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Abstract

Calcareous nannoplankton population underwent a major reorganization across the early and middle Eocene. This reorganiza-

tion was mainly explored from an open ocean perspective, but marginal settings are usually underexplored. Here we analyzed

a Tethyan pelagic record from Avdat, southern Israel in the Levant margin. The calcareous nannofossil assembledge was then

compared to a number of Deep Sea and Ocean Drilling sites through paleoecological techniques. From calcareous nannofossil

zone NP12 until zone NP15-16 (undiff.), dominance shifted from to discoasters in the warm early Eocene, and then to respond-

ing to cooling in the middle Eocene. Markers for middle Eocene oceanic destratification and mixing, e.g., the acme, peak and

the first occurrence of , are delayed by ˜1.0 Myr at Avdat with respect to oceanic sites at comparable paleolatitudes, and more

so when compared to higher latitude sites. The Avdat section is punctuated by peaks of , diversity of spp., and that were not

reported in deep oceanic sites. The disparities at Avdat vs. other oceanic localities can be ascribed to its position in a Tethyan

remnant ocean surrounded by land masses and orogenic terrains. The punctuational mode and delay in water destratification

in the Levant ocean are attributed to connection to warm and saline water off the Afro-Arabian shelf affected by pulses of cooler

waters from Boreotropical marine connections, and sea level fall late in the Middle Eocene, increasing proximity to shelves.
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Key Points: 13 

 The southern Tethyan remained stratified long after global mixing has begun in the 14 
ocean, due to the effect of proximity to the shelves of the Afro-Arabian margin.  15 

 The southern Tethys differed from other oceanic sites as the general trend interrupted by 16 
short-term events from cooler boreotropical sources. 17 

 By taking surrounding hinterland input under consideration, studies of land-enclosed seas 18 
augment understanding of global paleoceanographic factors. 19 

 20 

Plain Language Summary 21 

A major ecological reorganization of calcareous nannoplankton populations took place in 22 

the Eocene, in response to one of the largest global warming events in earth history (Early Eocene 23 

Climate Optimum, EECO), and its cool aftermath.  These events were explored mainly in open 24 

ocean sites. We compare here the Tethyan pelagic record from Avdat, southern Israel, to Deep Sea 25 

and Ocean Drilling sites. The Avdat calcareous nannoplankton assemblages comply with global 26 

trends but acmes of cooling markers (e.g. genus Reticulofenestra) were delayed by ~1.0 Myr at 27 

Avdat. Notably, trends at Avdat are uniquely interrupted by short-term events that express rapid, 28 

temporary occurrences of nutrient input or water mixing markers. The southern Tethyan marginal 29 

ocean remained stratified although global mixing had begun in the open ocean, that can be 30 

attributed to  warm climate and proximity to saline shelves of the Afro-Arabian continent. 31 

Likewise, interruptions in the record are a consequence of the unique contributors of water in the 32 
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Levant basin, at times from the warm, arid Afro-Arabian Tethyan margin to the south, but 33 

increasingly from cooler waters sourced in the boreo-tropical ocean.  34 

 35 

Keywords:  36 
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 39 

Abstract 40 

Calcareous nannoplankton population underwent a major reorganization across the early 41 

and middle Eocene. This reorganization was mainly explored from an open ocean perspective, but 42 

marginal settings are usually underexplored. Here we analyzed a Tethyan pelagic record from 43 

Avdat, southern Israel in the Levant margin. The calcareous nannofossil assembledge was then 44 

compared to a number of Deep Sea and Ocean Drilling sites through paleoecological techniques. 45 

From calcareous nannofossil zone NP12 until zone NP15-16 (undiff.), dominance shifted from 46 

Toweius to discoasters in the warm early Eocene, and then to Reticulofenestra, responding to 47 

cooling in the middle Eocene. Markers for middle Eocene oceanic destratification and mixing, 48 

e.g., the Reticulofenestra acme, Chiasmolithus peak and the first occurrence of Cyclicargolithus 49 

luminis, are delayed by ~1.0 Myr at Avdat with respect to oceanic sites at comparable 50 

paleolatitudes, and more so when compared to higher latitude sites. The Avdat section is 51 

punctuated by peaks of Thoracosphaera, diversity of Blackites spp., and Braarudosphaera, that 52 

were not reported in deep oceanic sites. The disparities at Avdat vs. other oceanic localities can be 53 

ascribed to its position in a Tethyan remnant ocean surrounded by land masses and orogenic 54 

terrains. The punctuational mode and delay in water destratification in the Levant ocean are 55 

attributed to connection to warm and saline water off the Afro-Arabian shelf affected by pulses of 56 

cooler waters from Boreotropical marine connections, and sea level fall late in the Middle Eocene, 57 

increasing proximity to shelves.  58 

 59 

1. Introduction 60 

Over the last two decades, quantitative paleoecological approaches have increasingly been 61 

applied to Paleogene calcareous nannofossil assemblages. Several groups of calcareous 62 
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nannofossils were found to be good markers for changes in Paleogene palaeoceanographic 63 

conditions (Bralower, 2002; Tremolada & Bralower, 2004). The discovery of the discoaster acme 64 

marking the Early Eocene Climate Optimum (EECO, 49.4 - 53.3 Ma) by Aubry (1986), was later 65 

quantitatively described by Agnini et al. (2006). Assemblages dominated by Chiasmolithus spp. 66 

were used as proxies for high trophic conditions, elevated nutrients and cooler waters (Tremolada 67 

& Bralower, 2004). Schneider et al (2011) described latitudinal influence on calcareous 68 

nannofossil assemblages, as well as the major role played by the Oceanic Biological Pump (OBP) 69 

in temperate climate zones (see Hilting et al., 2008). Tori and Monechi (2013) quantified the 70 

important re-organization of calcareous nannofossil assemblages during the Ypresian/Lutetion 71 

transition, when Reticulofenestra replaced Toweius and Discoaster spp. as the dominant group in 72 

middle Eocene assemblages. Calcareous nannofossil assemblage data augmented by stable 73 

isotopes tracked the warm oligotrophic conditions that prevailed during the Paleocene-Eocene 74 

Thermal Maximum (PETM) and subsequently during the EECO. Galeotti et al. (2019) found 75 

several carbon isotope excursions (CIE's) paced by orbital forcing at the early/middle Eocene 76 

transition.  77 

Most of these palaeoceanographic studies concentrated on tracking the global ocean using 78 

cores recovered by the Deep-Sea Drilling Project (DSDP) and Ocean Drilling Project (ODP) in 79 

the Atlantic and Pacific, while paleoecological data from Tethyan land-based localities tend to be 80 

under-represented. Knowledge gaps have developed regarding the way marginal or epicontinental, 81 

and in general lower latitude small oceanic basins reacted to the course of events across the 82 

early/middle Eocene transition. However, the eastern Mediterranean persisted as an important 83 

gateway between the Neo-Tethyan-Indian-Pacific, the Mediterranean Tethyan remnant and the 84 

Atlantic oceans. The current study is a reevaluation of the paleoceanography of the well-85 

represented onshore Eocene pelagic record of the eastern Mediterranean Levant region, by 86 

comparison of calcareous nannofossil assemblages under a subtropical climate regime, surrounded 87 

by the Arabian plate and tectonic landmasses, in order to explain departures from global trends in 88 

this small but critical oceanic realm. 89 

1.1 Geological settings 90 

The Levant region represents the distal limit of the northwestern carbonate-dominated 91 

ramp of the African -Arabian platform in the Late Mesozoic – Early Cenozoic, located in the zone 92 
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of transition from the tropical to subtropical climate bands (Fig. 1). During the Paleogene, The 93 

Levant margin (Fig. 2) was blanketed by extensive hemipelagic to pelagic marl and chalk deposits 94 

(Speijer, 1995; Dercourt et al, 1993; Scheibner & Speijer, 2008).  95 

Speijer (1995) observed a continuous northward increase in water depth in Egypt from 96 

shoreface to bathyal in the Paleocene of the Levant basin margin. This ramp descended from the 97 

shoreline near the Sudanese border to more than 500 m depth in the northern Nile valley outcrops. 98 

To the northeast, most of Sinai and southern Israel were more distal and presumed to be at bathyal 99 

depths (Speijer, 1995). Schmitz et al. (1997) used barium, silica and phosphorous proxies to 100 

reconstruct biological productivity from the Paleocene to the Eocene, that indicated a trophic 101 

perturbation in line with the abrupt change in southern Tethyan upwelling at the P/E boundary 102 

(Gangyi et al., 1995). Scheibner and Speijer (2009) later attributed changes in Paleogene oceanic 103 

faunal assemblages in Egypt to sea surface temperature, oceanic acidification and trophic level 104 

perturbations. In contrast, Aubry and Salem (2013), using calcareous nannofossil assemblages, 105 

suggested that the biota was responding to differential rates of Paleocene - Early Eocene 106 

subsidence following intense regional tectonic activity in the middle to late Paleocene.  107 

Among the best described outcrops of the Paleocene and Eocene in this region are those of 108 

the Zin Valley and the adjacent Avdat plateau in southern Israel, mapped by Avni and Weiler 109 

(2013). The lithology of the Lower Eocene part is bedded white or grey chalk with bands of chert 110 

nodules (Fig. 3) of the Mor Formation The chalk is composed nearly entirely of biogenic 111 

carbonate, more than 85% of calcareous nannofossils, and the remainder mostly planktonic 112 

foraminifera and few benthic, with high P/B ratio (Benjamini, 1979, 1980; Fermont, 1982). 113 

Diatoms, radiolarians and siliceous sponge spicules were also reported in Eocene chalks (Braun, 114 

1967; Ehrlich & Moshkovitz 1982) and are the source of silica for the chert interbeds. The Lower 115 

Eocene chalk may contain as much as 5% euhedral dolomite rhombs to a few tens of microns in 116 

length (Braun, 1967). Chalk beds are interrupted by burrowed horizons, predominantly by 117 

Thalassinoides, that may be partially or completely filled with, or replaced by, dark, zoned chert. 118 

Occasional interbeds of brown organic-rich chalk, to 20-50 cm in thickness, are also present. 119 

Organic-rich chalk horizons with measured total Organic Carbon (TOC) of up to 2-3% are of 120 

regional importance and potentially commercial deposits were described in the north of Israel 121 

(Weinbaum- Hefetz & Bartov, 2019; Bartov et al, 2019; Meilijson et al, 2019, mostly commercial 122 

data), as well as in the NP13-NP15 interval in Jordan (Alqudah et al, 2015). These occurrences are 123 
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a temporal continuation of the Late Cretaceous organic-rich chalk lithofacies localized in structural 124 

depressions that is commercially exploited as oil shale. (Ashckenazi-Polivoda, 2011; Meilijson et 125 

al., 2014). Within the middle Eocene, the pelagic chalk becomes more homogeneous and 126 

frequency of chert horizons falls sharply (Horsha Fm). In the middle Eocene, sporadic horizons 127 

with winnowed grains of glauconite occur, often as foraminiferal test infillings.  128 

Two intervals with indurated wackestone lithofacies containing transported larger 129 

foraminifera, interbedded with the autochthonous pelagic chalks, are prominent in  Avdat sections. 130 

The two intervals occur at the boundary with the Middle Eocene, mapped as the Nizzana Fm, and 131 

within the Middle Eocene, mapped as the Matred Fm (Braun, 1967; Benjamini 1979, 1980; 132 

Fermont 1982; Weinbaum-Hefetz & Benjamini, 2011). These are mass-transport deposits (MTD's, 133 

see Fig. 3) in which the larger foraminiferal lithofacies is emplaced into the depositional 134 

environment of autochthonous pelagic chalk sediment. Detachment, transport and emplacement 135 

with associated deformation features has been described from within the pelagic lithofacies as well 136 

(Buchbinder et al., 1988). The regional paleobathymetric framework was interpreted as a 137 

homoclinal carbonate ramp that became distally steepened in the middle Eocene.  138 

1.2 Biostratigraphy 139 

Earlier studies on the biostratigraphy of the Avdat region concentrated on planktic 140 

foraminifera (Benjamini, 1980; Benjamini, 1995). The first study on the calcareous nannofossil 141 

biostratigraphy at Avdat was carried out on the Paleocene and lower Eocene by Romein (1979). 142 

Moshkovitz (1995) together with Schaub (1995) and Benjamini (1995) published an integrated 143 

correlation using calcareous nannofossils, nummulites and planktic foraminifera (Schaub et al., 144 

1995). An updated biostratigraphy based on calcareous nannofossils correlated to an updated age-145 

model was by Weinbaum-Hefetz and Benjamini (2011). The succession begins at NP11 146 

(biostratigraphic schemes of Martini, 1971, and Okada & Bukry, 1980), and terminates in the 147 

undifferentiated NP15-16 (Fig. 3). Preservation of the calcareous nannofossils is generally good, 148 

with ca. 100 species identified (Romein, 1979; Moshkovitz, 1995). Rates of sedimentation 149 

increased from ~6 m Myr-1 in the early Eocene to ~40 m Myr-1 in calcareous nannofossil zone 150 

NP14 (Fig. 3e) and declined to 11 m Myr-1 in NP15-16 (undif.). Some typical Paleocene calcareous 151 

nannofossil species (Ellipsolithus macellus, several Cruciplacolithus spp.) were apparently 152 

reworked into the section, especially around the NP14/15 transition (Weinbaum-Hefetz & 153 
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Benjamini, 2011). Alqudah et al. (2015) also reported on several reworking peaks in Jordan, 154 

attributing them to contemporaneous tectonic activity.  155 

�. Methods 156 

In the current study, samples studied by Weinbaum Hefetz and Benjamini (2011) were 157 

recounted and the data was reprocessed. The 200 samples were originally taken from seven 158 

subsections (Fig 2: EA1-4, BR1-2, EL) along the Zin Valley ('Nahal Avdat' of Romein, 1979). The 159 

age-model of Weinbaum Hefetz and Benjamini (2011) was corrected according to the GTS 2012 160 

(Schmitz, 2012) and the early / middle Eocene boundary was placed at the Ypresian / Lutetian 161 

transition marked as the NP14a / NP14b calcareous nannofossil biozone boundary (47.80 Myr). 162 

The error for the corrected age model is ±0.1 Myr.  163 

2.1 Counting and statistical analysis methods  164 

The counting procedure was based on the total number of specimens per View Field (pVF) 165 

following a uniform protocol. Rarefaction curves (SHE, Buzas & Hayek, 1998) reached count 166 

stability in 60 view fields per sample, taken from 5-10 slide replicates. Number of species was 167 

calculated together with the Simpson's Index of Dominance (Somerfield, 2008) ranging from 0 168 

(all taxa are equally present) to 1 (one taxon completely dominates the assemblage). The nature of 169 

the data is non-parametric and all biotic counts were normalized by square root, and environmental 170 

data was log-normalized. In all statistical analyses, samples were coded by NP zones (11, 12, 13, 171 

14, 15). Genera comprising less than 2% of the assemblage were disregarded to reduce stress 172 

analysis. In order to avoid predetermined assumptions, a Non-metric Multi-Dimensional Scaling 173 

projection (NMDS, 'ENVFIT') accompanied by a permutation test was used. Stress values of less 174 

than 10 were considered acceptable (Clarke, 1993; Clarke & Ainsworth, 1993). For comparison 175 

with ocean drilling sites, both NMDS and Detrended Correspondence Analysis (DCA) were used. 176 

A 2-way ANOSIM test was carried out on a rank matrix of the ocean drilling/Avdat sites. All 177 

statistical procedures were carried out using a Bray Curtis distance matrix with R-Statistics code 178 

of package Vegan 2.2-1.  179 

2.2 Taxonomy 180 

The current study generally follows systematics and nomenclature of Perch-Nielsen 181 

(1986), Young and Bown (1997), and Young et al. (1997) and uses the 103 taxa of Weinbaum -182 
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Hefetz and Benjamini (2011). As biotic / environmental fitting procedure optimally works with as 183 

few variables as possible, the current study re-grouped the database with nine groups accounting 184 

for 70% of the total variance. These groups are: Zygodiscales Young and Bown 1997 (including 185 

helicospheres, pontospheres, scyphospheres and Transversopontis sp.); Blackites Hay and Towe 186 

1962; Reticulofenestra Hay, Mohler and Wade 1966; Chiasmolithus Hay, 1966; Coccolithus 187 

Schwartz 1894 Young and Bown 1997; Braarudosphaeraceae Deflandre 1947, Discoasteraceae 188 

Tan 1927, Family Sphenolithaceae Deflandre 1952, and Thoracosphaera Kamptner 1927.  189 

Some changes in taxonomical definitions required adjustment of groupings to enable 190 

comparison with other studies. Within the Family Coccolithaceae Poche 1913, Young and Bown 191 

(1997) placed all rimmed and open central area coccolithus –type placoliths into the modified 192 

taxon Coccolithus (Coccolithus Schwartz 1894, emend. Young & Bown 1997), while Ericsonia 193 

Black 1964 had been distinguished by other workers (e.g. Agnini et al, 2006; Schneider, 2011). 194 

The current study therefore referred only to Coccolithus sensu stricto. Zygodiscales was significant 195 

in the Avdat data and used for the ENVFIT projection but omitted from the Avdat vs. DSDP/ODP 196 

comparison due to insufficient data.  197 

2.3 Environmental and biotic database 198 

Numerical and graphical global oxygen and carbon stable isotope values were taken from 199 

the benthic foraminifera global database of Zachos et al. (2001; 2008). The Arabian Plate sea level 200 

record is from Haq and Al-Qahtani (2005). The global strontium isotope curve was taken from 201 

McArthur et al. (2001). The calcareous nannofossil counts in the Avdat assemblage are local biotic 202 

trends correlated to DSDP and ODP data from several oceanic sites (Schneider et al, 2011, 203 

repository data). The selected sites for comparison for tropical/subtropical latitudes were ODP Site 204 

1210, North Pacific Shatsky rise and ODP Site 1263 for South Atlantic Walvis Ridge. For 205 

temperate latitudes, ODP Site 762 on the Indian Ocean Exmouth Plateau and DSDP Site 549 on 206 

the North Atlantic Goban Spur were chosen, representing the subtropical/boreal belt. The high 207 

latitude sites studied by Schneider et al (2011) were poorly comparable, as the common species 208 

are different. The current study correlated the published calcareous nannofossil biozones to the 209 

Martini (1971) biostratigraphic scheme, using only those samples from the NP12 to NP15-16 210 

(undif.) that could be projected onto the age-model.  211 
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�. Results 212 

Calcareous nannofossil counts from the integrated section of Avdat are presented in Fig. 4. 213 

The trend begins with Toweius, Coccolithus, discoasters and Tribrachiatus orthostylus dominant 214 

in the early Eocene (segment I), followed by rise in Coccolithus (segment II). Zygodiscales 215 

(pontospherids and helicospherids) and Blackites are found in the lower part of the middle Eocene 216 

and up to the NP14\15 boundary (segments III and IV). Above this point Chiasmolithus increases, 217 

to a point that Chiasmolithus, Coccolithus and Reticulofenestra are subequal (segments V and VI). 218 

The continued notable rise of Chiasmolithus (segment VII) is followed by a sharp fall of 219 

Coccolithus and an acme of sphenoliths in segment VIII in the upper part of the section (EL 220 

section, NP15-16 undif., segment IX), while the section terminates at the further rise of 221 

Chiasmolithus to dominance (segment IX). 222 

R. dictyoda (Fig. 5b, 1-5%) occurs in small amounts early on and is present in most of the 223 

section. Just above NP14b (BR2-1, 46.2 Myr), Reticulofenestra spp. counts increase to around 224 

20%, and then again to 60% in NP15-16 (undif.) (segment IX sample EL-25). Prior to this latter 225 

rise of Reticulofenestra sp., a sharp increase in sphenoliths is observed in segment VIII, just 226 

beneath the first occurrence of R. umbilicus (Fig. 5d). After this horizon, the age-model cannot be 227 

calculated but Reticulofenestra sp. counts reach ca. 80%.  228 

Several prominent short-term peaks punctuate the general trend are shown in Fig. 4. 229 

Transitional horizons are mostly expressed by acmes of groups that are rare through the rest of the 230 

column, including Thoracosphaera and Braarudosphaera (Figs. 5c and 5f), and by poor 231 

preservation. In NP11 some rapid fluctuations include peaks of Sphenolithus and Toweius spp., 232 

below the constrained portion of the age model. In NP12 within segment I are two peaks of 233 

discoasters, Toweius and Reticulofenestra spp. separated by a lengthy time interval; samples EA1-234 

7 and EA1-10 are of ages 56.0 Myr and 53.1 Myr respectively. The next short-term peak again 235 

occurs at the I/II transition following a lengthy time interval, at EA4-1 to EA4-4, within NP14a at 236 

49.0 Myr. The first occurrence of Cyclicargolithus luminis (Fig. 5a) in EA4-14 is at the top of 237 

segment II at the end of the early Eocene at NP14a\b.  238 

 Several peaks occur within the middle Eocene, the lowest at 2m below the peak of 239 

Blackites and the FO of B. piriformis (Fig. 5e) at the segment II/III transition (samples EA4-16 240 

and 17, 47.9 Myr), characterized by high abundance and diversity of Blackites spp. Above, a peak 241 
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of Coccolithus sp. occurs at the transition of segments III/IV (EA4-28 to BR1-1, 46.7 Myr). At the 242 

segment IV/V transition within the lower part of NP15-16 (undif.) at 46.0 Myr there is an event of 243 

increased abundance in Thoracosphaera, Braarudosphaera, discoaster and Toweius. In the 244 

transitional segment of VI/VII (BR2-55 to EL-5, 43.2 to 42.5 Myr) there is an additional peak of 245 

Thoracosphaera.  246 

�. Eco-environmental analysis  247 

4.1 Species richness and dominance  248 

The pattern of segments, transitions and peaks of the total assemblage are reflected also in 249 

the dominance curve. The richness of the assemblage was calculated as the simple number of 250 

species in each sample (Fig. 6). Species richness peaks at the NP14b/15 boundary and falls again 251 

at the top of the studied section, high in the NP15-16 (undif.) zone. The Simpson's index of 252 

dominance generally demonstrates a reciprocal pattern with two climaxes: at the early/middle 253 

Eocene boundary, where Coccolithus sp. dominates, and in the uppermost part of NP15-16 254 

(undif.), where Reticulofenestra sp. dominates.  255 

4.2 Assemblage response to global variables  256 

The Avdat assemblage was calibrated against published databases of global benthic 257 

foraminifera oxygen and carbon stable isotopes and the Arabian Plate sea level record used the 258 

NMDS-ENVFIT projection (Fig 7). The overall 2D stress of 0.14 points to diminished significance 259 

of any additional planes. Early Eocene samples (NP12 and NP13) are neutral to NMDS 1 and 260 

exhibit negative values along NMDS2, but by NP14a,b, samples move towards positive on 261 

NMDS2, then arch towards NMDS 1, and by NP15-16 the samples align well with NMDS1 and 262 

become neutral to NMDS2. However, the NP14a,b samples are broadly spread out, and many tend 263 

toward negative in NMDS1 including some prominent outliers, most notably in the EA4 section 264 

and one, BR2-8, in NP15-16 (undif.). 265 

Calcareous nannofossil group Toweius spp. plots in the lower negative quadrant, and the 266 

sequence of Toweius to discoasters plots mainly along the NMDS1 axis. The early Eocene samples 267 

approach the field of Sphenolithus. The NMDS1 axis shows the Discoaster – Coccolithus shifting 268 

to positive as the samples arch from NP14b to NP15-16 towards this axis. The NMDS1 ends at 269 

Reticulofenestra and then Chiasmolithus to the right on this axis. The few outliers are strongly 270 
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negative in NMDS1 and approach the Thoracosphaera field in the upper quadrant. Clearly, in the 271 

middle Eocene, NMDS2 influence is very weak for the full sample set, but appears to strongly 272 

affect the samples producing the outliers, particularly EA-24. 273 

Samples are spread out in the early Eocene and tend to cluster more strongly in the middle 274 

Eocene. Three environmental vectors can partially explain the NMDS 2D space. NMDS1 broadly 275 

follows 18O (R2=0.44, P(>r) =0.001) and is stronger in the middle Eocene samples. NMDS2 more 276 

weakly follows 13C (R2=0.30, P(>r) =0.001). The sea-level-change vector weakly corresponds to 277 

18O but is poorly reflected in the samples (R2=0.08, P(>r) =0.018), and is not further analyzed here.  278 

4.3 Comparison to oceanic sites  279 

A normalized and ranked data matrix was processed using NMDS, that consisted of nine 280 

taxonomic groupings that account for at least 75% of the total variance, taken from the Avdat 281 

sections and four DSDP\ODP sites oceanic sites of the database of Schneider et al (2011) (Fig. 8). 282 

Overall 2D stress is 0.19. A general feature of the projection is that points tend to scatter in the 283 

early Eocene mostly in the lower left quadrant, and migrate in the middle Eocene towards the 284 

upper right.  285 

Some commonalities observed are that the distribution of species is in agreement with the 286 

ENVFIT performed for the Avdat samples. The lower left quadrant represents assemblages rich in 287 

Toweius, representative of the early Eocene warm temperature conditions. The samples then trend 288 

towards the upper right quadrant characterized by Reticulofenestra- and Chiasmolithus- rich 289 

assemblages, but the trajectories for each site are somewhat different. DSDP Site 1210 and ODP 290 

Site 1263 proceed along discoaster-Chiasmolithus-Reticulofenestra; DSDP Site 549 move from 291 

Toweius to Sphenolithus to Reticulofenestra, while ODP Site 762 moves directly from Coccolithus 292 

to Reticulofenestra. The Avdat succession parallels the trends observed in the ocean basins but is 293 

significantly shifted towards the upper left quadrant, a shift that is governed by Braarudosphaera, 294 

Blackites and Thoracosphaera. The outliers EA4-(1-4) in fact represent extremes of this shift of 295 

the Avdat assemblage, concentrated in the NP13-NP15 interval. 296 

The difference between Avdat and the oceanic sites was tested using the ANOSIM test. A 297 

two-way ANOSIM test was carried out with a Bray Curtis distance and samples were factored by 298 

age (the early\ middle Eocene factor is 5\6) and by Avdat vs other sites (1\2 respectively). The age 299 
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factor gave a correlation of R(age) = 0.40 (P=0.001) while the site factor gave R(site) = 0.67 300 

(P=0.001). Thus, Avdat as a site is more significantly different from oceanic sites, than are the 301 

ages of the samples.  302 

 The Euclidean Centroids of the 2D scores were calculated for each site \ age cluster (Fig. 303 

8) and arrows represent both distance and direction of shifts. Trends are subparallel for three 304 

localities – Avdat, DSDP Site 549 and ODP Site 1263, with the magnitude of the shift greatest for 305 

DSDP Site 549, intermediate for the Avdat site, and lesser for ODP Site 1263. ODP Sites 762 and 306 

1210 show far less movement in the right-hand half of the projection, compared to the first three 307 

sites.  308 

In order to decipher the changes that take place during the NP13-NP15 interval in the Avdat 309 

section, a Detrended Correspondence Analysis (DCA) was performed on the same Avdat/deep 310 

ocean data matrix. Axes DCA1 (Eigenvalue of 0.33) and DCA2 (Eigenvalue of 0.35) explain 68% 311 

of the variance, so Axes DCA3 and DCA4 were omitted. The general negative trend from 312 

Coccolithus to Reticulofenestra on the DCA is common for most of the deep ocean sites. 313 

Comparison of trends emphasize that (a) the early Eocene of Avdat was closer to DSDP Site 549 314 

in terms of Sphenolithus: (b) samples of EA4 section at NP14a\b including the outliers are uniquely 315 

attracted towards the Thoracosphaera and Blackites taxa, whereas most of the Avdat, and all deep 316 

ocean samples, were on the global trend of discoaster – Reticulofenestra. The unique path of Avdat 317 

in occasionally shifting strongly through Thoracosphaera towards Blackites during NP14a,b, and 318 

then backtracking to the oceanic trend, is therefore demonstrated by this method as well.  319 

�. Discussion 320 

5.1. Assemblage transitions and environmental implications  321 

The successional sequence of Toweius → discoasters → Reticulofenestra observed in the 322 

Avdat section (Fig. 7) and the other sites (Fig. 8) relates to two main trends. The first is the long-323 

term cooling trend from the EECO peak to the middle Eocene and development of latitudinal 324 

differentiation in plankton communities (Haq et a., 1977). The second relates to the export of the 325 

organic matter from the sea surface. It appears that organic carbon export rises through the early 326 

Eocene until a maximum in NP14 and then declines. Similar trend was also obtained from 327 

geochemical records, notably the Thallium isotopes record (Nielsen et al., 2009).  328 
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The path followed by each of the localities differs somewhat according to abiotic 329 

conditions, presumably water stratification and mixing, possible upwelling, terrestrial input, saline 330 

bottom water, etc. All sites exhibit the general temporal assemblage-shift from Toweius, towards 331 

assemblages of Chiasmolithus and Reticulofenestra reflecting ocean cooling. DSDP Site 549 and 332 

in ODP Site 1263 are more similar (NMDS1, Fig. 8), well away from Blackites and 333 

Thoracosphaera. The Avdat assemblage shows some similarity to the trend of DSDP Site 549, 334 

with the exception of the final detour at Avdat towards Chiasmolithus rather than Reticulofenestra 335 

(Fig. 8).  336 

 In Avdat, Braarudosphaera, Blackites and Thoracosphaera are of greater significance 337 

than at any of the ocean sites. Several horizons in Avdat during NP14 are 'hijacked' away from the 338 

oceanic route along the assemblage space (Fig. 8), towards where Blackites sp. flourish together 339 

uniquely with Zygodiscales (Fig. 4). The assemblage eventually continues towards Chiasmolithus, 340 

but this transition occurs only after the NP14b /15 boundary (Fig 9). 341 

The departure from the common trajectory during NP14a at Avdat is driven by the high 342 

organic matter flux (NMDS 2, Fig 7, and see Fig. 8). Although the orientation of migrating vectors 343 

was parallel, the shift towards Thracosphaera followed the progressive order of Site 1263 - Site 344 

549 - Avdat. Compared to those three sites, ODP Site 1210 shows only a minimal effect within 345 

the entire interval of NP12-NP15/16 (undif). It should be noted that in both Avdat and near Site 346 

549, there are some evidence for the influence of upwelling systems in the early Eocene (D'haenens 347 

et al., 2012; Schmitz et al., 1997). Such upwelling would have farther modified nutrient state and 348 

enhance organic matter export.   349 

In the open ocean Thoracosphaera sp. is less important during the early/middle Eocene 350 

transition. Thoracosphaera sp. are calcareous dinoflagellates distinct from coccolithophores in 351 

their ecological role. Thoracosphaeres flourished also around the extinction event at the K/Pg 352 

boundary (Eshet et al, 1992; Tantawy, 2003), as well as in the Messinian Salinity Crisis (e.g. Bison, 353 

2007). Kohn and Zonneveld (2010) found that modern T. heimii is most abundant in well-mixed 354 

waters of the upper photic zone, in upwelling systems or at episodes of high riverine influx of 355 

nutrients. By extension, Thoracosphaera at Avdat represents a proxy for a rapid episode of nutrient 356 

input or salinity change.   357 
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The Blackites group is more complex (Shafik, 1989) and their low diversity at most deep-358 

sea sites precludes using them as proxies for paleoecological conditions. However, high diversity 359 

in Avdat was reported by Weinbaum-Hefetz et al. (2000) and Weinbaum Hefetz and Benjamini 360 

(2011). Seven taxa were described but the genus was difficult to cluster into definitive species. 361 

They suggested that morphological variety might represent a phenotypic response to physical 362 

parameters of sea water. A similar or even more diverse representation of this group was described 363 

from the Lodo Formation of California (Bramlette & Sullivan, 1961). Eleven taxa were described 364 

that mostly occurred around the FO of B. inflatus ('Rhabdosphaera inflata'). Ozdinova (2013) 365 

considered blooms of Blackites as proxies for short warming episodes, but our ENVFIT (Fig. 7) 366 

does not corroborate a temperature component. 367 

5.2. Perspective on the Tethyan response in the Eocene  368 

The biogeographic effects of the middle Eocene cooling are diachronous. The occurrence 369 

of the end-member assemblages (Chiasmolithus and Reticulofenestra) at Avdat and all other 370 

localities is a global commonality in the middle Eocene. Agnini et al. (2007) detected the earliest 371 

specimens of Dictyococcites at the NP12\NP13 transition (50.5 Ma). Schneider et al (2011) found 372 

the first occurrence (FO) of Reticulofenestra dictyoda at polar localities at ca. 52 Myr, but 373 

occurring later at temperate and tropical sites. R. dictyoda was found by Bown and Newsam (2017) 374 

in the North Atlantic in NP12 (53.7 Ma), and has a short-term presence in NP12 at Avdat, but 375 

temporarily disappears, only to re-appear in the NP14a\b transition (47.5 Ma). Reticulofenestra 376 

group also expresses a diachronous acme, at 52.0 Myr in higher latitudes (Kerguelen plateau, 377 

Schneider et al, 2011 and see Fig 1), at ca. 50.0-50.5 Myr in mid-latitude sites DSDP 549 in the 378 

North Atlantic, and at Possagno, Italy (Agnini et al, 2006; Galeotti et al, 2019), but only at ca. 47 379 

Myr in the tropic/subtropic Pacific, (ODP Site 1210), and only around 46.0 Myr at Avdat (Fig. 380 

10). Peaks of Cyclicargolithus luminis were reported at ca. 51.0 Myr in the Atlantic (ODP site 381 

1263) but at 47.0 in the Pacific ODP Site 1210, as at Avdat. The diachroneity in transition to the 382 

Reticulofenestra / Chiasmolithus assemblages is a global feature usually dependent on 383 

paleolatitude (Haq et al. 1977). Aside from the low latitude position of the Levant margin, the 384 

assemblages are strongly affected by proximity to wide and shallow Tethyan shelves of the Afro-385 

Arabia arid belt (Fig. 1). This proximity would maintain warmer waters while open ocean would 386 

cool.  387 
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The sea level axis is subparallel to the oxygen isotope record, as observed in NMDS1 (Fig. 388 

7), it is a minor effect reflecting long-term sea level change on the Arabian plate. Until high in NP 389 

15-16 (undif.), sea level had hardly any effects on the Avdat section. The position of the section 390 

on the outermost portion on the Levant carbonate ramp probably minimized the impact of sea 391 

level. Over the long-term, the cooling became a dominant factor. �392 

The warm global ocean of the early Eocene tended to be stratified. That is until the 393 

initiation of the cooling trend began when the oceans became destratification and better mixed 394 

(Kennett & Stott, 1990). Heat and salinity in the lower latitudes were regulated by a circum-global 395 

current flowing across the Tethys from the Late Cretaceous and until possibly the mid-Miocene 396 

(Bialik et al, 2019). This current might have been a driver of upwelling systems in the Levant 397 

region during the Late Cretaceous. A broad, warm, semi-arid continental margin inhabited the 398 

southern margin of Africa. Extensive carbonate platform developed atop this margin, generating a 399 

wide shallow water domain, with potential to continue supplying high-salinity bottom and 400 

intermediate water.  401 

At the P/E boundary the southern Tethys aligned with the global warming trend together 402 

with a prominent regional eutrophication and an increase in terrestrial input. Afterwards, 403 

Following the P\E boundary the global OBP efficiency began to fall and temperatures increased 404 

(Hilting et al, 2008). From NP12, the global warming trend intensified, OBP reached a minimum 405 

efficiency and the oceans became stratified and highly oligotrophic. OBP efficiency began to 406 

recover in the aftermath of the EECO together with initiation of global cooling and oceanic de-407 

stratification. The oceanic response to the cooling trend began at NP13 (Sloan et al, 1992), and 408 

cooling of surface water began in most oceans almost immediately after the peak of the EECO 409 

(Schneider et al, 2011). At Avdat, the poor OBP efficiency caused continuation of organic matter 410 

accumulation beneath a warm, stratified sea for a further 1 Myr, when compared also with other 411 

tropical areas. This delay can be explained by paleogeography of the Levant basin, adjacent to the 412 

Afro-Arabian shelf and distant from Tertiary oceanic gyres. 413 

5.3 Temporal variations in the Avdat record 414 

When compared to commonalities of the oceanic sites, the step-out out from the EECO 415 

was more eventful in the Levant region than indicated simply by the delay in destratification (Fig. 416 

10). The segmentation of the calcareous nannofossil assemblages record shows that intervals of 417 
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stability are interrupted by short-term perturbations, with the subsequent restored stability evolving 418 

over time. This pattern is especially marked in the critical NP14a/b transition period. Following 419 

the termination of the EECO at the beginning of NP14a, a short-term shift to Toweius dominance 420 

restored the calcareous nannofossil assemblage to the well-stratified mode. Further interruptions 421 

to stability were characterized by the Thoracosphaera and Braarudosphaera peaks, co-occurring 422 

with decreased preservation quality. Perturbations became less frequent after the NP14b\15 423 

boundary, and the DCA analysis (Fig. 9) clearly shows the aberrant trends towards 424 

Thoracosphaera at Avdat, and their reversal and return to the main ocean trend in the 425 

Reticulosphaera – Chiasmolithus field. At that time, the pelagic chalk lithofacies becomes more 426 

homogeneous, chert and organic-rich horizons become infrequent and gradually disappear in this 427 

region. A series of Thoracosphaera peaks reappear at Avdat in the upper part of NP 15-16 (undif.). 428 

Eocene oscillations expressed by carbon isotope excursions (CIE's), mostly in NP10-NP12, 429 

were considered perturbations in sea-water stratification by Galeotti et al. (2019) in Possagno, 430 

Italy, on the northern margin of the Mediterranean Tethys. Seven further CIEs were found in NP14 431 

(Magnetochron C21r and C21n). These were of smaller magnitude compared to the Eocene 432 

Thermal Maximum events in chrons C24n, C24r and C23r. Later on, planktic foraminifera in 433 

several low-latitude Indo-Pacific oceanic sites from above middle Eocene calcareous nannofossil 434 

zone NP15, also show interruptions of relative stability by cool\warm oscillations of low 435 

magnitude superposed upon the global cooling trend (Keller, 1983). These oscillations were 436 

attributed there to significant ice accumulation occurring as early as late middle Eocene.  437 

In the aftermath of the EECO, the oceanic biological pump efficiency recovered globally. 438 

In higher latitudes, assemblages dominated by Chiasmolithus spp., indicating the high trophic 439 

conditions and elevated nutrients characteristic of mixing in cooler waters. Superficially similar 440 

events were recorded in the Avdat section high in NP 15-16 (undif.). These took the form of 441 

departure from Reticulosphaera assemblage towards Chiasmolithus (Fig 10). These features do 442 

similarly indicate high trophic conditions and elevated nutrients, but the high-latitude cooling 443 

explanation is untenable here. However, specifically in the uppermost part of the section, the 444 

eustatic fall in sea level may have finally played a role on the Avdat oceanic environment. Sea 445 

level fell, nutrient input from adjacent landmasses sources may have become more significant 446 

locally, with Chiasmolithus responding accordingly. Later in NP17, Bartonian, Lithofacies in the 447 

center of Israel shifts towards marls with terrestrial input (Benjamini, 1980B). 448 
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The peak in calcareous nannofossil reworking at the base of NP 15-16 (undif.) is for the 449 

present unexplained. The mass-transport deposits and perhaps the nummulitic lithofacies in NP 14 450 

and late in NP 15-16 (undif.) can be attributed to changes in configuration of the carbonate ramp 451 

caused by localized tectonic activity (Buchbinder et al., 1988). Alqudah et al. (2015) assumed that 452 

tectonic activity was responsible for multiple peaks in reworking in Jordan. Notably, at Avdat the 453 

nummulitic MTD horizons and the reworking peak are not coeval. Collapses driven by ramp 454 

steppening would probably have had the fine and coarse fraction supplied together or with a very 455 

short lag time. Tectonic movements, and consequent changes in sea floor paleomorphology of the 456 

deep ramp margin, may have led to oceanographic changes in current systems, such as 457 

reorganization of eddy systems or changes in impingement of contourites. These in turn could 458 

affect the scraping mobilization of older fine fraction elements. The aspect of reworking of fine 459 

fraction in the region requires further investigation. 460 

 461 

 462 

6. Conclusions  463 

Ecological differences between oceanic sites are generally attributed to paleolatitude, water 464 

mass dynamics and changes in temperature gradients. However, land-adjacent oceanic sections as 465 

the Levant, on the southern margin of the Tethys, are likely to also encounter influences of climate 466 

variability and nutrient input from the boreotropical surrounding (Boucot et al., 2013, Fig. 1).  467 

The Avdat calcareous nannofossil assemblages are broadly compliant with the global 468 

oceanic trends across the early and middle Eocene. This trend is expressed by shift from Toweius 469 

dominance to discoasters in the warm early Eocene, followed by shift towards Reticulofenestra sp. 470 

as cooling took place in the late early and middle Eocene. Sphenoliths -discoasters and Toweius 471 

dominance are common to both ODP Site 549 and Avdat, terminating in the middle Eocene with 472 

Reticulofenestra and Chiasmolithus.  473 

The acme of Reticulofenestra, peak of Chiasmolithus and the FO of Cyclocargolithus 474 

luminis are delayed by ~1.0 Myr at Avdat with respect to most oceanic sites, and even more so in 475 

comparison to higher latitude sites. The southern Tethyan margin appears to have remained 476 

stratified long after global mixing has begun in the ocean. This stratification was probably due to 477 
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the effect of the warm climate and proximity to even lower latitude saline shelves of the Afro-478 

Arabian margin. Moreover, there is also a delay of nearly 1.5 Myr in the restoration of OBP 479 

efficiency at Avdat.  480 

The Avdat section differs from other oceanic sites by interruption of the general trends by 481 

short-term events, e.g., of Blackites diversity, Thoracosphaera peaks, and sporadic presence of 482 

Braarudosphaera. Most of these events took place from the end NP13 zone to the beginning of 483 

NP 15-16 (undif.) across the early/middle Eocene boundary. These events can be attributed to the 484 

unique setting of the Avdat section, in the Levant ocean basin sandwiched between the warm, arid 485 

Afro-Arabian Tethyan margin to the south, and the active Alpine orogenic belt to the north (see 486 

Dercourt et al, 1993). During the Paleogene, connectivity of the marine environment to small 487 

remnant basins of the Tethys, and back-arc orogenic basins, was intermittent. Contacts between 488 

cooler waters sourced in the boreo-tropical belt, and warm, saline low paleo-latitude Tethyan 489 

waters, is a special feature the Mediterranean region that is poorly reflected in the open ocean. 490 

Neither the Atlantic sites, where there is broad exposure to the boreo-tropical realm and minimal 491 

contact with the remainder of the Tethyan shelf, nor in the low-latitude Indo-Pacific realm, where 492 

sites at paleolatitudes equivalent to the Tethyan remnants are subject to very different providers of 493 

ocean water, exhibit this feature. 494 

 495 
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 714 

Figure 1. Selected sites on a paleogeographic reconstruction of the Eocene (51Ma). Location of Avdat (Israel), 715 
Possagno (Italy), Lodo Formation (California), the Keguelen plateau, and the DSDP\ODP sites are shown. Source for 716 
continental reconstruction is the Ocean Drilling Stratigraphic network (www.odsn.de). Paleoclimate belts redrawn 717 
following Boucot et al. (2013). Symbols for sites in this study are consistent in all figures. 718 
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 720 

 721 

Figure 2. Eocene outcrops in the southern Levant and location of Avdat sections. a. Eocene outcrops in Egypt and 722 
Israel shown in color; b. Seven subsections along Zin Valley near Avdat (EA1, EA2, EA3, EA4, BR1, BR2 and EL) 723 
were used for the current study, comprising the NP11 to NP15-16 (undiff.) interval.  724 
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 726 

Figure 3. Integrated columnar section of the Avdat Eocene outcrops. a. Lithological units after map of Avni & Weiler 727 
(2013); b. The Early \Middle Eocene boundary following GTS2012; c. NP zones (Weinbaum Hefetz & Benjamini, 728 
2011, following Martini, 1971); d. Percent reworked species (Weinbaum Hefetz & Benjamini, 2011); e. Rates of 729 
sedimentation (NP11 recalculated after Romein, 1979). MTDN - mass transport deposits with Nummulites, EDR – 730 
euhedral dolomite rhombs.  731 
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 732 

Figure 4. Cumulative-% area representation of the major groups of calcareous nannofossils in the Avdat section. 733 
Sample numbers shown against NP zones of Martini (1971).  734 
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 736 

Figure 5. Photomicrographs of selected calcareous nannofossils in the Avdat section. Scale in micrometers. a. 737 
Cyclicargolithus luminis, crossed-nicols, BR2 -55.; b. Reticulofenestra dictyoda, crossed-nicols, BR1-2; c. 738 
Thoracosphaera heimii, crossed- nicols, BR2-55; d. Reticulofenestra umbilicus, crossed-nicols, EL-25; e. Blackites 739 
piriformis, PPL, EA4-17; f. Thoracosphaera sp., PPL, BR2-45. (Original film photography by MWH*1) 740 
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 742 

 743 

Figure 6. Count profiles in the Avdat section. Selected calcareous nannofossil groups used as biotic variables, counts 744 
(ind.) or %, number of species (Richness) and Dominance (Simpson's index of dominance). 745 
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 747 

Figure 7. Projection of ENVFIT on selected calcareous nannofossil groups of the Avdat section. NP zones are marked 748 
from yellow to red. Calcareous nannofossil group fields are in blue. ENVFIT vectors are based on C and O stable 749 
isotope data of Zachos et al (2001) and Arabian plate sea level changes (SLC) of Haq & Al-Qahtani (2005). 2D stress 750 
= 0.14 including outliers.  751 
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 753 

 754 

Figure 8. NMDS Projection of the calcareous nannofossil assemblages in DSDP/ODP sites compared to Avdat. NP 755 
zones are marked from yellow to red and calcareous nannofossil group fields in blue as in Fig. 7. Note outlier samples. 756 
Grey arrow size and direction indicate the shift of the early to middle Eocene centroids. 2D stress = 0.19.  757 
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 759 

Figure 9. Detrended Correspondence Analysis (DCA) of the DSDP/ODP data compared to the Avdat section. NP 760 
zones are marked from yellow to red and calcareous nannofossil group fields in blue as in Fig. 7. Note outlier fields 761 
of Avdat. Eigenvalues: DCA1=0.33, DCA2= 0.36. DCA3 and DCA4 values are both 0.17.  762 
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 764 

Figure 10. Compilation of sequence of events at Avdat compared to oceanic sites.  Trends in global ocean shown in 765 
blue, departures at Avdat in red, and delay in Reticulofenestra acme at Avdat marked. Organic matter-rich parts at 766 
Avdat shown by darker color. Relative abundances of major groups are % of maximum values. Position of short-term 767 
events (STE) in early\middle Eocene transition placed in respect to GTS 2012 age model; DSK – discoasters; TOW – 768 
Toweius; THR – Thoracosphaera; BRD – Braarudosphaera. Schematic global erosion rates and sea surface 769 
temperatures based on published isotope data (see text for references). 770 
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