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Abstract 1 

During the late Eocene to the early Oligocene, marine records document a globally 2 

congruent record of declining carbon dioxide concentrations, Antarctic icesheet growth, and 3 

associated reorganisation of the global climate system. In contrast, the few existing 4 

terrestrial records demonstrate high heterogeneity of environmental change and are difficult 5 

to reconcile with those of the oceanic realm. Global drivers for climatic change are 6 

particularly difficult to disentangle from regional ones, especially those caused by the 7 

complex tectonic evolution of the Tibetan region and its influence on the Asian monsoon 8 

system and vegetation. Here, we reconstruct the climatic and environmental history from the 9 

late Eocene into the early Oligocene at Lühe Basin, Yunnan, China, a key sedimentary 10 

repository along the SE margin of the Tibetan Plateau and an important region for assessing 11 

Asian monsoon changes. We investigate a 340-m long section via a multi-proxy approach 12 

and climate model simulations. The organic geochemical proxies, via n-alkanes, terpenoids, 13 

and hopanes, suggest that thermally immature sediments were deposited in a terrestrial 14 

flood plain basin that was primarily occupied by gymnosperms and angiosperms. Branched 15 

glycerol diakyl glycerol tetraethers indicate relatively stable temperatures (ca. 10 °C) 16 

throughout the section, including across the Eocene-Oligocene boundary. This temperature, 17 

cooler than the modern-day average for this site (ca. 15 °C), suggests that this area has not 18 

undergone significant uplift since the Oligocene. To further contextualize our data, we tested 19 

a suite of climate model simulations with varying pCO2, paleogeography, and Tibetan 20 

topography across the Eocene-Oligocene boundary. This data-model comparison suggests 21 

that a response to regional factors might explain the absence of a pronounced cooling at 22 

Lühe across the Eocene-Oligocene boundary, supporting the emerging picture that the 23 

global expression of the EOT in terrestrial environments is more complex than indicated by 24 

the marine record. 25 
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Highlights: 28 

▪ Depositional environment primarily terrestrial flood plain basin, with gymnosperms 29 

▪ Relatively stable mean annual temperatures (ca. 10 °C) across EOT 30 

▪ Eastern Tibet at its current height since at least the EOT 31 

▪ Data-model comparison suggests regional factors may explain lack of cooling at EOT 32 

▪ Global expression of the EOT in terrestrial environments is highly heterogenous  33 



 

 

 

1. Introduction 34 

From the late Eocene to the early Oligocene, Earth’s climate transitioned from an ice-35 

free warmhouse world to icehouse world with large continental ice sheets. In deep-sea 36 

benthic records, the long-term cooling trend that started in the late Eocene reached its 37 

maximum late Paleogene expression across the Eocene-Oligocene Transition (EOT ~34 38 

Ma, e.g., Westerhold et al., 2020 and references therein), as recorded by a rapid increase in 39 

the δ18O of benthic foraminifera that reflect cooling and the onset of widespread Antarctic 40 

glaciation. The main hypothesis attributes this transition to the long-term drawdown of 41 

atmospheric pCO2 (Anagnostou et al., 2016; DeConto and Pollard, 2003; Lauretano et al., 42 

2021), although others invoke the main driver as the establishment of the Antarctic 43 

Circumpolar Current (ACC) and reorganization of oceanic gateways that led to the thermal 44 

isolation of Antarctica (e.g., Bijl et al., 2013). The cooler conditions persisted through most of 45 

the Oligocene until at least 26 Ma, when deep-sea benthic records indicate a warming phase 46 

and reduced extent of the Antarctic ice sheets (Westerhold et al., 2020). 47 

While marine records are well-documented across this period, less is known about 48 

the terrestrial expression of Eocene-to-Oligocene; the relatively few available terrestrial 49 

records indicate strong heterogeneity of responses in environmental change (e.g., Hren et 50 

al., 2013; Lauretano et al., 2021; Sheldon et al., 2016, 2012; Zanazzi et al., 2007). Even 51 

fewer records document changes occurring in the Asian continental interior across this 52 

critical climatic transition; here, the few available terrestrial records indicate regional 53 

aridification and cooling in NE Tibet (e.g., Zanazzi et al., 2007). For example, the 54 

radiometrically dated plant-fossil assemblages from the SE margin of Tibet reveal a 55 

composition change from sub-tropical/warm-temperate to cool-temperate across the late 56 

Eocene into the early Oligocene (Su et al., 2019b), possibly reflecting either secular climate 57 

change, the uplift of this area to its modern-day elevation, or a combination of both. 58 

The complex topographic and tectonic evolution of Tibet during the Cenozoic (Spicer 59 

et al., 2020a, and references therein), following the India-Eurasia continental collision during 60 



 

 

 

the early Paleogene, is likely linked with regional climatic responses, especially in the Asian 61 

monsoon system (Farnsworth et al., 2019; Huber and Goldner, 2012). In addition to regional 62 

climatic changes, Asia was also characterized by heterogenious and regionally complex 63 

changes in biodiversity (e.g., Li et al., 2021). For example, the changing Tibetan landscape 64 

likely profoundly impacted Yunnan, one of Asia’s biodiversity hotspots, situated in 65 

southwestern China along the SE Tibetan margin (Li et al., 2020; Spicer et al., 2020a). 66 

However, the lack of other (well-dated) sections has hindered attempts to correlate these 67 

interior locations to the global Cenozoic climate trends extrapolated from marine records. 68 

Reconstructing the climatic history of sedimentary basins along the margin of Tibet, in the 69 

context of a detailed temporal framework, is crucial to understanding the connection 70 

between topographic relief and climate, their influence on the Asian monsoon system, and 71 

the link to global climate.  72 

Although modelling and paleobotanical efforts have recently been made to better 73 

constrain late Paleogene climate and biota throughout the Tibetan region (Su et al., 2020, 74 

2019a), few have used quantitative organic geochemical proxies. Here, we reconstruct the 75 

environment in the Lühe basin (Yunnan province, China) by first determining the thermal 76 

maturity of the organic matter via e.g., bacteria-derived hopanes and eukaryote-derived n-77 

alkanes, and then teasing out the organic sources and environmental conditions through 78 

gymnosperm-derived diterpenoids, angiosperm-derived triterpenoids, and eukaryote-derived 79 

n-alkanes. We then reconstruct mean annual temperatures using branched glycerol dialkyl 80 

glycerol tetraethers (brGDGTs), membrane-spanning lipids likely synthesized by bacteria 81 

and widely used as paleothermometers. Using these proxies, we present a new 82 

environmental and temperature reconstruction from the Lühe coalmine section spanning the 83 

latest Eocene to the early Oligocene, as constrained by magneto- and radio-isotopic dating. 84 

Moreover, we compare our results with climate model simulations through model-data 85 

comparison to assess the regional impact of secular climate change through the Eocene-86 

Oligocene (E-O) transition.  87 
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2. Materials and Methods 89 

2.1 Geological context 90 

The Lühe Basin is located in Nanhua County along the southern side of the 91 

Chuxiong fault, situated in central Yunnan Province, southwestern China (Fig. 1). As an 92 

understudied midway point between southern China and Tibetan, the Lühe Basin is 93 

considered a key location to reconstruct structural and paleoclimatic evolution along the SE 94 

margin of Tibet (Li et al., 2020).  95 

Sediment in the Lühe basin was initially assigned to the late Miocene based on 96 

palynological and floral evidence, as well as regional stratigraphic correlations (Xu et al., 97 

2008; Zhang et al., 2007). However, U-Pb zircon ages from volcanic ashes in Lühe town 98 

indicated an age of ~33 Ma (Linnemann et al., 2018), backdating at least part of the Lühe 99 

Basin to the earliest Oligocene. More recently, Li et al. (2020) further constrained this age by 100 

providing a new magneto- and radio-isotopic framework for the sedimentary succession 101 

exposed in the close-by Lühe coalmine (25°10′N, 101°22′E; Fig. 1). The new 40Ar/39Ar dating 102 

of feldspars within volcanic ashes exposed in the lower portion of the coalmine provides an 103 

age of 33.32 ± 0.36 Ma, in agreement with zircon-derived U/Pb ages from the Lühe town 104 

section, ~2.6 Km southeast of the Lühe coalmine (Linnemann et al., 2018). 105 

Magnetostratigraphic interpretation of the Lühe coalmine constrains this succession 106 

to span Chrons C15n and C9n (ca. 35-26 Ma, Gradstein, 2012), with an average 107 

sedimentation rate of ~48 cm/kyr, consistent with the rates found in other basins around the 108 

Tibetan Plateau (Li et al., 2020).  The Lühe coalmine succession comprises alternations of 109 

organic-rich marls, mudstones, sandstones, and lignite (immature fossilised peat) deposits 110 

(Fig. 1). A thick coal interval (~4 m) at ~50 m from base of the coal mine contains 11 111 

volcanic ash layers, some of which were used for dating. The measured ~340-m thick profile 112 

was logged in 2018 along the SE margin of the exposed Lühe coalmine and is 113 

stratigraphically correlated with that of Li et al. (2020) (Fig.1).  114 



 

 

 

2.2 Organic geochemistry 115 

2.2.1 Sample preparation 116 

A total of 56 samples were analysed for organic geochemistry in order to determine 117 

the preservation state of the sediments, the paleoclimatic conditions, and the 118 

paleovegetation. Samples were extracted using a microwave-assisted extraction system 119 

with dichloromethane (DCM) and methanol (MeOH) (9:1 v/v). The resulting total lipid extract 120 

(TLE) was eluted with alumina column chromatography into an apolar fraction using 121 

hexane:DCM (9:1 v/v) and a polar fraction using DCM:MeOH (1:2 v/v). Apolar fractions were 122 

then analyzed via GC-MS and polar fractions were analyzed via HPLC-MS. For a detailed 123 

description of the analytical proceedures, see Supplementary Material. 124 

2.2.2 Indices for thermal maturity 125 

The apolar fraction contains compounds predominantly derived from plant, algal, and 126 

bacterial communities. Bacteria-derived hopanes and eukaryote--derived n-alkanes were 127 

used to assess the degree of thermal maturity of the organic matter preserved in the 128 

sediments, as high thermal maturity may bias the preservation of organic matter and thus 129 

the fidelity of our reconstructions. Here we calculated the stereochemistry of the C31 hopane 130 

at the C–17 and –21 positions, expressed as the ββ / (ββ + αβ + βα) ratio, which decreases 131 

with increasing thermal maturity (Fig. 2). To provide supplementary constraints on the 132 

thermal maturity, we also calculated the carbon preference index (CPI), which measures the 133 

odd-over-even preference of mid- and long-chain n-alkanes. Odd-carbon-number n-alkanes 134 

are preferentially biosynthesised, meaning biological distributions have high CPIs; this CPI 135 

decreases with both degradation and thermal maturity. Here, CPI is calculated as (Σodd 136 

(C21“-“C33) + Σodd (C23“-“C35)) / (2 × Σeven (C22“-“C34)) to avoid overestimation of the odd-137 

over-even preference (Marzi et al., 1993).  138 

2.2.3 Indices for vegetation and environmental reconstructions 139 

Eukaryote-derived compounds (i.e., n-alkanes, diterpenoids,  triterpenoids) were used to 140 

identify vegetation and environmental conditions. The average chain length (ACL) of n-141 



 

 

 

alkanes can be indicative of the organic matter source and is calculated as ACL = Σ(Cn × n) / 142 

Σ(Cn) (Eglinton and Hamilton, 1967), here based on odd n-alkane chain-lengths from C21 143 

through C33. The P-aqueous ratio (Paq, calculated as Paq = (C23 + C25) / (C23 + C25 +C29 + 144 

C31), Ficken et al., 2000) and the C23 / (C23 + C31) index (Nott et al., 2000) are generally 145 

associated with wetland conditions, given that C23 and C25 n-alkanes are produced by 146 

Sphagnum mosses and some submerged vascular macrophytes but are generally absent in 147 

higher plants. CPI, as described in 2.2.2, was used as supplementary information for 148 

interpreting terrestrial input. 149 

2.2.4 brGDGT indices for MAAT and pH 150 

The polar fractions contained brGDGTs, membrane-spanning lipid biomarkers used 151 

to reconstruct mean annual air temperature (MAAT) and pH (De Jonge et al., 2014; Naafs et 152 

al., 2017a, 2017b; Weijers et al., 2007). Although impossible to rule out, seasonal 153 

temperature fluctuation is not considered to affect the temperature signal since 1) there is no 154 

apparent seasonal pattern in mid-latitude soils (Weijers et al., 2011); and 2) in the case of 155 

peat settings, bacterial production is concentrated at depths below the water table, where 156 

seasonal variability converges in mean annual temperatures (Naafs et al., 2017b).  157 

The degree of methylation of branched tetraether (MBT) is correlated with MAAT, 158 

based on the distribution of brGDGTs in mineral soils (Weijers et al., 2007). This was later 159 

updated by De Jonge et al. (2014), who developed two new temperature calibrations, one 160 

based on the temperature-dependence of 5-methyl brGDGTs alone (MBT’5me), that excludes 161 

the possibly pH-dependant 6-methyl brGDGTs: 162 

MBT’5me = (Ia + Ib + Ic)/ (Ia + Ib + Ic + IIa + IIb + IIc + IIIa) (Fig. S1) 163 

MAT (°C) = -8.57 + 31.45 x MBT’5me (n=231, R2= 0.64, RSME= 4.9 °C) 164 

and one based on multiple linear regression (MATmr), considering specific 5-methyl 165 

brGDGTs: 166 

MATmr (°C) = 717 + 17.1 x Ia + 25.9 x Ib + 34.4 x Ic – 28.6 x IIa (n=231, R2 = 0.67, 167 

RSME= 4.7 °C) 168 



 

 

 

Further revision of the available global soil brGDGT data excludes from the compilation 6-169 

methyl dominated brGDGTs from arid and/or alkaline soils (Naafs et al., 2017a), leading to  170 

MAATsoil = 40.01 x MBT’5me - 15.25 (n = 350, R2 = 0.60, RMSE = 5.3 °C). 171 

The degree of cyclization of branched tetraethers (CBT) correlates with pH in mineral soils 172 

(Weijers et al., 2007). The CBT index was later revised into CBT’ (De Jonge et al., 2014), 173 

including 6-methyl brGDGTs and improved the correlation with pH: 174 

CBT'= 10 log [(Ic+IIa'+IIb'+IIc'+IIIa'+IIIb'+IIIc')/(Ia+IIa+IIIa)] 175 

pH=7.15 + 1.59 x CBT’, (n=221, R2 = 0.85, RSME= 0.52) 176 

Most work on brGDGTs is based on mineral soils, but brGDGTs are particularly 177 

abundant in peat deposits (Sinninghe Damsté et al., 2000; Naafs et al., 2019). The 178 

relationship between environmental parameters and the distribution of brGDGTs in peats led 179 

to the first peat-specific temperature and pH calibrations based on a global peat database 180 

(Naafs et al., 2017b). The relationship between MBT’5me and MAAT is in this case expressed 181 

as: 182 

MAATpeat (°C) = 52.18 x MBT’5me – 23.05 (n= 96, R2= 0.76, RMSE= 4.7 °C) 183 

while the correlation between brGDGTs and pH is defined as: 184 

CBTpeat= log [(Ib+IIa'+IIb+IIb'+IIIa')/(Ia+IIa+IIIa)] 185 

pH=8.07 + 2.49 x CBTpeat, (n=51, R2 = 0.85, RSME= 0.8) 186 

In this study, we applied and compared the soil MAT calibrations by De Jonge et al. (2014) 187 

and Naafs et al. (2017a), and the peat-specific calibration by Naafs et al. (2017b) (see 188 

results).  189 

The Branched vs. Isoprenoidal Tetraether (BIT) index was used to indicate the 190 

relative input of terrestrial and marine organic matter, defined by (Hopmans et al., 2004) as: 191 

BIT= (Ia+IIa+IIa’+IIIa+IIIa’) / (Ia+IIa+IIa’+IIIa+IIIa’+ Crenarchaeol). 192 

In addition to bacterial brGDGTs (Fig. S1), this includes the isoprenoidal (iso)GDGT known 193 

as crenarchaeaol, which is produced by Thaumarchaeota and is especially abundant in 194 

marine settings. 195 



 

 

 

2.3 Climate model simulations 196 

Here, we utilised a suite of climate model simulations to assess the impact on Asian 197 

climate in the context decreasing atmospheric concentrations of carbon dioxide (pCO2) and 198 

the formation of a Southern Hemisphere icesheet through the E-O transition. Using the late 199 

Eocene (Priabonian stage) and Oligocene (both Rupelian and Chattian stages) boundary 200 

conditions, we employed HadCM3BL-M2.1aD (Valdes et al., 2017), a fully coupled ocean-201 

atmosphere and dynamic vegetation General Circulation Model (GCM) with a 3.75 x 2.5 202 

latitude by longitude spatial grid (~300 km), 19 vertical levels in the atmosphere, and 20 203 

vertical levels in the ocean. HadCM3BL-M2.1aD, a primary model of the IPCC AR3 to AR5 204 

experiments, has shown spatio-temporal skill in reproducing the modern observed Asian 205 

monsoon and paleo-monsoon (Farnsworth et al., 2019), providing confidence in its 206 

thermodynamic and hydrologic response to perturbed forcing for the current region of 207 

interest. 208 

Model boundary conditions (topography, bathymetry, and ice sheet configurations; at 209 

0.5 x 0.5° resolution and downscaled to model resolution) for each geologic stage, 210 

Priabonian (~36 Ma), Rupelian (~31 Ma), and Messinian (~25 Ma), are provided by Getech 211 

Plc. Stage-specific solar luminosity was calculated using the methods of (Gough, 1981). 212 

pCO2 values were prescribed at 1120 ppm for the Priabonian and 560 ppm for the Rupelian 213 

and Chattian, consistent with the Phanerozoic pCO2 compilation of (Foster et al., 2017; 214 

Witkowski et al., 2018).  215 

Each experiment was run for 12,422 model years to allow surface and deep ocean to 216 

reach equilibrium and to achieve a state with no net energy imbalance at the top of the 217 

atmosphere. This is fundamental as ocean circulation can take many thousands of model 218 

years to establish its equilibrium state, with a significant influence on the climate signal 219 

leading to a potentially erroneous state if not adequately spun-up (Farnsworth et al., 2019). 220 

Climate means are calculated from the last 100-years of each simulation. Time-varying 221 

latitude and longitude plate paleo-rotations are provided for the Lühe Basin for each stage to 222 



 

 

 

allow for accurate comparison within the model. The paleo-coordinates (21.1° N) for Lühe 223 

were calculated using the Getech plate model. 224 

3 Results & Discussion 225 

3.1 Thermal maturity of sediments 226 

The apolar fractions were used to estimate thermal maturity (Figs. 2, 3). The C31 227 

hopane configuration ratio of ββ / (ββ + αβ + βα) ranges from 0.0 to 0.7 (from high to low 228 

thermal maturity, respectively) with a mean of 0.4 ± 0.2 σ (Fig. 3A). Values are slightly lower 229 

in the bottom ~30 m of the section. Although variable, most values are over 0.3 and there is 230 

no consistent trend through the section. Instead, it appears that the organic matter is 231 

relatively immature with an admixture of mature, reworked organic matter in some low-TOC 232 

intervals. The CPI ranges from 1.9 to 9.4 with a mean of 4.9 ± 1.6 σ (Fig. 3B). These CPI 233 

values likewise suggest that these sediments are relatively immature, although the variation 234 

reflects the dynamic depositional environment.  235 

3.2 Vegetation and environmental reconstruction 236 

Throughout the section, the n-alkane distribution shows a strong odd-over-even 237 

preference (Fig. 3B), with a CPI ranging from 1.9 to 9.4 with a mean of 4.9 ± 1.6 σ, 238 

suggesting this is primarily terrestrial in origin. In most of these sediments, the apolar 239 

fractions are dominated by the C29 n-alkane, followed by a high abundance of the C27 and 240 

then C31 n-alkanes (Figs. 2A; 4), suggesting dominance of higher plants. The ACL ranges 241 

from 26.1 to 29.6 with a mean of 28.4 ± 0.6 σ (Fig. 3C). This relatively high CPI (Fig. 3B), 242 

high ACL (Fig. 3C), and dominance of the C29 n-alkane (Fig. 2A, 4) suggests that the 243 

vegetation at this site was likely dominated by woody angiosperms and gymnosperms. More 244 

specifically, the ACL of 28.4 is more likely associated with deciduous rather than evergreen 245 

angiosperms. 246 

Several samples also contained diterpenoids and triterpenoids (Fig. 2A), indicative of 247 

gymnosperms and angiosperms respectively, which may provide further insights into the 248 

type of vegetation at this site. Throughout the section, the abietane-based diterpenoids (18-249 



 

 

 

norbietane at 21.4 and 268.0 m, 18-norabieta-8,11,13-triene at 21.4 m, 10,18-bisnorabieta-250 

5,7,9(10),11,13-pentaene at 21.4 m, and dehydroabietane at 228.5 and 268.0 m) are 251 

indicative of the Pinaceae family. The inclusion of the Pinaceae family in the vegetation is 252 

further supported by the presence of simonellite (228.5 and 268.0 m), a diterpene present in 253 

conifer resin. Evidence of conifers in the catchment area is further suggested by the 254 

presence of norpimarane at depths 21.4 and 268.0 m, which is particularly abundant in 255 

Pinus, Larix, and Picea. Several samples also contained triterpenoids, including tetramethyl-256 

octahydrochrysene (22.4 m) and Des-A-lupane (40.7, 105.6, 289, 301.9 m), compounds 257 

synthesized by nearly all angiosperms. The more frequent abundance of diterpenoids-over-258 

triterpenoids in these sediments suggest that this environment was likely dominated by 259 

gymnosperms with some angiosperms, although it should be noted that taphonomy 260 

processes can skew plant preservation and associated biomarker distributions.  261 

Our biomarker-based vegetation reconstruction is consistent with the plant fossil 262 

assemblage recovered from the nearby Lühe town section, which is age-correlated with the 263 

basal portion of our coal mine section. At the town section, previous work identified 38 floral 264 

genera, assigned to 26 angiosperms, 6 gymnosperms, and 4 ferns (Tang et al., 2020). 265 

Analyses of the paleo-vegetation reveal that trees and shrubs dominated most of the 266 

section, as also indicated by tree stumps, fallen logs, and branches present throughout the 267 

section (Yi et al., 2003). The ACL values are also supported by palynological results, which 268 

indicate a temperate deciduous broadleaved flora mixed with some evergreen broadleaved 269 

taxa and conifers (Tang et al., 2020). Evergreen oaks (Quercus) and alder (Alnus) were 270 

identified, and palynomorphs were dominated by Quercoidites (43%), Titricolpites (12.5%), 271 

Pinuspollenites (6.93%), and Piceapollis (0–18.6%). These are not necessarily 272 

representative of in-situ assemblages given that pollen might have been blown/washed into 273 

the basin from the surrounding (and possibly higher) areas but are consistent with the 274 

biomarker assemblages in our samples. 275 



 

 

 

The Paq ranges from 0.0 to 0.9 (terrestrial to aquatic, respectively). Most values range 276 

between 0.2 and 0.5 with a mean of 0.4 ± 0.2 σ. A Paq < 0.23 is considered indicative of 277 

terrestrial plant waxes, while > 0.48 is common for submerged and floating macrophytes 278 

(Ficken et al., 2000). Because our Paq sits in the middle of these ranges, this may have been 279 

a wet terrestrial environment, like a floodplain. This is further supported by the sedimentary 280 

succession (Fig. 3) and high abundance of Equisetum cf. pratense seen in the coalmine 281 

section (Zhang et al., 2007), which is indicative of wet terrestrial environments. However, the 282 

variation is again representative of a dynamic depositional environment.  283 

Notably, the apolar distribution of two sediment depths (26.7 and 58.5 m) appear 284 

different from the rest of the section (Fig. 3B). These two sediment depths lie more than 2σ 285 

outside the ACL and Paq distribution (Fig. 3C-D), with the ACLs being particularly low (25.2 286 

and 25.3 respectively, relative to the average of 27.6 ± 0.8 σ) and the Paq being particularly 287 

high (0.9 and 0.8 respectively, relative to the average of 0.3 ± 0.2 σ). Although these two 288 

sediment depths still contain n-alkanes with a strong odd-over-even preference and long 289 

chain-lengths associated with higher plants (i.e., C27, C29, and C31), they show a clear C23 290 

and C25 dominance, which is considered a robust signature for either Sphagnum peat 291 

mosses (Nott et al., 2000) or aquatic plants (Ficken et al., 2000). Therefore, these two outlier 292 

horizons may represent swampy environments or even open water conditions. Interbedded 293 

lignites found throughout the section further confirm that this was (at times) a peat-forming 294 

environment. This environment is consistent with a riverine floodplain, as also supported by 295 

the presence of sedimentary structures of river channels and sedimentological evidence of 296 

intervals of water-logging conditions. 297 

Taken together, our biomarker results are compatible with a terrestrial environment 298 

(likely a flood plain) with organic-rich soils derived from swamps, colluvium, occasional peat-299 

forming, and wet areas. We do see evidence for abundant terrestrial biomarkers (e.g., leaf 300 

waxes, terpenoids indicative of woody gymnosperms and angiosperms, and soil bacterial 301 

lipids) and we do not see evidence for aquatic inputs (e.g., low CPI, low ACL, and strong 302 



 

 

 

presence of algal biomarkers). The specific higher plant biomarkers are also consistent with 303 

this area being covered in deciduous and evergreen broad-leaved mixed forests, as 304 

observed in the nearby Lühe town section (Tang et al., 2020).  305 

3.3 Climate reconstruction using GDGT indices 306 

Lithologies in the Lühe coalmine section vary; lithologies include sands, mudstones, 307 

and coal/lignite layers, and are interbedded with fossil remains of wood (logs and branches) 308 

and leaves (Fig. 3). Such lithological variability is indicative of a dynamic paleoenvironment, 309 

likely a flood plain, where deposition of swamp-derived organic-rich soils were interspersed 310 

with colluvium, occasional peat mire, and shallow stagnant environments (Xu et al., 2008). 311 

This dynamic environment poses a challenge for the application of a univocal brGDGT 312 

paleothermometer calibration. Therefore, we rely on a series of characteristics stemming 313 

from field observations, TOC (wt%) data, and organic geochemical analyses to constrain the 314 

type of lithology and paleoenvironment, and then apply three different brGDGT-temperature 315 

calibrations (Fig. 5). 316 

Most sediments (n = 46) have a TOC (wt%) ranging between 0.1–23 % with the 317 

majority < 3% (Fig. 5), consisting of the lithologies categorised from mudstone to silty 318 

sandstones. The remaining sediments (n=10) have TOC (wt%) ranging between 40–63 %; 319 

these high TOC ranges are indicative of organic-rich environments, consistent with the 320 

presence of coal layers identified in the stratigraphy. Samples from sand lithologies were 321 

tested and excluded from the sample set as they did not yield sufficient organic matter for 322 

analysis (Fig. 5). 323 

Of all samples analysed (n = 56), 38 yielded sufficient brGDGTs for 324 

paleotemperature estimates (Fig. 5). For samples with TOC (wt%) <23 % (n = 33), we 325 

cannot further constrain the type of paleoenvironment and/or the source of bacterial 326 

production (e.g., lacustrine vs soil). Thus, we apply both the MAT and pH soil calibration by 327 

De Jonge et al. (2014) and MAT soil calibration of Naafs et al. (2017a) (Fig. 5). For the 328 



 

 

 

samples with TOC (wt%) >23 % (n = 5), identified as lignites/coals, we further apply the 329 

peat-specific temperature and pH calibration by Naafs et al (2017b) (Fig. 5).  330 

MAAT values range from 4.9 to 14.7 °C (± 4.9 °C) using the de Jonge et al. (2014) 331 

soil calibration and between 3.8 and 14.4 °C (± 5.3 °C) using the Naafs et al. (2017a) soil 332 

calibration, with average temperatures of ca. 9-10 °C. The Naafs et al. (2017b) peat-specific 333 

calibration yielded MAAT values from 5.3 to 15.4 °C (± 4.7 °C) for the five lignite samples, 334 

with warmer values at the top of the section. Temperature estimates throughout the section 335 

show some variability, possibly due to the mixing in the rapidly changing environments. 336 

However, the overall trend, highlighted by the 2-point moving average (Fig. 5), shows that 337 

average temperatures remained rather stable throughout (regardless of calibration), with 338 

only a slight warming towards the top of the section. 339 

pH values range between 3 and 6, with an average value of 4, and show increased 340 

variability in the upper interval of the section where pH increases (Fig. 5; 310-340 m). These 341 

values are consistent with an acidic peat environment. The BIT index is consistently above 342 

0.87 (Fig. 5), indicating a dominance of brGDGTs over crenarchaeol and consistent with a 343 

terrestrial-dominated source of organic matter throughout the section (Hopmans et al., 344 

2004). 345 

Mean annual temperatures across this section are consistent with a temperate climate, 346 

which persisted without major fluctuations from the end of the Eocene through to the early 347 

Oligocene. We do not find evidence of significant cooling across the Eocene-Oligocene 348 

transition, which would have been preserved within the first 60 m of the section, based on 349 

radio-isotopic ages (Li et al., 2020). This could be due to imprecise age constraints, or to the 350 

presence of a hiatus in the sequence, although the radio-isotopic datum in the lower portion 351 

of the section and the magnetostratigraphic interpretation of this section by Li et al. (2020) 352 

do not seem to support these hypotheses. Alternatively, our reconstruction shows that 353 

climate at Lühe remained relatively stable from the late Eocene to the early Oligocene and it 354 



 

 

 

did not experience the cooling observed at other terrestrial locations across the globe during 355 

the EOT (e.g., Zanazzi et al., 2007).  356 

Our results fit with the emerging picture that the global expression of the EOT in 357 

terrestrial environments is highly heterogenous (e.g., Hren et al., 2013; Lauretano et al., 358 

2021; Sheldon et al., 2016; Zanazzi et al., 2007). Terrestrial temperature records across this 359 

interval are derived from a variety of qualitative and quantitative proxies (e.g., 360 

paleobotanical, palynological, geochemical). Vegetation records provide the most extensive 361 

global dataset of changes across the EOT and generally show a variety of responses, partly 362 

influenced by local/regional factors and changes in precipitation. Northern hemisphere 363 

geochemical records also depict a range of different responses, with paleosol records from 364 

North America generally indicating no change or a ~2-3 °C cooling (Retallack, 2007) but 365 

also, for example, a more dramatic ~8 °C temperature drop across the transition, as 366 

reconstructed by fossil teeth isotopic data (Zanazzi et al., 2007). In contrast, floral 367 

assemblages from the same region show a more protracted cooling from the early into the 368 

middle Oligocene (Retallack et al., 2004). Meanwhile, clumped isotope data from a 369 

freshwater gastropod shell from the Hampshire Basin (Isle of Wight, UK) indicate a 4-6 °C 370 

cooling from warm late Eocene estimates to the early Oligocene (Hren et al., 2013), while 371 

paleosol estimates from the Ebro Basin (Spain) suggest that temperature remained unvaried 372 

during this time (Sheldon et al., 2012). The response in southern hemisphere terrestrial 373 

temperatures vary, as well. Floral and isotopic records from Argentina indicate a ‘quasi-374 

static’ climate across the Eocene and Oligocene (Kohn et al., 2015), but more recent data 375 

from volcanic glass stable hydrogen isotopes suggest that a 5 °C cooling occurred across 376 

this the EOT (Colwyn and Hren, 2019). Evidence of cooling across the EOT is also reported 377 

in a peat-specific lignite record from SE Australia, showing an average cooling of 2.4 °C from 378 

the late Eocene to the earliest Oligocene, coeval with a shift toward cooler species in the 379 

palynological record from the same facies (Lauretano et al., 2021).  380 



 

 

 

With terrestrial temperature records presenting a rather heterogenous picture of the 381 

change at the EOT, whereas marine reconstructions consistently suggest a global average 382 

cooling of about 2.5 °C in sea-surface and deep-sea temperatures (Hutchinson et al., 2021). 383 

While we highlight that a relatively muted cooling of <1-2 °C might be difficult to detect in our 384 

proxy records, which are better suited for greater temperature oscillations (Naafs et al., 385 

2017b), the results from this section represent one more puzzle piece in the terrestrial 386 

expression of the EOT and the possible influence of local factors on this response. 387 

Finally, our results suggest that during this time, this intramountain basin likely 388 

consisted of a flood plain, hosting local swamps, colluvium, and occasional peat mires, as 389 

well as shallow submerged areas, dominated by terrestrial inputs. Modern-day mean annual 390 

temperatures in this area are of ca. 14.4-15.4 °C (http://data.cma.cn/en), indicating that this 391 

location was most likely already at least its present-day elevation during the early Oligocene, 392 

supporting the hypothesis that local uplift had already taken place at this time (Spicer et al., 393 

2020a). 394 

3.4 Climate model results 395 

We employed a fully coupled atmosphere-ocean GCM with a range of perturbed 396 

Priabonian and Chattian boundary conditions to investigate potential mechanisms for our 397 

temperature proxy results. We tested the effects of different parameters on temperature and 398 

precipitation in this region (Table 1) across the E-O boundary and explore whether it was 399 

sensitive to a drawdown in pCO2 and the concurrent development of an Antarctic icesheet. 400 

Moreover, we compare our results with modelled temperature and precipitation responses 401 

under Chattian boundary conditions to test for Oligocene conditions with no additional site 402 

elevation or latitudinal changes during this time.  403 

Firstly, we tested the impact of changing boundary conditions on the broader Asian 404 

region (0°N-60°N, 60°E-120°E), as seen in Table 1, considering changes in pCO2, global 405 

paleogeography, and the site elevation as variables across the E-O boundary. For the 406 

regional impact, a decrease from 4x to 2x pre-industrial pCO2 across the E-O boundary 407 

http://data.cma.cn/en


 

 

 

results in regional temperatures cooling by ~6 °C, regardless of topographic changes of the 408 

Tibetan Plateau (valley, plateau, or valley to plateau; Table 1, simulations 1-3). When 409 

assuming no change in pCO2, global changes in paleogeography from a Priabonian to 410 

Chattian configuration produce a reduced impact on the climate of Asia, with a slight 411 

increase in MAT of 1.5 °C (Table 1, simulations 4-6). This is the result of regional changes to 412 

gateways, including the retreat of the Paratethys sea and the formation of Antarctic ice 413 

sheets. In all simulations including a change at the E-O boundary, MAP is similarly affected, 414 

increasing by ca. 150-200 mm/yr but this does not significantly vary amongst different 415 

topographic configurations.  416 

As our section spans to the late Oligocene, we also compare our proxy results with 417 

model estimates calculated under Chattian boundary conditions. Under 2x pre-industrial 418 

pCO2, the model reproduces an MAT of ~19 °C ± 0.4, for either a Tibetan topography with a 419 

2.5-km valley or a 4.5-km plateau (Table 2) with seasonal changes varying from a cold-420 

month mean temperature (CMMT) of ~12 °C to a warm-month mean temperature (WMMT) 421 

of 24 °C. These average estimates, although warmer than what we observe in our record, 422 

are still within error of the values we observe in the top interval of our proxy record (15 °C ± 423 

4.7). The cooler temperatures shown by our proxy record could be due to the inclusion of 424 

organic matter from a wider catchment area in our biomarker data, including material 425 

washed in the basin from higher elevation surrounding the flood plain. This is compatible 426 

with the presence of sediment indicative of colluvium (fine mudstones, sandy beds) and the 427 

rich assemblages represented in the apolar fraction. The palynological results also 428 

suggested some conifers such as Abies, Picea and Pinus, may transferred from high 429 

elevation mountains nearby. However, despite being sparse, our lignite-based peat-specific 430 

MAAT estimates represent in-situ production and are largely in agreement with the other 431 

calibrations applied. Therefore, we are confident that our estimates provide a satisfying 432 

picture of the average temperatures at this location.  433 

3.5 The evolution of the Tibetan region and Eocene/Oligocene climate 434 



 

 

 

Based on our proxy data and model simulations, we note several possible places of 435 

agreement. Our GDGT-based temperatures suggest that there is minimal change across the 436 

section, with some potential warming towards the top of the section. Terrestrial temperature 437 

records, albeit sparse, suggest a more gradual pCO2 decline across the Eocene to the 438 

earliest Oligocene than marine records, and a less pronounced response at the E-O 439 

boundary. This is consistent with marine geochemical proxies, including boron isotope (δ11B) 440 

records, that show that the decline in pCO2 occurred progressively from the middle to the 441 

late Eocene (Anagnostou et al., 2016) and culminated in a further two-stepped decline at the 442 

EOT. Marine records generally suggest a pCO2 decline from 1000 ppm in the Priabonian 443 

setting to 700 ppm during the Rupelian (Hutchinson et al., 2021), while stomatal records, for 444 

example, suggest pCO2 values drop from 630 ppm in the late middle Eocene to ca. 365 ppm 445 

in the late Eocene, just prior to the EOT (Steinthorsdottir et al., 2016). It is worth noting that 446 

CO2-forced GCM and dynamic ice-sheet model experiments reproduce a threshold for 447 

glaciation at around 780 ppm (DeConto and Pollard, 2003), from which a relatively small 448 

drop in pCO2 would have been sufficient to initiate ice-sheet dynamics. 449 

Assuming that the stratigraphy at this site does encompass the E-O boundary, the 450 

temperature response at Lühe might reflect paleogeographic changes rather than the effect 451 

of a rapid and large drop in pCO2, as observed in the regional scale simulations (Table 1, 452 

simulations 4-6). The temperature decline of ~6 °C observed in the climate model 453 

simulations driven by a drawdown of pCO2 are in line with the spread of available terrestrial 454 

proxy data (Hutchinson et al., 2021; Lauretano et al., 2021), and local factors might hinder 455 

the temperature response at our site. Additionally, the simulated drop in pCO2 from 4x to 2x 456 

pre-industrial levels might overestimate the actual withdrawal of pCO2 occurring across the 457 

E-O boundary, which might have been closer to a factor of 1.6x, based on the best fit in 458 

ensemble means (Foster et al., 2017; Hutchinson et al., 2021). A more gradual pCO2 459 

decline, as well as a smaller magnitude of drawdown, might explain a less pronounced 460 

response in terrestrial temperatures at our site.  461 



 

 

 

Our brGDGT-based temperatures are also largely consistent with independent 462 

results from a Bioclimatic Analysis of the palynoflora (Tang et al., 2020) and Climate Leaf 463 

Analysis Multivariate Program (CLAMP) (Wolfe, 1993; Yang et al., 2011) which indicate an 464 

average mean annual temperature of 15.9 °C ± 2.36, CMMT of ~4.5 °C and WMMT of 26.9 465 

°C for the leaf assemblage preserved in the Lühe town section. These results demonstrate a 466 

large mean annual range of temperatures, with likely infrequent winter frosting and warm 467 

summers. This would suggest a warm temperate climate rather than subtropical, with taxa 468 

with frost sensitive leaves prone to winter deciduousness. Precipitation during the growing 469 

season averaged 2250 mm ± 640 while precipitation during the three consecutive wettest 470 

months (3-WET) and the three consecutive driest months (3-DRY) range between 1110± 471 

400 and 340± 98 mm respectively (Table 3). However, the overall precipitation is likely 472 

overestimated in CLAMP, and particularly for the dry months in warm climates, because 473 

water is not a limiting growth factor for plant growing near to aquatic depositional sites 474 

(Spicer et al., 2011). 475 

 476 

Conclusions 477 

We present a multi-proxy geochemical record to reconstruct paleoclimatic and 478 

paleoenvironmental conditions at Lühe, in central Yunnan, China, from the late Eocene- 479 

early Oligocene. Plant and bacteria-derived biomarkers indicate that this site on the south-480 

eastern margin of Tibet represented a terrestrial flood plain environment, with occasionally 481 

submerged peat/swamp deposits. The abundance of terrestrial biomarkers indicative of 482 

woody gymnosperms and angiosperms is consistent with reconstructions of this area as 483 

covered by deciduous and evergreen broad-leaved forests, as observed for the nearby Lühe 484 

town section (Tang et al., 2020). 485 

Mean annual temperatures, reconstructed using brGDGTs from bacterial lipids in soil 486 

and lignite samples, indicate average values of 9-10 °C, reaching maximum values of ~15 487 

°C towards the top of the section. This suggests stable climatic conditions, with the 488 



 

 

 

possibility of a slight warming in the upper portion of this section. Using a fully coupled 489 

atmosphere-ocean GCM, we test a range of perturbed Priabonian and Chattian boundary 490 

conditions across the Eocene-Oligocene boundary for both the local and regional scale, 491 

including pCO2, paleogeography, and varying Tibetan topography configurations. The muted 492 

response at our site might be due to the influence of local factors, as well as pointing to a 493 

smaller and more gradual drawdown of CO2 across this transition, in line with results shown 494 

by GCM simulations (DeConto and Pollard, 2003; Hutchinson et al., 2021). Factors including 495 

regional and local response to paleogeographical conditions need further exploration, which 496 

can only be possible with additional records, as well as contributing to the effort of 497 

reconciling pCO2 reconstructions from marine and terrestrial records. 498 
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Tables  716 

 717 

Table 1. Asian regional impact: Climate model simulations (Sim.) with Eocene 718 

(Priabonian) and Oligocene (Chattian) boundary conditions are used to test the response of 719 

pCO2 and Tibetan topography configuration on temperature and precipitation. Green 720 

indicates which parameters are included in the simulation. pCO2 is represented as either a 721 

change from 4x to 2x pre-industrial pCO2 or no change in pCO2, and Tibetan topography 722 

configuration is represented as only a valley, as only a plateau, or as a change from valley to 723 

plateau (Val-to-Plat). The response is shown as change in mean annual temperature 724 

(ΔMAT, °C) and change in mean annual precipitation (ΔMAP, mm/yr). 725 

Sim. pCO2 Valley Plateau Val-to-Plat ΔMAT ΔMAP  

1 4x to 2x Yes No No -6.0 150 

2 Change No Yes No -6.0 198 

3 Change No No Yes -6.2 182 

4 No change Yes No No 1.4 167 

5 No change No Yes No 1.7 173 

6 No change No No Yes 1.2 199 

  726 



 

 

 

Table 2. Climate model simulations at different Tibetan topography (valley or plateau) for 727 

Lühe Basin during the Chattian. Conditions: 2x pre-industrial pCO2 (560 ppm), latitude and 728 

longitude (21.1, 101.2), rotated latitude and longitude (29.9, 96.9). Abbreviations: experiment 729 

code (expt.), terrestrial lapse rate (Terr-Lapse), mean annual temperature (MAT, °C), warm-730 

month mean temperature (WMMT, °C), cold-month mean temperature (CMMT, °C), and 731 

mean annual precipitation (MAP, mm/yr). 732 

Tibetan topography expt Terr-Lapse MAT WMMT CMMT MAP 

2.5 km valley tfgkb 3.67 19.0 24.8 12.12 2.63 

4.5 km plateau tfgkd 4.83 18.9 24.5 12.15 2.73 

  733 



 

 

 

Table 3. CLAMP climate estimates based on the Lühe town section leaf flora and analysed 734 

using the PhysgAsia2/Worldclim2 calibration. For more details on these metrics and how 735 

they are obtained see (Spicer et al., 2020b). Row 1: Temperature-related parameters: mean 736 

annual air temperature (MAAT, °C); warm month mean air temperature (WMMAT, °C); cold 737 

month mean air temperature (CMMAT, °C); mean minimum temperature of the warmest 738 

month (MinT.W, °C); mean maximum temperature of the coldest month (MaxT.C, °C). Row 739 

2: Vapour pressure deficit parameters: mean annual vapour pressure deficit (VPD.ann, 740 

hPa); mean winter vapour pressure deficit (VPD.win, hPa); mean spring vapour pressure 741 

deficit (VPD.spr, hPa); summer vapour pressure deficit (VPD.sum, hPa); autumn vapour 742 

pressure deficit (VPD.aut, hPa). Row 3: Precipitation and evapotranspiration-related 743 

parameters: precipitation during the three consecutive wettest months (3-Wet, cm); 744 

precipitation during the three consecutive driest months (3-Dry, cm); mean annual potential 745 

evapotranspiration (PET.ann, mm); mean monthly potential evapotranspiration during the 746 

warmest quarter (PET.wrm, mm); mean monthly potential evapotranspiration during the 747 

coldest quarter (PET.cld, mm). Row 4: Humidity and enthalpy-related parameters: relative 748 

humidity (RH, %); specific humidity (SH, g/kg); moist enthalpy (Enth, kJ/kg); thermicity i.e. a 749 

measure of cumulative heat (Therm). Row 5: Growth-related parameters: length of the 750 

growing season i.e. time when the mean temperature is > 10°C (LGS, months), growing 751 

degree days > 0°C (GDD0); growing degree days > 5°C (GDD5); growing season 752 

precipitation (GSP, cm); mean monthly growing season precipitation (MMGSP, cm).  753 



 

 

 

Temperature-related parameters 

MAAT (°C) WMMAT (°C) CMMAT (°C) MinT.W (°C)  MaxT.C (°C)  
15.9±2.4 26.8±2.9  4.6±3.5  23±2.9  10.4±3.5  

 

Vapour pressure deficit parameters 

VPD.ann (hPa)  VPD.win (hPa)  VPD.spr (hPa)  VPD.sum (hPa)  VPD.aut (hPa)  
6±2.4  

 
3.2±1.5  4.7±4  8.7±3.5  7.4±2  

Precipitation and evapotranspiration-related parameters 

3-Wet (cm)  3-Dry (cm)  PET.ann (mm) PET.cld (mm)  PET.wrm (mm)  
111±40  35±10  1002±166 27.5±14 125±24.5 

  

Humidity and enthalpy-related parameters 

RH (%)  SH (g/kg)  Enth (kJ/kg)   Therm (°C)  
65±10  8.3±1.8  321±0.8   295±75  

               

Growth-related parameters 

LGS (month) GSP (cm) MMGSP (cm)  GDD0  GDD5  
9.8±1.1 225±64 24±7 677±118 735±106 

  754 



 

 

 

 755 

Fig. 1. Location and overview of the Lühe coal mine section. A-B: Location map 756 

(25°10′N, 101°22′E). C. Photograph of Lühe coalmine (yellow line indicated the sampling log 757 

of this study, red indicates the section logged by Li et al., 2020).  758 



 

 

 

 759 

Fig. 2: Total ion chromatograms of the apolar fraction. A) Depth from base 268.0 m with 760 

high content of terpenoids and n-alkanes exemplary of the section, especially the C29 n-761 

alkane dominance. B) Depth from base 58.5 m exemplary of the two outliers with C23 and 762 

C25 n-alkane dominance. Numbers represent: 1. Cadalene, 2. Norpimerane, 3. 18-763 

norbietane, 4. 18-norabieta-8,11,13-triene, 5. Dehydroabietane, 6. 10,18-Bisnorabieta-764 

5,7,9(10),11,13-pentaene, 7. Naphtalene, 8. Simonellite, 9. TetramethyI-octahydrochrysene. 765 

Gold boxes zoom in on m/z 191 i.e., hopanes used for the thermal maturity index.  766 



 

 

 

 767 

Fig. 3. Apolar biomarker indices for thermal maturity, vegetation, and environmental 768 

reconstructions. A) C31 hopane configuration ratio, B) Carbon preference index (CPI), C) 769 

Average chain length (ACL), and D) P-aqueous ratio (Paq) which shows terrestrial versus 770 

aquatic input. Dotted lines: A) and B) limits for thermal maturity (C31 hopane ratio > 0.6, CPI 771 

< 2.0), C) terrestrial higher plants (ACL > 26), and D) terrestrial plant waxes (aq < 0.23) and 772 

submerged and floating macrophytes (Paq > 0.48) (see text).  773 



 

 

 

  774 

Fig. 4: Ternary plots of diagnostic n-alkanes. The relative percentage of C23, C29, and C31 775 

n-alkanes in samples, differentiated based on their total organic content (TOC, %).  776 



 

 

 

  777 

Fig. 5. TOC% and GDGT-derived proxies at Lühe coalmine: Total organic content (TOC 778 

%) for each analysed sample was used to constraint organic content and differentiate lignite 779 

samples (TOC > 30%). MAATsoil (mean annual air temperatures) and pH following: two soil 780 

calibrations in purple (De Jonge et al., 2014; Naafs et al., 2017a) and the peat-specific 781 

calibration in black (Naafs et al., 2017b) and Branched and Isoprenoid Tetraether (BIT) 782 

index (Hopmans et al., 2004).  783 



 

 

 

Supplementary material 784 

 785 

Methods 786 

TOC (wt %) analyses 787 

Total Organic Carbon (TOC) was determined on 56 samples using an Elementar vario 788 

PYRO cube at the University of Bristol, analysing C/N/S via catalytic combustion/reduction 789 

(1150 °C), optimised for coupling with an Isoprime IRMS for simultaneous determination of 790 

stable isotope ratios of C and N. Detection limits are at 0.001% or 10 ppm for C/N/S. An NC 791 

Soil reference standard was used to determine analytical precision. Prior to the analyses, all 792 

samples were prepared through an acid pre-treatment for carbonate removal, following the 793 

method by Hedges and Stern (1984). 794 

Lipid extraction 795 

For 56 samples from the Lühe coalmine section, 5 g of freeze-dried homogenised sediment 796 

were extracted using an Ethos Ex microwave extraction system with 20 ml of 797 

dichloromethane (DCM) and methanol (MeOH) (9:1 v/v). Microwave extractions were set 798 

using a 10-minute ramp to 70°C (1000W), a 10-minute hold at 70°C (1000W), and 20-minute 799 

cooling. Samples were then centrifuged at 1700 revolutions per minute (rpm) for 5 min to 800 

promote extract and sediment separation. Supernatants were removed and collected, and 801 

about 10 mL of DCM:MeOH (9:1 v/v) was added to the remaining sample and centrifuged 802 

again, before combining the available supernatants. This procedure was repeated up to five 803 

times to maximise lipid extraction. Elemental sulphur was removed by the addition of 804 

activated copper to the total lipid extract (TLE), left overnight. The TLE was concentrated by 805 

rota-evaporation and washed through a 4-cm sodium sulphate column using DCM:MeOH 806 

(9:1, v/v) to remove sediment particles. Subsequently, the TLE was split in two aliquots, and 807 

one of these was separated over a 4-cm alumina column by elution in an apolar fraction 808 

using hexane:DCM (9:1 v/v, 5 ml), and a polar fraction using DCM:MeOH (1:2 v/v, 4 ml). The 809 

apolar fraction was re-dissolved in hexane and analysed by GC-MS. The polar fraction was 810 



 

 

 

re-dissolved in hexane:isopropanol (99:1, v/v) and passed through a 0.45 μm 811 

polytetrafluoroethylene filter before analyses by HPLC-MS. 812 

GC-MS 813 

Apolar fractions were analysed at the University of Bristol using a Thermo Scientific ISQ 814 

Single Quadruple gas chromatography mass spectrometry (GC-MS) system, fitted with a 815 

fused HP-1 silica capillary column (50 m x 0.32 mm i.d., 0.17μm film diameter). Using helium 816 

as the carrier gas, 1 μL of sample dissolved in hexane was injected at 70 C̊ using an on-817 

column PTV injector in splitless mode. The temperature program was set to four stages: 818 

70 ̊C hold for 1 min, ramping to 130 C̊ at 20 ̊C/min, then ramping to 300 C̊ at 4 ̊C/min, and 819 

finally holding 300 ̊C for 20 min. The electron ionisation (EI) source was set at 70 eV. The 820 

emission current was set to 150 μA and scanning occurred between m/z ranges of 50-650 821 

Daltons in full scan mode. The instrument accuracy was determined using an external fatty 822 

acid methyl ester (FAME) standard. Compound identification was carried out based on 823 

published spectra, characteristic mass fragments, and retention times.  824 

HPLC-MS 825 

Filtered polar fractions were analysed by high performance liquid 826 

chromatography/atmospheric pressure chemical ionisation – mass spectrometry 827 

(HPLC/APCI-MS), using a ThermoFisher Scientific Accela Quantum Access Triple 828 

quadrupole MS at the University of Bristol. Normal phase separation was achieved using two 829 

Waters Acquity UPLC BEH Hilic columns (2.1×150 mm; 1.7 μm i.d.) with a flow rate of 0.2 830 

ml min−1, following the method by Hopmans et al. (2016). Samples were eluted using a 831 

linear gradient of hexane hexane:IPA (9:1, v/v) (Hopmans et al., 2016), from an injection 832 

volume of 15 μL, out of 100 μL. Analyses were performed using selective ion monitoring 833 

mode (SIM) to increase sensitivity and reproducibility (m/z 1302, 1300, 1298, 1296, 1294, 834 

1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018, 744, and 653), and M + H+ 835 

(protonated molecular ion) GDGT peaks were manually integrated. 836 
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  842 

Fig. S1. Structures of brGDGTs, as discussed in the text. 843 


