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 9 

Abstract 10 

Periodic ~400 kyr orbital scale variations in the ocean carbon cycle, manifest in indicators of 11 

deep sea dissolution and benthic 13C, have been observed throughout the Cenozoic 1 but the 12 

driving mechanisms remain under debate.  Changes in coccolithophore productivity may 13 

change the global rain ratio (Corganic:Cinorganic fluxes from ocean into sediment) and the balance 14 

of ocean carbonate system and thereby, potentially contributing to the ~400 kyr oscillation of 15 

the marine carbon cycle2. Some evidence suggests that Pleistocene coccolithophore 16 

productivity was characterized by “bloom” events of high productivity coincident with the 17 

orbital benthic 13C signal3. However, there is no consensus on the mechanism responsible for 18 

bloom events nor whether they were regional or global phenomena.  In this study, we 19 

investigate the timing and spatial pattern of the most recent purported coccolithophore 20 

bloom event, which occurred during the Mid-Brunhes period. We find that maximum 21 

coccolithophore productivity is diachronous, peaking in the Southern Ocean sub-Antarctic 22 

zone with eccentricity minimum (~430 ka), peaking in upwelling zones some ~28 kyr later, and 23 

finally peaking in the western tropical Pacific occurred some ~80 kyr later. Simple globally 24 

homogeneous mechanisms of driving productivity such as temperature or light duration are 25 

not consistent with this pattern.  Rather, we propose a dual high and low latitude control on 26 

blooms. Coincident with eccentricity minimum, increased high-latitude diatom silica 27 

consumption lowers the Si/P, leading to coccolithophorid blooms in the Southern Ocean north 28 

of the polar front.  Coincident with increasing eccentricity, stronger tropical monsoons deliver 29 

higher fluvial nutrients to surface waters, increasing total (diatom and coccolithophore) 30 

productivity. Most of the tropical and subtropical locations are influenced by both processes 31 

with varying degrees, through the effect of silicic acid leakage on tropical thermocline waters 32 
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and monsoon-related nutrient supply. Moreover, we propose that the high latitude processes 33 

have intensified over the Pleistocene, extending the 405 kyr carbon cycle to about 500 kyr.34 

   35 



Main text 36 

Primary productivity affects marine ecosystems and the efficiency of the biological carbon pump which 37 

in turn modulates the carbon cycle and climate. Siliceous and carbonate mineralizing eukaryotic 38 

phytoplankton, diatoms and coccolithophores, respectively, are hypothesized to be especially 39 

important to the carbon cycling because minerals effectively ballast and enhance deep export of 40 

carbon.  Seafloor sediments record a pronounced acme in coccolithophore abundance around 400 ka, 41 

termed “bloom”, which was dominated by the species Gephyrocapsa caribbeanica4. This 42 

coccolithophore bloom may not be a unique event but one in a series of coccolithophore evolutionary 43 

events since the early Pleistocene5. Previously proposed mechanisms for driving coccolithophore 44 

blooms at low eccentricity, by either maximizing annual light duration, or minimizing competition with 45 

diatoms due to Southern ocean Silicate leakage3, have been based on the inference of a synchronous 46 

global coccolithophorid bloom. However, even for the most recent purported coccolithophore bloom 47 

of the Mid-Brunhes, it is not clear whether the high coccolithophore abundance is dominantly due to 48 

increased productivity rather than to better sediment preservation, nor if there was a globally 49 

widespread and synchronous bloom event.  Significantly, Pleistocene coccolithophore bloom events 50 

appear to coincide with cyclic variations in deep ocean 13C 3, global carbonate dissolution6, and benthic 51 

foraminifera extinction7, suggesting a link with the ocean carbon cycle.  Ocean carbon cycle box models 52 

suggest that changes in productivity, in combination with variation in the rain ratio could explain the 53 

dissolution and benthic 13C cycles8, but have not evaluated what processes could drive changes in 54 

productivity or the rain ratio.  55 

Here, we test whether the most recent bloom event reflects enhanced coccolithophorid production 56 

and if it was globally synchronous, using new 800 kyr coccolithophore productivity records from four 57 

ODP and IODP cores (Fig. 1, S1, S2), ODP 807 (West Pacific Warm Pool), ODP 1143 (West Pacific 58 

marginal sea), ODP 1170 (Southern Ocean) and IODP U1304 (North Atlantic), in which we evaluate 59 

independent evidence for coccolithophore growth rate and dissolution. We compare these with 60 

existing globally distributed coccolithophore (n=14) and diatom productivity (n=30) records (Fig. 1a, 61 

Table S1 and Table S2). For coccolithophores, productivity records include both the absolute 62 

abundance and accumulation rate of the main bloom forming Noelaerhabdaceae coccolithophore 63 

class (Noel. Ab. and Noel. AR, respectively), as well as the relative abundance of deep photic dweller 64 

Florisphaera profunda (Fp%), an indicator inversely related to primary productivity9. These proxies are 65 

highly correlated (Supplementary Fig. S1). Cross-correlation analyses between eccentricity and these 66 

coccolithophore productivity proxies are performed to detect the exact timing of coccolithophore 67 

bloom peaks (Methods and Supplementary S3). The carbon isotopic fractionation of coccoliths in core 68 



ODP 807, sensitive to coccolithophore growth rate10, was analyzed to evaluate if dissolution affects 69 

the estimated timing of the bloom peak detected from coccolith abundance and assemblage data.   70 

We find that the Mid-Brunhes coccolithophore bloom was not globally simultaneous but time 71 

transgressive from the Southern Ocean to the tropics.  We propose that the interplay of high latitude 72 

processes (silica leakage) and low latitude processes (monsoon stimulation of weathering and fluvial 73 

nutrient supply and wind-driving water mixing) shaped the coccolithophore bloom pattern, and 74 

thereby marine carbon cycles, in the last 800 kyr. These results add a new global perspective on the 75 

coccolithophore bloom timing and pattern around the Mid-Brunhes Event and the interactions 76 

between calcareous and silicic productivity in the ocean. Moreover, our results will help to reveal the 77 

mechanism responsible for carbon cycle oscillations during the entire Pleistocene, which could be 78 

translatable to older time-scales.  79 

Results 80 

Timing of coccolithophore bloom  81 

Previous studies suggested that the coccolithophore bloom event during the Mid-Brunhes was a global 82 

event lasting from 600 ka to 300 ka6 and has a close relation with low eccentricity3. The results of our 83 

cross-correlation analyses reveal that the coccolithophore bloom was strongly diachronous by tens of 84 

thousands of years across different regions (Figs 1, 2a). The bloom peaked first in the Southern Ocean 85 

around 470 ka, then in Equatorial Upwelling regions around 450 ka, and latest in the tropical Western 86 

Pacific and Indian oceans (after 400 ka).  Overall, the lag between the peak in coccolithophore 87 

productivity and eccentricity minimum had a significant latitude preference (R2 = 0.57 p <<0.01, Figure 88 

2b), with a slight lead to eccentricity minimum (ODP 1170) to in phase  (ODP 1089)11 relationship in 89 

the Southern Ocean (Fig. 1e, Supplementary  Fig. S5) , contrasting with lags of more than 60 kyr with 90 

the eccentricity minimum in most of the reconstructed productivity records in the tropical regions (Fig. 91 

1c, Supplementary  Fig. S5).  In detail, a diversity of timings exists within the tropical ocean. The Eastern 92 

Pacific coccolith accumulation stack including sites ODP 1237, ODP 1238 and ODP 124012,13 shows only 93 

about 28±1.5 kyr lag to minimum eccentricity (Supplementary  Fig. S5), while the coccolithophore 94 

bloom peaks in the West Pacific had a mean lag around 81±10 kyr (Supplementary  Fig. S5). Moreover, 95 

the low-eccentricity coccolithophore bloom was absent in the tropical Indian Ocean core, MD90-09639 96 

(Supplementary Fig. S5). Weak correlations between coccolithophore productivity and eccentricity are 97 

seen in the northern hemisphere middle latitude such as the site IODP U1304 from the North Atlantic, 98 

the Portugal off-shore stack (MD01-2446 and IODP U138514,15) and site ODP 120916 in the 99 

Northwestern Pacific (Supplementary Fig. S5), suggesting that the coccolithophore bloom was 100 

asymmetric between hemispheres. 101 



 102 

Figure 1 | Sites map and coccolithophore and diatom productivity in the last 0.8 Myr. (a) The sample 103 

map: the red dots are new coccolithophore productivity provided in this study, the green ones are 104 

published coccolithophore productivity and the yellow ones are diatom productivity cited in this work. 105 

The numbers of coccolithophore and diatom productivity records are in Supplementary Tables S1 and 106 

S2, respectively. (b) The coccolithophore productivity in the North Atlantic (orange, IODP U1304) and 107 

Pacific (blue, ODP 1209)16. (c) The normalized coccolithophore productivity stack (Fp%) from the 108 

tropical West Pacific and marginal sea (dots) and the red curve is loess smooth of stack. (d) The 109 

normalized coccolithophore productivity stack in the Eastern Pacific upwelling (dots) and the red curve 110 

is loess smooth of productivity stack. (e) Coccolithophore productivity in the Southern Ocean (orange 111 

ODP 1089 and blue ODP 1170).  112 

 113 

50°S

25°S

0°

25°N

50°N

0

0.5

1

C
o

c
c
o

lit
h

 P
ro

d
u

c
ti
o

n
(b

a
s
e

d
 o

n
 F

p
%

)

0

0.5

1

C
o

c
c
o

lit
h

 P
ro

d
u

c
ti
o

n
(b

a
s
e

d
 o

n
 N

A
R

/N
A

b
)

0 100 200 300 400 500 600 700 800
Age (ka)

0

2x1010

4x1010

6x1010

8x1010

N
o

e
l.

A
b

(n
u

m
. 

/g
)

0

2x1011

4x1011

6x1011
N

A
R

(n
u

m
. 

c
m

-2
 k

y
r-1

)

0

2x1010

4x1010

6x1010

N
o

e
l.

A
R

.
(n

u
m

. 
c
m

-2
 k

y
r-1

)

0

4x1011

8x1011

1x1012

N
o

e
l.

A
R

(n
u

m
. 

c
m

-2
 k

y
r-1

)

ODP 1143

ODP 1170

ODP 807

IODP 1304

(b) North Atlantic(1304) /Pacific(1209)

(c) Western Pacific and marginal sea

(d) Eastern Pacific

(e) Southern Ocean ( 1170/1089)

(a)

9 10

11

12/1316

17

1

22

14 15

19

21

23

24

26

28
27

18

8

7

3
5

2

6

1

2 34 5
6

78

9
10

12
14

15
16

17

18

11

13

MIS 5 7 9 11 13 15 17 19



 114 

Figure2 | Coccolithophore bloom timing vs site location and nutrient ratio. (a) Coccolithophore 115 

bloom peak timing (relative to eccentricity minimum) against the core latitude and Si/P ratio in the 116 

modern location of each core. Other diatom (yellow) or coccolithophore (red) productivity records 117 

cited in this work are plotted as circles. (b) The timing of coccolithophore bloom (relative to eccentricity 118 

minimum) against absolute latitude of cores. The red dash line represents the linear regression of data 119 

without Western Mediterranean and Eastern Pacific stacks (R2 = 0.83 and p-value<<0.001) and the gray 120 

dash line is the regression of all data (R2 = 0.57 and p-value<<0.001). A negative x-axis value represents 121 

the peak of coccolithophore productivity happened late than the eccentricity minimum. (c) Timing of 122 

coccolithophore bloom (relative to eccentricity minimum) against Si/P ratio in 100 m depth (from 123 

World Ocean Atlas17).The red dash line is the linear regression of the lead-lag result to nutrient ratio 124 

(R2 = 0.75 and p-value<<0.001). The shaded areas in (b) and (c) heighten results from Western Pacific. 125 

Potential effect of carbonate dissolution 126 

Paleoenvironmental information based on calcium carbonate shells produced by coccolithophores can 127 

be biased due to dissolution18,19. The Mid-Brunhes period is characterized by a global carbonate 128 

dissolution event6, which could have potentially shaped the leads and lags of coccolith-based proxies 129 

relative to eccentricity. Here we have two lines of evidence indicating that carbonate dissolution is not 130 



the major cause of the different timings of the coccolithophore productivity peaks recorded in 131 

coccolith content and coccolith accumulation rate proxies. First, the Eastern Pacific stack included 132 

three cores retrieved from different depths above the modern Carbonate Compensation Depth (CCD) , 133 

about 3600 m in the modern Eastern Pacific20 (Supplementary Table S1). In modern settings, 134 

coccolithophore productivity are similar among these three cores (Supplementary S7). We would 135 

expect the trends in coccolith accumulation in the deeper core to be most sensitive to dissolution. 136 

Although coccolith preservation changed with the dynamics of the CCD, coccoliths from the shallower 137 

core are better preserved than those from deeper cores, and coccolith abundances show in different 138 

order of magnitudes due to dissolution, the trends of coccolithophore productivity in these three cores 139 

agree closely from MIS 13 to MIS 11 (Fig. 1d). This suggests that temporal variations in dissolution have 140 

not generated the peak abundance nor exerted dominant influence of the timing on peak coccolith 141 

abundance in these sites.  142 

In the Western Pacific, evidence that production, rather than dissolution, is dominantly controlling 143 

coccolith productivity records is provided by the signal of growth rate in the coccolith carbon isotopic 144 

fractionation. Carbon isotopic fractionation in coccoliths (13Clith-DIC) is modeled to increase with higher 145 

coccolithophore growth rate, lower coccolithophore cell size and lower CO2aq concentration in the 146 

seawater10,21.  The maximum in 13Clith-DIC and the coccolith productivity (from Noel. accumulation and 147 

F. profunda%) occurred around 320 ka, while the cell sizes and CO2aq were similar between the MIS 9 148 

and MIS 11 (Supplementary Fig. S10), suggesting that maximum 13Clith-DIC at 320 ka likely reflects 149 

higher cell growth rate and coccolith production (Supplementary S4). Independent proxies from B/Ca 150 

ratio and foraminifer shell weight22,23 indicate stronger carbonate dissolution at 400 ka (Fig. 3d), which 151 

is a local minimum in Noel. abundance. However, the local minimum in 13Clith-DIC at 400 ka confirms 152 

that Noel. abundance reflects lower coccolithophore growth and production, and is not an artefact of 153 

stronger deep ocean dissolution. Consequently, the desynchronization of coccolithophore bloom in 154 

the Western Pacific compared with Eastern Pacific and other high latitude sites is not an artefact of 155 

preservation bias. 156 



  157 

Figure 3 | Coccolithophore productivity and dissolution records from the Western Pacific: (a) 158 

Coccolith (blue dots) and foraminifera (grey line, G. ruber)24 carbon isotope in site ODP 807; (b) 159 

Calculated coccolith carbon isotope vital effect in site ODP 807, which is higher when the 160 

coccolithophores grow faster and the CO2aq is lower assuming a fixed cellular PIC:POC ratio10. (c) 161 

Noelaerhabdaceae coccolith accumulation rate (Noel. AR, num. cm-2 kyr-1) and abundance (Noel. Ab 162 

with a unit of num. g-1) in the core ODP 807; (d) Δ[CO3
2-] reconstruction in the Western Pacific: green 163 

dots are based on benthic foraminifera B/Ca in site ODP 80622 and blue dots are based on G. ruber shell 164 

weight in the core of MD06-304723. The blue shading bar is the coccolithophore bloom peak detected 165 

in the Western Pacific and the orange one is the Mid-Brunhes dissolution event. 166 

Coccolithophore and diatom productivity pattern 167 

While diatoms also had significant peaks in productivity during the Mid-Brunhes periods, peak diatom 168 

productivity in most locations did not coincide with peak coccolithophorid productivity. Diatom blooms 169 

occurred in the absence of coccolithophorid blooms in the North Atlantic (IODP U1304, 53°N), where 170 

there was no significant increase in Noelaerhabdaceae abundance or accumulation between 600 ka 171 

and 300 ka. Yet, continuous diatom mats of Thalassiothrix longissima25 were found around 540 ka26 172 

(between MIS 14 and MIS 13, Fig. 4). In low latitudes, where both diatom and coccolithophores had 173 

elevated productivity in the Mid-Brunhes, the diatom bloom events were always out of phase with 174 

coccolithophore bloom events. In the South Atlantic north of modern polar front (ODP 1091, 47.09°S), 175 



peak diatom bloom 570-540 ka 27 (around MIS 15-14) preceded coccolithophore bloom in ODP 1070 176 

(47.15°S) and ODP 1089 (40.94°S). Only in the Southern Ocean sectors south of the modern polar front 177 

(ODP 1093 and ODP 1094) was the enhanced biogenic opal export between 420-360 ka (around MIS 178 

11)28 synchronous with that of the coccolithophore bloom.  179 

 180 

Figure 4 | The bloom pattern of coccolithophore and diatom from 600 ka to 200 ka. The squares are 181 

the timing of coccolithophore bloom peaks and the different colors represent bloom peaks recorded 182 

by different proxies (see the legend). The numbers are diatom productivity records listed in 183 
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Supplementary Table S2.  The red dashed line represents the eccentricity minimum on the 405 kyr-1 184 

band. The error bars are 95% confidence interval of coccolithophore bloom peak timing estimation 185 

base on cross-correlation. The dots are diatom high productivity periods and different colors represent 186 

results from each proxy (see the legend). Diatom productivity peaks represent periods when the 187 

productivity was larger than mean value+2 standard deviation in a 200 kyr window (Method and 188 

Supplementary S3). A larger size of dots represents a more significant diatom productivity peak: 0% 189 

represents the smallest peak and 100% represent the largest productivity peak in the last 0.8 Myr. The 190 

results of Noel. MC and Noel. MAR from the core ODP 1143 are covered by Noel. Ab and Noel. AR 191 

squares and do not appear in the figure legend. 192 

Nutrient Si/P ratio as a driver of diachronous bloom 193 

The significant differences in the timing of peak bloom conditions across the ocean suggests that 194 

globally varying factors such as sea surface temperature or growth season light were not likely to be 195 

the dominant drivers of the mid-Brunhes coccolithophore bloom. Maximum temperatures were 196 

reached at all latitudes in the MIS 11 interglacial, so a diachronous coccolithophore bloom cannot 197 

result from direct influence of temperature. Likewise, at the eccentricity band, the growing season 198 

length defined by light intensity varies coherently between the north and south hemisphere. 199 

Alternatively, redistribution of nutrients in the surface ocean may be a possible cause of spatially 200 

variable bloom timing. We find weak correlations between the bloom timing and the modern silica and 201 

phosphate concentration in modern ocean at 100-meter depth (Supplementary Fig. S12). However, 202 

the spatial lag in Mid-Brunhes coccolithophore bloom timing compared to the eccentricity minimum 203 

is inversely correlated with the spatial variations in Si/P ratio which characterize the modern ocean (R2 204 

= 0.75 o<<0.01, Fig. 2c). A similar significant correlation is also found between bloom timing and the 205 

Si/N ratio (Supplementary Fig. S12). The region currently characterized by low Si/P, such as the 206 

Southern Ocean and the Eastern Pacific upwelling zone, are those which experienced the earliest 207 

coccolithophorid bloom events and the Mid-Brunhes period (MIS 13-12). In contrast, regions currently 208 

characterized by high Si/P had later coccolithophorid bloom peaks (MIS 11-9; Fig. 2c). 209 

 210 

Discussion  211 

Our records of coccolithophore productivity within the Mid-Brunhes period enabled us to identify 212 

three key diagnostic features of coccolithophore bloom during the minimum eccentricity. First, there 213 

is globally widespread evidence for elevated coccolithophore productivity during the low eccentricity 214 

Mid-Brunhes interval but peak productivity is diachronous with lags up to 80 kyr.  Second, the varying 215 

timing of peak coccolithophore bloom from high to low latitude regions correlates with the modern 216 

nutrient ratio (Si/P). Third, peak coccolithophore and diatom bloom are diachronous except in the 217 



Southern Ocean. These findings provide new clues to reveal the mechanisms controlling 218 

coccolithophore blooms and implications in the marine carbon cycle. 219 

A secular cyclicity of coccolithophore productivity has been described in previous studies3. The Mid-220 

Brunhes coccolithophore bloom event is one of the acmes during the Pleistocene, followed by the E. 221 

huxleyi acmes from 170 ka to the present, and preceded by acmes of small Gephyrocapsa around the 222 

800 ka, 1100 ka and 1700 ka4,5,7. Previous explanations of coccolithophore blooms include an extended 223 

growth season during low eccentricity periods, less silicic acid leakage from the Southern Ocean and 224 

weathering enhanced by terrestrial biosphere3. The changes of growth duration were small (more 225 

details in the Supplementary S6) and a mechanism for amplifying these variations into more than one 226 

order of magnitude variations in coccolith abundance and accumulation rate, as recorded in sediment, 227 

has not yet been described. Moreover, the growth season length follows the pace not only of 228 

eccentricity, but of precession as well. So, the longest growth season appeared at the precession peak 229 

during eccentricity maximum around 200 ka (Fig. 5a and Supplementary Fig. S13) rather than during 230 

the eccentricity minimum when coccolithophores bloomed. 231 

Several factors could have contributed to high diatom and coccolithophore productivity in the sub-232 

Antarctic sector of the Southern Ocean during the MIS 13-11 eccentricity minimum, including the 233 

enhanced dust input29-31, the melting and retreat of Antarctic ice-sheet32, and thereby, the poleward 234 

migration of polar front28. At the same time, the utilization of silicic acid by diatoms in the Southern 235 

Ocean is proposed to control the type of tropical productivity and total productivity in the ocean33. 236 

Because the Southern Ocean is the source of sub-Antarctic mode water which upwells in the tropical 237 

thermocline34, increased diatom production and silicic acid drawdown in the Southern Ocean would 238 

lead to upwelling of water rich in phosphate but deficient in silica in the low latitudes. This process 239 

could depress the success of diatoms and favor non-silicifying phytoplankton such as coccolithophores 240 

in the tropical and subtropical oceans, potentially contributing to low latitude coccolithophore bloom 241 

events. Indeed, in the modern ocean the highest concentration of coccolithophores in the surface 242 

ocean is found the region of low Si/P between 45 and 40 S35. 243 

While this process is consistent with a coccolithophore, but not diatom bloom in the Eastern Pacific 244 

upwelling zones, with a small (~20 kyr) lag relative to Southern Ocean diatom production (a detailed 245 

explanation for Eastern Pacific lag in Supplementary S7), it is not consistent with the very long (~60-80 246 

kyr) lag of coccolithophore bloom peaks in the Western Pacific Warm Pool and marginal seas compared 247 

to much shorter ocean circulation timescales. This longer lag suggests that dust deposition, dynamic 248 

of ice sheet and silica leakage are not the only mechanisms shaping the global coccolithophore bloom 249 

pattern. Instead, we propose that variation in an additional nutrient source, the monsoon and 250 

weathering in the low latitudes, is responsible for this lag among coccolithophore bloom events in 251 



different regions. The monsoon region is a weathering engine, with both rapid physical weathering 252 

from fast uplift and rapid chemical weathering from high precipitation and plays important roles in the 253 

global nutrient and carbon cycles36. The monsoon intensity was gradually enhanced from the minimum 254 

eccentricity around 400 ka to maximum eccentricity around 200 ka37 (Fig. 5f), causing a stronger wind-255 

driving mixing, more intense chemical weathering and delivering more nutrient, especially phosphate, 256 

into ocean (Fig 5g). Therebefore, we suggest that monsoon-controlled processes provided another 257 

important nutrient source fueling low latitude coccolithophore bloom, in the Western Pacific Warm 258 

Poll and marginal seas, in addition to the suppression of diatoms from Southern Ocean silica 259 

consumption effectively liberating more thermocline P and N for coccolithophores. Consequently, the 260 

combination of two major nutrient sources, monsoon and high latitude processes, caused the 261 

coccolithophore bloom peaks in the Western Pacific to lag the minimum eccentricity ~60-80 kyr. In 262 

addition to the Western Pacific records (Fig. 6 b,e), the Eastern Mediterranean Stack of 263 

coccolithophore productivity also show a significant lag to the eccentricity minimum (Fig. 2). We 264 

suggest that the similarity in response of Mediterranean coccolithophore productivity with the tropical 265 

Western Pacific reflects the impact from the African monsoon on weathering and local nutrient level. 266 

For the region where the nutrient availability is dominated by monsoon processes, including both 267 

wind-driving upwelling and precipitation-controlled weathering, the maximum coccolithophore 268 

productivity should appear during maximum eccentricity when the monsoon intensity is stronger. This 269 

pattern has been discovered in the Tropical Indian Ocean coccolithophore records9. 270 



 271 

Figure 5 | Trigger mechanisms of coccolithophore blooms in tropical seas and mid-high latitude 272 

ocean. The vertical green bars are coccolithophore bloom timing in the Southern Ocean (upper panel) 273 

and tropical West Pacific marginal seas (lower panel). (a) The coccolithophore growth season length 274 

defined a threshold of daily insolation 400 W m-2 (growth durations defined by other thresholds are 275 

shown in Supplementary Fig. S13). (b) Dust accumulation rate in the site ODP 1090 Southern Ocean29. 276 
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(c) Biogenic opal mass accumulation rate (MAR) as an indicator of diatom productivity from the core 277 

ODP 109027. (d) Coccolithophore productivity from the core ODP 1170 (blue) and the core 1089 278 

(orange). (e) Color reflectance of sites ODP 1091, 1093 and 1094 on the Polar Front28. (f) Oxygen 279 

isotope of Chinese caves stalagmite (yellow) is an indicator of the Asian summer monsoon which is 280 

enveloped by eccentricity parameter (red) on 100 kyr and 405 kyr band37. (g) The weathering proxies 281 

from the core ODP 1143 in the South China Sea38. The blue curve is the K/Al ratio and the dark green 282 

dots are the Hematite/Goethite ratio which are indicator of precipitation on the Indochina Peninsula39. 283 

Both of these records show a rapid increase of summer monsoon and fluvial flux from MIS 10 to MIS 284 

9. (h) The opal MAR as a proxy for diatom productivity for ODP 114340. (i) The normalized 285 

coccolithophore productivity recorded by Fp% in the Western Pacific (more details in the caption of 286 

Fig. 1c) 287 

We propose that the Mid-Brunhes coccolithophore bloom event can be divided into three stages 288 

reflecting three different modes. In the first stage, the coccolithophore bloom occurred in the Sothern 289 

Ocean, triggered by dust input and southward polar front migration around MIS 13 consuming the 290 

silica. After the silica concentration in the Southern Ocean decreased, the Si/P ratio in the Southern 291 

Ocean decrease and coccolithophore began to bloom resulting diatom-nannofossil ooze in the Sub-292 

Antarctic sediment. Later when the low Si/P water leaked out to the tropical ocean and 293 

coccolithophore began to bloom in the Eastern Pacific upwelling region around MIS 12 (Figs 5a and 6a). 294 

In the second stage, the gradually enhanced low latitude weathering and rainfall extended the 295 

coccolithophore bloom peaks from MIS 11 to MIS 9 in the monsoon-influenced regions (Fig. 5b). In the 296 

last stage, coccolithophore productivity reached maximum levels around MIS 8-7 where monsoon 297 

dominates the nutrient regime (Fig. 6c). We suggest that these three bloom stages reflect the 298 

contrasting relative balance of high and low latitude modulation of nutrient supply to the photic zone, 299 

and out of phase forcing of these processes in high and low latitudes in the long eccentricity band.  300 

Higher benthic foraminiferal δ13C during 400 kyr cycle minima in eccentricity have been interpreted as 301 

evidence of modulation of the global carbon cycle41. Previous models have shown that the 400-500 kyr 302 

cycles in benthic δ13C, and a concomitant cycle of 15 ppm in pCO2, could be caused globally 303 

synchronous changes in the production ratio (Cinorg /Corg) in the surface ocean, implicating a shift in the 304 

balance of coccolithophorid production relative to that of non-calcifying phytoplankton8. In these 305 

simulations, the productivity ratio was varied simultaneously in the whole surface ocean in phase with 306 

long eccentricity forcing. Our results show that the production ratio changed because of the different 307 

bloom timings of coccolithophore and diatom. However, in contrast to a global synchronous variation, 308 

the variations in tropical region was significantly lagged from eccentricity, and coupled to changes in 309 

tropical monsoon. This new dataset provides a more precise phasing and location of changes in the 310 

type of productivity which could be used to more rigorously evaluate the sensitivity of carbon cycle to 311 



changes in the production ratio and weathering, including changes in the ocean’s alkalinity and oxygen 312 

balance42.  313 

Since ice core measurements of pCO2 are limited to the last 800 kyr, it is difficult to directly evaluate 314 

the extent to which changes in coccolithophore production may also lead to long eccentricity cycles 315 

on atmospheric CO2. Low pass filtering of the ice core record has suggested a 20 ppm amplitude of 316 

pCO2 at 400 kyr band8. Similarly, a minimum in the phase lag between Antarctic temperature and 317 

obliquity, and ice volume and obliquity, between 450-350 ka has also been attributed to a 400 kyr 318 

forcing of CO2
43. More intense coccolithophore production in the Sub-Antarctic zone of the Southern 319 

Ocean, has been modeled to decrease the buffering capacity of the surface ocean globally and 320 

therefore reduce the CO2 uptake capacity of the ocean44. Therefore, the strong enhancement of 321 

coccolithophore production in the Sub-Antarctic zone which we show between 500-400 ka, should be 322 

investigated as a potential additional mechanism for modulation of atmospheric CO2 on long 323 

eccentricity periods. 324 

Previous studies have proved that the long eccentricity cycles, including the 400 kyr, 1.2 Myr and 2.4 325 

Myr cycles, were relative stable in the earth history, being detected in the sediment records from the 326 

Paleozoic to the Cenozoic45,46. However, the 400 kyr power in benthic δ13C  gradually weakened after 327 

13 Ma47, coincident with the expansion of the Antarctic ice sheet. During the Pleistocene, the period 328 

in benthic δ13C lengthened to a ~500 kyr cycle after 1.8 Ma48. These suggest that the evolving ice sheet 329 

and/or other high latitude processes modulated the response of the carbon cycle to long eccentricity 330 

forcing. We suggest that prior to the intensification of polar glaciation, the coccolithophorid and 331 

diatom bloom pattern, and thereby, production ratio in the ocean, may have responded mainly to the 332 

intensity of monsoon, through weathering and nutrient delivery by river1 or wind-driven upwelling, 333 

with a cycle of ~400 kyr. However, intensified polar glaciation may have significantly increased the 334 

amplitude of 400 kyr variation in high latitude processes which could affect the nutrient pattern and 335 

Si/P ratio of the ocean, via such as sea ice extent, deep water formation, or silicic acid leakage. 336 

Consequently, the 400 kyr monsoon-controlled nutrient addition at high eccentricity during the pre-337 

polar glaciate world would have been partly overprinted by a high latitude-driven increase in low 338 

latitude thermocline Si/P at low eccentricity, leading first to a weakening of the 400 kyr power. The re-339 

emergence of power at 500 kyr band in the last 1.8 Myr may reflect a rebalancing of the relative 340 

amplitude of these two processes, attesting to a change in the carbon cycle. 341 



 342 

Figure 6 | Three modes of coccolithophore bloom around Mid-Brunhes and afterwards. Trigger 343 

processes of coccolithophore bloom in three time slices: (a) Coccolithophore bloom pattern in the 344 

Southern Ocean and Eastern Pacific during MIS 13-12. (b) Coccolithophore bloom pattern in the 345 

Western Pacific during MIS 11-9. (c) Coccolithophore high productivity in monsoon driven upwelling 346 

region during MIS 8-7. (d-f) Nutrient source fueling coccolithophore productivity in three bloom modes. 347 

The nutrient sources from high latitude and low latitude processes were assumed to be driven only by 348 

orbital parameters (more details Supplementary S7).  PF is the Polar Front, SAF is the Sub-Antarctic 349 

Front and CB is coccolithophore bloom. 350 

351 



Methods 352 

Samples and data selections 353 

In this study, we selected four ODP or IODP cores with oxygen isotope chronostratigraphy, for which 354 

we produced new coccolithophore productivity data. Other 14 cores with published coccolithophore 355 

productivity records longer than 300 kyr or at least covering the Mid-Brunhes period were also 356 

reviewed in our research. The details of cores and proxies information can be found in Supplementary 357 

Table S1. We focus on the Noelaerhabdaceae family in our study and the coccolith-based productivity 358 

proxies, such as coccolith abundance and coccolith accumulation rate, are referred to the 359 

Noelaerhabdaceae abundance (Noel. Ab) and accumulation rate (Noel. AR) without specific 360 

statements. Beside the abundance and accumulation rate based on fossil numbers, we also measure 361 

the coccolith mass content (Noel. MC) and accumulation rate (Noel. MAR) in the core ODP 1143.  362 

Among the geochemistry proxies, we selected the coccolith carbon isotope fractionation (Δ13Clith-DIC) as 363 

a proxy for growth rate. The differences among selected coccolithophore productivity proxies are 364 

summarized in Table 1. The G. caribbeanica percentage was not treated as a proxy for determining the 365 

bloom timing in this study because we found in some sites such as IODP U1304 and ODP 1209, the G. 366 

caribbeanica% seems to have low correlation with coccolith accumulation rate (Supplementary Figure 367 

S1d). We review 30 diatom-related productivity records in this study, including the biogenic opal 368 

content (BiOpal%), biogenic opal accumulation rate (BiOpal AR), diatom absolute number in the 369 

sediment (diatom/g), Ba/Al, Ba/P, color reflectance and the magnetic susceptibility of the bulk 370 

sediment (more details in Supplementary S1, S2). 371 

Table 1. Comparison among coccolithophore productivity proxies. 372 

Coccolith-based proxy Potential bias 

1-Fp% 
Can’t be employed as a productivity proxy beyond 
tropical/subtropical ocean 

Noel. Ab / Noel. AR Sensitive to dissolution 

Noel. MC /Noel. MAR 
More accurate on estimating coccolith’s contribution to 
carbonate. Consume more time to measure and could be sensitive 
to dissolution. 

Δ13Clith-DIC 
A potential proxy for growth rate but needs isotopic model for a 
better explanation. In some cases, the new productivity does not 
covary with growth rate.  

 373 

Coccolith analyses 374 

Sliders for coccolith counting were prepared following the dropping technique49. At least 200 coccolith 375 

and 10 fields of view were counted for the coccolith abundance and accumulation rate analyses. The 376 

coccolith mass was estimated on the circular polarized microscope with the gray-level method 377 



following the method50,51, in which the intensity of light was calibrated via a well measured calcite 378 

wedge. About 40 pictures were taken from the same slider made for coccolith counting. Then import 379 

the pictures into Matlab, turn them from colorful pictures to gray picture and measure the gray level 380 

of each coccolith. The coccolith thickness was calculated by the brightness-thickness calibration. The 381 

coccolith surface area was achieved by turning the area of pix into square micron.   382 

m𝑐 = ∑(𝐴 × 𝑇) × 2.7 383 

where the m𝑐 means the mass of a single coccolith; the A means the area (μm2) of a single pixel and 384 

the T represents the thickness of this pixel; 2.7 is the density of calcite carbonate with a unit of g cm-3. 385 

It should be noted that the units for coccolith A and T are usually square micron and micron, so they 386 

should be turned into centimeter and square centimeter for the subsequent abundance and 387 

accumulation rate calculation. 388 

M𝑐 = ∑ m𝑐𝑛  × 𝐴𝑏𝑐 389 

where M𝑐 is the coccolith mass in the bulk sediment with a unit of g per g bulk sediment; the n is how 390 

many coccoliths were measured for a certain sample; 
∑ m𝑐𝑛  is the average coccolith mass in all 391 

measurements. 𝐴𝑏𝑐 is the abundance number of coccolith per gram bulk sediment. The coccolith mass 392 

accumulation rate was calculated by the following equation: 393 𝐶MAR = M𝑐 × 𝜌𝑠𝑒𝑑.  × LSR 394 

Where the 𝜌𝑠𝑒𝑑. is the dry bulk density of sediment with a unit of g cm-3 and the LSR is the linear 395 

sedimentation rate with a unit of cm kyr-1. 396 

In this study, coccoliths were separated by the centrifuging method52. This method shares the same 397 

principle with the settling method 53,54. Before the separation, we soak about 40 mg bulk sediment into 398 

10ml 2% ammonia solution overnight for disaggregation. Then the first step is separating the F. 399 

profunda, coccolith fragments and clay from bulk sediments using the angular velocity 1850 rpm and 400 

duration 2 min. To fully separate particles smaller than 2 μm, this step should be repeated for at least 401 

8 times. The second step is separating the Gephyrospharea spp. from larger coccoliths using the 402 

angular velocity of 2500 rpm and a duration of 1min. Most of Gephyrocapsa spp. within 2.5–4.5 μm 403 

are in the suspension pumped out in this step. The second step was repeated for 4–6 times. Then we 404 

filter the suspension on 0.2 μm membrane and harvest coccoliths on the membrane. After separation, 405 

the coccolith carbon isotope were measured using a MAT 253 in ETH Zurich.  DIC carbon isotope is 406 

necessary for coccolith carbon isotope vital effect, which was calculated as following: 407 δ 𝐶𝐷𝐼𝐶13 =  δ 𝐶𝐺.𝑟𝑢𝑏𝑒𝑟13 + 0.94‰ − 1‰ − 0.6‰ 408 



where 0.94‰ is the vital effect of G. ruber55 and 1‰ is the carbon isotope fractionation from DIC to 409 

carbonate56 and 0. 6‰ is the isotope difference between 50m (mixed layer) and 150 m water 410 

(Supplementary Figure S10) in the modern West Pacific Warm Pool. This gradient would be larger when 411 

the ocean productivity enhanced causing a low estimation during the bloom period (the real value 412 

could be more positive than our estimation).  413 

Statistics strategies  414 

The coccolithophore productivity records employed in this study are derived by different proxies, 415 

including F. profunda percentage (Fp%), coccolith abundance and coccolith accumulate. The 416 

correlation among these three proxies are quite significant (Supplementary Fig. S4) suggesting they 417 

can be compared with each other. However, these records have different sampling resolutions, 418 

magnitudes and units. For data from a same proxy and region, we normalized the log(NAb), log(NAR) 419 

or (1-Fp%) into a range of 0–1 generating regional stacks. After that, all records, both single site data 420 

and regional stacks, were interpolated into 1 kyr resolution and the cross-correlation analyses were 421 

performed between eccentricity orbital parameters by the Matlab function ‘crosscorr’. The cross-422 

correlation analyses were only carried out for the 0–600 ka records assuming another coccolithophore 423 

bloom event happened around 700–900 ka with another low eccentricity period3. Since we assumed 424 

that the high coccolithophore productivity had relationships with low eccentricity, the lag with lowest 425 

correlation coefficient were chosen as the lag between the eccentricity and local coccolithophore 426 

productivity. If the lag or lead between productivity peak and eccentricity minimum was larger than 427 

100 kyr, we think the high coccolithophore productivity had little correlation with low eccentricity. The 428 

high productivity period of diatom is defined as the periods when the productivity is higher than mean 429 

value plus 2 standard deviation in a window of 200 kyr. The window length and threshold value play 430 

minor roles in detecting the productivity peaks (Supplementary S3). 431 

Data availability 432 

All data generated during this study supporting its findings are supplied in supplementary data files. 433 
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Figures

Figure 1

Sites map and coccolithophore and diatom productivity in the last 0.8 Myr. (a) The sample map: the red
dots are new coccolithophore productivity provided in this study, the green ones are published
coccolithophore productivity and the yellow ones are diatom productivity cited in this work. The numbers



of coccolithophore and diatom productivity records are in Supplementary Tables S1 and S2, respectively.
(b) The coccolithophore productivity in the North Atlantic (orange, IODP U1304) and Paci�c (blue, ODP
1209)16. (c) The normalized coccolithophore productivity stack (Fp%) from the tropical West Paci�c and
marginal sea (dots) and the red curve is loess smooth of stack. (d) The normalized coccolithophore
productivity stack in the Eastern Paci�c upwelling (dots) and the red curve is loess smooth of productivity
stack. (e) Coccolithophore productivity in the Southern Ocean (orange ODP 1089 and blue ODP 1170).
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 2

Coccolithophore bloom timing vs site location and nutrient ratio. (a) Coccolithophore bloom peak timing
(relative to eccentricity minimum) against the core latitude and Si/P ratio in the modern location of each
core. Other diatom (yellow) or coccolithophore (red) productivity records cited in this work are plotted as



circles. (b) The timing of coccolithophore bloom (relative to eccentricity minimum) against absolute
latitude of cores. The red dash line represents the linear regression of data without Western
Mediterranean and Eastern Paci�c stacks (R2 = 0.83 and p-value<<0.001) and the gray dash line is the
regression of all data (R2 = 0.57 and p-value<<0.001). A negative x-axis value represents the peak of
coccolithophore productivity happened late than the eccentricity minimum. (c) Timing of coccolithophore
bloom (relative to eccentricity minimum) against Si/P ratio in 100 m depth (from World Ocean
Atlas17).The red dash line is the linear regression of the lead-lag result to nutrient ratio (R2 = 0.75 and p-
value<<0.001). The shaded areas in (b) and (c) heighten results from Western Paci�c. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 3

Coccolithophore productivity and dissolution records from the Western Paci�c: (a) Coccolith (blue dots)
and foraminifera (grey line, G. ruber)24 carbon isotope in site ODP 807; (b) Calculated coccolith carbon
isotope vital effect in site ODP 807, which is higher when the coccolithophores grow faster and the
CO2aq is lower assuming a �xed cellular PIC:POC ratio10. (c) Noelaerhabdaceae coccolith accumulation
rate (Noel. AR, num. cm-2 kyr-1) and abundance (Noel. Ab with a unit of num. g-1) in the core ODP 807;



(d) Δ[CO32-] reconstruction in the Western Paci�c: green dots are based on benthic foraminifera B/Ca in
site ODP 80622 and blue dots are based on G. ruber shell weight in the core of MD06-304723. The blue
shading bar is the coccolithophore bloom peak detected in the Western Paci�c and the orange one is the
Mid-Brunhes dissolution event.

Figure 4



The bloom pattern of coccolithophore and diatom from 600 ka to 200 ka. The squares are the timing of
coccolithophore bloom peaks and the different colors represent bloom peaks recorded by different
proxies (see the legend). The numbers are diatom productivity records listed in Supplementary Table S2.
The red dashed line represents the eccentricity minimum on the 405 kyr-1 band. The error bars are 95%
con�dence interval of coccolithophore bloom peak timing estimation base on cross-correlation. The dots
are diatom high productivity periods and different colors represent results from each proxy (see the
legend). Diatom productivity peaks represent periods when the productivity was larger than mean
value+2 standard deviation in a 200 kyr window (Method and Supplementary S3). A larger size of dots
represents a more signi�cant diatom productivity peak: 0% represents the smallest peak and 100%
represent the largest productivity peak in the last 0.8 Myr. The results of Noel. MC and Noel. MAR from
the core ODP 1143 are covered by Noel. Ab and Noel. AR squares and do not appear in the �gure legend.



Figure 5

Trigger mechanisms of coccolithophore blooms in tropical seas and mid-high latitude ocean. The vertical
green bars are coccolithophore bloom timing in the Southern Ocean (upper panel) and tropical West
Paci�c marginal seas (lower panel). (a) The coccolithophore growth season length de�ned a threshold of
daily insolation 400 W m-2 (growth durations de�ned by other thresholds are shown in Supplementary
Fig. S13). (b) Dust accumulation rate in the site ODP 1090 Southern Ocean29. (c) Biogenic opal mass



accumulation rate (MAR) as an indicator of diatom productivity from the core ODP 109027. (d)
Coccolithophore productivity from the core ODP 1170 (blue) and the core 1089 (orange). (e) Color
re�ectance of sites ODP 1091, 1093 and 1094 on the Polar Front28. (f) Oxygen isotope of Chinese caves
stalagmite (yellow) is an indicator of the Asian summer monsoon which is enveloped by eccentricity
parameter (red) on 100 kyr and 405 kyr band37. (g) The weathering proxies from the core ODP 1143 in
the South China Sea38. The blue curve is the K/Al ratio and the dark green dots are the Hematite/Goethite
ratio which are indicator of precipitation on the Indochina Peninsula39. Both of these records show a
rapid increase of summer monsoon and �uvial �ux from MIS 10 to MIS 9. (h) The opal MAR as a proxy
for diatom productivity for ODP 114340. (i) The normalized coccolithophore productivity recorded by Fp%
in the Western Paci�c (more details in the caption of Fig. 1c)

Figure 6



Three modes of coccolithophore bloom around Mid-Brunhes and afterwards. Trigger processes of
coccolithophore bloom in three time slices: (a) Coccolithophore bloom pattern in the Southern Ocean and
Eastern Paci�c during MIS 13-12. (b) Coccolithophore bloom pattern in the Western Paci�c during MIS
11-9. (c) Coccolithophore high productivity in monsoon driven upwelling region during MIS 8-7. (d-f)
Nutrient source fueling coccolithophore productivity in three bloom modes. The nutrient sources from
high latitude and low latitude processes were assumed to be driven only by orbital parameters (more
details Supplementary S7). PF is the Polar Front, SAF is the Sub-Antarctic Front and CB is
coccolithophore bloom.
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