205000

		696

		131

		

		0.58

		0.35

		5.3

		

		-12.0

		19.6



		3113512*

		57.94

		4.17

		1.62

		0.96

		0.10

		19.8

		29.0

		<0.1

		0.59

		0.05

		

		1460

		116000

		208000

		692

		72

		

		0.68

		0.56

		9.6

		

		-6.8

		20.2



		3104804*

		58.16

		1.24

		0.47

		0.42

		0.03

		21.1

		30.6

		<0.1

		0.05

		0.02

		

		1010

		141000

		223000

		337

		47

		

		0.69

		0.63

		7.2

		

		-2.2

		22.6



		3113516*

		58.28

		1.64

		0.57

		0.74

		0.04

		20.6

		29.9

		<0.1

		0.19

		0.01

		

		2020

		134000

		213000

		745

		62

		

		0.69

		0.63

		12

		

		-6.7

		20.1



		3113562*

		58.45

		1.34

		0.50

		0.58

		0.04

		20.5

		29.5

		<0.1

		0.20

		<0.01

		

		2530

		134000

		209000

		824

		64

		

		0.69

		0.64

		13

		

		-7.6

		19.3



		3104810

		60.31

		1.21

		0.29

		0.53

		0.03

		20.0

		29.8

		<0.1

		0.10

		0.36

		

		2760

		135000

		216000

		805

		74

		

		0.67

		0.63

		11

		

		-9.0

		19.3



		3104866

		74.21

		2.15

		0.15

		0.27

		0.01

		18.8

		30.7

		<0.1

		0.06

		0.43

		

		1610

		125000

		211000

		592

		84

		

		0.61

		0.59

		7.1

		

		-7.0

		18.0



		Siliciclastic-Carbonate member

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3113578

		76.78

		11.2

		4.05

		3.44

		0.19

		16.0

		27.2

		<0.1

		1.54

		0.12

		

		1760

		61600

		197000

		1130

		170

		

		0.59

		0.31

		6.6

		

		-10.7

		19.0



		3113580

		77.85

		24.3

		5.05

		2.57

		0.15

		9.98

		27.4

		<0.1

		1.99

		0.02

		

		1080

		12100

		199000

		968

		285

		

		0.36

		0.06

		3.4

		

		-20.2

		16.9



		3113582

		78.85

		15.3

		3.84

		9.15

		0.08

		7.74

		30.3

		<0.1

		1.88

		0.01

		

		1560

		7110

		223000

		1030

		320

		

		0.26

		0.03

		3.2

		

		-22.4

		17.1



		3104884

		79.60

		15.9

		1.69

		5.31

		0.07

		13.3

		28.8

		<0.1

		0.77

		0.02

		

		5840

		40900

		211000

		1350

		206

		

		0.46

		0.19

		6.6

		

		-14.9

		19.1



		3104888

		80.58

		18.9

		2.37

		4.98

		0.14

		13.1

		28.7

		<0.1

		1.11

		0.07

		

		2450

		26100

		209000

		1360

		172

		

		0.46

		0.12

		7.9

		

		-18.0

		19.6



		3113584

		83.97

		44.3

		4.79

		2.27

		0.21

		5.61

		19.3

		0.24

		2.19

		0.04

		

		1170

		3870

		143000

		860

		209

		

		0.29

		0.03

		4.1

		

		-17.7

		16.9



		3104968

		112.69

		58.8

		4.83

		5.52

		0.26

		3.45

		10.1

		0.57

		1.62

		0.04

		

		14500

		7210

		77700

		1370

		118

		

		0.34

		0.09

		12

		

		-11.0

		16.3



		3113468

		112.83

		56.9

		5.39

		6.46

		0.38

		4.59

		11.1

		0.26

		2.17

		0.07

		

		15200

		8660

		83800

		1490

		128

		

		0.41

		0.10

		12

		

		-12.3

		16.9



		3104814

		61.66

		1.07

		0.38

		0.53

		0.02

		21.0

		30.5

		<0.1

		0.08

		0.03

		

		1210

		140000

		218000

		463

		52

		

		0.69

		0.64

		8.9

		

		-4.3

		20.7





Appendix C (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3104822

		63.32

		7.04

		2.23

		0.97

		0.08

		16.7

		29.7

		<0.1

		0.85

		0.03

		

		2120

		91200

		212000

		720

		118

		

		0.56

		0.43

		6.1

		

		-9.3

		17.1



		3113570

		64.31

		4.14

		0.79

		1.75

		0.06

		19.8

		28.8

		<0.1

		0.19

		0.02

		

		1080

		128000

		209000

		505

		66

		

		0.69

		0.61

		7.7

		

		-5.4

		20.8



		3104824

		65.06

		2.64

		0.66

		0.61

		0.04

		20.4

		29.8

		<0.1

		0.17

		0.02

		

		1310

		136000

		219000

		644

		60

		

		0.68

		0.62

		11

		

		-5.3

		20.5



		3104830

		66.63

		3.99

		0.57

		0.35

		0.04

		19.6

		30.2

		<0.1

		0.19

		1.15

		

		1040

		131000

		218000

		397

		87

		

		0.65

		0.60

		4.5

		

		-4.9

		21.4



		3104832

		67.21

		7.93

		2.87

		2.42

		0.12

		17.2

		28.0

		<0.1

		1.07

		0.50

		

		1100

		86700

		202000

		534

		108

		

		0.61

		0.43

		4.9

		

		-6.1

		18.9



		3104852

		71.87

		3.94

		0.77

		1.54

		0.06

		19.6

		28.6

		<0.1

		0.32

		0.08

		

		3190

		126000

		207000

		937

		60

		

		0.69

		0.61

		16

		

		-7.1

		20.0



		3113574

		72.97

		1.56

		0.15

		0.18

		<0.01

		19.9

		31.0

		<0.1

		0.05

		0.02

		

		879

		134000

		224000

		432

		79

		

		0.64

		0.60

		5.5

		

		-4.3

		20.4



		3104968

		112.69

		58.8

		4.83

		5.52

		0.26

		3.45

		10.1

		0.57

		1.62

		0.04

		

		14500

		7210

		77700

		1370

		118

		

		0.34

		0.09

		12

		

		-11.0

		16.3



		3113468

		112.83

		56.9

		5.39

		6.46

		0.38

		4.59

		11.1

		0.26

		2.17

		0.07

		

		15200

		8660

		83800

		1490

		128

		

		0.41

		0.10

		12

		

		-12.3

		16.9



		3113474

		130.58

		52.4

		7.64

		6.13

		0.55

		3.84

		10.9

		1.13

		2.34

		0.09

		

		12500

		7260

		79500

		1040

		130

		

		0.35

		0.09

		8.0

		

		-11.3

		16.1



		3105000

		132.0

		24.3

		1.65

		4.33

		0.11

		12.1

		29.3

		<0.1

		0.77

		2.41

		

		10600

		16100

		212000

		1850

		290

		

		0.41

		0.08

		6.4

		

		-17.1

		16.1



		3105006

		133.34

		33.7

		5.99

		5.63

		0.24

		9.62

		18.4

		<0.1

		3.08

		0.07

		

		7430

		13300

		135000

		1110

		224

		

		0.52

		0.10

		5.0

		

		-18.1

		15.2



		3105022

		137.53

		32.8

		5.01

		3.30

		0.20

		8.04

		22.5

		<0.1

		2.27

		0.09

		

		3990

		8760

		172000

		1320

		281

		

		0.36

		0.05

		4.7

		

		-17.7

		15.2



		3105024

		138.3

		25.1

		3.49

		4.09

		0.10

		5.50

		30.5

		<0.1

		1.54

		0.30

		

		3030

		6860

		226000

		1570

		357

		

		0.18

		0.03

		4.4

		

		-16.3

		15.1



		3113488

		139.77

		49.5

		8.58

		5.77

		0.50

		4.46

		11.8

		2.10

		2.25

		0.05

		

		3000

		5910

		86500

		720

		138

		

		0.38

		0.07

		5.2

		

		-10.0

		15.5



		3105032

		141.02

		28.4

		1.50

		6.15

		0.08

		14.3

		24.2

		<0.1

		0.74

		0.10

		

		4640

		8970

		176000

		1820

		310

		

		0.59

		0.05

		5.9

		

		-18.7

		15.0



		3113406*

		143.89

		22.2

		2.13

		6.41

		0.09

		11.3

		28.5

		<0.1

		1.05

		0.03

		

		6890

		11200

		208000

		2230

		321

		

		0.40

		0.05

		6.9

		

		-18.1

		15.8



		3113408*

		144.00

		16.5

		1.14

		6.64

		0.08

		15.1

		27.8

		<0.1

		0.04

		0.07

		

		18700

		40100

		197000

		3090

		225

		

		0.54

		0.20

		14

		

		-14.6

		16.8



		3105040*

		144.12

		7.53

		1.19

		8.05

		0.08

		16.5

		26.1

		<0.1

		0.02

		0.14

		

		35700

		82600

		180000

		4230

		113

		

		0.63

		0.46

		37

		

		-10.3

		16.1



		3113410*

		144.27

		5.78

		1.03

		9.70

		0.08

		17.3

		26.4

		<0.1

		0.02

		0.15

		

		39600

		94600

		193000

		3750

		129

		

		0.66

		0.49

		29

		

		-9.1

		17.8



		3113412*

		144.39

		28.8

		1.34

		6.71

		0.07

		14.7

		23.8

		<0.1

		0.54

		0.05

		

		4770

		8690

		172000

		1990

		257

		

		0.62

		0.05

		7.7

		

		-19.4

		15.7



		3105044

		145.78

		38.8

		5.55

		4.75

		0.31

		7.22

		18.7

		<0.1

		2.44

		0.04

		

		8980

		9940

		140000

		1530

		213

		

		0.39

		0.07

		7.2

		

		-11.4

		15.0



		3113414

		149.32

		31.9

		10.8

		9.07

		1.97

		12.2

		12.1

		<0.1

		4.58

		0.26

		

		15300

		9180

		88800

		1210

		123

		

		1.01

		0.10

		9.8

		

		-9.3

		15.6



		3105060

		149.73

		21.2

		1.93

		10.1

		0.17

		10.1

		28.0

		<0.1

		0.95

		0.07

		

		20100

		10900

		204000

		2400

		170

		

		0.36

		0.05

		14

		

		-15.9

		20.2



		3113416

		154.15

		15.5

		2.78

		5.41

		0.13

		4.28

		37.9

		<0.1

		1.13

		0.06

		

		15800

		7300

		279000

		2740

		409

		

		0.11

		0.03

		6.7

		

		-11.2

		15.0



		3113418

		154.31

		25.8

		1.16

		7.05

		0.09

		12.7

		26.1

		<0.1

		0.58

		0.14

		

		13300

		8610

		192000

		2150

		169

		

		0.49

		0.04

		13

		

		-16.5

		19.3



		3105078

		154.47

		25.7

		0.99

		13.6

		0.09

		12.7

		21.0

		<0.1

		0.39

		0.12

		

		58900

		9400

		151000

		3210

		47

		

		0.60

		0.06

		68

		

		0.0

		20.3



		3113420

		154.59

		25.8

		1.02

		11.2

		0.09

		13.0

		23.4

		<0.1

		0.41

		0.10

		

		38000

		8290

		168000

		2600

		53

		

		0.56

		0.05

		49

		

		-18.0

		22.1





Appendix C (continued).



		Sample #

		Depth, m

		SiO2

		Al2O3

		Fe2O3

		TiO2

		MgO

		CaO

		Na2O

		K2O

		P2O5

		

		Fe

		Mg

		Ca

		Mn

		Sr

		

		MgO/CaO

		Mg/Ca

		Mn/Sr

		

		13C

		18O



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



		3113422

		155.0

		17.3

		2.51

		5.75

		0.17

		8.22

		32.9

		<0.1

		1.28

		0.03

		

		10600

		11500

		238000

		2400

		312

		

		0.25

		0.05

		7.7

		

		-14.4

		15.9



		3113424

		155.43

		18.4

		3.14

		3.95

		0.16

		8.82

		33.2

		<0.1

		1.64

		0.04

		

		9720

		12400

		238000

		2480

		320

		

		0.27

		0.05

		7.8

		

		-16.0

		16.0



		3105086

		156.1

		25.9

		2.64

		4.64

		0.16

		4.57

		30.4

		<0.1

		1.28

		0.03

		

		10100

		11000

		226000

		2110

		296

		

		0.15

		0.05

		7.1

		

		-13.3

		15.4



		3113426

		157.71

		32.6

		3.51

		4.83

		0.17

		4.62

		26.1

		<0.1

		1.31

		0.03

		

		10300

		8200

		191000

		1760

		259

		

		0.18

		0.04

		6.8

		

		-10.3

		15.1



		3105100

		161.22

		37.5

		4.31

		3.53

		0.33

		7.11

		22.7

		<0.1

		1.98

		0.12

		

		8540

		12100

		167000

		1360

		209

		

		0.31

		0.07

		6.5

		

		-10.3

		15.6



		3105104

		163.07

		30.2

		3.01

		4.15

		0.24

		9.73

		26.2

		<0.1

		1.44

		0.05

		

		6770

		10700

		186000

		1510

		238

		

		0.37

		0.06

		6.3

		

		-13.5

		12.8



		3105146

		175.41

		12.5

		1.85

		1.47

		0.15

		2.86

		42.9

		<0.1

		0.55

		0.12

		

		4300

		5950

		306000

		2160

		298

		

		0.07

		0.02

		7.2

		

		-9.8

		15.4



		3105152

		177.02

		20.5

		1.47

		4.58

		0.14

		2.30

		37.6

		<0.1

		0.51

		0.10

		

		4550

		5930

		275000

		1900

		258

		

		0.06

		0.02

		7.4

		

		-10.4

		14.9



		3105154

		177.95

		3.61

		1.27

		6.06

		0.10

		2.02

		46.3

		<0.1

		0.19

		0.04

		

		22900

		3790

		353000

		2290

		262

		

		0.04

		0.01

		8.7

		

		-9.5

		14.8



		3105160

		180.61

		4.74

		1.96

		7.06

		0.11

		2.95

		44.1

		<0.1

		0.37

		0.14

		

		28900

		4640

		342000

		2330

		270

		

		0.07

		0.01

		8.6

		

		-10.2

		14.6



		3105176

		184.55

		4.06

		1.38

		8.26

		0.11

		2.14

		45.8

		<0.1

		0.24

		0.12

		

		28900

		4890

		355000

		2760

		302

		

		0.05

		0.01

		9.1

		

		-11.6

		14.9



		3113452

		187.03

		10.7

		3.66

		15.8

		0.20

		4.25

		33.5

		<0.1

		1.10

		0.05

		

		47300

		8960

		266000

		2040

		213

		

		0.13

		0.03

		9.6

		

		-13.7

		14.8



		3113456

		188.87

		9.14

		2.52

		14.2

		0.19

		2.93

		38.4

		<0.1

		0.83

		0.09

		

		48200

		6640

		309000

		2450

		275

		

		0.08

		0.02

		8.9

		

		-16.2

		14.8



		3113458

		189.9

		14.9

		3.57

		15.3

		0.21

		3.95

		31.1

		<0.1

		1.16

		0.06

		

		60400

		9290

		263000

		2100

		213

		

		0.13

		0.04

		9.9

		

		-15.1

		14.8



		3105222

		194.12

		6.53

		0.87

		7.11

		0.05

		1.38

		46.4

		<0.1

		0.35

		0.05

		

		31000

		5510

		362000

		2300

		344

		

		0.03

		0.02

		6.7

		

		-19.7

		14.6









* - Analytical data from Črne et al. (2013)

Data shown in bold-face letters denote the least altered samples.



