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Text S1 – Basin-wide average normalized sedimentation rate 
Over the Pleistocene, we can expect the global average normalized sedimentation rate to be 
fairly constant (Lisiecki & Raymo, 2005). We monitor the normalized sedimentation rate of our 
regional stacks when choosing additional age controls (i.e., tie points). To calculate the 
normalized sedimentation rate, each core’s sedimentation rate based on BIGMACS alignment is 
divided by its mean sedimentation rate, interpolated to 1-kyr intervals, and averaged across all 
Atlantic or Pacific cores.  
 
Text S2 – BIGMACS stack construction 
In addition to the 1.5-2.1 Ma regional stacks discussed in the main text, we also constructed 
regional Pleistocene (0-2.7 Ma) stacks for the Atlantic and the Pacific. The construction of these 
stacks did not involve additional age controls except those identified from the Neptune database 
(see main text). Because of the intense computational resources required quickly exceed that of 
even a supercomputer (over 1 TB of RAM), both the Atlantic and the Pacific stacks were 
constructed in two segments (0-700 ka and 700-2700 ka for the Atlantic; 0-300 ka and 300-2700 
ka for the Pacific). The time length of the segments during the more recent past is shorter 
because more δ18O records are available, requiring a shorter interval of alignment to keep the use 
of computational resources reasonable. The overlaps between segments are averaged in stitching 
together the segments to create a stack for the entire Pleistocene.  
 
BIGMACS stack construction requires an initial alignment target for the initial alignment all of 
the records, and we used the LR04 global stack (Lisiecki & Raymo, 2005). The software then 
iteratively updates the stack to which the records are aligned until convergence. We used the 
default settings for all the hyperparameters (Lee et al., 2023). The stack construction process also 



includes core-specific shift and scale parameters that are learned during the alignment using the 
Baum-Welch Expectation Maximization algorithm. 
 
In constructing the new BIGMACS stacks, we incorporate age estimates from the Neptune 
Sandbox Berlin (NSB) database (Renaudie et al., 2020), which compiled biostratigraphic and 
paleomagnetic events from the International Ocean Discovery Program (IODP) and its 
predecessors. The conversion of NSB hole-specific meters below sea floor (mbsf) depths to 
meters composite depth (mcd) was done using the IODP Janus Depth Point Calculator. Because 
the age information provided by the NSB database does not come with uncertainty estimates, we 
conservatively specify the age uncertainty as Gaussian distributions with a standard deviation of 
100 kyr. Due to the large uncertainty for these age constraints, the Atlantic and Pacific stacks 
mostly follow the age model of the LR04 stack used for the initial alignment target. 
 
Text S3 – Alternative causes of regional divergence 
Could the regional divergence be solely caused by the light δ18O input into the Atlantic from the 
meltwater event alone? We do not find this explanation likely. First, the more recent meltwater 
events of the last glacial period led to only modest and relatively short-lived differences (4 kyr or 
less) between regional benthic δ18O stacks (Lisiecki & Stern, 2016). In contrast, the glacial 
maximum in the Atlantic stack at 1.878 Ma, is barely identifiable and would probably require a 
meltwater event of much larger magnitude and duration. Second, Shakun et al. (2016) identified 
other meltwater events that do not produce the same regional divergences. The meltwater events 
other than the one at ~1.85 Ma (and possibly another at ~2.05 Ma) are not associated with clear 
differences in the Atlantic and Pacific benthic δ18O records and have magnitudes both greater 
and smaller than the one at 1.85 Ma. Nevertheless, the meltwater event at 1.85 Ma and the 
associated light δ18O input could have been a secondary contributing factor that led to the 
regional benthic δ18O differences. 
 
An alternative explanation for the Atlantic-Pacific divergence is that the meltwater event led to a 
foraminifera-barren zone in the Atlantic – a hiatus in the Atlantic benthic δ18O records that left 
one or more marine isotope stages unrecorded. For example, foraminifera-barren zones in 
sediments are observed during Heinrich events of the last glacial cycle (Ruddiman & McIntyre 
1981; Broecker et al. 1992; McManus et al. 1998) and the penultimate glaciation (Ruddiman et 
al. 1980). During these Heinrich events, icebergs and the accompanying meltwater were rapidly 
discharged into the North Atlantic from the Hudson Strait region during periods of Laurentide 
Ice Sheet instability (Heinrich 1998; Broecker et al. 1992; Zhou et al., 2021). 
 
However, we find this explanation to be unlikely. While foraminifera dissolution may be an 
appealing explanation for the Atlantic-Pacific divergence we observed, we do not find a gap in 
benthic δ18O measurements at this time or an apparent decrease in Atlantic sedimentation rates 
during this period (see Fig. S7 for an example using U1308). If a sedimentation hiatus in the 
Atlantic was responsible for failing to record the majority of a glacial period, we would expect a 
more discernable drop in the apparent Atlantic sedimentation rates between 1.8-1.9 Ma. If 
foraminifera dissolution played a role in causing the Atlantic-Pacific benthic δ18O differences, 
that role is likely a minor one. 
 
Text S4 – Visual confirmation of BIGMACS record alignment 



To verify the Atlantic-Pacific difference identified by BIGMACS in record alignment, we 
developed a strategy to visually confirm the BIGMACS results for certain high-resolution cores 
during 1.8-1.9 Ma. While most of the glacial cycles in the 41-kyr world repeat the typical 
sawtooth pattern (gradual buildup and fast termination of ice sheets), some glacial cycles stand 
out with "double interglacial" or "step interglacial" features. Double interglacials are two 
interglacial periods interrupted by a weak and short glacial, structurally similar to Marine Isotope 
Stage 7 in the 100-kyr world (Choudhury et al., 2020). Step interglacials are similar to double 
interglacials in that two interglacials are interrupted by a weak and short glacial. However, unlike 
the double interglacials, the step interglacials start with a moderate interglacial followed by a 
second, comparatively more intense interglacial. The step interglacials represent a two-step 
transition that is similar to Marine Isotope Stage 13 in the 100-kyr world. The double 
interglacials and step interglacials before or after 1.8-1.9 Ma can serve as anchor points to 
contradict or corroborate the algorithmic alignment by BIGMACS during 1.8-1.9 Ma (Fig. S6). 
 
The double interglacials during MIS 61 (~1.725 Ma) and the step interglacials during MIS 77 
(~2.025 Ma) serve as useful anchors that can help visually confirm the BIGMACS alignment 
during 1.8-1.9 Ma (Fig. S6). Between MIS 61 and 1.8 Ma, benthic δ18O records with sufficient 
resolution show one climatic cycle. Between MIS 77 and 1.9 Ma, benthic δ18O records show two 
climatic cycles. As a result, we have added confidence in the BIGMACS record alignment 
during 1.8-1.9 Ma. Any discrepancy among records during this period is hard to dismiss as 
erroneous algorithmic alignment. 
 



  

Figure S1. Map of the input cores for the BIGMACS Atlantic and Pacific stacks construction, 
including existing compilations and additional records newly compiled for this study. Stars mark 
the high-resolution cores shown in Fig. S3 and S4.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure S2. Overview of the BIGMACS stack input record water depth, temporal range, 
and average resolution, divided by ocean basins. Lighter color means the record is more 
densely measured (i.e., the average time spacing between samples is smaller). 



 

Figure S3. Basin-wide normalized sedimentation rates depending on the choices of additional age 
controls. (A) Obliquity (black line) and NH insolation (purple line) at 65° N. (B-E) Basin-wide 
normalized sedimentation rates using different additional age controls imposed on the stack 
construction (triangles). Purple lines are for alternate versions of the Atlantic regional stacks and 
blue lines are for Pacific regional stacks. Black triangles mark additional age controls imposed on 
both stack, and purple triangles mark additional age controls imposed only on the Atlantic stack. 
The main text shows the stacks constructed using the additional age controls in (B), which 
produce the smallest variation in normalized sedimentation rates between 1.8-1.9 Ma.  



 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure S4. Stack comparison between (A) CENOGRID (Westerhold et al., 2020), (B) LR04 
(Lisiecki & Raymo, 2005), (C) ProbStack (Ahn et al., 2017), and (D) the 1.5-2.1 Ma regional 
stacks with tie-point-guided alignments from this study. 



 
 

Figure S5. The LR04 global stack and separate binned stacks of its component Atlantic and 
Pacific records (as aligned during LR04 stack construction). The gray shade outlines the 1.8-1.9 
Ma period where the Atlantic and the Pacific binned stacks diverge. Numbers denote the Marine 
Isotope Stages 64-72 in LR04. 

 



 

Figure S6. Visual confirmation of the BIGMACS alignment of high-resolution benthic δ18O 
records. Records are plotted using the medians of age estimates. Blue markers are Pacific 
records. Purple markers are Atlantic records. Solid gray lines display the BIGMACS regional 
stacks (Pacific stack for the Pacific records and Atlantic stack for the Atlantic records). Feature 1 
and the dashed lines below it mark the double interglacial feature. Feature 3 and the dashed lines 
below it mark the step interglacial feature. Feature 2 mark the pattern in the Atlantic cores, where 
a moderate glacial was followed by a second, relatively intense glacial. The gray shade outlines 
the 1.8-1.9 Ma period where the Atlantic and the Pacific records diverge. The black arrow 
denotes a meltwater event discovered in ODP 625 (Shakun et al., 2016). The cores with names 
underlined are the targets used by LR04 for alignment. The cores with names in italic are the 
records that were used as input for LR04. 



 

 
 
 
 
  

Figure S8. Same records as in Fig. S3 but shown with the locations of the cores. 

Figure S7. U1308 benthic δ18O and sedimentation rate. Top: U1308 benthic δ18O. Bottom: 
U1308 sedimentation rate calculated using the BIGMACS alignment age. The gray shade 
outlines the 1.8-1.9 Ma period where the Atlantic and the Pacific records diverge. 



 

 
Site 
Name 

Latitude Longitu
de 

Water 
Depth 

Reference 
Name 

Reference Link  

U1313 41 -
32.9573 

3426 Naafs et al. 
(2020) 

https://doi.org/10.1029/202
0PA003905 

DSDP6
10 

53.2215 -
18.8868 

2417 Naafs et al. 
(2020) 

https://doi.org/10.1029/202
0PA003905 

AP_co
mp 

-41.43 24.26 2669 Starr et al. 
(2021) 

https://doi.org/10.1038/s41
586-020-03094-7  

U1308 49.88 -24.24 3883 Hodell and 
Channell (2016) 

https://doi.org/10.5194/cp-
12-1805-2016 

U1476 -15.8 41.8 2166 Barker et al. 
(2022) 

https://doi.org/10.1126/scie
nce.abm4033 

ODP12
64 

-28.5327 2.8455 2507 Bell et al. (2014) https://doi.org/10.1002/201
4GC005297 

ODP12
67 

-28.098 1.711 4355.1 Bell et al. (2014) https://doi.org/10.1002/201
4GC005297 

Figure S9. Time series difference between the Pacific and Atlantic stacks as shown in 
Fig. 2B (Pacific-Atlantic).  



DSDP5
93 

-
40.50866
67 

167.674
667 

1080 McClymont et 
al. (2016) 

https://doi.org/10.1002/201
6PA002954 

U1483 -13.0873 121.804
2 

1733 Zhang et al. 
(2020) 

https://doi.org/10.1029/201
9JD032125 

U1483 -13.0873 121.804
2 

1733 Gong et al. 
(2023) 

https://doi.org/10.1038/s41
467-023-37639-x 

ODP11
25 

-42.55 -178.17 1365 Caballero-Gill et 
al. (2019) 

https://doi.org/10.1029/201
8PA003496 

DSDP5
94 

-45.52 174.95 1204 Caballero-Gill et 
al. (2019) 

https://doi.org/10.1029/201
8PA003496 

ODP12
42 

7.86 -83.61 1363.4 Diz et al. (2019) https://doi.org/10.1594/PA
NGAEA.909154 

U1313 41 -
32.9573 

3426 Catunda et al. 
(2021) 

https://doi.org/10.1594/PA
NGAEA.932281 

U1342 54.83 176.92 818 Knudson and 
Ravelo (2015) 

https://doi.org/10.1002/201
5PA002840 

MD01-
2444 
and 
U1385 
combin
ed 

37.6 -10.1 2621.5 Hodell et al. 
(2023) 

https://doi.org/10.1594/PA
NGAEA.951396 

U1389 36.4 -7.3 644 Kaboth et al. 
(2017) 

https://doi.org/10.5194/cp-
13-1023-2017 

U1387 36.8 -7.7 558 Voelker et al. 
(2022) 

https://doi.org/10.3390/atm
os13091378 

U1467 4.85 73.3 487 Stainbank et al. 
(2020) 

https://doi.org/10.1016/j.ep
sl.2020.116390 

U1479 -35.1 17.4 2626.9 Zhao et al. 
(2020) 

https://doi.org/10.1016/j.qu
ascirev.2020.106643 

U1446 19.084 85.735 1430 Clemens et al. 
(2021) 

https://doi.org/10.1126/scia
dv.abg3848 

ODP84
9 

0.1823 -
110.519
717 

3839 Jakob et al. 
(2021) 

https://doi.org/10.1029/202
0PA003965 

U1313 41 -
32.9573 

3426 Jakob et al. 
(2020) 

https://doi.org/10.1073/pna
s.2004209117 

ODP98
1 

55.47718
33 

-
14.6508
333 

2173 Draut et al. 
(2003) 

https://doi.org/10.1029/200
3PA000889 

ODP62
5 

28.83 -87.16 889 Shakun et al. 
(2016) 

https://doi.org/10.1002/201
6PA002956 

Table S1. Locations and references of records added to the collection by this study. 
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