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11 Abstract
12 Understanding how the Earth’s system behaves under climate forcing conditions is critical for
13 predicting how future climate change scenarios may affect the planet. In this regard, the
14 Miocene, with an atmospheric temperature ~4°C higher than modern and a near-modern
15  ocean configuration, stands out as a potential analogue for future climate projections. Our
16 current understanding of the Miocene derives principally from the Atlantic and Pacific Oceans,
17 whereas the Indian Ocean remains understudied. Nevertheless, different studies performed
18 in the equatorial Indian Ocean have revealed that the multiple climate shifts that occurred
19  during the Miocene modified both the atmospheric and oceanic processes in this basin (e.g.,
20 changes in westerlies position, nutrient flux and productivity). In the present study, we
21  investigate how changes in the climate conditions affected the surface ocean system at Ocean
22 Drilling Program (ODP) Site 752, located in the southeastern Indian Ocean, across the Middle
23 to Late Miocene. For this purpose, we present a new quantitative dataset of calcareous
24 nannofossil assemblages, in conjunction with already existing multi-proxy data.
25  Our results indicate that the warm atmospheric conditions reached during the Miocene
26  Climatic Optimum (MCO), starting at ~16.9 Ma, caused an intensification of the seasonal signal
27  at ODP Site 752 that lasted until 15.32 Ma. After this period, we detected a shift in the
28  calcareous nannofossil assemblage towards species characteristic of low-nutrient and warm-
29 water conditions (e.g., Reticulofenestra pseudoumbilicus, Reticulofenestra hagqii).
30 Nevertheless, with the progression towards the Late Miocene Cooling, which started at ~7
31  Ma, and the increased influence of the cooler and more productive Southern Ocean waters,
32  the calcareous nannofossil assemblage evolved into a community characterised by relatively
33  high-nutrient and cold-water taxa (e.g., Coccolithus pelagicus, Calcidiscus leptoporus). By
34  10.67 Ma, we recorded a reversion in the nannoplankton assemblage to species typical of low-
35  nutrient and warm-water conditions that lasted until 9.88 Ma. The comparison with available
36  &eNd(t) records for Site 752 and 707 (located in the equatorial Indian Ocean) revealed that this
37  change in the assemblage composition responded to a strengthening of the Pacific Ocean
38 water influx occurring at this time. High-nutrient and cold-water conditions were
39 reestablished after 9.88 Ma, lasting until the end of the studied record at ~7.34 Ma. Our
40  evaluation of the primary producer community from a multi-proxy-based perspective
41  revealed a progressive evolution of the surface ocean conditions in the southeastern Indian
42 Ocean region across the Middle to Late Miocene for the first time. Furthermore, the strong
43 correlation with existing proxy data for global climate records suggests that large-scale climate
44  events are the main factors driving the changes in the primary producer community and
45  surface ocean conditions at the Broken Ridge during the Middle to Late Miocene. However,
46  certain regional processes (e.g., strengthening of the Pacific Ocean influx) may also
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47  occasionally influence surface ocean conditions. Moreover, this multi-proxy approach allowed
48  us to better understand the Indian Ocean—Southern Ocean interaction, and more specifically,
49  the nutrient transport efficiency between these two ocean basins during a climate change
50  scenario. Specifically, our multi-proxy-based dataset revealed that the Antarctic divergence
51  region experienced a northward migration after the MCO, leading to a deep reorganisation of
52 nutrient transport across the surface southeastern Indian Ocean.

53 1. Introduction

54  The surface ocean represents a critical region for human socioeconomic activities (Costanza
55 1999; Koehn et al., 2017; Rayner et al., 2019; Teh et al., 2022; Dankel et al., 2023), serves as a
56  junction for atmospheric-oceanic processes and as a pathway for interbasinal water exchange
57  (Kraus and Businger 1994; Chelton and Xie 2010; Auer et al., 2021). Specifically, the upper
58  ocean realm plays a key role in oceanic productivity and nutrient transport between different
59  oceanic areas (Mahadevan and Archer 2000; Williams and Follows 2003; Whitney et al., 2005).
60  The physicochemical conditions of surface layers are susceptible to climatic variations and
61  provide relevant insights into atmosphere-ocean feedback mechanisms (Garcia-Soto et al.,
62  2021; Wang and Gligorovski, 2025). This is crucial for understanding and projecting how ocean
63  environments will be affected by ongoing modern-day climate change.

64  Shifts in climate conditions can trigger changes in surface ocean ecology through variations in
65  environmental conditions, nutrient availability, and planktonic community structure (Stenseth
66 etal, 2002; Moore et al., 2018; Auer et al., 2023). The plankton assemblage composition is a
67  key element of the ocean biological pump, serving as a tool for nutrient export (including
68 carbon) into the deep ocean (Hauck et al., 2015; Laufkotter et al.,, 2016). However, the
69 efficiency of this process is affected by the metabolic rates of each species and by local-to-
70  global changes in primary productivity (Laufkotter et al., 2016). In this regard, different studies
71  hypothesise that climate change could lead to a decline in the primary producer’s biodiversity,
72  favouring species with lower export efficiency. Furthermore, Moore et al. (2018) showed that
73 sustained climate warming has already decreased ocean primary productivity and nutrient
74  export from pre-industrial levels, and hypothesised that this will be further exacerbated by
75 2300 due to ongoing climate warming. This will therefore lead to global-scale nutrient
76  redistribution, driven by changes in surface ocean biodiversity, nutrient export efficiency, and
77  primary productivity (Laufkotter and Gruber 2018; Moore et al., 2018).

78  Multiple studies focused on uncovering how the Earth system behaved during different
79  geological periods to reconstruct potential future climatic conditions (Burke et al., 2018;
80  Puttman and Mutterlose 2021; Kageyama et al., 2024; Tierney et al., 2025). However, the most
81 studied periods are either too cold (Pleistocene) or display a completely different continental
82  configuration (Eocene) compared to future projected scenarios (Henry and Vallis 2022; Burton
83 et al., 2025). In this regard, the Miocene represents an ideal paleolaboratory to study the
84  relationship between climate change and Earth’s forcing mechanisms. First, due to the
85  similarities in atmospheric temperature with predicted future scenarios within the frame of
86  the Representative Concentration Pathway projections (~4°C warmer during the Miocene
87  than modern times; Steinthorsdottir et al., 2021). And second, because during the Miocene,
88  the main oceanic basins, and in particular the Indian Ocean, had reached a near-modern
89  configuration (Hamon et al., 2013; Bialik et al., 2019; Steinthorsdottir et al., 2021).

90 During the Miocene, the Earth system experienced a series of climatic events, which strongly
91 affected global conditions (Steinthorsdottir et al., 2021). One of the best-known events is the
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92 Miocene Climatic Optimum (MCO; ~16.9 — 14.7 Ma; Steinthorsdottir et al., 2021),
93  characterised by moderate to high levels of pCO; and elevated atmospheric and oceanic
94  temperatures (up to ~7 — 8 °C above modern day values; Steinthorsdottir et al., 2021). For this
95  reason, the MCO has been the focus of multiple studies and an analogue for future climate
96  model reconstructions (Steinthorsdottir et al., 2020; Holbourn et al., 2022). After the MCO,
97  the Earth experienced a cooling known as the Middle Miocene Climatic Transition (MMCT;
98  14.7 -13.8 Ma; Steinthorsdottir et al., 2021). This trend, although less intense, persisted after
99 the MMCT, leading to a progressive global decrease in temperature that culminated in the
100 Late Miocene Cooling (LMC), at ~7 Ma (Herbert et al., 2016; Steinthorsdottir et al., 2021).
101  Previous studies conducted in the Atlantic and Pacific Oceans focused on understanding global
102  climate during the Miocene (e.g., pCO,, and atmospheric temperature; Super et al., 2018; Fox
103 et al., 2021). However, the Indian Ocean remains overall understudied during the Miocene,
104  with data primarily restricted to low-latitude regions of the Northern Hemisphere (e.g., Betzler
105 etal., 2018; Bialik et al., 2019, 2020; Auer et al., 2023), although some studies have also been
106  conducted at high-latitudes (Majewski 2002; Verducci et al., 2009; Groeneveld et al., 2017).
107  Furthermore, most available data for the Indian Ocean span the Early Miocene to the end of
108  the MCO, excluding the cooling transition that followed (Chakraborty et al., 2018; Sosdian and
109  Lear 2020; Martinot et al., 2022).

110  The present study aims to reconstruct the evolution of the nannoplankton community and
111  surface ocean conditions across Middle to Late Miocene climatic events in the south-eastern
112  Indian Ocean. Our work thus seeks to uncover the relation between climatic, atmospheric,
113  and oceanic processes during this critical time interval, and how their interactions may affect
114  marine ecosystems in the surface ocean.

115 1.2 Broken Ridge oceanography
116 1.2.1 Surface water conditions

117  Today, surface waters in the Broken Ridge (BR) region are principally characterised by the
118  presence of the West Australian Current (WAC), a temperate (~20-24°C) and nutrient rich
119  current (Alvarez et al., 2011) which results from the progressive mixing between the warm
120  waters of the Agulhas Return Current (ARC), the South Indian Ocean Current (SIOC) and the
121  Antarctic Circumpolar Current (ACC; Figure 1) (Wyrtki 1973; Stramma 1992; Sparrow and
122 Heywood 1996; Stramma and Lutjeharms 1997; Palastanga et al., 2007; Schott et al., 2009).
123  Thus, the mixing intensity between the above-mentioned water masses controls the
124  temperature and nutrient availability of the WAC. Furthermore, the location where mixing
125  occurs also plays an important role in determining the variations of these two parameters
126 (Phillips et al., 2021).
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128  Figure 1: A) paleobathymetric map showing the location of ODP Site 752 (red dot) and surface
129  currents in the Indian Ocean (black lines). The orange line indicates the transect used to
130 generate the salinity profile. B) cross-section showing the salinity profile generated for the
131  Indian Ocean across ODP Site 752. Intermediate and deep currents are identified based on
132 their salinity signature, outlined with a dashed line and labelled accordingly. The
133  paleobathymetric map was generated using Ocean Data View (Schlitzer, 2024), and the salinity
134  data are derived from the World Ocean Database 2023 (Reagan et al., 2024). Abbreviations
135  are as follows: Agulhas Current (AC); Agulhas Return Current (ARC); Antarctic Circumpolar
136 Current (ACC); Antarctic Intermediate Water (AAIW); East Australian Current (EAC); Indian
137  Central Water (ICW); Indonesian Throughflow (ITF); Equatorial Central Current (ECC); Leuwin
138  Current (LC); Mozambique Current (MC); South East Madagascar Current (SEMC); South
139  Equatorial Current (SEC); Southern Indian Ocean Current (SIOC); Southern Indian Ocean Gyre
140  (SIOG); Subantarctic Mode Water (SAMW); West Australian Current (WAC).

141  1.2.2 Intermediate water conditions

142  Intermediate waters in the BR area are characterised by the dominance of the Antarctic
143  Intermediate Waters (AAIW) and the Subantarctic Mode Water (SAMW). However, these two
144  water masses flow at slightly different depths. Specifically, the AAIW occupies the deepest
145  portion of the intermediate water layers (700-1300 m), while the SAMW occupies the
146  shallowest (300-700 m; Wong et al., 1999; Hartin et al., 2013). In this context, the shallow
147  SAMW can interact with the surface waters and, in turn, facilitate the exchange of physical
148  and chemical properties between intermediate and surface waters (Harms et al., 2019).

149  In the 10, the SAMW forms on the equatorward side of the ACC, just south of Australia
150  (primarily during winter) due to heat loss and northward fluxes of cool, low-salinity surface
151  waters from the ACC (Rintoul and England 2002). These two processes intensify convection
152 within the mixed layer, resulting in thicker layers with uniform density and low potential
153  vorticity (relation between absolute vorticity and depth; McCartney 1977). The newly formed
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154  SAMW flows from the Tasman Region toward the Indian Ocean Subtropical Gyre (crossing the
155  BR)and, due to its physicochemical properties, is advected into the thermocline region (Sloyan
156  and Rintoul 2001). This advection ventilates thermocline waters and introduces nutrients into
157  the surface layers, particularly during periods of strong mixing (McCartney 1982; Hanawa and
158  Talley 2001; Li et al., 2022).

159 2 Material and methods

160  The analysed samples used in this study were obtained during ODP Leg 121, at ODP Site 752
161  Hole A (30°53.475'S/93° 34.652'E), with a total of 217.32 m of core retrieved (68% recovery).
162  Recovery within the studied interval was 94.7%. The subsequent onboard description revealed
163  two central lithostratigraphic units at ODP Site 752: Unit | (0-113 mbsf) spans from the
164  Pleistocene to the upper Eocene, and it is characterized by foraminifer-nannofossil oozes; Unit
165  11(113-308 mbsf) ranges from the lower Eocene to the upper Maastrichtian, and corresponds
166  to nannofossil chalk with silica-rich layers. We use the astronomically-tuned age-depth model
167  published by Lyu et al. (2023), the accuracy of which was subsequently validated by
168  biostratigraphic data from Puentes-Jorge et al. (2025).

169 2.1 Quantitative calcareous nannofossil data

170 132 samples were prepared for quantitative calcareous nannofossil analyses following the
171  methodology outlined in Bordiga et al. (2015). For the slide examination, a standard light
172  microscope (Zeiss Axio Lab.A1), with a field of view (FOV) of 220 um (22/10X objective; 100X
173  magnification), was used. Calcareous nannofossil specimens were counted based on 2
174  transects (1/3 and 2/3 of the slide length) of 24 FOV each. To ensure the assemblage was
175  representative of the whole population, additional transects were performed when the total
176  count was lower than 400 counts per sample. On average, ~600 specimens were identified per
177  slide.

178 2.2 Taxonomic remarks

179  The taxonomic identification of calcareous nannofossils performed in this study relies on the
180 Handbook of Cenozoic Calcareous Nannoplankton, Volumes 1-5 (Aubry, 1984, 1988, 1989,
181 1990, 1999), along with the works from Bukry and Percival (1971), Young (1990, 1998), Bown
182  and Dunkley (2012), Galovi¢ and Young (2012), Browning et al. (2017), Boesiger et al. (2017)
183  and Howe (2021). Species of the genus Reticulofenestra are divided in the present study based
184  on the central aperture and lith size, following the description from the Nannotax website
185 (Youngetal., 2017):

186  Reticulofenestra minuta: reticulofenestrids <3 um without a bar spanning an open central
187  area.

188  Reticulofenestra hagqii: reticulofenestrids with a coccolith length of 3-5 um and an open central
189  area.

190  Reticulofenestra producta: reticulofenestrids with a coccolith length of 3-5 um with a closed
191  central area.

192  Reticulofenestra pseudoumbilicus: reticulofenestrids >5um with an open central area.

193  Reticulofenestra perplexa: reticulofenestrids >5um with a closed central area.
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194  The specimens of R. pseudoumbilicus and R. perplexa were further divided into large (5-10
195  um) and very large (>10 um) morphotypes during the quantitative study. Furthermore, large
196  specimens were divided into two groups (5-7 um and 7-10 um) to fully ascertain
197  reticulofenestrid size variations across the study interval.

198 2.3 Statistical analysis and cluster ordination

199 The statistical and ordination methods applied in this study were performed using PAST4
200  (Version 4.13 released in May 2023; Hammer et al., 2001). The above-mentioned statistical
201 analyses include the estimation of correlation indices (Supplement S1) between the
202  nannofossil taxa and different environmental proxies estimated by XRF elemental ratios (see
203  section 2.4). These include determining dust flux into the region and changes in productivity
204  and export productivity (see subchapter 2.4). Additionally, different diversity indices were
205  calculated for the calcareous nannofossil assemblage (Hammer and Harper, 2006). To proceed
206  with the application of ordination and cluster analyses, only the species with an average
207  abundance >0.5% were considered (Supplement S2). Furthermore, species with
208  biostratigraphic relevance, known to appear or become extinct within the studied interval,
209  were not considered for the cluster division due to a potential bias in the results (Mello and
210  Buzas 1968). For analyses, the percentage data were arcsine-transformed to generate a
211  suitable database for ordination and cluster analyses (Sokal and Rohlf 1995; Hammer and
212 Harper 2006; Auer et al., 2014, 2019, 2023; Bialik et al., 2021). Clustering was performed using
213 the universal paired group method with arithmetic mean (UPGMA), using the Bray-Curtis
214  distance. Subsequently, we applied similarity percentages (SIMPER) analyses (Bray-Curtis
215  distance) to assess the contribution of each taxon to the cluster division. 2-D and 3-D non-
216 metric Multidimensional Scaling (nMDS) was applied to the assemblage record to correlate
217  each cluster with a set of available paleoproxy data from ODP Site 752, and nearby locations
218  (see subchapter 2.4 for details on proxy data). The paleoenvironmental proxy data used in the
219  nMDS method were previously interpolated to ensure a proper fit with the calcareous
220  nannofossil assemblage record.

221 2.4 Geochemical proxy data

222 Asetof previously published geochemical proxy data (Westerhold et al., 2020; Lyu et al., 2023;
223  DeVleeschouwer et al., 2025) was used in this study, along with the generated paleobiological
224  data, to further validate the variations observed in the assemblage. Global §'80 and 6%3C
225  records from Westerhold et al. (2020) were used to define variations in global temperature
226  and the oceanic carbon cycle, respectively. We generated a dust flux proxy following the
227  methodology outlined in Kuhn et al. (2015), based on the XRF elemental ratio
228  In(Fe+Ti+Zr)/(K+Al), to assess possible dust influx at the Broken Ridge. This proxy determines
229  the accumulation of heavy mineral phases enriched in Fe, Ti, and Zr, as opposed to elements
230  typically found in clay minerals (K and Al). Additionally, we evaluated changes in productivity
231  usingthe Si/Ca ratio and the export productivity formula proposed by Lyu et al. (2023) for ODP
232 Site 752. This formula considers the XRF count data of a series of metallic micronutrients that
233 carry a productivity signal, expressed as 1000 x (Cd+Cu+Ni+Zn+Cr+Br)/Ca. Published gNd(t)
234 values were also considered in this study to untangle variations in the oceanographic
235  configuration of the region, as variations in the eNd(t) signal provide critical information about
236  the origin of the waters present in a region at the time of the sediment deposition (De
237  Vleeschouwer et al., 2025).
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238 3 Results
239 3.1 Calcareous nannofossil diversity data

240  Preservation of calcareous nannofossil specimens at ODP Site 752 ranges from moderate to
241  moderately poor. This classification was based on visual evaluation of the samples via light
242  and scanning electron microscopes (see Appendix 1 for preservation examples).

243  Calcareous nannofossil diversity indices calculated at ODP Site 752 show an average of 27
244 species per sample (Figure 2). The Shannon Index H’ calculated for the studied interval ranges
245  between 3.034 and 1.623 (average = 2.466; mean = 2.472). Dominance values at Site 752 are
246  relatively low, with an average value of 0.13 and a minimum of 0.07. However, an increase in
247  dominance is recorded for the interval between 8.90-8.66 Ma, with a maximum value of 0.44
248  (average = 0.31), coinciding with an increase in abundance of R. minuta (Figure 3).
249  Furthermore, the topmost part of the studied time interval shows a slight increase in
250 dominance, with average values of 0.19 (Figure 2).
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252  Figure 2: Diversity indices calculated based on the calcareous nannofossil assemblage. All the
253  ecological indices were generated using the PAST4 software (Version 4.13 released in May
254 2023; Hammer et al., 2001) and includes: Total number of taxa per sample, without
255  considering reworked species; Shannon H’ index, calculated following Shannon (1948);
256  Evenness index, calculated as per Buzas and Gibson (1969); Species dominance, calculated as
257  per Simpson (1949). Coloured bands identify the different clusters defined at ODP Site 752.

258 3.2 Size variations in genus Reticulofenestra

259  Variations in the size of reticulofenestrids were recorded for the interval between 16.1 — 7.34
260  Ma (Figure 3). In this regard, we considered the difference in abundance between small (<3
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261  um), medium (3 — 5 pum), large (5 — 10 um), and very large (>10 um). Specimens between 5
262 and 10 um were considered together due to their similar distribution patterns across the
263  studied interval.
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265  Figure 3: abundance in percentage of the different size range groups of the genus
266  Reticulofenestra across the studied interval. Size ranges are divided as defined in Subchapter
267 2.2, and percentages are rescaled to 100% to allow better comparison between size groups.
268  Clusters are colour-coded.

269  Mid-size reticulofenestrids generally dominate during the studied interval (55.18%), followed
270 by large-size and small-size reticulofenestrids (32.63% and 12.09%, respectively). Very large
271  reticulofenestrids were very scarce throughout the stratigraphic interval studied (0.08%).
272  Although mid-size reticulofenestrid abundances are higher compared to the other size groups,
273  distinct variations in their relative abundance can be observed throughout the whole studied
274  interval. These variations are usually in concordance with an increase in abundance of large
275  reticulofenestrids (Figure 3). Specifically, large reticulofenestrids exhibit higher abundances in
276  the intervals from 16.1 — 15.32 Ma and 14.09 — 9.22 Ma, followed by a notable decrease in
277  abundance (Figure 3). Remarkably, small reticulofenestrids show a sharp increase in
278  abundance after 9.22 Ma, with abundances rising up to 94 % (Figure 3).

279 3.3 Cluster ordination and taphogroup characterisation

280  The clustering ordination analyses performed in this study (UPGMA; Bray-Curtis cophenetic
281  correlation of 0.76) revealed 5 clusters, defined at a cut-off similarity of 0.75 (Figure 4).
282  Furthermore, cluster 5 was divided into two sub-clusters (Subclusters 5a-5b), at a cut-off
283  similarity of ~0.77 (Figure 4). The statistical analyses show a strong similarity in its
284  composition, as per the weak support of individual clusters provided by the bootstrapping
285  (N=1000). However, the p-values obtained from one-way ANOSIM statistics (p-value<0.05)
286 indicate that the clusters defined in this study are statistically significant (Efron and Tibshirani
287  1994).
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289  Figure 4: Cluster analyses (A) and nMDS (B) results based on the calcareous nannofossil
290  assemblage shown in Fig. 5.

291

292  SIMPER analyses indicate that the clusters and sub-clusters described in this study are defined
293 based on the abundance variability of different reticulofenestrid sizes, discoasterids,
294  Coccolithus pelagicus, and Calcidiscus leptoporus (Figure 5). Based on the results from the
295  SIMPER analyses, we infer that these clusters are representative of taphogroups, with each
296 reflecting different environmental conditions.

297  Taphogroup (TG) 1 is characterised by a high abundance of Reticulofenestra minuta (64.39 %)
298 and low abundances of medium and large reticulofenestrids (0.92 and 0.83 %, respectively),
299  together with a relatively high abundance of C. pelagicus and C. leptoporus (5.51 and 7.49 %).
300 TG 2is also characterised by a relatively high abundance of R. minuta (20.91 %). However, TG
301 2 also presents high abundances of C. pelagicus (14.05%) and the highest abundance of C.
302 leptoporus (15.70%) from all the TG described at ODP Site 752. TG 3 is defined by a high
303  abundance of Discoaster spp. and abundance of C. pelagicus (7.38 and 22.56 %, respectively),
304  which are the highest from all the TGs. The abundance of R. pseudoumbilicus is also relatively
305  high in this TG (9.03 %). Additionally, C. leptoporus shows the lowest abundance in this TG.
306 The TG 4 is characterised by the high abundances of Reticulofenestra producta and
307  Reticulofenestra haqii (25.56 and 23.42 %, respectively). Finally, TG 5 and the subgroups are
308 distinguished by the increase in abundance of medium and large-sized reticulofenestrids.
309 Specifically, TG 5a presents high abundances of R. producta, R. perplexa, and R.
310  pseudoumbilicus (26.43, 12.72, and 10.93 %, respectively), while TG 5b presents a higher
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311 abundance of R. hagii (19.82 %) when compared with TG 5a (7.76%), and a decrease in
312  abundance of R. perplexa and R. producta (3.83 and 16.05 %).
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(%) (%) (%) (%) (%) (%) >5 pm (%) >5 pm (%)
L] 10 20 3 0 10 20 30 0 2 4 6 8 10 0 20 40 60 8 O 10 20 30 40 0 10 20 30 40 0O 5 10 15 20 25 O 10 20 30

313 M Cluster1  [|Cluster2 [l Cluster3 [ Cluster4 [0 Cluster 5a [ Cluster 5b

314  Figure 5: abundance in percentage of the main species defining the cluster division at ODP
315  Site 752 across the studied interval. Clusters are identified by the different colours.

316  The cluster differentiation is not as evident within the nMDS analyses (Figure 4), where TG 5a
317  and 5b appear grouped. Furthermore, the registered stress level (0.2565 in a k=2; 0.2018 in a
318  k=3) indicates that the plots resulting from the nMDS are difficult to interpret (Clarke 1993).
319  However, Dexter et al. (2018) demonstrated that the degree of stress in the nMDS analyses is
320 positively correlated to the size of sampling. Furthermore, the Bray-Curtis distance index
321  values calculated for the data used in this study show a pattern consistent with the cluster
322  division proposed by the clustering ordination method. Additionally, the one-way ANOSIM
323  (permutations = 9999) test displays p-values <0.05 (sequential Bonferroni significance) for all
324  the cluster and subcluster divisions, which is indicative that the clusters are, indeed,
325  statistically relevant (Somerfield et al., 2021a, 2021b).

326 4 Discussion
327 4.1 Environmental significance of the defined taphogroups

328 Taphogroup 1 (= cluster 1). TG 1 is characterised by the bloom of small-sized
329 reticulofenestrids (R. minuta), as evidenced by the cluster ordination. This is further supported
330 by the nannofossil diversity indices, which show an increase in dominance (D = 0.34) despite
331  no major variations in the number of taxa (S = 29; Figure 2), compared to the rest of the
332  taphogroups. R. minuta is defined as an r-selected species that thrives in high nutrient
333  conditions, and is associated with an increase in the terrigenous influx in coastal areas.
334  However, the position of ODP Site 752 (in an open ocean context; Figure 1) and dust flux
335  estimations (Figure 6) do not align with this hypothesis. Therefore, a new mechanism needs
336 to be invoked to explain the shift in size of the genus Reticulofenestra. Different studies
337  hypothesized that nitrogen (N) could play a crucial role in determining the size variations of
338  coccoliths in open ocean settings, leading to a reduction of the coccolith size during intervals
339  where N is limited (Paasche 1998; Aloisi 2015; Auer et al., 2023). Nitrogen limitation in open
340  ocean settings has been correlated to a relative excess of phosphorus in the water (Deutsch
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341 etal., 2007). The increase of phosphorus with respect to the N, also known as “phosphorus
342  excess”, produces a variation in the relative Redfield ratio from 106C:16N:1P, leading to the
343  existence of high C and P waters which can not sustain a high biological productivity due to
344  the low N availability (Moore et al., 2008). Additionally, TG 1 also shows relatively high
345  abundances of C. pelagicus and C. leptoporus, which thrive in cold water regions. Thus, we
346  associate TG 1 with the presence of high-nutrient (N-limited) cold waters in the BR area.

347  Taphogroup 2 (=cluster 2). The TG 2 has a similar species distribution as TG 1, with a high
348  abundance of R. minuta, C. pelagicus, and C. leptoporus, which are indicative of similar oceanic
349  conditions. However, TG 2 presents higher C. leptoporus and C. pelagicus and lower R. minuta
350 abundances than TG 1. This difference in species abundance within TG1 and TG2 is also
351  supported by the diversity indices, which show a lower dominance in this taphogroup (D =
352  0.15) and a more even species distribution (J162 = 039; J161 = 0.21). We link the increase in the
353  cold-water species (and decrease in R. minuta) to the persistence of high-nutrient cold waters
354  and anincrease in the N-availability in the photic zone in the BR region.

355  Taphogroup 3 (=cluster 3). The TG 3 is defined by the common presence of Discoaster spp.,
356  R. pseudoumbilicus and C. pelagicus. Previous studies from Imai et al. (2015) and Tangunan et
357  al. (2018) associated the presence of Discoaster spp. and large-sized reticulofenestrids with
358  warm and oligotrophic waters in deep nutricline settings. However, different authors argued
359 that the increase in large-sized reticulofenestrids is, in fact, linked to high nutrient conditions
360  (Aueretal., 2014; 2015; 2023; Beltran et al., 2014). This interpretation is further supported by
361  comparison with modern analogues of the Reticulofenestra group (Gephyrocapsa spp.), which
362 showed an increase in size under high nutrient conditions (Aloisi 2015). However, these
363  conditions do not explain the abundances observed for C. pelagicus, which thrives in well-
364  mixed cold waters (Cachdo and Moita 2000; Sato et al., 2004). In this regard, multiple studies
365  have associated the presence of species characterised by opposite ecologies as a signal of
366  seasonality. Specifically, warm and oligotrophic related taxa would be compatible with warm
367  summer periods, which allowed the establishment of a seasonal thermocline and inhibited
368  the nutrient advection in the upper ocean layers. Conversely, cold water taxa would thrive
369  during winter periods, where a deepening of the mix-layer would result in an enhanced
370  nutrient availability. Based on this evidence, we interpret TG 3 as an assemblage reflecting
371  strong seasonality. This interpretation is in agreement with the diversity indices calculated for
372  the TG3, which shows that this taphogroup is the most diverse (S = 30; H’ = 2.54) and more
373  evenly distributed (J = 0.45; D = 0.11) among all the taphogroups.

374  Taphogroup 4 (=cluster 4). The TG 4 is characterised by the dominance of medium-sized
375  reticulofenestrids, which have been linked to elevated nutrient conditions (eutrophic to
376  mesotrophic) in warm/temperate areas (Auer et al., 2023; Vigano et al., 2023) and to locally
377  confined upwelling (Wade and Bown, 2006; Auer et al., 2015). These oceanographic
378  conditions are intermediate between those observed for TG1 and TG5. This interpretation is
379  further supported by the diversity indices, which revealed a moderate diverse and evenly
380 distributed nannoplankton community (S = 29; H' = 2.44; D = 0.15; J = 0.4) compared to the
381 assemblages in TG1 and TG5. However, the position of Site 752 (within the subtropical Indian
382  Ocean gyre system) makes it unlikely for these conditions to occur. Therefore, we hypothesize
383 that changes in the nutrient source could, indeed, be the reason for the change in mid-size
384  reticulofenestrid size distribution. This interpretation is further supported by empirical studies
385 in culture, where changes in the Redfield nutrient relation showed an effect on the coccolith
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386  size (Aloisi 2015). Thus, we associate TG 4 with temperate waters characterised by high N and
387 P availability.

388  Taphogroup 5a (=subcluster 5a). The TG 5a is defined by the common occurrence of R.
389  pseudoumbilicus, linked to high nutrient waters in warm-water areas (Lohmann and Carlson
390 1981; Aueretal., 2015, 2023; Aloisi 2015), and R. hagii, linked to a deep thermocline/nutricline
391 also in relatively warm areas (Wei and Wise 1990; Wade and Bown 2006; Auer et al., 2015,
392  2023). The correlation of this taphogroup with high nutrient conditions is further supported
393 by the diversity indices, which show the lowest values (S = 25; H = 2.33) among the all
394  taphogroups. Hence, we link TG 5a to the presence of relatively warm waters and a deep
395  thermocline/nutricline in the BR region.

396  Taphogroup 5b (=subcluster 5b). The TG 5b is characterised by the concomitant occurrence
397  of large-size reticulofenestrids, linked to high nutrient waters in temperate areas (Lohmann
398 and Carlson 1981; Auer et al., 2015, 2023; Aloisi 2015), and R. producta, associated with a
399 deepened thermocline/nutricline (Wei and Wise 1990; Wade and Bown 2006; Auer et al.,
400 2015, 2023). The nannoplankton diversity indices also sustain this hypothesis, with overall low
401  number of taxa (S = 26) and low diversity (H’ = 2.36) compared to TG5a. Therefore, we link TG
402  5b to the presence of relatively cold waters and a deep thermocline/nutricline in the BR

403  region.
404 4.2 Paleoclimatic control and evolution of paleoceanographic conditions at Broken Ridge
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406  Figure 6: A) representation of the clusters and related intervals defined at ODP Site 752; B) a
407  compilation of global and Indian Ocean major climatic and tectonic events that occurred
408  across the targeted interval (16.1 — 7.34 Ma); The Southern Hemisphere (SH) and Northern
409  Hemisphere (NH) sea ice extension is also included and shows an increase in ice volume after



https://doi.org/10.5194/egusphere-2026-3191
Preprint. Discussion started: 12 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

410  ~13 Ma (*=perennial ice formation in the NH);C) set of global and Indian Ocean specific
411  geochemical data compiled for the studied interval. The §'80genthic megasplice shows stable
412  conditions in deep ocean temperature and ice volume until 13 Ma (Westerhold et al., 2020),
413  while the 8'3Cgenthic highlights variations in the C cycle across the studied interval. The :Nd(t)
414  values show an increase of Pacific Ocean waters between ~10.7-9.9 Ma (De Vleeschouwer et
415  al., 2025), which correlates with the timing of an increase in winnowing (Lyu et al., 2023). The
416  dust flux index shows an increase after ~9.2 Ma (Auer et al., 2023).

417  Based on the variations observed in the assemblage variability defined by our taphogroups,
418  we could subsequently define a total of 5 intervals (1-5) and 4 subintervals ( 4a-c and 5a) at
419  the BR region. We interpret these intervals as progressive surface ocean changes of mean
420  nutrient availability, temperature, and water column mixing between 16.1-7.31 Ma.
421  Variations in the assemblage data were compared with a set of geochemical proxies from the
422  global Ocean and the Indian Ocean (Westerhold et al., 2020; Lyu et al., 2023; De Vleeschouwer
423  etal., 2025) to ascertain the paleoceanographic and climatic conditions that occurred during
424  these intervals (Figure 7A-C). The identified intervals, along with their paleoceanographic and
425  climatic implications, are detailed in the following paragraphs.

426  Interval 1 (base of the studied interval -15.32 Ma): Interval 1 is defined solely by TG 3, which
427  is characterised by a mixed assemblage with abundant R. pseudoumbilicus, C. pelagicus, and
428  Discoaster spp. This interval presents an average number of taxa of 30+3 (N=10), with an
429  average diversity index (Shannon H’ index) of 2.60+0.08 and a dominance index of 0.11+0.01.

430  Interval 2 (15.32-14.09 Ma): Interval 2 is distinguished by the continuous presence of TG 4,
431  which intercalates with TG 5a at the top of this unit. The interval is characterised by a
432  calcareous nannofossil assemblage with abundant mid-size reticulofenestrids (TG 4), which
433  decrease in abundance when TG 5a is present, being replaced by larger Reticulofenestra
434  species. Additionally, a drop in the abundance of C. pelagicus can be observed at the bottom
435  of interval 2, reflecting the switch from TG3 to TG4. Diversity indices calculated for this interval
436  show an average number of taxa of 2942 (N=16), a Shannon H’ index of 2.48+0.1,8, and a
437  dominance of 0.14+0.03.

438  Interval 3 (14.09-13.04 Ma): Interval 3 is characterised solely by TG 5a, which reflects common
439  R. pseudoumbilicus and mid-size reticulofenestrids. Reticulofenestra pseudoumbilicus exhibits
440  an increasing trend, whereas mid-size reticulofenestrids decrease through interval 3. This
441  period shows an average number of taxa of 29+2 taxa (N=14), with a Shannon H’ index of
442  2.5140.12 and a dominance index of 0.12+0.02.

443 Interval 4a (13.04-10.67 Ma): Interval 4 is distinguished by TG 5b, with a brief interval
444  characterised by TG 2. Here, we observe an assemblage dominated by R. perplexa,
445  concomitant with a high abundance of R. producta. This interval presents an average of 24+3
446  (N=35) taxa, with a Shannon H’ index of 2.28+0.08 and a dominance of 0.15+0.02.

447  Interval 4b (10.67-9.88 Ma): Interval 4a is characterised by the alternation between TG 5a
448  and 5b, mainly ruled by the variations in abundance of R. perplexa. The average number of
449  species during this interval is 29.00+2 (N=18), with a Shannon H’ index of 2.57+0.06 and a
450  dominance index of 0.11+0.01.

451  Interval 4c (9.88-9.22 Ma): Interval 4c is characterised solely by TG 5b and, therefore, with
452  similar conditions to those recorded during intervals 4a and b (see discussion above).
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453  However, diversity indices show slightly different values, with an average of 29.00+2 (N=14)
454  taxa, a Shannon H’ index of 2.50+0.12, and a dominance index of 0.13+0.02.

455  Interval 5a (9.22-top of the studied interval): Interval 5a is characterised by the presence of
456 TG 2, TG 3, and a small subinterval (Interval 5b) characterised by TG 1 (see detailed discussion
457  below). The change from interval 4c to 5a is marked by a sharp decrease in the abundance of
458  mid- to large-sized reticulofenestrids and the increase of Discoaster spp., C. leptoporus, and C.
459  pelagicus. These changes in the planktonic assemblage remain relatively stable through
460 interval 5a, except for Discoaster spp., which is only abundant when TG 3 is recorded. Diversity
461 indices show an average of 29.00+3 number of taxa, a Shannon H index of 2.35+£0.34, and a
462  dominance index of 0.10+0.1.

463  Interval 5b (8.95-8.71 Ma): Interval 5b is comprised within a narrow period in interval 5a,
464  whichis characterised exclusively by TG 1, where R. minuta is dominant. Diversity indices show
465  an average of 29.00+3 (N=3) taxa, a low Shannon H’ index (1.78+0.26), and high dominance
466  (0.37+0.1) during this interval.

467  The five intervals established at ODP Site 752 reflect a dynamism of the region, susceptible to
468  multiple oceanic factors. Specifically, based on the variations of the calcareous nannofossil
469  assemblage, we infer that only the combined influence of water temperature, stratification,
470  and nutrient availability can explain changes in paleoecological conditions on the Broken Ridge
471  (BR) over the Middle to Late Miocene (~16.1 — 7.31 Ma). Our data suggest that the BR was
472  dominated by seasonal conditions during Interval 1, as per the presence of nannoplankton
473  species with opposed ecological niches (e.g., C. pelagicus and Discoaster spp.; Auer et al.,
474 2023).Inthisregard, multiple studies observed a positive relation between the seasonal signal
475  and global high temperatures (e.g., Klotz et al., 2006; Jo et al., 2022). Here, we link our
476  observations to the elevated global temperatures recorded during the MCO (Steinsthordottir
477  etal., 2021), which could, in turn, lead to a strong contrast between austral summer/winter
478  conditions (Figure 7A). These higher temperatures are further supported by the global benthic
479  foraminifera 580 isotopic stack, which shows values ranging between ~1.5 to ~2.25 %o for
480  this period (Figure 6; Westerhold et al., 2020).

481 A shift towards cooler and more nutrient-enriched waters, as well as a deepening of the
482  thermocline/nutricline and a reduction in seasonality, is presumed during Interval 2. We
483  ascribe the change in the nannofossil assemblage and paleoceanographic conditions to a
484  progressive global evolution from the MCO to the MMCT, which occurred during this period
485  (Figure 6). This interpretation also aligns with benthic foraminifera 8'3C and 80 isotopic data
486  (Westerhold et al., 2020), which reveal a positive shift in their values in correspondence to
487  Interval 2 (Figure 6). Our results demonstrate that persistent cool and nutrient-rich surface
488  water conditions were achieved at approximately 14.09 Ma at the Broken Ridge (beginning of
489 Interval 3), close to the end of the MMCT (~13.9 Ma). This cooling trend persisted through
490 intervals 3 and 4a (Figure 7B). This interpretation aligns with global 880 records, which show
491  values ranging from 3.26%o to 1.76%o. (Figure 6). Moreover, our assemblage data also suggest
492  the presence of slightly colder waters during Interval 4a at the Broken Ridge.

493  Achange in the calcareous nannofossil assemblage was detected at 10.67 Ma. This shift in the
494  assemblage composition occurs concomitantly with a positive excursion in the ¢Nd(t) values
495  recorded at ODP Site 752, which was recently correlated with an increase in the Pacific Ocean
496  water input to the region in De Vleeschouwer et al. (2025). Furthermore, the global §'3C signal
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497  also shows an increasing trend during this period (Figure 6), which was ascribed to variations
498 in the global C cycle and nutrient availability in the surface ocean (De Vleeschouwer et al.,
499  2020). We ascribe these variations to a decrease in the nutrient availability and an increase in
500 the temperature due to the enhanced input of warm Pacific Ocean waters. These conditions
501 remain consistent until the end of Interval 5, at 9.88 Ma, before continue a cooling trend until
502  the end of our record at ~7.34 Ma (end of Interval 5; Figure 7C). Interestingly, we recorded an
503 increase in the abundance of R. minuta at ODP Site 752 between 8.95 —8.71 Ma, in synchrony
504  with other contemporary records (Hag 1980; Young et al., 1998; Krammer et al., 2006; Beltran
505 et al., 2014; Imai et al., 2015; Auer et al., 2023). Specifically, the calculated diversity indices
506 indicate that, during this period, R. minuta replaces most of the calcareous nannofossil
507 assemblage taxa (Figure 2). Different studies have linked the increase of small
508 reticulofenestrids to changes in the nutrient cycle (Batvik et al., 1997; Paasche, 1998; Muiller
509 et al., 2008; Aloisi, 2015; Langer et al., 2023). However, no variations in the global §'3C are
510 observable during this period (Figure 6). However, different authors highlighted the key role
511  of the N:P ratio in determining the size distribution of modern reticulofenestrids (Marafion et
512 al., 2013; Aloisi, 2015). Specifically, in-lab experiments show that N-limitation in nutrient-
513  enriched environments can lead to a significant decrease in the coccolith size. Thus, we
514  propose that the increase in abundance of R. minuta is related to a change in the N cycle,
515 leading to a decrease in the N availability at ODP Site 752.
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517  Figure 7: conceptual model of the paleoceanographic evolution between Antarctica and the
518  Equatorial Indian Ocean across ODP Site 752 through the study interval (16.1 — 7.34 Ma).
519  Water relative temperature is represented by the blue (cold) to red (warm) gradient.
520  Furthermore, changes in the transport of nutrients across the Indian Ocean basin are
521  highlighted by the thickness of the green arrows (thicker arrow=higher nutrient transport).
522 The position of the zonal wind conveyor belts for the three presented scenarios is extrapolated
523  from Groeneveld et al. (2017). The polar front system and sea ice extension represent their
524 hypothesised migration under the paleoceanographic conditions inferred in this study. The
525  paleobathymetric profile was generated using Ocean Data View (Schlitzer, 2024). Additionally,
526 literature data (You 1998; Boning and Bard 2009; Auer et al., 2023; De Vleeschouwer et al.,
527  2025) were considered to better adapt the variations in the paleoceanographic conditions
528  across the selected transect. Abbreviations are as follows: Antarctic Bottom Water (AABW);
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529  Antarctic Circumpolar Current (ACC); Antarctic Deep Water (AADW); Antarctic Intermediate
530  Water (AAIW); Antarctic Polar Front (APF); Central Indian Water (CIW); Indian Central Water
531  (ICW); Equatorial Central Current (ECC); Indian Intermediate Water (lIW); Intertropical
532  Convergence Zone (ITCZ); South Equatorial Current (SEC); Southern Indian Ocean Current
533  (SIOC); Southern Indian Ocean Gyre (SIOG); Subantarctic Circumpolar Current Front (SACCF);
534  Subantarctic Front; Subantarctic Mode Water (SAMW); Subtropical Front (STF).

535 4.3 Variations in the mid-latitude surface Indian Ocean nutrient pool and Antarctic
536  nutrient transport

537  Substantial variations in the nutricline depth and surface ocean nutrient content can be
538 inferred through the 5 intervals defined at ODP Site 752. According to the calcareous
539  nannofossil data, we can hypothesise that these changes in the nutrient cycle are linked to
540 two main factors: 1) changes in the nutrient availability due to variations in the nutrient
541  transport (William and Follows 2003; Sarmiento et al., 2004; Moore et al., 2013). 2) changes
542  in the nutrient composition via intensification of the organic matter degradation in the water
543  column, also known as remineralisation (Lefévre et al., 1996; Feely et al., 2004). Here, we
544  explore in detail how factor 1 could potentially affect the nutrient availability in the surface
545  ocean during the Middle to Late Miocene. Nutrients are transported into the Broken Ridge
546  area via the Tasman Leakage or the Antarctic divergence region in the modern ocean (Koch-
547  Llarrouy et al., 2010; Lyu et al., 2023; Bali et al., 2025). However, Lyu et al. (2023) established
548  the onset of the Tasman Leakage during the Late Miocene, at 7 Ma, although some sporadic
549  occurrences of the Tasman Leakage could occur between 10.8-7.5 Ma. Therefore, we consider
550 the nutrient supply in the Broken Ridge region intrinsically connected to the dynamics of
551  Antarctic divergence during our study interval.

552  Between 16.1 —15.32 Ma, we observe a variation in the depth of the nutricline at the Broken
553  Ridge area, linked to the summer/winter contrast. Specifically, we infer a deepening of the
554 nutricline during winter and a shoaling during summer, driven by thermocline variability in a
555  warmer MCO world (Figure 7A). In this regard, we ascribe the high nutrient-related species to
556  the winter periods, where strong mixing produced the nutrient elevation into the photic zone.
557  Conversely, summer conditions are typically marked by reduced nutrient concentrations in
558  the upper water column. Our hypothesis suggests that surface nutrient lateral transport into
559  the BR region remains limited during the whole interval between 16.1-15.32 Ma. However,
560  during winter periods, the studied area can go through nutrient enrichment due to the
561 expansion of the mixed layer and the subsequent incorporation of intermediate waters. This
562  scenario is compatible with a very southern position of the Antarctic divergence, where
563  surface nutrients are slowly consumed before arriving at the Broken Ridge. Although nutrient
564  conditions remained relatively low during this period at ODP Site 752, the productivity index
565  shows the highest values here. We hypothesise that this increment in productivity might be
566 related to an increase in the nannoplankton metabolic ratio as a consequence of the higher
567  sea surface temperatures experienced during the MCO.

568  After 15.32 Ma, we observe a continuous deepening of the nutricline at Site 752, accompanied
569 by anincrease in the nutrient conditions that lasts until 10.67 Ma. This is further supported by
570 a decrease in diversity of the nannofossil assemblage, which is commonly related to an
571 increase in nutrient availability (Hallock 1987; Figure 2). The increase in the surface ocean
572  nutrient contentis indicative of an enhanced lateral transport from the Antarctic region, which
573 s, ultimately, related to a northward shift of the downwelling region (Figure 7A-B). A decrease
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574  in the productivity index accompanies the progressive increase in nutrient availability
575  between 15.32 and 10.67 Ma. However, this decrease is also coeval with a reduction in the
576 &80 during this period, further supporting the hypothesis that productivity in the region is
577  ruled by ocean temperature rather than nutrient availability. Smaller-scale variations in the
578  nutrient availability can be identified during this time. Nevertheless, these variations are likely
579  related to local variations in the oceanographic regime, and not to the occurrence of large-
580 scale processes ruling nutrient transport in the region (see subchapter 4.2 for more details).

581  After 10.67 Ma, we infer a decrease in the surface ocean nutrient availability based on the
582 calcareous nannofossil assemblage. This is further supported by a change in the §'3C benthic
583  stack at this time (Westerhold et al., 2020; Figure 6-7), which is indicative of a shift in the C
584  cycle and nutrient availability (De Vleeschouwer et al., 2025), as well as a progressive increase
585 in the Shannon diversity index (Figure 2). However, both the global benthic 3'80 (Westerhold
586 et al., 2020) and estimations of the westerlies position for this time period indicate stable
587  conditions in the Antarctic region that lasted until ~10 Ma (Groeneveld et al., 2017). In this
588  regard, we point out that the enhancement of the Tasman Leakage at this time, which
589  transports warm and nutrient-depleted waters from the Pacific Ocean, could be responsible
590 for the decrease in surface ocean nutrient availability (Lyu et al., 2023; De Vleeschouwer et
591 al.,, 2025). Lyu et al. (2023) established the beginning of the Tasman Leakage at ~11 Ma, based
592  onanincrease in grain size and winnowing currents at ODP Site 752. This is further supported
593 by a decrease in the dust flux index at this same time, potentially due to winnowing (Figure
594  6).

595  Furthermore, eNd(t) data from Site 707 and 752 show an increasing trend after 11 Ma, which
596 s indicative of higher Pacific Ocean water input into the Indian Ocean (Figure 6). However, its
597  effect on the surface ocean remained limited until 10.67 Ma. This condition persisted until
598  9.88 Ma, which is consistent with an intensification of the ACC and a subsequent increase in
599  the northward water transport (Holbourn et al., 2013; Evangelinos et al.,, 2024; De
600  Vleeschouwer et al., 2025).

601 An increase in the nutrient availability was recorded after 9.22 Ma, indicating an
602 intensification of the Antarctic lateral transport (Figure 7C). This increase in productivity is
603  further supported by the Shannon diversity index, which shows a sharp decrease at this time
604  (Figure 2). Interestingly, within this period, we recorded an increase of small-sized
605  reticulofenestrids (8.95-8.71 Ma), which have been ascribed in the literature to variations in
606  the N:P ratio (Miiller et al., 2008; Aloisi, 2015). This is further supported by benthic 8'3C data
607  obtained at Site 752, which shows no variations during this period. Based on the inferred
608 intensification of the Antarctic lateral transport, we hypothesise that this caused a period of
609 N depletion in the ocean, due to N consumption and remineralisation, which promoted the
610  bloom of r-selected species (such as R. minuta).

611 4.4 Global-scale implications on the nutrient cycling

612  Our calcareous nannofossil records allowed us to infer a relation between the Antarctic region
613  and the nutrient pool at ODP Site 752. However, the interpreted variations in the Antarctic
614  divergence zone could also have a wider global impact on the nutrient cycle across oceanic
615 basins. We hypothesise that the northward/southward movements of the Antarctic
616  downwelling zone during the Miocene led to a redistribution of the vertical nutrient profile
617  across the different oceanic basins. Specifically, our data suggest that during warm periods,
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618  when the Antarctic divergence zone is located further south, nutrients would be concentrated
619 inthe deep waters, reducing surface lateral transport and enhancing productivity in upwelling
620 regions. Meanwhile, as the Antarctic divergence zone migrates north during colder climate
621  conditions, the ocean suffers a decrease in deep-water nutrient trapping and an increase in
622  surface lateral transport, weakening productivity in the upwelling regions and enhancing it in
623  the open ocean. This hypothesis is supported by different studies performed in upwelling and
624  open ocean regions, which observed this same trend (Krammer et al., 2006; Imai et al., 2015,
625  2020; Hendericks et al., 2020; Auer et al., 2023).

626
627 5 Conclusion

628 In this study, we present a fully quantitative calcareous nannofossil assemblage data set for
629  Site 752. The evaluation of our novel data within a multi-proxy approach permitted us to
630 disentangle the variations in surface oceanic conditions in the Broken Ridge region and related
631 mechanisms during the Middle to Late Miocene. Here, we show that the surface ocean in this
632  regionis shaped primarily by global climate via nutrient transport efficiency from the Antarctic
633  divergence and surface water temperature. Furthermore, we observed that variations in
634  coccolith size are deeply connected with nutrient availability. We therefore infer the following
635  conclusions.

636 1) The combination of calcareous nannofossil data with a multiproxy approach indicates that
637  the Broken Ridge region has been susceptible to multiple paleoceanographic changes during
638 the Middle to Late Miocene (~16.1 — 7.31 Ma) related to shifts in the nutrient availability,
639  water temperature, and stratification. Specifically, we detected 5 intervals and 5 subintervals
640  where the above-mentioned parameters changed.

641  2) High global temperatures during the MCO resulted in an enhancement of the seasonal
642  signal at the BR. The subsequent decrease in temperatures across the MMCT led to a
643  deepening of the mixed layer and an increase in nutrient availability in the surface waters.
644  This trend continued along the Late Miocene Cooling, reaching the coldest and higher nutrient
645  conditions during Interval 5a. Interestingly, during Interval 5a (10.67-9.88 Ma), a decrease in
646  nutrient availability and an increase in water temperature were recorded, coinciding with an
647  enhanced influx of Pacific Ocean waters into the BR region.

648  3) The increase in abundance of R. minuta recorded at ODP Site 752 during interval 5b is
649  synchronous with that observed in other oceanic areas. We suggest that the increase in
650 abundance of small-sized reticulofenestrids during this time is related to a shift in the N:P ratio
651 and, specifically, points to a variation in the N cycle as a potential driver for this change.

652  4) Calcareous nannofossil-based shifts in the surface ocean nutrient availability at ODP Site
653 752 permitted us to elucidate the temporal evolution of the Antarctic divergence region
654  during the Middle to Late Miocene. Specifically, our results revealed a consistent northward
655  migration of the Antarctic divergence region after the MCO that continued up to at least 7.34
656  Ma. This migration resulted in a major reorganisation of the nutrient cycle in the Indian Ocean.

657 Appendix 1
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658

659  Plate 1: Light microscope and Scanning Electron Microscope images of nannofossil specimens from
660  ODP Site 752. A) Calcidiscus macyntirei (4H-3W-57-59 cm). B) Unidentified specimen (4H-3W-147-
661 149 cm). C) Helicosphaera intermedia (4H-4W-147-149 cm). D) Helicosphaera sp. (A4H-4W-147-149
662  cm). E) Reticulofenestra pseudoumbilicus (4H-4W-147-149 cm). F) Tetralithoides symeonidesii (4H-
663  4W-147-149 cm). G) Discoaster sp. (4H-6W-87-89 cm). H) Sphenolithus heteromorphus (TH-3W-27-
664 29 cm). I) Helicosphaera sp. (8H-1W-47-49 cm).
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