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中文摘要 

海洋沉積物中的碳酸鈣及生物性蛋白石的質量累積速率(mass accumulation 

rate, MAR)，可以反映受氣候及洋流影響而變化的鈣質和矽質生物的生產力，以及

海洋的保存能力。以往的研究發現，於晚中新世期間發生了強烈的氣候及環境變化。

例如，於 7.6-6.7 Ma的晚中新世碳同位素變化 (Late Miocene Carbon Isotope Shift, 

LMCIS)中，全球的底棲及浮游有孔蟲碳同位素有-1�的變化。大約在同一時期，發

生了晚中新世冷卻事件(Late Miocene Cooling, LMC)。大約於 7至 5.4 Ma，全球各

地的海表面溫度都下降至接近現今的值。在晚中新世期間，陸地大小的冰帽只存在

於南極洲，因此南極冰蓋強迫可能是造成於晚中新世的全球氣候劇烈變化的原因。

南極環流(Antarctic Circumpolar Current, ACC)主導了南大洋的海表至深水，並對大

氣環流作出響應，在全球的氣候和碳循環中有重要作用。然而，只有少數研究中探

討 ACC 的太平洋區域，限制了我們對這個世界上最大的洋流系統的碳酸鹽和生物

源蛋白石埋藏歷史的了解。我們的研究利用南大洋的太平洋區域中部和東部的碳

酸鈣及生物性蛋白石埋藏，重建晚中新世的生產力。研究的樣本是來自綜合大洋鑽

探計劃 383 航次於南大洋太平洋區域的 U1541 及 U1543站點的岩芯。

結果顯示，在 8.3至 6.0 Ma期間，U1541站點採集的碳酸鈣及生物性蛋白石

量幾乎呈相反趨勢。整體而言，U1541 於 LMCIS開始後，碳酸鈣減少，蛋白石增

加。於 6.0至 5.5 Ma期間，兩者都處於相對低值；而 U1543站點則由蛋白石主導，

碳酸鈣的埋藏量顯著地低。比較兩個站點的數據，U1541碳酸鈣MAR比 U1543顯

著地高。 

我們推測南大洋的太平洋區域由生產力主導。另外，兩個地點的生產力變化趨

勢，可能受到 LMC 時海表面溫度冷卻所影響，指示 ACC 的擴張，並影響湧升流

的強度。ACC 的擴張最後導致了 ACC流速的減慢，以及 6.0 百萬年之後 U1541 的

低生產量。兩個站點的表水營養受到不同的湧升流強度和地理條件所影響，導致兩

個站點的生產力的差異。最後，ACC 的太平洋區域的生產力與大西洋區域的趨勢

相似，可能表示南大洋的生產力是由 ACC控制。這些數據也表明結合晚中新世的

陸地過程，全球高海洋生產力可能最終導致 LMCIS。

關鍵詞︰晚中新世、南大洋、生產力、碳酸鈣、生物性蛋白石 
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Abstract 

 

Mass accumulation rate (MAR) of calcium carbonate (CaCO3) and biogenic opal in 

marine sediment reflect the variations in calcareous and siliceous productivity, and 

preservation of the ocean, influenced by climate and ocean circulations. During the late 

Miocene, Late Miocene carbon isotope shift (LMCIS), a long-term negative 1‰ shift 

globally, occurred between 7.6 and 6.7 million years ago (Ma). About the same period, 

late Miocene cooling (LMC) happened around 7 to 5.4 Ma, which culminated with ocean 

temperatures dipping to near-modern values. The Antarctic ice sheet forcing might be 

responsible for drastic changes globally during the late Miocene, as continental-sized ice 

sheets only exist in Antarctica during this period of time. The Southern Ocean, where the 

Antarctic Circumpolar Current (ACC) dominates the surface-deep water, and responds to 

atmospheric circulations, plays an important role in the global climate and carbon cycle. 

However, only a few investigations look into the Pacific sector of the ACC, limiting our 

understanding of the productivity histories of this world’s largest zonal current system. 

Our study reconstructs the biogenic productivity using the sedimentary carbonate and 

biogenic opal content in the central and eastern Pacific sector of Southern Ocean. Major 

samples are from sites U1541 and U1543 obtained during the International Ocean 

Discovery Program (IODP) Expedition 383.  

Our results show that at site U1541 (central Pacific sector of the ACC), CaCO3 and 

opal fluxes sustain a negative relationship between 8.3 to 6.0 Ma. Overall, the CaCO3 

flux decreases while the opal increases during the onset of LMCIS. Both CaCO3 and opal 

fluxes remain low during 6.0 to 5.5 Ma. At site U1543 (east Pacific sector of the ACC), 

opal burial dominates, while CaCO3 flux is significantly low throughout the period. 
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Comparing the data in the two sites, site U1541 has a significantly higher CaCO3 flux and 

relatively lower opal flux than U1543.  

We speculate that the Pacific sector of Southern Ocean is productivity-dominated. 

Overall, the increasing opal in both sites might be the consequence of sea surface 

temperature cooling during the LMC, and indicate the ACC expansion, which affects the 

strength of upwelling. This eventually leads to the slowing of ACC and the low burial 

fluxes at site U1541 after 6.0 Ma. The regional productivity differences between the two 

sites may be due to the different nutrient availability caused by upwelling strength and 

spatial differences. On the other hand, the productivity changes in the Pacific sector of 

the ACC coincides with the Atlantic sector, which may indicate that the Southern Ocean 

productivity is mainly controlled by the ACC. This also indicates that LMCIS may be 

related to the high global primary productivity, with the influence of the terrestrial 

processes.  

 

Key words: late Miocene, Southern Ocean, productivity, carbonate, biogenic opal 
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1 Introduction 

1.1 Ocean productivity 

Productivity refers to the quantity of organic material produced by organisms per unit 

of time (Hanson, 1962). It mainly refers to the production by phytoplankton, the plants 

suspended in the ocean. Ocean productivity includes two divisions, which are primary 

and secondary productivities. Primary productivity refers to the rate of organic carbon 

produced by primary producers (known as autotrophs), while secondary productivity 

refers to the growth rate of heterotrophic biomass (Sigman and Hain, 2012). The majority 

of ocean productivity is constituted by calcareous and siliceous production (Yao, 2022) 

which play different roles in biological pump (Ramaswamy and Gaye, 2006). 

 

The processes of carbon fixation and atmospheric CO2 export is defined as 

“biological pump” (Volk and Hoffert, 1985). Atmospheric CO2 (one of the inorganic 

carbon, IC) is fixed and transferred into organic carbon (OC) by photosynthesis of 

primary producers, and exported to deeper waters when these organisms sink to the water 

bottom (Ramaswamy and Gaye, 2006). Once CO2 is brought to the bottom, the partial 

CO2 in surface waters is lowered and eventually reduces the atmospheric CO2 (De La 

Rocha and Passow, 2014). Siliceous production is dominated by Diatoms, which are 
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photosynthetic species (Kuczyńska et al., 2015), thus siliceous productivities are mainly 

primary producers and can lead to the reduction of atmospheric CO2 (Ramaswamy and 

Gaye, 2006). Although calcareous plants also carry out photosynthesis, their calcification 

can eventually lead to an increase in atmospheric CO2. The amount of photosynthesis and 

respiration do not affect the alkalinity of the seawater, thus the equilibrium between 

surface water and air can remain unchanged and CO2 is not released into the atmosphere 

(Kalokora et al., 2020). However, calcification which calcareous organisms uptake CO2 

to build CaCO3, decreases the alkalinity of the surface water, as 1 mol of CaCO3 leads to 

a decrease in two equivalents of the total alkalinity (Chisholm and Gattuso, 1991). Water, 

where calcification has occurred, will equilibrate with air by releasing CO2 to the 

atmosphere, thus, higher calcification by increasing calcareous production eventually 

leads to an increase in atmospheric CO2 (Ware et al., 1992). Therefore, calcareous 

producers both uptake and release CO2, while increasing siliceous productivity can result 

in lower atmospheric CO2 (Ramaswamy and Gaye, 2006) (Fig. 1.1).  

 

Ocean productivity plays an important role in controlling the carbon input and output 

of the ocean, thus, has further influences on climate change as the efficiency of biological 

pump affects the concentration of the greenhouse gas CO2 (De La Rocha and Passow, 

2014). Increasing atmospheric CO2 strengthens the greenhouse effect, and leads to global 



doi:10.6342/NTU202301546
3 

warming, and vice versa (Kump et al., 2000). Therefore, ocean productivity can respond 

to global climate signals (Paytan, 2009). 

 

Fig 1.1 Schematic illustration of the biological pump processes.  

1.2 Productivity proxies 

Siliceous organisms such as diatoms, radiolarians, and sponges, utilize silica (SiO2) 

for growth and forming their hard parts. After the death of these organisms, their skeletal 

material, biogenic opal will be deposited (Demaster, 1981). On the other hand, 

calcification by calcareous organisms form calcium carbonate (CaCO3), thus, the hard 

parts of these organisms consist of CaCO3 (Frankignoulle et al., 1995; Ramaswamy and 

Gaye, 2006). In short, calcium carbonate (CaCO3) and biogenic opal in sediment are 

composed of the skeletal materials of calcareous and siliceous organisms, respectively 

(Paytan, 2009).  
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 The presence of calcareous and siliceous organisms varies in different regions of 

ocean, due to different nutrient availability. Most plankton require “nutrients” (nitrogen 

(N), phosphorus (P), iron (Fe), and silicon (Si)) for growth (Ramaswamy and Gaye, 2006). 

Besides, CO2 concentration is important for primary producers, as higher CO2 

concentrations can evoke photosynthesis by the organisms (Hutchins & Fu, 2017). Some 

plankton (mainly calcareous) also need calcium (Ca) for building hard parts. CO2 and Ca 

are not considered as limiting nutrients as they are relatively stable and abundant in 

seawater (Sigman and Hain, 2012). Generally, siliceous organisms are abundant in 

nutrient-rich environments, while calcareous organisms are adapted to nutrient-depleted 

surface water (Iglesias-Rodríguez, 2002). Siliceous organisms need Si for constructing 

their opal skeletal materials, thus Si is significantly important for siliceous productivity 

(Sigman and Hain, 2012). Nutrient-rich surface waters favor the growth of siliceous 

organisms (mainly diatoms) (Ramaswamy and Gaye, 2006), as Si can be mostly found in 

waters where N and P are abundant on the surface ocean (Sigman and Hain, 2012). In 

modern oceans, high opal burials are mainly found in the Pacific and Southern Oceans, 

while low in Atlantic Ocean (Cortese et al., 2004). 

 

Previous studies suggest that wind-driven upwelling brings high CO2 and nutrient 

waters from deep ocean to the surface (e.g., Martinez-Garcia et al., 2011, Kohfeld et al., 
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2005). Besides upwelling, cold surface water can also bring more nutrient-rich water from 

deep to the surface water. Warm surface water with low density leads to strong 

stratification which inhibits vertical mixing and nutrient exchanges with dense cold deep 

water (Li et al., 2020). Cold surface water weakens the vertical density gradient, and 

favors the mixing of waters (destratification), thus allowing nutrients to be brought to the 

sea surface (Sigman and Hain, 2012). In addition, terrestrial processes such as weathering 

and volcanic activities can also increase siliceous productivity, as they bring iron and 

silicate-rich dust to the ocean (Martin et al., 1989; Van cappellen et al., 2002). 

Conclusively, higher biogenic opal deposition is usually found in stronger upwelling 

areas and low sea surface temperature regions. Nutrients from land also result in an 

increase of opal fluxes. 

 

Calcareous productivity is generally higher in nutrient-depleted surface water, as 

calcareous productivity may be outcompeted by siliceous productions (Iglesias-

Rodríguez, 2002). However, calcareous plants are also abundant under surface water 

which is rich in CO2 and dissolved P (mostly phosphate) (Wei et al., 2021). When Si is 

insufficient in water, diatoms may be unable to compete with other plankton, including 

calcareous organisms (Bradtmiller et al., 2007). Therefore, when strong upwelling brings 

high CO2 and nutrient waters to the surface, calcareous production can also increase 
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depending on the water chemistry in different regions (Wei et al., 2021). We can correlate 

the siliceous and calcareous productivity with the climate and ocean environment through 

the reconstruction of CaCO3 and opal burial fluxes. 

 

Besides, as OC is formed when primary producers carry out photosynthesis, it can 

represent the most direct proxy for primary productivity, and many studies have 

reconstructed primary productivity by using total organic carbon (TOC) (Schoepfer et al., 

2015). Although the TOC deposition is strongly dependent on water depths, so only little 

OC can be preserved in the sediment (Paytan, 2009), we can determine the major producer 

of the plankton community through correlations with TOC. Positive correlations between 

TOC and CaCO3/opal fluxes can indicate the majority of primary productivity, as this can 

show which production has higher contributions to photosynthesis (Lyle et al., 1988). 

This means we can understand how siliceous and calcareous productions affect the 

climate base on the correlation between TOC and CaCO3/opal fluxes. Therefore, in this 

study, we determined the marine CaCO3, opal, and TOC contents, in order to have further 

investigation into the relationship between climate and ocean productivity. 
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2 Background 

2.1 Late Miocene 

During the late Miocene (~12-5 Ma), there were drastic climatic and 

palaeoceanographic changes in a warmer-than-modern world. Besides drying and 

vegetation changes (Herbert et al., 2016), a sustained global cooling trend occurred during 

this period of time (Holbourn et al., 2018), despite the warmer climate. Global sea surface 

temperature has a decreasing trend during ~7.0 to 5.4 Ma, which is defined as the Late 

Miocene Cooling (LMC) event (Fig 2.1b, Herbert et al., 2016). The main driving 

mechanism of LMC is most like the decline in atmospheric CO2 and the increasing sea 

surface temperature gradient between the equator and the poles (Herbert et al., 2016, 

Martinot et al., 2022). 

 

About the same period, the global benthic and planktonic !13C has a negative ~1‰ 

shift during ~7.6 to 6.7 Ma, known as the Late Miocene Carbon Isotope Shift (LMCIS) 

(Fig. 2.1a, e.g., Keigwin, 1979, Holbourn et al., 2018). The major mechanisms driving 

the LMCIS are still controversial, as both planktonic and benthic foraminiferal !13C 

decline during this period of time (Drury et al., 2018, Holbourn et al., 2018, Westerhold 

et al., 2020). Most studies suggest that elevated primary production is the main 

mechanism that leads to LMCIS (e.g. Diester-Haass et al., 2005), as 12C is utilized first 
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during photosynthesis, more negative ! 13C will be more brought to the bottom (Du et al., 

2022). However, this cannot explain the same decreasing trend of planktonic !13C. 

Another hypothesis is the C4 plant expansion (Bickert et al., 2004). There is a wide-

spreading transition of C4 grassland from predominated C3 plant during the late Miocene 

(e.g., Cerling et al., 1997, Quade et al., 1989). The photosynthesis by the C4 plant has less 

preference for 12C than the C3 plant, thus causing less negative !13C in terrigenous organic 

matter (Quade et al., 1989). As more 13C is utilized by the terrigenous biomass, more 12C 

is left in the atmosphere and input into the ocean, which causes a decline in marine !13C 

(Du et al., 2022). However, as the C3:C4 shift is not globally synchronous, it may not be 

the main driving mechanism of LMCIS, a global event (Drury et al., 2018). The uplift of 

the Tibetan Plateau at ~8.0 Ma is also a hypothesis of driving LMCIS (Li et al., 2014). 

Intensive uplifting can lead to more negative !13C input into the ocean through strong 

weathering of buried organic matter (Wang et al., 2021). Nevertheless, this uplift event is 

regional, and may be difficult to drive this global event (Herbert et al., 2016). 

 

On the other hand, the climate conditions in the late Miocene are similar to the modern 

in spite of the warmer climate. Proxy records show that atmospheric pCO2 in the late 

Miocene was near or not much higher than the modern (Steinthorsdottir et al., 2021). In 

addition, both the late Miocene and modern climate are significantly influenced by the 
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Antarctic ice sheet (Anderson et al., 2011), with relatively weak Northern Hemisphere 

ice sheet forcing, especially when the Antarctic ice sheet formed the main component of 

the cryosphere during the middle and late Miocene (Gasson et al., 2016). Therefore, the 

Antarctic ice sheet might be responsible for the drastic changes during the late Miocene.  

 

Fig. 2.1 Late Miocene climate background. a planktonic foraminiferal !13C record at site 

U1338 (Drury et al., 2018) and site 1146 (Holbourn et al., 2018); benthic foraminiferal 

!13C record (Westerhold et al., 2020) b global sea surface temperature anomaly (Herbert 

et al., 2016). Blue and yellow vertical bar are the LMC and LMCIS events, respectively. 

 

a 

b 
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2.2 Southern Ocean 

During the late Miocene, there is continental-sized ice sheets only in Antarctica, but 

not in the Northern Hemisphere (Steinthorsdottir et al., 2021). This makes Antarctica has 

more influence on global climate than the Arctic during this period of time. Planetary 

albedo is one of the climate forcing controls, which is the degree of how much sunlight 

is reflected back into space, thus playing an important role in global warming (Thomas 

Farmer and Cook, 2012). As ice cover can reflect more solar radiation, it has more effects 

on the global climate (Budyko, 1969). Large Antarctica ice sheet, therefore, has 

significant influences on climate change, which is also affected by CO2 concentration 

(Singh and Polvani, 2020). Antarctica is able to maintain its enormous ice sheet due to 

the major circulation system of Southern Ocean, the Antarctic Circumpolar Current 

(ACC), which keeps warm subtropical water away from the Antarctic continent (Barker 

et al., 2007). Some studies also state that the Antarctic ice sheet expansion may lead to 

the ACC expansion during atmospheric CO2 decline, thus there is a strong coupling 

between Antarctic ice and Southern Ocean (Leutert et al., 2020). The ACC is formed with 

the openings of the Tasmanian Seaway and the Drake Passage during the Paleogene (e.g., 

Barker and Thomas, 2004), resulting in the isolation of Antarctica. The ACC flows from 

west to east, mainly driving by the westerly wind (Hassold et al., 2009). It is the only 

current that connects all three major basins of the global ocean (Pacific, Atlantic, and 
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Indian Oceans), which flows from the sea surface to the bottom (Barker and Thomas, 

2004). Therefore, it plays an important role in the mixing and redistribution of water, heat, 

and nutrient with other oceans (Hassold et al., 2009). 

 

Biological utilization of nutrients in the Southern Ocean regulates the preformed 

nutrient reservoir for a great majority of the deep ocean, therefore it plays an important 

role in atmospheric CO2 concentration variation and regulating the global average 

efficiency of the biological pump (Sigman et al., 2010). Some studies suggest that the 

siliceous productivity is limited in parts of Southern Ocean because of the lack of iron 

dust input (de Baar et al., 1995), while some researchers state that the productivity in 

some parts of Southern Ocean does not respond positively to iron dust (Chase et al., 2003). 

Therefore, there may be other factors that affect the siliceous productivity in Southern 

Ocean, and may further influence the nutrient transportation to other oceans through the 

ACC. As Southern Ocean productivity controls nutrient transfer to other oceans (Hassold 

et al., 2009), it can affect the efficiency of biological pump and atmospheric CO2 

concentration in these oceans and eventually leads to global climate changes (Sigman et 

al., 2010). Therefore, productivity in Southern Ocean is important for us to investigate as 

it may have large influences on global climate changes during the late Miocene. 

Productivity records in Southern Ocean can help to explain how atmospheric CO2 and 
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nutrient have further effects on the climate, and investigate the relationship between 

productivity and the problematic climate event during the late Miocene. 

 

2.3 The aim of this study 

Late Miocene stands out as the most prolonged shift during the Neogene, with 

problematic climate events (Holbourn et al., 2018). The Antarctic ice sheet forcing may 

be responsible for these dramatic changes during the late Miocene, which is controlled 

by the major current system of Southern Ocean, the ACC (Barker et al., 2007). This 

indicates that reconstruction of Southern Ocean productivity is important for investigating 

the driving mechanisms of climate change. Our previous understandings of 

paleoceanography and ocean productivity are mostly from the Deep Sea Drilling Project 

(DSDP), Ocean Drilling Program (ODP), and Integrated Ocean Discovery Program 

(IODP). For example, ODP Leg 177 and IODP Leg 318 recovered Cenozoic sediments 

in the Atlantic and Indian sectors of the ACC, respectively (Lamy et al., 2021). However, 

there was much less investigation into the Pacific sector of the ACC. The preexisting 

programs mainly drill in the Antarctic continental margin south of the ACC, such as ODP 

Leg 178. Therefore, IODP Expedition 383 was designed for more advanced knowledge 

of the dynamics of the ACC (Lamy et al., 2021). 

 



doi:10.6342/NTU202301546
13 

The productivity in the Southern Ocean may affect the production rates in other 

oceans through regulating the nutrient distribution, and also have influences on global 

climate by the efficiency of the biological pump (Sigman et al., 2010). However, the 

factor that affects the productivity in Southern Ocean is complex (Chase et al., 2003), 

which may further influence the global production rates, and thus the atmospheric CO2 

(Sigman et al., 2010). Variations in CO2 seems to be the main driving mechanism of 

climate change (Herbert et al., 2016), the productivity in the Southern Ocean, therefore, 

is important for the investigation of climate changes during the late Miocene. Our study 

reconstructs the biogenic productivity using the sedimentary CaCO3, and biogenic opal 

content in the central and eastern Pacific sector of Southern Ocean, as these components 

constitute the majority of the ocean productivity (Yao, 2022). TOC content is also 

determined, which is important in indicating the roles of siliceous and calcareous 

organisms during the period of time in different regions (Lyle et al., 1988). Therefore, 

this study allows us to understand the paleoenvironment of Southern Ocean and also 

investigate the relationship between ocean productivity and the climate events during the 

late Miocene, through reconstruction of the calcareous and siliceous production. 
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3 Material and Methods 

3.1 IODP Sites U1541 & U1543 

The materials used in this research are Sites U1541 and U1543 sediment archives, 

which are from the International Ocean Discovery Program (IODP) Dynamics of the 

Pacific Antarctic Circumpolar Current (DYNAPACC; Expedition 383). Both sites are 

located in the Pacific sector of the ACC. 

 

3.1.1 Site U1541 

Site U1541 is in the central Pacific sector of the ACC (54°12.76ʹS, 125°25.54ʹW, 

Fig. 3.1), at 3604 m water depth. It is located in the western flank of the southernmost 

east Pacific rise and is underlain by oceanic crust formed at ~8-6 Ma (Eagles, 2006).  

Three holes were drilled at Site U1541, which are holes A, B, and C. The IODP exp. 

383 scientists have constructed a splice from 0 to 127.3 m composite depth below seafloor 

(CCSF) using these three holes. As hole U1541B was drilled deeper, its cores were 

attached to the bottom of the splice (146.0 m CCSF). In this study, the U1541B and 

U1541C sediment archives from 106.0 m to 145.9 m CCSF are used. According to the 

age model from IODP, this section covers the past ~5.6 Myr to ~8.4 Myr. 
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3.1.2 Site U1543 

 Site U1543 is in the east Pacific sector of the ACC (54°35.06′S, 76°40.59′W, Fig 

3.1), at 3860 m water depth. It is located west of the Chile Trench and underlain by 

oceanic crust formed at ~20 Ma (Eagles, 2006). Site U1543 is also situated in the Cape 

Horn Current (CHC), which is a northern branch of the ACC before entering the Drake 

Passage (Well and Roether, 2003). 

 

 Two holes were drilled at Site U1543, which are holes A and B. The IODP exp. 

383 scientists have constructed a splice from 0 to 376.3 m composite depth below seafloor 

(CCSF) using these two holes. In this study, the U1543A and U1543B sediment archives 

from 278.2 m to 354.4 m CCSF are used. According to the age model from IODP, this 

section covers the past ~5.2 Myr to ~7.3 Myr. 
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Fig. 3.1 The location of the sites in this study (red dots) and the sites are mentioned in 

section 5 (yellow dots) (modern location after Lamy et al., 2021; Behrens and Bostock, 

2023; Hassold et al., 2009; Diester-Haass et al., 2005). a STF= Subtropical Front 

(brown line), SAF= Subantarctic Front (green line), PF= Polar Front (dark blue line); 

ACC= Antarctic Circumpolar Current, CHC= Cape Horn Current, HCS= Humboldt 

Current System (highlight in light blue). b The polar-centered perspective (modified 

from Hodel et al., 2021).   
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3.2 Age model 

 The age models of Sites U1541 and U1543 were constructed by IODP exp. 383 

scientists, based on biostratigraphic and paleomagnetic age markers (see Appendix 

Tables 1-4). The average linear sedimentation rate (LSR) at Site U1541 is 2.7 cm/kyr 

while at U1543 is 4.5 cm/kyr (Lamy et al., 2021). Fig. 3.2 shows the linear sedimentation 

rate of both sites. 

 

Fig. 3.2 The linear sedimentation rate (LSR) of the sites. a Site U1541 b Site U1543. 

ccsf= core composite depth below seafloor. The numbers are the LSR (cm kyr-1). 
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3.3 Methods 

3.3.1 Calcium Carbonate and total organic carbon analysis 

Elementar TOC analyzer soli TOC® cube (EA) (Fig. 3.3) is used to determine carbon 

content in the sediments. It offers the options of measuring labile organic carbon (LOC), 

residual/refractory organic carbon (ROC), and total inorganic carbon (TIC). 

 

3.3.1.1 Preparation and analysis 

About 50 mg of freeze-dried and ground sediments are weighed into each crucible 

and placed into the analyzer. Each set of samples includes a standard sample and 5 to 6 

sediment samples. The standard sample of the first set will be commercial soil standard 

(Leco soil standard), while the others will be in-house standard (DGS OC #1, acidified 

ground mudstone from Gutingkeng Formation, southwestern Taiwan) (see Appendix 

Tables 5 and 6). The first and last two positions are emptied, which are for warming up 

and stabilizing the detector. An empty crucible will be placed before and after a set of 

sediment samples for calculating the system blank. The maximum sample number 

(position) for each analysis is 89. Each measurement takes about 30 minutes for analyzing. 

According to the sequence above, 60-63 sediment samples can be analyzed in each 

analysis for about 45 hours.  
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3.3.1.2 Quantification 

The EA quantifies carbon and nitrogen contents in the sediment by combusting the 

sediment with oxygen. Carbon dioxide is formed through this process. These gases are 

detected by the infrared detector. The EA is capable of distinguishing different forms of 

carbon by temperature programming as organic carbon (OC) and inorganic carbon (IC) 

will be ashed under different temperatures. The temperature program “DIN19539_4” is 

used. There are 3 stages in this program, which combusts TOC, ROC, and TIC, 

respectively. Their temperature and holding time are C1: 550°C 400s, C2: 600°C 120s 

and C3: 900°C 150s. TOC will be ashed in C1 and C2. Most of the OC will be ashed in 

C1, so it needs a longer holding time for reaction. The residual OC will be ashed in C2. 

In order to avoid IC ashing in this stage, the holding time is shorter in C2. Finally, TIC 

will be ashed in C3. EA can separate the carbon signal of each stage, so we can have OC, 

ROC, and TIC data for each sample.  

 

3.3.1.3 Calculation 

The gas detection signal will be presented in area by integral. TC content of each 

sample is calculated by the following equation of the calibration curve (Fig. 3.4): 

 

*(b) is the slope, while (a) is the constant term. 
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 TC (%) is calculated using the following equation: 

 

 The error propagation of TC (%) (error (%)) is calculated using the following 

equation: 

 

 *0.2 (mg) is the potential error of the balance, while SDcali is the standard deviation 

of the calibration curve. 

 TOC (%) and TIC (%) are calculated using the following equation: 

 

 

 CaCO3 (%) is calculated using the following equation: 

 

*The atomic mass of Carbon is 12. 11 g/mol, while the atomic mass of CaCO3 is 

100.0869 g/mol.  
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Fig. 3.3 Elementar TOC analyzer soli TOC® cube (EA). 

 

 

Fig. 3.4 The calibration curve calculating TC content. 
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3.3.2 Biogenic opal determination 

The biogenic silica extraction method generally follows Mortlock and Froelich  

(1989) with some differences. 2 M NaOH is used to extract opal from the sediments 

instead of using 2 M Na2CO3.  

 

3.3.2.1 Preparation 

50 mg of freeze-dried and ground sediments are weighed into 15 ml polypropylene 

centrifuge tubes. 5 mL of 10 % H2O2 is added into each tube, mixed well, and stood for 

30 minutes. Then, add 5 mL of 1 N HCl into each tube and mix well. After 30 minutes, 

fill the tubes with deionized water to dilute the solutions. Centrifuge the tubes at 4300 

rpm for about 5-10 minutes. Decant the supernatant and repeat diluting the samples for 

about 3 times until they have a pH of 5 or above. The tubes are then placed in an oven 

which is reheated to 50°C, and dried overnight.  

 

3.3.2.2 Extraction 

Add 10 mL of 2 M NaOH solution to the tubes. The tubes are then capped, mixed 

well, and sonified. Place the tubes in a constant-temperature water bath (YSC BT-150D) 

which is preheated to 85°C. At about 2 h and 4 h, remove the tubes and shake forcefully, 
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then return to the water bath as soon as possible. After a total of 5 hours, centrifuge the 

tubes for 5 minutes at 4200 rpm. For each sample, 0.05 mL of supernatant is transferred 

to a polyethylene scintillation vial which is filled with 12 mL of deionized water, in order 

to dilute the extractant for analysis. The extraction solutions are then capped, mixed well, 

and stored for further analysis. 

 

3.3.2.3 Analysis 

Molybdate-yellow spectrophotometry is used to measure the Silicon content in the 

samples. For each sample, add 0.2 mL of the extraction solution into a cell of 96 well 

plate. 0.025 mL of Molybdate-sulfuric acid is added to each cell. Put the plate into 

Molecular Devices SpectraMax® ABS plus spectrophotometer (Fig. 3.5) to analyze the 

absorbance of the samples with a wavelength of 400 nm. All of the chemicals used for 

opal analysis are shown in Appendix Tables 8 and 9. 

 

3.3.2.4 Calculation 

 Si content of each sample is calculated using the following equation of the 

calibration curve (Fig. 3.6): 
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Where A is the absorbance and Sidiextract is the Si concentration (µM) of the extraction 

solution. 

Si (%) is calculated using the following equation: 

 

Where F is the dilution factor. The extractant was diluted for analyzing, so here I 

calculate the original concentration of the extractant; and 28 g mol-1 is the atomic mass 

of silicon.  

Opal (%) is calculated using the following equation (Mortlock & Froelich, 1989): 

 

 Both CaCO3, TOC and opal burial fluxes are defined by MAR (mass accumulation 

rate) in this research. MAR is calculated using the following equation: 

 

 Where (%) are CaCO3 (%), TOC (%) or opal (%), ρ is the bulk density and LSR is 

the linear sedimentation rate. 
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Fig. 3.5 Molecular Devices SpectraMax® ABS plus spectrophotometer. 
 
 
 
 

 
Fig. 3.6 The calibration curve calculating Si content. 
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4 Results 

In this study, we constructed the carbonate and biogenic opal burial fluxes in the 

Pacific sector of Southern Ocean during the late Miocene. At site U1541, 372 samples 

were determined, which cover 8.4 to 5.5 Ma. At site U1543, 97 samples were determined, 

which cover 7.5 to 5.1 Ma. All data are shown in Appendix Tables 10 and 11. 

4.1 Site U1541 

 Fig. 4.1 shows the concentrations (weight percent) and fluxes (MAR) of CaCO3, 

TOC, and opal at site U1541. Both CaCO3 concentration and flux are high during 8.3 to 

7.6 Ma. CaCO3 concentration ranges from 67.85 to 95.95 %, while CaCO3 flux has an 

increasing trend and ranges from 2.06 to 4.46 g cm-2 kyr-1. In contrast, concentrations and 

fluxes of both TOC and opal are low during this period of time. TOC concentration ranges 

between 0.14 and 0.88 %, while TOC flux ranges between 4.81 × 10-3 and 0.03 g cm-2 

kyr-1. Opal concentration ranges between 0.04 and 6.68 %, while opal flux ranges between 

1.38 × 10-3 and 0.23 g cm-2 kyr-1. 

 

 During 7.6 to 7.1 Ma, both CaCO3 concentration and flux have decreasing trends. 

CaCO3 concentration decreases from 87.37 to 24.25 %, while CaCO3 flux plunges sharply 

from 4.25 to 1.61 g cm-2 kyr-1 at 7.5 Ma, then drops to 0.49 g cm-2 kyr-1 at 7.1 Ma. At the 
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same time, concentrations and fluxes of TOC and opal have increasing trends. TOC 

concentration and flux increase from 0.38 % and 0.01 g cm-2 kyr-1, to 1.94 % and 0.04 g 

cm-2 kyr-1, respectively. Opal concentration and flux rise from 2.68 % and 0.06 g cm-2 

kyr-1, to 28.70 % and 0.61 g cm-2 kyr-1, respectively. 

 

 Between 7.1 and 5.5 Ma, concentrations of CaCO3, TOC, and opal fluctuate and 

range from 13.53, 0.43 and 1.29 %, to 89.84, 2.04 and 24.97 %, respectively. On the other 

hand, during 7.1 to 6.0 Ma, fluxes of CaCO3, TOC, and opal range from 0.31, 8.19 × 10-

3 and 0.03, to 2.39, 0.05 and 0.58 g cm-2 kyr-1, respectively. Both CaCO3, TOC, and opal 

fluxes are low during 6.0 to 5.5 Ma. CaCO3 flux ranges between 0.10 and 0.59 g cm-2 kyr-

1, TOC flux ranges between 7.18 × 10-3 and 0.01 g cm-2 kyr-1, and opal flux ranges 

between 0.06 and 0.18 g cm-2 kyr-1. 

 

 Overall, CaCO3 flux has a decreasing trend over 8.3 to 5.5 Ma, while TOC and opal 

fluxes have increasing trends, except 6.0 to 5.5 Ma. CaCO3 concentration sustains a 

negative relationship with TOC and opal concentrations during 8.3 to 5.5 Ma, while 

CaCO3 flux has an inverse relationship with TOC and opal fluxes between 8.3 and 6.0 

Ma (Fig. 4.3).    



doi:10.6342/NTU202301546
28 

4.2 Site U1543 

Fig. 4.2 shows the concentrations (weight percent) and fluxes (MAR) of CaCO3, 

TOC, and opal at site U1543. Both CaCO3 concentration and flux remain at low levels 

over 7.3 to 5.2 Ma. CaCO3 concentration ranges between 0.08 and 0.19 % during this 

period. Between 7.3 and 6.3 Ma, concentrations and fluxes of TOC and opal, and CaCO3 

flux, have decreasing trends. CaCO3 flux ranges between 4.57 × 10-3 and 9.43 × 10-3 g 

cm-2 kyr-1. TOC concentration and flux reach their peaks of 0.63 % and 0.04 g cm-2 kyr-1 

at 7.2 Ma, then drop sharply to 0.13 % and 7.20 × 10-3 g cm-2 kyr-1, respectively. From 

then until 6.3 Ma, both values remain low, with an average of 0.14 % and 6.41 × 10-3 g 

cm-2 kyr-1. Opal concentration and flux exhibit similar patterns to TOC. Opal 

concentration and flux plunge from 28.92 % and 1.87 g cm-2 kyr-1, to 8.19 % and 0.34 g 

cm-2 kyr-1. Afterward, they continued at relatively low levels, averaging around 11.39 % 

and 0.46 g cm-2 kyr-1, respectively. 

 

During 6.3 to 5.2 Ma, concentrations and fluxes of TOC and opal, and CaCO3 flux, 

are relatively higher. CaCO3 flux fluctuates and ranges between 4.02 × 10-3 and 1.36 × 

10-2 g cm-2 kyr-1. While TOC concentration and flux range from 0.13 % and 5.25 × 10-3 g 

cm-2 kyr-1, to 0.54 % and 0.04 g cm-2 kyr-1, and reach their high points 0.54 % and 0.04 g 

cm-2 kyr-1, respectively, at 6.0 Ma. Opal concentration and flux show general increasing 
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trends during this period, which range from 3.37 % and 0.24 g cm-2 kyr-1, to 23.80 % and 

1.45 g cm-2 kyr-1. 

 

4.3 Comparison of site U1541 and U1543 

Comparing the data of the two sites, CaCO3 concentration and flux at U1541 (with 

an average of 67.58 % and 1.90 g cm-2 kyr-1) are significantly higher than at U1543 (with 

an average of 0.14 % and 8.71 × 10-3 g cm-2 kyr-1). Although TOC concentration at U1541 

(with an average of 0.90 %) is higher than at U1543 (with an average of 0.21 %), TOC 

fluxes at the two sites are in similar ranges (from 4.81 × 10-3 to 0.05 g cm-2 kyr-1 and from 

4.31 × 10-3 to 0.04 g cm-2 kyr-1, respectively). In contrast, opal concentration and flux are 

higher at U1543 (with an average of 11.01% and 0.65 g cm-2 kyr-1) than at U1541 (with 

an average of 7.45 % and 0.15 g cm-2 kyr-1). 
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Fig. 4.1 Variations in concentrations (weight percent) and fluxes (MAR) at site U1541.  

a CaCO3 concentration b CaCO3 flux c TOC concentration d TOC flux e opal 

concentration f opal flux g LSR at U1541 h bulk density at U1541. 
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Fig. 4.2 Variations in concentrations (weight percent) and fluxes (MAR) at site U1543.  

a CaCO3 concentration b CaCO3 flux c TOC concentration d TOC flux e opal 

concentration f opal flux g LSR at U1543 h bulk density at U1543. 
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Fig 4.3 Correlation between CaCO3, TOC and opal wt% and MAR. a site U1541 b site 

U1543. 
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5 Discussion  

5.1  Testing for the Methods 

5.1.1 CaCO3 and TOC Analysis 

We used the temperature programming function of the EA for analyzing CaCO3 and 

TOC contents in the sediments. The temperatures and holding times are different from 

the default method setting (DIN19539, C1: 400°C 230s, C2: 600°C 120s, and C3: 900°C 

150s), based on our testing. We used the default method to analyze the commercial 

standard (Leco soil standard). The carbon signal in C1 is not finished before the 

temperature rises to C2, the situation also happened between C2 and C3 (Fig 5.1a). This 

means that the TOC content may not be completely ashed and will be defined as the TIC 

content. The TC (%) analyzed using this method is also lower than the reported TC (%), 

which is not within the reported error range (Table 5.1). After testing, we modified the 

method (DIN19539_4) with a higher temperature and longer holding time in C1 (550°C 

400s). The amount of carbon content in C1 is completely ashed before the temperature 

rises to C2, and also in C2 to C3 (Fig 5.1b), which means the TOC content can have a 

better constraint using this method. 
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We also tested the accuracy of the division of TOC and TIC content. DGS TC #1 and 

DGS OC #1 are analyzed using the temperature program DIN19539_4. They are the 

mudstone from Gutingkeng Formation, in southwestern Taiwan. We freeze-dried and 

ground the mudstone and divided them into two portions. One of them was treated by 

HCl and there would be no CaCO3 (almost all of the TIC) left supposedly, which is the 

DGS OC#1. The other portion is the DGS TC #1. Although we found that there is still 

little TIC content in the DGS OC #1, the TOC content in DGS TC #1 and DGS OC #1 

are comparable (Table 5.2 and Fig. 5.2). This indicates that the temperature programming 

method is comparable to the conventional acidification method for the TOC.  

 

We further analyzed the stability of EA and the temperature program we used 

(DIN19539_4). All the TC (%) of Leco soil standard are within the reported error range 

(Fig. 5.3), with a standard deviation of 0.015 (%), which ensures the accuracy of this 

instrument and the method. We also found that the testing data of DGS OC #1 are very 

stable, which has a standard deviation of 0.010 (%), thus we use DGS OC #1 as an in-

house standard in our further analysis. 
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Fig. 5.1 The EA signal graph of the analysis for the Leco soil standard. a default method 

of the EA (DIN19539) b modified method (DIN19539_4) (this study). The x-axis 

represents the time (s); the y-axis shows the TC signal (black), TN signal (red) (not used 

in this study), and temperature (blue). 

 

Table 5.1 The reported and testing data of Leco soil standard. 

Reported value   Default (DIN19539)   Modified (DIN19539_4) 
TC (%) error (%)   TC (%) SD (%)   TC (%) SD (%) 

0.717  0.027    0.675  0.013    0.721  0.015  

 

Table 5.2 TC (%) and/or TOC (%) of DGS TC #1 and DGS OC #1.  

DGS TC #1 
TC (%) error (%) SD (%) .  TOC (%) SD (%) .  TIC (%) SD (%) 
0.758 0.031 0.015 .  0.578  0.013 .  0.180  0.011 

                  
DGS OC #1 

TC (%) error (%) SD (%) .  TOC (%) SD (%) .  TIC (%) SD (%) 
0.544  0.029 0.010  .  0.516  0.009 .  0.032  0.007 

*error (%) is the average error propagation of TC (%), SD (%) is the standard deviation. 
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Fig. 5.2 The testing data of DGS TC #1 and DGS OC #1 (TOC content). The error bars 

of TC (%) are the error propagation, while TOC (%) are the proportion error. All testing 

data are shown in Appendix Tables 6 and 7.  

 

 

Fig. 5.3 TC (%) of Leco soil standard and DGS OC #1. The red line is the reported TC 

(%), while the yellow bar is the reported error range. 
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5.1.2 Opal extraction 

 We generally follow Mortlock and Froelich (1989) in extracting opal from the 

sediments. We applied a sequential extraction, in which the samples are extracted for 1, 

2.5, 4, 5, and 6.5 h. For high opal concentration samples, the opal contents can also be 

leached in 5 h, which agrees with the extraction time in Mortlock and Froelich (1989). 

However, Na2CO3 is not strong enough to extract most of the Si content in the high-opal 

samples (Fig. 5.4b, c). We also sent our testing samples to Kyushu University, Japan, in 

order to reconfirm the accuracy of our extraction procedure. Our results show very similar 

opal wt%. In addition, the microscopic image of two samples after alkaline extraction 

with 2 M NaOH and 2 M Na2CO3, shows that there are still fragments of siliceous 

organisms in the residue sediment after extraction using 2 M Na2CO3, while there are no 

biogenic siliceous components present in the residue using 2 M NaOH (Fig. 5.5). After 

testing, we decided to use 2 M NaOH instead of 2 M Na2CO3 for a 5 h extraction 

procedure. 

Table 5.3 Comparison of opal wt% with Kyushu University. 

  opal wt% 
  Kyushu Univ.   this study 

U1541B 14H-5W 
145-150m 

2.5   2.1 

U1543A 29H-5W 
145-150m 

16.4   17.6 
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Fig. 5.4 Sequential opal extraction test. 
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Fig. 5.5 Microscopic image of the samples after alkaline extraction with 2 M NaOH and 

2 M Na2CO3. 

5.2 MAR versus weight percent 

 Weight percent presents the relative abundance of components in the sediments, thus 

can show relative productivity changes. In our results, CaCO3 and opal concentrations at 

site U1541 sustain a negative relationship during 8.4 to 5.6 Ma, which CaCO3 (opal) 

concentration has a general decreasing (increasing) trend. This implies that the 

productivity in site U1541 has a transition to siliceous-dominated production from 
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calcareous domination, as the fraction of opal (CaCO3) concentration is rising (decreasing) 

throughout the period.  

 

However, the opal and CaCO3 weight percent values, influenced by the density of 

the components and dilution by the matrix, cannot directly represent the preservation flux. 

To be specific, weight percent values can change significantly with equivalent burial 

fluxes, due to dilution by other components (Lyle, 2003). Opal-rich sediments are more 

porous, so they have lower bulk density than CaCO3-rich sediments (Lyle, 2019). Thus, 

the different compositions of sediments vary in their bulk density. For example, the 

CaCO3, TOC, and opal fluxes (MAR values) were low during 6.0 to 5.6 Ma (Fig. 4.1), 

while their concentrations (weight percent values) were high, as the concentration values 

can only represent the fraction of the components in the sediment, but not the actual 

accumulation flux. Therefore, MAR (flux) can correct for the influences of dilution in the 

sediments (Howard and Prell, 1994) and directly represent the burial fluxes. 

 

5.3 Burial fluxes variation control 

 Productivity variation controls burial fluxes in the Pacific sector of the Southern 

Ocean. The opal flux generally refers to the changes in productivity, as biogenic opal 

accumulates in sediment when siliceous (diatom) production is high (Cortese et al, 2004). 
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Silica dissolution rates are higher in the surface ocean than in deep sea (Van Cappellen et 

al., 2002) for the surface ocean has much lower silicate concentrations than the deep 

ocean. High siliceous production can lead to the aggregation of opal-rich marine particles, 

shorten the transport time through the water column and reduce the surface area to interact 

with water (Akagi et al., 2014). Therefore, a higher siliceous production rate leads to a 

lower dissolution rate, and thus, opal fluxes variations usually refer to productivity rather 

than preservation changes by bottom water chemistry. 

 

Two major controlling factors of CaCO3 fluxes are changes in CaCO3 dissolution 

rates or productivity. Major CaCO3 dissolution occurs in the deep ocean due to low 

temperature, high pressure, and low pH, related to the bottom water chemistry (Edmond, 

1974). If dissolution rate variation is the major factor of CaCO3 flux changes, there will 

be high coherence between CaCO3 MAR time series from different regions in an ocean 

basin, as it is controlled by large-scale ocean chemistry. In contrast, a lack of basin-wide 

systematics indicates production rate of calcareous organisms is the major factor affecting 

CaCO3 burial, instead of ocean chemistry changes (Lyle, 2003). Therefore, by comparing 

CaCO3 fluxes from different regions in an ocean basin, we can determine whether 

preservation or productivity is the primary factor controlling CaCO3 flux variations.  
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According to our results, CaCO3 flux is high at site U1541 while it is significantly 

low at site U1543 during 8.4 to 5.2 Ma (Fig. 5.6a and b). The two sites are both located 

in Southern Ocean and the ACC, so they may share similar ocean chemistry. Within the 

similar bottom water chemistry, CaCO3 fluxes at site U1541 and U1543 still show 

significant differences (range from 0.10 to 4.46 g cm-2 kyr-1, and 4.02 × 10-3 to 1.36 × 10-

2 g cm-2 kyr-1, respectively. Thus, the major controlling factor of CaCO3 burial fluxes is 

productivity instead of preservation. Therefore, we suggest that both opal and CaCO3 flux 

variations in the Pacific sector of the ACC during the late Miocene are controlled by 

changes in productivity. 
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Fig. 5.6 Variations in fluxes (MAR) at site U1541 and U1543. a U1541 CaCO3 flux 

b U1543 CaCO3 flux c U1541 TOC flux d U1543 TOC flux e U1541 opal flux  

f U1543 opal flux. 
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5.4 ACC expansion and the LMC 

Site U1541 is located in the central Pacific sector of the Southern Ocean, which is 

in the open ACC. Therefore, we use site U1541 to represent general productivity in the 

the Southern Ocean. The high primary productivity in Southern Ocean during the late 

Miocene may be related to the decline of atmospheric CO2 and eventually lead to the 

LMC. The CaCO3 (opal) concentration and flux at site U1541 show a sharp decline (rising) 

trend at 7.6 Ma (Fig. 5.7). The CaCO3 and opal fluxes sustain a negative relationship 

during 8.4 to 6.0 Ma. Since both CaCO3 and opal fluxes are controlled by productivity, 

the opposite trends between CaCO3 and opal support previous observations that 

decreasing calcareous productivity is usually due to increasing siliceous production 

(Iglesias-Rodríguez, 2002). In contrast, TOC concentrations and fluxes show similar 

trends with opal between 8.4 and 5.6 Ma, which implies that siliceous organisms 

constitute the majority of primary production that transfer IC to OC through 

photosynthesis at site U1541.  

 

 The Southern Ocean is more sensitive to global climate than other oceans, and some 

regions in the Southern Ocean have a higher warming rate than the global average during 

modern global warming events. For example, the mean temperature of the Bellingshausen 

Sea has increased by ~1 K since 1950, while the global mean temperatures have only 
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warmed by ~0.6 K (Clarke et al., 2007). Therefore, Southern Ocean productivity has 

established distinctive adaptation to drastic environmental change in this area, making 

them particularly sensitive to the influence of climate change, as the nutrient pool in the 

Southern Ocean is strongly biased between warm and cool periods (Fierro-Arcos et al., 

2023). Nutrient level is a major factor that controls productivity (Iglesias-Rodríguez, 

2002). Si is abundant in Southern Ocean (Tréguer, 2014), therefore higher nutrient in 

Southern Ocean surface water can stimulate the growth of siliceous organisms which 

threaten the growth of calcareous organisms (Sigman and Hain, 2012). The increasing 

nutrients by cooling of surface water to enhance vertical mixing and upwelling lead to 

higher opal concentration and flux. Increasing dust import from land is unlikely a cause 

of higher nutrients at site 1541, as this site is located in the pelagic region which is ~3300 

km away from the continents. As the opal flux and concentration were low during 8.4 to 

7.6 Ma, suggesting that the water was relatively nutrient-depleted during this period at 

site U1541. The low nutrients imply that during (or before) 8.4 to 7.6 Ma, there was a 

weak upwelling due to warmer surface water. The reduction of opal productivity leads to 

low TOC preserved in the sediment which favored the domination of calcareous 

organisms (average CaCO3 concentration 86.1%) due to low siliceous productivity. We 

further suggest that during this period, site U1541 may have been located outside of the 
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ACC, and thus the surface water in this location was warm and not rich in nutrient (Fig. 

5.9a), causing low siliceous production.  

 

The opal increases and CaCO3 crashes after 7.6 Ma coincided with the cooling trend 

in the southern hemisphere (30°-50°). As the Southern Ocean is more susceptible to the 

global climate, the Antarctic ice sheet volume has increased since the middle Miocene, 

and further leads to ACC expansion (Leutert et al., 2020). During the ice age, the sea-ice-

free cold-water region has been widened due to the presence of Ross Gyre, which 

intensified upwelling by destratification (Benz et al., 2016). We suggest that the ACC 

expansion leads site U1541 to be situated inside the ACC experiencing cool sea surface 

temperature between 7.6 and 6.0 Ma (Fig. 5.9b). The cooling due to ACC expansion 

during this period destratified the seawater, allowing the mixing of waters and bringing 

nutrients to the surface water through upwelling (Sigman and Hain, 2012). 

 

The westerly winds shifted northward and the Southern Ocean cooled off the sea 

surface took place in this region (Leutert et al., 2020). During the ice age, the westerly 

winds have been weakened due to lower atmospheric CO2 and less thermal contrast in the 

atmosphere between high and low latitudes, which also leads the strongest winds to locate 

north of the ACC (Toggweiler & Russell, 2008). After 6.0 Ma, cooling continued (Herbert 
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et al., 2016). The continued ACC expansion eventually reached a point where there is no 

further increase in ACC transport (Barker and Burrell, 1977). From 6.0 to 5.5 Ma, both 

CaCO3 and opal fluxes remained low, in response to low LSR (Fig. 4.1). The most likely 

scenario to explain the data is that northward-shifted westerly winds eventually have less 

influence on site U1541 due to cooling, and the ACC was weakened (Fig. 5.9c). The 

Slowed down of the deep-sea circulation presented by Hassold et al. (2009) agreed with 

our observation and explanation. Therefore, we conclude that the ACC is the major 

control of productivity at site U1541. 

 

In addition, we suggest that the increasing primary productivity in the Southern 

Ocean was related to the LMC event. The global reduction of atmospheric CO2 during 

the late Miocene was possibly the main driving factor of the LMC (Herbert et al., 2016). 

Previous research showed that the increasing global primary productivity may have 

decreased the atmospheric CO2, as more atmospheric CO2 is utilized through 

photosynthesis (Ramaswamy and Gaye, 2006). The opal concentrations and fluxes at site 

U1541 have reached their peaks during ~7.0 Ma, which was the onset of the LMC. This 

suggests that the increased primary productivity (siliceous production in this study) in the 

Southern Ocean may be one of the driving factors of the LMC event. 
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However, the productivity records in equatorial to mid-latitude regions in other 

oceans do not show intensive increasing trends during the LMC (Fig. 5.10) (Lyle et al., 

2019, Drury et al., 2021, Peterson et al., 1990, Diester-Haass et al., 2005). The high 

productivity and cooling event might have occurred primarily in high latitude regions 

after 7.6 Ma (Drury et al., 2021 and this study), implying that the temperature gradient 

between the equator and the polar regions was intensified. The increased latitudinal 

temperature gradient can strengthen the trade winds due to the increased atmospheric air 

mass movement, which leads to stronger upwelling in equatorial to mid-latitude regions 

(Pillot et al., 2023). Although the primary productivity in equatorial regions during the 

LMC do not pronounce rising trends as high latitude regions, they are relatively higher 

than that before ~7.6 Ma (Lyle et al., 2019, Drury et al., 2021, Peterson et al., 1990, 

Diester-Haass et al., 2005), which may cause by increased nutrient reaching the surface 

water by stronger wind-driven upwelling. This implies that high-latitude cooling and 

increased latitudinal temperature gradients can lead to the LMC (Drury et al., 2021), and 

our results at site U1541 also agree this hypothesis. Therefore, the high productivity in 

Southern Ocean during the late Miocene may be related to the decline of atmospheric 

CO2 and eventually lead to the LMC. Further evidence, such as sea surface temperature 

records in Southern Ocean, are required to examine our hypothesis on the mechanisms of 

the LMC. 
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Fig. 5.7 Variations in concentrations and fluxes at site U1541. a CaCO3 concentration  

b CaCO3 flux c TOC concentration d TOC flux e opal concentration f opal flux g LSR  

h dry bulk density i Southern Hemisphere (30°-50°) SST anomaly from Herbert et al. 

(2016). Blue vertical bar is the LMC event. 
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5.5 Nutrient variations at site U1543 

 Comparing to site U1541, site U1543 has significantly lower CaCO3 and higher opal 

concentrations and fluxes (Fig. 5.6). According to section 1.2, higher siliceous production 

is found in nutrient-rich environment which is caused by stronger upwelling, lower sea 

surface temperature and higher dust input (Martinez-Garcia et al., 2011, Li et al., 2020, 

Martin et al., 1989, Van cappellen et al., 2002). Site U1543 is located in the east Pacific 

sector of the ACC, which is also located on the flow path of the Cape Horn Current (CHC) 

(Lamy et al., 2021), a branch of the ACC and constitutes largely to the transport in the 

northern Drake Passage (Well and Roether, 2003). Significant amount of ACC water is 

transported by the CHC to the east through Drake Passage in a narrow belt (Chaigneau 

and Pizarro, 2005). When westerly wind enters a narrower belt and rounds the cape, it 

intensifies and strengthens the ACC. The wind and current strength around site U1543 is 

stronger comparing to site U1541 and lead to intensification of upwelling. Stronger 

upwelling can bring more nutrients to the surface water from the bottom (Martinez-Garcia 

et al., 2011), thus site U1543 has richer nutrient than site U1541.  

 

Besides intense upwelling to support major nutrients, iron dust from land supply 

silicate and iron to support productivity at site U1543. Murray et al. (2012) suggested that 

iron deposition was highly tied to opal deposition than other biogenic components. 
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Previous studies also show that there is positive relationship between dust flux and opal 

deposition in Subantarctic region (e.g., Chase et al., 2003). Many phytoplankton functions, 

such as electron transport chain of photosynthesis, require iron (Sigman et al., 2012). This 

kind of nutrient can enter the surface water through terrestrial processes which bring 

aeolian iron dust to the ocean (Martin et al., 1989; Van cappellen et al., 2002). Site U1543 

is situated only about ~204 km west to the Chilean coast (Fig. 3.1), so the siliceous 

production may potentially have more influence from the iron dust than at site U1541. 

The sum of the percentages of CaCO3, TOC and opal at site U1543 is far from 100% (Fig. 

5.8i), which means there are other component(s) constitute a certain fraction of the core. 

The proceeding report of site U1543 shows that 68.7 % of the core consist of terrigenous 

and/or diatom-bearing clay/silt (Lamy et al., 2021) (Appendix table 12). Previous studies 

also suggest that volcanic ash can fertilize the east Pacific sector of Southern Ocean and 

stimulate productivity (Vergara-Jara et al., 2021). This may indicate that the sediment at 

site U1543 is largely affected by terrigenous component resulting from volcanic activities 

and weathering, and has a positive impact to the siliceous production. The TOC and opal 

concentrations and fluxes at site U1543 did not show good correlation (Fig. 4.3b), which 

may also be the result of terrigenous TOC input. 
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 In the true south of the Antarctic Polar Front (APF), dust flux and opal production 

do not sustain a positive relationship derived from proxy records in the Subantarctic 

region (Jaccard et al., 2013). Factors other than dust input must have also regulated the 

production and export of opal in the Southern Ocean. We attribute different strengths of 

upwelling in different regions resulting in different water chemistry to enhance. Therefore, 

we suggest that the intense wind-driven upwelling and iron dust input are the main factors 

of high nutrient at site U1543, which also cause higher siliceous and significantly low 

calcareous production at this site. 

 

 Despite the higher range of opal flux and concentration, site U1543, located in the 

CHC, is sensitive to climate variations (Lamy et al., 2015). Between 7.1 and 7.0 Ma, opal 

and TOC fluxes dramatically drop to low values (Fig. 5.8), which may cause by a sudden 

nutrient depletion event. One of the hypotheses is the ACC expansion may lead to weaker 

upwelling at site U1543. Opal fluxes are usually used to represent upwelling strength, as 

upwelling is important in nutrient transportation to surface water (Anderson et al., 2009). 

The opal crash at site U1543 during 7.1 to 7.0 Ma may be probably caused by weakened 

upwelling. In section 5.3, we mentioned that the ACC expansion at ~7.6 Ma leads to 

destratification at site U1541. However, site U1543 is located near the Chile Margin 

which is situated in the CHC, an ACC branch before entering the Drake Passage (Lamy 
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et al., 2021). According to the studies of the modern Southern Ocean, during ACC and 

Antarctic Sea ice expansion regards to cooling, westerly winds shifted northward and 

enhance the ACC transport into the Humboldt Current System, the current flows 

northward into the Pacific Ocean (Fig. 5.9c, Lamy et al., 2015). At the same time, the 

ACC water which flows into the Drake Passage through CHC is weakened. Toyos et al. 

(2020) suggest that during the Last Glacial Maxima (LGM), the throughflow change is 

44% lower than during the Holocene at the Chilean margin, which has diminished the 

upwelling at this region. Therefore, we suggest that the Southern Ocean cooling and ACC 

expansion during the late Miocene, may lead to weaker upwelling at site U1543 and 

decreasing nutrients, and eventually the decline of siliceous productivity.  

 

 After about 5.5 Ma, the opal concentration and flux have increased to higher values. 

The retreating ACC may result in higher siliceous productivity at site U1543. When the 

sea temperature becomes warmer, the westerly winds and the ACC shift poleward, and 

the winds will align with the ACC again (Fig. 5.9d, Toggweiler and Russell, 2008). Thus, 

the Antarctic warming can intensify upwelling at site U1543 by pole-ward shifted 

westerly winds, and stimulate productivity by bringing more nutrients to the surface water 

(Lamy et al., 2015). This hypothesis coincides with the increasing southern hemisphere 
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(30°-50°) sea surface temperature presented by Herbert et al., 2016 (Fig. 5.3i). Therefore, 

we suggest that ACC also has significant influences on the productivity in site U1543.  
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Fig. 5.8 Variations in concentrations and fluxes at site U1543. a CaCO3 concentration  

b CaCO3 flux c TOC concentration d TOC flux e opal concentration f opal flux g LSR  

h dry bulk density i sum of the components j Southern hemisphere (30°-50°) SST anomaly 

from Herbert et al. (2016). Blue vertical bar is the LMC event. 
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Fig. 5.9 Schematic illustration of the ACC dynamics during the late Miocene. a ~8.4-7.6 

Ma b ~7.6-6.0 Ma c ~6.0-5.5 Ma d after ~5.5 Ma. ACC =Antarctic Circumpolar Current, 

CHC = Cape Horn Current, HCS= Humboldt Current System. The yellow arrows 

represent the strongest westerly winds, while the purple arrows represent the Ross gyre. 

The while lines and arrows represent the Antarctic ice sheet. 
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5.6 Link between primary productivity and LMCIS  

Many studies have mentioned the correlation between LMCIS and primary 

productivity. For example, Diester-Haass et al. (2005) suggest that there is an increasing 

productivity trend in the Atlantic Ocean during LMCIS. Paleoproductivity records in the 

equatorial Pacific from Lyle et al. (2019) also support their result. The high rates of 

biogenic opal and CaCO3 accumulation event during this period is defined as Late 

Miocene Biogenic Bloom (LMBB) (e.g., Lyle et al., 2019). LMBB can lead to LMCIS, 

as 12C is used priory when organisms carry out photosynthesis in the surface water, thus 

higher primary production can lead to a negative !13C shift to the ocean bottom (Du et 

al., 2022). We compare our data with the studies in the Pacific, Atlantic, and Indian 

Oceans (Lyle et al., 2019, Drury et al., 2021, Peterson et al., 1990, Diester-Haass et al., 

2005). These studies generally use CaCO3 flux to represent primary productivity, as the 

TOC and CaCO3 fluxes sustain positive relationships which can imply CaCO3 in those 

study areas constitute the majority of primary productivity (Lyle et al., 1988). However, 

in our study, only opal and TOC concentrations and fluxes sustain positive relationship 

at both U1541 and U1543, indicating that the majority of primary production in the 

Pacific sector of the Southern Ocean is siliceous productivity. Therefore, in this study, 

we use TOC fluxes to discuss the relationship between productivity and LMCIS. 
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Fig 5.9 shows the TOC fluxes in this study and CaCO3 fluxes from other research 

(Lyle et al., 2019, Drury et al., 2021, Peterson et al., 1990, Diester-Haass et al., 2005), 

which are used to represent primary productivity. The sites in the Pacific, Atlantic, and 

Indian Oceans are chosen based on the compilation by Pillot et al. (2023), in which LMBB 

has been distinctly identified. During LMCIS, primary productivities at all sites show 

increasing trends, except site U1543. We do not have data at site U1543 before 7.3 Ma, 

thus we are not able to find out if there is an increasing trend at site U1543 during the 

onset of LMCIS. In addition, TOC fluxes drop sharply during 7.1 to 7.0 Ma, which is 

different from site U1541 and also other oceans. Despite the situation above, U1543 TOC 

flux still reaches its peak during LMCIS, which implies that there is also high productivity 

during LMCIS at site U1543. Therefore, we suggest that besides the Pacific, Atlantic, and 

Indian Oceans which are more investigated in previous studies, the Southern Ocean also 

has high primary production during the LMCIS. Based on these records, we suggest that 

increasing primary productions do have influences on LMCIS.  

 

However, if the enhanced primary production is the major mechanism that leads to 

LMCIS, the planktonic foraminiferal !13C (!13Csurface) would show the opposite trend to 

the decreasing benthic foraminiferal !13C (!13Cbottom). As 12C is used first during 

photosynthesis, 13C will be more abundant in the surface water, thus leading to increasing 
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!13Csurface. When these organisms sink to the water bottom, they release and cause more 

negative ! 13Cbottom (Du et al., 2022). Nevertheless, during LMCIS, both !13Csurface and 

13Cbottom show negative shifting trends (Drury et al., 2018, Holbourn et al., 2018, 

Westerhold et al., 2020), which means although the enhanced primary productivity is 

related to the LMCIS, there are other mechanisms that lead to the onset of LMCIS. The 

C3:C4 shift and the uplift of the Tibetan Plateau itself may not be the main driving 

mechanism of LMCIS because of the duration and spatial distribution, which is 

mentioned in section 2.2. Du et al. (2022) suggest that the combined effect of enhanced 

weathering by the Late Miocene Uplift of the Tibetan Plateau and C4-expansion can lead 

to more 13C-depleted and nutrient input transferred into the ocean, which may cause a 

negative shift in p	!13Csurface and stimulation of primary productivity. The sinking of dead 

organisms brings more 12C to the bottom and leads to decreasing ! 13Cbottom. This process 

may eventually lead to negative shifts in both !13Csurface and ! 13Cbottom. We agree that the 

combination of terrestrial processes and the global ocean biogenic bloom may ultimately 

lead to the onset of LMCIS, however, further investigation on atmospheric circulation is 

needed, in order to explain the relationship between these processes and the productivity 

in the Southern Ocean. 
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Fig. 5.10 Global primary productivity fluxes. a site U1338 (Pacific Ocean) CaCO3 flux 

(Lyle et al., 2019) b site 1264 (Atlantic Ocean) CaCO3 flux (Drury et al., 2021) c site 707 

(Indian Ocean) CaCO3 flux (Peterson et al., 1990) d site 1088 (Atlantic sector of Southern 

Ocean) Paleoproductivity flux (Diester-Haass et al., 2005) e site U1541 (Pacific sector of 
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Southern Ocean) TOC flux (this study) f site U1543 (Pacific sector of Southern Ocean) 

TOC flux (this study) g planktonic foraminiferal !13C record at site U1338 (Drury et al., 

2018) and site 1146 (Holbourn et al., 2018); benthic foraminiferal !13C record 

(Westerhold et al., 2020). Yellow vertical bar is the LMCIS event. 

 

5.7 Global productivity comparison 

 We compared the fluxes between the Pacific, Atlantic, Indian, and Southern Oceans. 

Here we only use the data at site U1541, as the location of U1541 is more open in the 

current and has less influence from the terrigenous sediments which is mentioned in 

section 5.4. According to previous studies, these proxies show similar overall patterns 

within the same ocean basin (e.g., Lyle et al., 2019, Diester-Haass et al., 2005). Generally, 

CaCO3 fluxes in the Pacific and Atlantic Oceans increase during 7.6 to 6.7 Ma, then 

decrease gradually after 6.7 Ma, while CaCO3 fluxes in the Indian Ocean rise until 5.0 

Ma (Pillot et al., 2023). However, CaCO3 fluxes in both the Pacific sector of Southern 

Ocean and the southern Atlantic Ocean drop rapidly during 7.6 to 6.7 Ma, and have a 

general decreasing trend throughout the late Miocene (Fig. 5.11).  

 

 Fig. 5.12 shows the TOC and opal fluxes in Pacific, Atlantic, Indian ,and different 

sectors of the ACC. All sites in the Southern Ocean show increasing trends during 7.6 to 
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6.7 Ma and decrease gradually afterward. Opal flux in the Pacific Ocean also has a peak 

at 6.9 Ma, while TOC and opal fluxes in the Atlantic and Indian Oceans are relatively 

low during this period of time. Although the opal flux at U1541 (this study) reaches 

another peak at 6.0 Ma, the overall patterns between opal and TOC fluxes in different 

sectors of the ACC are similar. The variations of low accumulation period between 

different regions of the Southern Ocean may be caused by the different extent of ACC 

expansion during LMC which is mentioned in section 5.3.   

 

 Overall, the CaCO3, opal, and TOC fluxes in different sectors of the ACC show 

similar trends during the late Miocene. There is less correlation between the sites in and 

outside the ACC. This may further indicate that the productivity variations in the Southern 

Ocean are mainly controlled by the ACC. During LMC, productivity in the Pacific margin 

of the Antarctic Peninsula reaches lower values earlier, which may be caused by the 

northward-shifting westerly winds. Upwelling is diminished first in the more southern 

regions; thus, the northern regions of the ACC are influenced later. In addition, the 

different onset of the low production periods between the Pacific and Atlantic sectors of 

Southern Ocean, may imply the different extent of ACC expansion in different sectors. 
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Fig. 5.11 Global CaCO3 fluxes. a site U1338 (Pacific Ocean) CaCO3 flux (Lyle et al., 

2019) b site 1264 (Atlantic Ocean) CaCO3 flux (Drury et al., 2021) c site 707 (Indian 

Ocean) CaCO3 flux (Peterson et al., 1990) d site 1088 (Atlantic sector of Southern 

Ocean) CaCO3 flux (Diester-Haass et al., 2005) e site U1541 (Pacific sector of Southern 

Ocean) CaCO3 flux (this study). Blue and yellow vertical bar are the LMC and LMCIS 

events, respectively. 
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Fig. 5.12 Global TOC & opal fluxes. a site 1338 (Pacific Ocean) opal flux (Lyle et al., 

2019) b site 1805 (Atlantic Ocean) TOC flux (Diester-Haass et al., 2004) c site 17 (Indian 

Ocean) opal flux (Cawthern et al., 2014) d site 1095 (Pacific margin of the Antarctic 

Peninsula) opal flux (Hassold et al., 2009) e site 1088 (Atlantic sector of Southern Ocean) 

paleoproductivity flux (Diester-Haass et al., 2005) f site U1541 (Pacific sector of 
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Southern Ocean) TOC flux (this study) g site U1541 (Pacific sector of Southern Ocean) 

opal flux (this study). Blue and yellow vertical bar are the LMC and LMCIS events, 

respectively. 
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6 Conclusions 

 We reconstruct the biogenic productivity using the sedimentary CaCO3 and biogenic 

opal content in the central and eastern Pacific sector of Southern Ocean. Our results show 

that the burial fluxes in Southern Ocean are mainly controlled by productivity, instead of 

preservation. We also suggest that the expansion of the ACC have significant influence 

on the Southern Ocean productivity, and have strong correlation with the LMC event. 

 

 The different production rate at two sites may be the result of the upwelling strength 

and spatial differences. Site U1543 has higher siliceous production and significantly 

lower calcareous productivity, as this site is located in stronger upwelling area and also 

has higher dust input from land, thus increase the nutrient for photosynthesis by mainly 

siliceous organisms.  

 

 We suggest that the driving mechanism of LMCIS is related to the increasing ocean 

productivity. However, the uplifting and territorial C4 expansion during the late Miocene 

may also lead to an increase in ocean productivity. The combination of terrestrial 

processes and the global ocean biogenic bloom may eventually drive the LMCIS as it can 

cause negative shifts in both planktonic and benthic foraminiferal !13C. 
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 We compared the CaCO3, TOC and opal content in different oceans during the late 

Miocene. There is less correlation between the sites in and outside the ACC. This may 

imply that the productivity variations in Southern Ocean are mainly controlled by the 

ACC, thus productivity proxies in different sectors of the ACC show similar patterns. In 

this study, we provide the Southern Ocean productivity record during the late Miocene 

and examine the relationship between Southern Ocean productivity, the LMC and LMCIS 

events, but further research is required to improve our understanding of the mechanisms 

during this period of time. For example, fragmentation and aeolian dust may imply the 

transportation processes, while Zr/Rb ratios in the ITRAX profiles can indicate the 

strength of the ACC. 
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Table 7. Testing EA data of DGS TC #1. 
DGS TC #1 

Tested TC (%) average 0.758  average (%) 
Standard deviation 0.015  0.578 0.180 

No. Testing date 
TC 
(%) 

error (%) TOC (%) TIC (%) 

1 2021/11/29 0.740  0.012  0.568  0.173  
2 2021/11/29 0.754  0.012  0.581  0.173  
3 2021/11/29 0.730  0.012  0.564  0.167  
4 2021/11/29 0.749  0.012  0.566  0.183  
5 2021/11/29 0.743  0.013  0.571  0.172  
6 2021/11/29 0.755  0.012  0.578  0.177  
7 2021/11/29 0.741  0.013  0.563  0.178  
8 2021/11/29 0.738  0.012  0.555  0.183  
9 2021/11/29 0.739  0.012  0.555  0.184  
10 2021/11/29 0.725  0.013  0.568  0.158  
11 2021/11/29 0.736  0.013  0.552  0.184  
12 2021/11/29 0.747  0.012  0.562  0.185  
13 2021/11/29 0.740  0.012  0.547  0.193  
14 2021/11/29 0.749  0.012  0.558  0.191  
15 2021/11/29 0.762  0.012  0.579  0.183  
16 2021/11/29 0.747  0.012  0.569  0.178  
17 2021/11/29 0.733  0.012  0.571  0.162  
18 2021/11/29 0.777  0.012  0.603  0.174  
19 2021/11/29 0.721  0.013  0.569  0.152  
20 2021/11/29 0.746  0.013  0.596  0.151  
21 2021/11/29 0.745  0.012  0.583  0.162  
22 2021/11/29 0.753  0.012  0.584  0.168  
23 2021/11/29 0.744  0.013  0.572  0.172  
24 2021/11/29 0.748  0.012  0.570  0.179  
25 2021/12/24 0.780  0.043  0.590  0.190  
26 2021/12/24 0.780  0.043  0.591  0.189  
27 2021/12/24 0.784  0.043  0.602  0.182  
28 2021/12/24 0.777  0.042  0.597  0.181  
29 2021/12/24 0.776  0.042  0.590  0.186  
30 2021/12/24 0.779  0.042  0.586  0.193  
31 2021/12/24 0.790  0.043  0.614  0.177  
32 2021/12/24 0.779  0.042  0.589  0.190  
33 2021/12/24 0.765  0.043  0.573  0.192  
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DGS TC #1 
Tested TC (%) average 0.758  average (%) 

Standard deviation 0.015  0.578 0.180 

No. Testing date 
TC 
(%) 

error (%) TOC (%) TIC (%) 

34 2021/12/24 0.771  0.042  0.580  0.190  
35 2021/12/24 0.772  0.042  0.583  0.189  
36 2021/12/24 0.765  0.043  0.579  0.186  
37 2021/12/24 0.774  0.042  0.587  0.187  
38 2021/12/24 0.756  0.043  0.587  0.169  
39 2021/12/24 0.765  0.042  0.584  0.181  
40 2021/12/24 0.762  0.042  0.595  0.167  
41 2021/12/24 0.770  0.043  0.598  0.172  
42 2021/12/24 0.755  0.043  0.578  0.176  
43 2021/12/24 0.758  0.042  0.581  0.177  
44 2021/12/24 0.749  0.042  0.576  0.173  
45 2022/01/21 0.759  0.042  0.568  0.191  
46 2022/01/21 0.753  0.042  0.574  0.179  
47 2022/01/21 0.757  0.042  0.583  0.174  
48 2022/01/21 0.763  0.042  0.566  0.197  
49 2022/01/21 0.768  0.042  0.569  0.199  
50 2022/01/21 0.756  0.042  0.564  0.191  
51 2022/01/21 0.753  0.042  0.589  0.164  
52 2022/01/21 0.766  0.042  0.578  0.187  
53 2022/01/21 0.762  0.042  0.575  0.188  
54 2022/01/21 0.767  0.043  0.582  0.185  
55 2022/01/21 0.755  0.043  0.582  0.173  
56 2022/01/21 0.771  0.042  0.575  0.196  
57 2022/01/21 0.767  0.042  0.578  0.189  
58 2022/01/21 0.765  0.042  0.578  0.187  
59 2022/01/21 0.760  0.042  0.577  0.184  
60 2022/01/21 0.766  0.042  0.584  0.182  
61 2022/01/21 0.763  0.042  0.585  0.178  
62 2022/01/21 0.757  0.042  0.577  0.181  
63 2022/01/21 0.765  0.043  0.585  0.180  
64 2022/01/21 0.777  0.042  0.582  0.195  
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Table 12. Lithology description of site U1541 and U1543 (core used in this study).  
(Lamy et al., 2021, https://doi.org/10.14379/iodp.proc.383.105.2021) 

 




