Supplementary materials

1. Quality assurance of GDGT data for SST reconstruction

All samples yielded sufficient GDGTs for replicate measurements to reconstruct TEX86H–derived SSTs. The TEX86 SST proxy is based on a ratio between different isoprenoid GDGTs biosynthesized as membrane lipids by mesophilic marine archaea 1, and its applicability as a paleothermometer has been discussed intensively 2–4. The three major issues with the TEX86 method are that i) other environmental factors that temperature may have an impact on GDGT distributions, ii) terrestrially derived isoprenoidal GDGTs biosynthesized under different growth conditions may affect the composition of marine-produced GDGTs, and iii) dwelling depths and thus growth temperature of archaea may have changed thus potentially reflecting sub-surface and not surface SSTs. Below, we will discuss the reliability of the TEX86H-reconstructed paleo-SSTs for ODP Site 820. 
 
First, all samples were run as duplicates, and if the deviation exceeded 3%, further replicates were measured to ensure adequate analytical reproducibility. Average TEX86H values were then calculated for each sample analyzed. All samples were run at least twice, and most were run more than three times. To produce the SST data, the multiple runs were averaged. 
 
The Methane Index (MI) is used to exclude any data, where GDGTs have been affected by gas-hydrate-related anaerobic oxidation of methane 5. All MI values are below the 0.5 threshold for potential rejection, except for the sample at 141.4 m depth (Fig. S2a). This sample was run 4 times, showed a MI value of above 0.55, and had an SST of around 22ºC. As discussed below, the sample did not fail any other major TEX86 tests, and no other point came close to being above the reject value for MI. As a result, we decided to keep the data point, in particular, because the oxygenated carbonate depositional setting is highly unfavorable for methane generation, as supported by a low %GDGT-0-index (see Fig. S2b). Secondly, anaerobic oxidation of methane is considered highly unlikely due to the oxic sedimentary environment.
The branched isoprenoid tetraether (BIT) index was originally developed to differentiate between branched GDGTs derived from terrigenous bacteria versus isoprenoidal GDGTs synthesized by marine or terrestrial archaea 1. As GDGT-producing archaea may also thrive in terrestrial habitats under conditions different from those in the marine realm, a high relative proportion of terrigenous bacterial branched GDGTs was considered to indicate a potential presence of terrigenous isoprenoidal GDGTs and, thus, a potential artifact of the TEX86-molecular marine paleothermometer. Some samples in this study show BIT values > 0.4, the traditional threshold value for rejecting TEX86 paleothermometry data (Fig. S2c). However, it should be noted that this threshold value is currently debated because high BIT values can be obtained when crenarcheol is preferentially degraded in open ocean sediments, or through the in-situ production of marine branched GDGTs 6. Furthermore, previous GDGT records in the study area have shown high BIT values in sites that have yielded accurate SST records 7,8. In the GBR reef setting, enhanced BIT indices preferentially originate from the branched GDGT with a molecular mass of 1022 but not from other branched GDGTs, which argues against soil contamination. Furthermore, adjacent samples showing substantially different BIT indices yielded identical TEX86 values, excluding a mutual relationship between the two indices. In summary, we conclude that moderately enhanced BIT values do not indicate severe soil contamination and, therefore not affect SST reconstructions based on isoprenoidal GDGTs. To provide a conservative assessment, a total of 7 samples with with BIT values > 0.45 were excluded from the SST reconstruction, which does not affect the overall paleo-SST trend in Site 820 (Fig. S2c). 
Other quality assurance tests for TEX86 scrutiny supported the applicability of the molecular paleothermometer. This provides further evidence for the above-made conclusion that the moderately enhanced BIT values do not devaluate the SST reconstruction. The % GDGT-0  index is used to identify samples with a high amount of GDGTs originating from sedimentary archaeal methanogenesis 9,10. Once again, the values were below the 67% cut-off for intensive methanogenesis (Fig. S2b), which agrees with the fully oxygenated carbonate depositional environment that is highly unlikely to sustain methanogenesis. We also used the ring index (RI) to evaluate whether the GDGTs deviate from the modern values 11. All data points fell within the acceptable error envelope of 0.5 (Fig. S2d). Finally, we used the 2/3 index to ensure that the GDGTS were being formed in surface waters 12,13. While the appropriate cutoff for this test is still being debated, the 2/3 index values are low and seem to indicate surface production fitting work that shows these low values are common in shallow water 14. 
2. Proxy differences
2.1 Diagenesis and secondary overprint

One key question is why the TEX86H record does not record the same SSTs and patterns as previous records (Fig. S4). It has already been proposed that post-depositional alteration of carbonates affected the δ18O record 15. This is also indicated by the TEX86H record reported here and has previously been shown for the Coral Sea 7. Therefore, we are very confident that the differences in the trends between the TEX86H- and δ18O-reconstructed SSTs result from the alteration of carbonates in the bottom water of the Coral Sea. A comparison of δ18O with the TEX86H–derived SST data for MIS 22 to MIS 18 and from MIS 10 to MIS 1 reveals good agreement. In contrast, a major disparity between the two proxies is noted for MIS 17 to MIS 12, which we relate to carbonate diagenesis. Therefore, we are confident that, as suggested before, the δ18O data does not reflect SST changes and probably should not be used for tuning the entire record.
2.2 Calibration and depth habitat

We present the GDGT temperature proxies applying the TEX86H calibration 16, though other proxy calibrations exist. Most notably, TEX86 BAYSPAR corrects the GDGT data using a Bayesian model of existing TEX86 data 17. In tropical Pacific settings, this calibration tends to elevate reconstructed SSTs, mostly because in this area, most TEX86 reconstructed SSTs are too cold or even represent sub-surface temperature 3. However, as shown above, this does not seem to be the case at ODP Site 820, where annually reconstructed temperatures are too warm and in line with summer SSTs. Application of the BAYSPAR TEX86-based reconstruction of paleo-SSTs cannot be recommended for the Coral Sea. However, constant work is being done on improving the Bayesian model underpinning the BAYSPAR proxy, which may facilitate the future application of this technique. 

To update the UK37’ data, we converted the existing UK37’ data from the calibration used in the original study 18 to a more recent calibration 19. This enhances the reconstructed temperatures by about a degree more than was originally published. Although UK37’ traditionally has been shown to record SSTs accurately to within 0.5 °C 20, questions have been raised about the lack of variability in the UK37’ data reported for the Coral Sea 21, which does not fit other records from the Coral Sea (Fig. S1). The traditional argument to explain differences between UK37’  and TEX86 derived SST reconstructions is the dwelling depth of the source organisms, coccolithophorids, and archaea, respectively, leading to values for TEX86 that are too low  3,20,22,23. However, this does not seem to be always the case at ODP Site 820. There are three major issues regarding the disparity between the UK37’ vs. TEX86 reconstructed SSTs in the Coral Sea. First, the SSTs are not always colder but sometimes too warm, suggesting a more complex interaction between the two proxies. The water depth at ODP Site 820 is only 245 m. During glacials, when the greatest differences between proxies occur, water depths were much less than 200 m 24, preventing GDGT formation in deep and cold habitats. The World Ocean Atlas 25 places the thermocline in the study area at about 100-150 m depth, indicative of only minor temperature change in the upper water column. Furthermore, it has been reported that the thermocline was even deeper in the past 26. Most profound differences between the two molecular temperature proxies have been identified in areas with high productivity and/or major upwelling changes 22,23. In the study area, productivity has been only minor over the past 900 ka, and no evidence of upwelling is reported for Site 820. 
The modern UK37’ SST calibration is based on alkenones biosynthesized by the coccolithophorid Emiliania huxleyi 19, a species that extends back in time about 240 ka, whereas other coccolithophorid species exist since the mid-Cretaceous 27 Other coccolithophorid species, e.g., Gephyrocapsa oceanica, Isochrysis galbana, Chrysotila lamellose, and others, produce identical alkenones varying in their isomerization with SST, though at different rates and thus requiring adjusted transfer functions. Few studies investigate both alkenone production and the composition of coccolithophorid nannofossils 28. This is especially problematic in shallow water where the three mentioned coccolithophorid algae commonly predominate over the open marine species E. huxleyi. With Site 820 being at only 245 m water depth, there is a potential for interference by coastal shallow living nannofossils not of the E. huxleyi type for which the UK37’ transfer function is calibrated. A well-known limitation of SST reconstruction using UK37’ is that the alkenones unsaturation reaches a threshold at about 29°C, where a saturation value of 1.0 is reached for UK37’ (Fig. S4). This temperature limitation is well below the SSTs recorded at Site 820 by the TEX86H and foraminiferal Mg/Ca proxies for interglacials (Fig. S1), especially post-MIS 11. Therefore, it is likely that some of the UK37’-reconstructed SST fluctuations were lost during interstadials because the saturation limit was reached 29. In addition to calibration, saturation, and sensitivity limitation for the UK37’ proxy, the revised age model reveals that MIS 12 and 16 are not covered by UK37’ measurements 15 (Fig S4). Consequently, missing records of cooler SST temperatures during the older stadials yield almost invariant UK37’ values. 
2.4 Season of Production

Seasonal bias has long been known as a major issue regarding SST proxies, as short-lived algae record the SST of their growth season rather than a yearly SST average 30,31. Annual average SSTs based on the World Ocean Atlas between 1995-2004 were about 27°C in the Coral Sea in the area of Site 820 25,32. Comparing this modern averaged SST to the averaged Holocene SST recorded by the TEX86H and the UK37’ shows that both reconstructed SSTs have the same average SSTs of around 28.5°C for the Holocene (Fig 1). The average Holocene SSTs are more in line with SSTs during the modern Austral summer, which is around 28.7°C from the same source based on the same data 25. Furthermore, the reconstructed TEX86-based SST is warmer than Mg/Ca-derived SST from MD05-2930 in the Gulf of Papua, which is assumed to represent average SSTs26 (Fig. S1). Therefore, the TEX86 data is much closer to the summer temperatures than traditional SST reconstructions. Seasonal bias in UK37’ records is well known, given that coccolith blooms are often limited to one season, usually spring or fall 27,33. Seasonal bias in TEX86 is not as well studied due to poor preservation of archaeal lipids in sediment traps and because fresh organic matter may contain functionalized GDGTs rather than the core GDGTS from which TEX86H is calculated. Furthermore, in modern water column studies, TEX86 often yields colder reconstructed temperatures than other proxies, leading to the assumption that most of the bias comes from averaging the top 200 m from the water column 34. However, on Australia's northwestern and western shelves, there was abundant evidence of a warm summer bias in the TEX86H record 4. In the Pliocene, SSTs were continuously higher than clumped isotope-derived temperature values of G. sacculifer 4. Given that G. sacculifer is a thermocline species and, therefore, should reflect either surface or thermocline temperature, the fact that the TEX86 is warmer means that it had to reflect either annual SST or summer temperatures. Core top samples from the NW shelf also strongly correlated with summer SST 8. Besides geographical relationships, there is a strong connection between the Western Australian sites and the Coral Sea sites. All the sites represent carbonate settings at shallower (<400 m) water depths. We thus propose that on the eastern and western margins of Australia, and eventually in other shallow water carbonate environments, archaeal productivity is highest in the summer and that the TEX86H is biased towards summer SST. Finally, as mentioned above, the UK37’ values are also about the same during the Holocene, suggesting they also might have a summer bias. In summary, we conclude that the GDGTs record preferentially the Austral Summer SST within the Coral Sea, which for the Holocene yields a positive offset of about 1.5 °C against annual SST. 
3. Age Model

The studied section was dated biostratigraphically 35, magnetostratigraphically 36, and using 14C-chronology 37 (Table S1, Figure S5). Additionally, 38 published an age model based on an interpolation of planktonic δ18O adjusted to the benthic δ18O record of Site V19-30 39. However, they noticed that this did not fit the biostratigraphic data 35, especially in the upper part of the core. They, therefore, produced an alternative age model based on the biostratigaphic data initially, which was then tuned using the benthic δ18O data to Site V19-30 39.  In this record, they interpreted a condensed section between MIS 6 and MIS 7, and an extended MIS 8. The δ18O tuned age model of 38 was supplemented with additional δ18O measurements and applied by 15 instead of using the biostratigraphic age model. They did not discuss why they used the δ18O derived age model instead of the biostratigaphic age model. This was done despite questions about the accuracy of the δ18O record and comments about difficulties in retuning it 15.
Due to the issues raised with the alteration of the δ18O record 7,15, we re-evaluated the age model with the original stratigraphic tie points. When correlated with the original bio/magneto-stratigraphically produced age model, key warm and cold periods aligned much better with known glacials and interglacials (Fig. S5). Therefore, we produced a new age model based on the original bio/magneto-stratigraphic age model with the 14C dates included. For the first step, we adapted the original biostratigraphic and magnetostratigraphic data to the more updated datums of 40 (Fig. S5a). We then used these to convert depth to age (Fig. S5b). Subsequently, we aligned our TEX86 record to LR04 41 (Fig. S5d, Table S1). The biostratigraphic datums (based on the disappearance of G. ruber pink) at 30.0 m depth and the first occurrence of E. huxleyi at 38.8 m suggest very low sedimentation rates or a potential hiatus between these depths (Fig. S5f). Based on the δ18O data, we invoke a condensed section covering most of MIS 6 and all of MIS 7. It should also be noted that the timing of major features in the record, such as MIS 11 and the temperature shift from MIS 17 to MIS 18, are well controlled by the magento- and biostratigraphy and are therefore independent of the adjustment to LR04. 

Table S1. Adjusted age model based on 14C age 37, biostratigraphy 35,38, magnetostratigraphy 36 and stratigraphic tuning to LR04 benthic δ18O stack 41
	Depth (m)
	Age (ka)
	Type
	Reference

	2.43
	6.38
	C14 Age
	Moss et. al., 2017

	3.25
	8.14
	C14 Age
	Moss et. al., 2017

	3.65
	8.80
	C14 Age
	Moss et. al., 2017

	3.93
	8.99
	C14 Age
	Moss et. al., 2017

	4.25
	9.08
	C14 Age
	Moss et. al., 2017

	5.64
	9.54
	C14 Age
	Moss et. al., 2017

	6.05
	10.45
	C14 Age
	Moss et. al., 2017

	6.93
	16.01
	C14 Age
	Moss et. al., 2017

	7.20
	18.97
	C14 Age
	Moss et. al., 2017

	7.40
	22.22
	C14 Age
	Moss et. al., 2017

	7.90
	23.29
	C14 Age
	Moss et. al., 2017

	10.00
	26.85
	C14 Age
	Moss et. al., 2017

	13.00
	35.51
	C14 Age
	Moss et. al., 2017

	16.00
	42.44
	C14 Age
	Moss et. al., 2017

	30.00
	120.00
	Top G. ruber pink
	Peerdeman et al., 1993

	35.80
	290.00
	Bottom E. Huxleyi
	Wei and Gartner 1993 

	109.50
	430.00
	Top P. Lacunosa
	Wei and Gartner 1993

	139.50
	780.00
	Brunhes/Matuyama
	Barton 1993

	22.41
	63.19
	TEX86 tuning to LR04
	this study

	32.86
	136.42
	TEX86 tuning to LR04
	this study

	32.95
	254.35
	TEX86 tuning to LR04
	this study

	62.66
	328.99
	TEX86 tuning to LR04
	this study

	77.21
	343.30
	TEX86 tuning to LR04
	this study

	91.95
	406.03
	TEX86 tuning to LR04
	this study

	111.39
	486.54
	TEX86 tuning to LR04
	this study

	118.97
	538.50
	TEX86 tuning to LR04
	this study

	122.26
	575.48
	TEX86 tuning to LR04
	this study

	131.40
	612.61
	TEX86 tuning to LR04
	this study

	132.72
	650.55
	TEX86 tuning to LR04
	this study

	133.34
	695.48
	TEX86 tuning to LR04
	this study

	137.78
	739.17
	TEX86 tuning to LR04
	this study

	141.42
	799.97
	TEX86 tuning to LR04
	this study

	142.94
	860.14
	TEX86 tuning to LR04
	this study

	146.79
	876.73
	TEX86 tuning to LR04
	this study
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Figure S1 The ODP Site 820 record compared to the UK37’ record 15 (brown) MD06-3018 (light blue) from the southern Coral Sea 42. Also, MD05-2930 from the Gulf of Papua (5-point running average in black, full data in light gray) in the northern Coral Sea 26. This shows the difference between the variability of the UK37’ data and other proxies from the Coral Sea. The pink star shows austral summer SSTs from the coral sea. Based on the World Ocean Atlas25,32. 1σ error shown on the bottom. 
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Figure S2. Graphic illustration of the ODP Site 820 data for various GDGT indices used for quality assurance, including all replicate analyses. Quality criteria shown are: a. Methane Index (MI, after 5), b. %GDGT-0-index (after 10), c. Branched vs. isoprenoid Index (BIT, proposed by 1), and d. Ring Index (RI, proposed by 11).
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Figure S3. ODP Site 820 sea surface temperature data highlighting conservately removed samples (“x” symbol) due to high branched vs. isoprenoid index (BIT > 0.45)43,44. Apart from a few data points, most of the removed data would fit exactly with the SST-trendline.
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Figure S4. TEX86H record (red) compared to the UK37’ record (brown) 15 and δ18O- record measured on G. ruber 38. 
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Figure S5. Figure showing revised age model construction for ODP Site 820. a. Age-tie points from most recent age model consisting of biostratigraphy, 14C ages and magnostratigaphy 40 b. TEX86H-reconstructed SSTs vs. depth. c. TEX86H-reconstructed SSTs vs. age using an age model based on linear interpolation between the stratigraphic tie points (a) as a first stage of the reconstruction of the age model d. LR04 stacked δ18O record of benthic foraminifera 45. e. TEX86H-reconstructed SSTs age-tuned to the LR04 benthic δ18O stack (black lines). f. Sedimentation rates for the (bio)stratigraphic tie point model (light brown) and the adjusted age model (pink). 
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