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1. Age model
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Fig. S1. Age vs. Depth plot for ODP Site 803D. The chronology is based on ten paleomagnetic stratigraphy (spanning 0 to ~3.33 Ma) and ten calcareous nannofossil datums (spanning ~3.33 to ~13.60 Ma) following Kroenke et al.1 and updated to Raffi et al.2 (see Table S1, Supplementary Material). FO = First Occurrence; LO = Last occurrence.



Table S1
Age datums are based on chron and subchron paleomagnetic boundaries of ODP Site 803D1 and updated to Raffi et al.2.
	Sl. no.
	Depth(mbsf)
	Datums
	Age (Ma)2

	1
	6.4
	Brunches
	0.773

	2
	9.6
	Jaramillo(O)
	1.008

	3
	8.3
	Jaramillo(T)
	1.076

	4
	15.6
	Olduvai(T)
	1.775

	5
	17.6
	Olduvai(O)
	1.934

	6
	26.4
	Gauss(T)
	2.61

	7
	32.9
	Kaena(T)
	3.032

	8
	34.1
	Kaena(O)
	3.116

	9
	35.1
	Mammoth(T)
	3.207

	10
	36.5
	Mammoth(O)
	3.33

	11
	60.35
	LO C. acutus
	5.04

	12
	69.85
	LO D. quinqueramus
	5.53

	13
	117.15
	FO Amaurolithus spp
	7.45

	14
	136.35
	FO D. quinqueramus
	8.1

	15
	174.35
	LO D. hamatus
	9.61

	16
	183.85
	FO D. hamatus
	10.57

	17
	183.85
	FO C. coalitus
	10.89

	18
	202.85
	LO C. nitescen
	12.45

	19
	212.35
	LO C. floridanus
	13.33

	20
	221.95
	LO S. heteromorphus
	13.6



2. Trends in major planktic foraminifera species
Figure 3c illustrates the relative abundance of Neogloboquadrina spp., which increases following the appearance of the Neogloboquadrina acostaensis–Neogloboquadrina humerosa–Neogloboquadrina dutertrei lineage at ~9.8 Ma. The relative abundance of this species increases to ~35% at ~8.3 Ma, followed by a gradual decrease until ~8 Ma. At ~8 Ma, this species again increases from ~7% to a peak of ~67% at ~7 Ma. Thereafter, a steady decrease occurs from ~7 to 6 Ma, with relative abundance reaching at ~4% by ~6 Ma.
The relative abundance of Dentoglobigerina venezuelana decreased markedly from ~30% to ~2% between ~13 and 11 Ma, followed by a rapid increase to ~26% (Fig. 3d). From ~11 to 9.8 Ma, it maintained relatively elevated values, averaging ~12.5% of the total assemblage (Fig. 3d). Thereafter, it gradually decreased to ~2% by ~8 Ma. Between ~8 and 7 Ma, its relative abundance increased markedly, reaching ~25% of the total assemblage, which again decreased gradually to ~2% by ~5.2 Ma.
The relative abundance of Trilobatus sacculifer was relatively high between ~13 and 11 Ma, averaging ~21% of the total assemblage (Fig. 3e). Thereafter, its abundance decreased markedly, becoming nearly absent between ~11 and 9.8 Ma. From ~9.8 Ma onward, T. sacculifer exhibits a stepwise increase. However, beginning at ~8 Ma, its relative abundance gradually decreased, reaching a minimum of ~3% at ~7 Ma. Following this interval, the relative abundance of this species increased again from ~7 to 6.5 Ma, with a pronounced rise to ~30%, establishing a dominant presence during the late Miocene. 
Figure 3f shows that the relative abundance of Globigerinita glutinata increased markedly from ~2% to ~20% between ~13 and 11 Ma. From ~11 to 8 Ma, this species maintained relatively increased values, averaging ~10.8% of the total assemblage. After ~8 Ma, its relative abundance decreased abruptly to ~5%. Thereafter, until ~6.5 Ma, G. glutinata remained at consistently low levels, with a mean relative abundance of ~4.3%.
3. Paleoecology of the major planktic foraminiferal species used in this study
Neogloboquadrina dutertrei, a modern thermocline-dwelling eutrophic species, flourishes under nutrient-enriched environment during enhanced primary productivity3,4,5,6. It exhibits a broad tolerance to environmental conditions, inhabiting waters with salinity levels between 25 and 46 PSU and temperatures between 13°C and 33°C7. At temperatures below 15°C, N. dutertrei develops calcite crusts, which are commonly observed in subsurface sediment assemblages8. Neogloboquadrina acostaensis and Neogloboquadrina humerosa are considered to have similar ecological preferences with N. dutertrei4,9.  Together these tropical Neogloboquadrinids (N. dutertrei, N. acostaensis, and N. humerosa) are collectively referred to as Neogloboquadrina spp. These species are primarily herbivorous, feeding on diatoms and other eukaryotes8,10. As thermocline dwellers, they are widely used as indicators of subsurface productivity, typically calcifying near the deep chlorophyll maximum3,5,11. 
Globigerinita glutinata is a cosmopolitan species that tolerates a broad range of temperatures (14°C to 30°C) and salinities (34.4–36.4 PSU)12. It is moderately susceptible to dissolution and occurs widely across mid- to high-latitude regions as well as in low-latitude upwelling zones3,13,14,15. The distribution of G. glutinata is closely associated with paleoproductivity, as it thrives in nutrient-rich thermocline waters, particularly in upwelling settings10,16,17. This pattern is likely driven by the upwelling of cold, nutrient-rich subsurface waters, which leads to a shallower mixed layer and enhanced surface productivity. 
Trilobatus sacculifer is a tropical, shallow-dwelling mixed layer species that prefers warm water with temperatures above 24°C and is typically associated with oligotrophic conditions with minimal seasonal changes in sea surface temperature3,14,15,18,19,20. This species reaches its highest abundances in low-nutrient environments, reflecting its adaptation to nutrient-poor surface waters7.
Globorotalia menardii is a cosmopolitan species that thrives in tropical-subtropical waters of low-to-medium productivity21,22. Maximum standing stocks of this species occur at the upper thermocline, pycnocline, nutricline, or Deep Chlorophyll Maximum depths5,23.
Dentoglobigerina venezuelana is a large, cosmopolitan planktic foraminiferal species widely distributed from the early Oligocene to the early Pliocene24. Stable isotope and geochemical evidence indicate that it predominantly inhabits the lower thermocline to sub-thermocline waters, particularly during the late Oligocene–Miocene, reflecting relatively deeper calcification depths compared to surface-dwelling species25,26,27. Ontogenetic studies suggest that juveniles initially calcify in shallower waters before migrating downward into deeper thermocline habitats during later growth stages28. The species lacks photosymbionts, implying a reduced dependence on surface light conditions and a stronger association with subsurface nutrient dynamics25. Its ecological distribution is closely linked to thermocline structure and ocean stratification, with shifts in habitat depth through time reflecting changes in thermocline intensity and vertical water column structure26,29,28,30,31. Consequently, D. venezuelana is considered a reliable indicator of deeper water mass conditions and thermocline variability in paleoceanographic reconstructions.
Fohsella fohsi is a Miocene planktic foraminiferal species predominantly associated with tropical to subtropical regions and is widely regarded as a thermocline-dwelling taxon. Stable isotope evidence indicates that it calcifies at intermediate depths within the upper to middle thermocline26,31,32. This species is considered to lack photosymbionts, suggesting a reduced dependence on light and a stronger linkage to subsurface nutrient availability8,32. Its distribution is closely associated with stratified water columns, where a well-developed thermocline supports distinct ecological niche. Variations in the abundance of F. fohsi have been linked to changes in thermocline structure, vertical stratification, and nutrient distribution during the Miocene31. Consequently, F. fohsi serves as a reliable indicator of thermocline dynamics and subsurface oceanographic conditions in paleoceanographic reconstructions.
4. Planktic foraminiferal mixed layer and thermocline species assemblages:
Tropical planktic foraminifera exhibit diverse assemblages governed by factors such as temperature, diet, and chlorophyll concentration, reflecting their adaptations to varying environmental conditions. These adaptations enable them to inhabit deep waters and turbid surface layers, with distinct species occupying specific depths within the water column33. Studies on the ecological distribution of planktic foraminifera have demonstrated their strong association with particular surface water masses34,35. Due to the stratification of water masses across varying depths, these species serve as critical indicators for reconstructing the interactions and properties of water masses in the Western Equatorial Pacific (WEP).
The planktic foraminiferal record is categorized into two distinct assemblages, representing water mass stratification and depth-specific habitats. These assemblages, delineated by species abundance, provide valuable insights into mixed layer and thermocline dynamics36,37. For paleo-productivity, species exhibiting notable seasonality and depth preference, such as Globigerina bulloides, G. glutinata, and Neogloboquadrinids, are studied38,39. For each target age, the relative abundance of mixed-layer and thermocline species was calculated by summing the relative abundances of the respective individual species. The species list for each assemblage is presented in Table S2. 
Table S2
Planktic foraminiferal groups and their constituent species.
	Assemblages and Groups (Name of the species included)

	Literature Referred 


	Mixed layer species
G. bulloides,	G. falconensis, G. conglobatus, G. ruber,	G. obliquus, G. extremus, T. sacculifer, T. immaturus, T. quadrilobatus, 	T. trilobus, 	G. fistulosus, G. rubescens, G. decoraperta, 	G. apertura, G. woodi, 	G. nepenthes,	G. druryi, O. universa, O. suturalis,	D. altispira,	D. baroemoenensis, D. globosa,	G. glutinata,	G. tenallus, P. continuosa,  P. mayeri,	P. siakensis		
	12, 16, 19, 28, 29, 40, 41, 42, 43, 44, 45 

	Thermocline species
G. Calida, G. siphonifera, G. Obesa,	S. dehiscens, S. praedehiscens,  G. conglomerata,	G. inflata, G. puncticulata,	G. exilis, G. multicamerate,	G. mioceanica,  G. limbate, G. menardii, F. fohsi,  G. ungulata, G. tumida,  G. plesiotumida, G. margaritae,  N. dutertrei, N. humerosa, N. inglei, N. pachyderma, N. incompta, N. acostansis, P. obliquiloculata, P. praecursor, P. spectabilis, P. primalis,  S. seminulina, S. kochi, G. dehiscens, B. digitata, B. praedigitata, C. unicavus, G. hexagonus, G. hirsuta, G. scitula, G. truncatulinoides, G. tosaensis, G. crassaformis, G. crassula, D. venezuelana
	29, 37, 40, 41, 43, 44, 45
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Fig. S2. Comparison of proxy data from ODP Site 803D with data from previously published sites. (a) The δ18O (‰) values of mixed layer planktic foraminifer (T. sacculifer in orange) and upper thermocline planktic foraminifera (G. menardii in blue and F. fohsi in deep blue) (this study), (b) Mass Accumulation Rate of Carbonates at IODP Site 148846, (c) Mass Accumulation Rate of Foraminifera at ODP Site 80347, (d) the δ18O (‰) values of T. sacculifer from ODP Site 806 in the WEP spanning ~5.3 Ma to Present48 (red), the δ18O (‰) values of T. sacculifer from ODP Site 806 spanning ~13 to 5.8 Ma26 (orange); and the δ18O (‰) values of thermocline-dwelling species from the same site (F. fohsi (~13–12 Ma, black)) and G. menardii (~12–5.8 Ma, blue)26, (e) the δ18O (‰) values of T. sacculifer from ODP Site 1146 (South China Sea)49, (f) δ18O (‰) values of T. sacculifer from IODP Site U1338 (Pacific Ocean)50. 
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