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A B S T R A C T   

Marine Isotope Stage 11 (MIS 11) has long been used to estimate the natural length of the present Holocene 
interglacial, due to their similarity in terms of astronomically-driven insolation variations. It is debated, however, 
which part of MIS 11 should be aligned to the Holocene, according to different alignment strategies. Here, we use 
a well-dated, high-resolution Asian summer monsoon (ASM) record covering the whole of MIS 11 (from 445 to 
320 thousand years ago (ky)) from stalagmite J33 from Jinfo Cave in Southwest China, to attempt to resolve the 
issue. The oxygen isotope (δ18O) record of stalagmite J33 enables MIS 11 to be divided into 5 stages: MIS 
11a–11e. Among them, MIS 11a, MIS 11c and MIS 11e are relatively strong monsoon periods, while MIS 11b and 
MIS 11d are relatively weak monsoon periods. According to the similarities and differences of Earth orbital 
parameters between MIS 11 and MIS 1, we propose a new alignment strategy in which the interglacial maxima 
and their preceding glacial terminations can be aligned. This new comparison scheme shows that the “missing” 
parts of the Holocene correspond to MIS 11d and MIS 11e, which explains why the MIS 11 interglacial period was 
longer than the current Holocene interglacial.   

1. Introduction 

The Holocene (Marine Isotope Stage 1 (MIS 1)) has lasted for more 
than 11.6 ky, and its duration has exceeded the shortest interglacial 
period in the past (Kukla, 2003; Tzedakis et al., 2012). Given its sig-
nificance for humanity, it is clearly important to estimate the timing of 
the end of the Holocene and the beginning of the next glacial period 
(EPICA community members, 2004; Kukla, 2003; Loutre and Berger, 
2003). Comparison with Earth orbital parameters suggests that MIS 11 
(425–360 thousand years before present (ky BP)) is a close analog of the 
current interglacial period and therefore it is highly significant for 
studies of future climate change (EPICA community members, 2004; 
Loutre and Berger, 2000, 2003; Masson-Delmotte et al., 2006; Ruddi-
man, 2005; Tzedakis, 2010; Zhao et al., 2019). Though there are obvious 
similarities in insolation characteristics between MIS 1 and 11, the cli-
matic structure and patterns of MIS 11 in many paleoclimatic records are 
very different from those of MIS 1 (EPICA community members, 2004); 

and thus, there is much debate about how best to align the Holocene 
with MIS 11 (Candy et al., 2014; Ruddiman, 2005; Tierney et al., 2020). 
However, the unusually long length of the MIS 11 interglacial makes it 
difficult to correlate it with the current interglacial (Cheng et al., 2016; 
Mcmanus et al., 1999; Tzedakis et al., 2012). If human impacts are 
ignored, then the lengths of the current interglacial period obtained by 
different alignments are very different. Based on the Earth orbital pre-
cession signal, the Holocene can be aligned with the latest part of MIS 
11c (Ruddiman, 2005), implying that the current interglacial period 
should have ended, and a cooling trend commenced. In this way, the 
occurrence times of the insolation maximum and the interglacial 
maximum are aligned, but the deglacial period and the termination 
point are misaligned to different degrees. The Holocene and early MIS 
11 can be aligned based on the preceding termination (or Earth orbital 
obliquity signal), which means the current interglacial will last for 
another ~10–16 ky. This alignment causes precession (or insolation) to 
be almost out-of-phase, but nevertheless there are close similarities 
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between the paleotemperature and greenhouse gas records of MIS 1 and 
the early part of MIS 11. 

The internal structure and duration of MIS 11 are much debated in 
paleoclimatology (Bassinot et al., 1994; Railsback et al., 2015; Proko-
penko et al., 2001). The initial SPECMAP studies (Imbrie et al., 1984) 
showed that the substages of MIS 11 include the relatively warm MIS 
11a and MIS 11c and the relatively cold MIS 11b. The biogenic silica 
record from Lake Baikal, from the northern border of the Asian monsoon 
region, shows that MIS 11 has three relatively warm intervals: MIS 11a, 
11c and 11e (Prokopenko et al., 2001). Various records now demon-
strate that the end of MIS 11 was punctuated by multiple millennial- 
scale stadial and interstadial events (Mcmanus et al., 1999; EPICA 
community members, 2004; Prokopenko et al., 2001; Voelker et al., 
2010; Palumbo et al., 2013). Investigating the details of this climatic 
complexity during MIS 11 can potentially increase our understanding of 
the structure of this warm stage. The Asian summer monsoon (ASM) is 
an important component of atmospheric circulation and plays a major 
role in global hydrological and energy cycles (Wang et al., 2008; Cheng 
et al., 2016). The Chinese stalagmite record has greatly increased our 
knowledge of the variations of the Asian monsoon on different time 
scales, and it is a valuable supplement to the paleoclimate records 
provided by marine sediments, ice cores, and loess deposits (Cheng 
et al., 2016; EPICA community members, 2004; Prokopenko et al., 
2001). In this study we use paleoclimate records from Jinfo Cave in 
Southwest China to study the climatic structure and ASM changes during 
MIS 11. From the perspective of the ASM, this high-resolution and 
absolutely-dated record enables us to assess the utility of MIS 11 as a 
natural analogue of the current interglacial period. 

2. Materials and methods 

Jinfo Cave (29◦01′ N, 107◦11′ E) is 85 km southeast of Chongqing 
city, in Southwest China, at an elevation of 2114 m (Fig. 1). The local 
meteorological monitoring data for five consecutive years (2012–2016) 
show that the climate at the cave site is dominated by the ASM, with the 
mean annual temperature of 8.1 ◦C and mean annual precipitation of 

1384 mm (Chen and Li, 2018). One stalagmite (J33) from Jinfo Cave, 
~50 mm wide and 397 mm long (Fig. 2), was precisely dated using 230Th 
techniques. For U–Th dating, subsamples (0.5–1 g) of stalagmite J33 
were cut along the laminations. All subsamples were ultrasonicated with 
deionized water 4–5 times until there was no visible powder or detrital 
material, and then dried at 70 ◦C. From a total of 19 subsamples, 13 
230Th ages were determined at the High-Precision Mass Spectrometry 
and Environmental Change Laboratory (HISPEC), National Taiwan 
University, and an additional 6 230Th ages were determined at the 
Minnesota Isotope Laboratory, University of Minnesota, USA. All mea-
surements were made on Thermo-Finnigan Neptune multi-collector 
inductively coupled plasma mass spectrometers, using a recently 
improved technique (Cheng et al., 2013; Jaffey et al., 1971; Shen et al., 
2012). 

For stable isotope measurements, 80–100 μg of powdered sample 
was obtained using a 0.3-mm-diameter carbide dental bur applied to the 
smoothed surface, parallel to the central growth axis. The powder was 
analyzed using an online, automated carbonate preparation system (Kiel 
III) linked to a Finnigan MAT-253 ratio mass spectrometer at the Isotope 
Laboratory of Nanjing Normal University and Southwest University, 
China. Standards (NBS19) were run every 9 measurements to check the 
reproducibility. The precision of the δ18O measurements is ±0.06‰ at 
the 1σ level. 

3. Results 

The chronology of stalagmite J33 was established by linear inter-
polation between successive 230Th ages (Table 1, Fig. 2), and this 
chronology was used to produce a stalagmite δ18O time series 
(Table S1). The cave δ18O record is generally in accord with changes in 
mid-July Northern Hemisphere summer insolation (Laskar et al., 2004), 
as shown in Fig. 3. A total of 2004 carbon and oxygen isotope values 
were obtained, with a resolution of 50 years, with the age range of 
365–442 ky BP. The average stalagmite δ18O value is − 7.30‰, and the 
minimum, maximum, and range are − 9.03‰, − 4.08‰, and 4.95‰, 
respectively. 

Fig. 1. Map showing the caves investigated and mentioned in this study: Jinfo (29◦01′N, 107◦11′′E), Sanbao Cave (31◦40′N, 110◦26′E) (Wang et al., 2008; Cheng 
et al., 2016) and Hulu Cave (32◦30′N, 119◦10′E) (Wang et al., 2001). Arrows schematically indicate wind directions of the Asian monsoon circulation and the 
westerlies. The three cave locations are predominantly influenced by the monsoon climate. 
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Before interpreting a stalagmite δ18O record as a climatic proxy, it is 
necessary to confirm that the calcite was deposited under isotopic 
equilibrium fractionation conditions (Hendy, 1971). Hendy (1971) 
proposed a scheme for assessing the isotopic equilibrium fractionation 
between precipitated calcium carbonate and the parent solution. Based 
on the principles of Hendy (1971), there is no obvious correlation (N =
2004, R = 0.05) between the δ18O and δ13C values of stalagmite J33 
(Fig. S1), which suggests that stalagmite J33 was precipitated close to 
isotopic equilibrium conditions, and that the δ18O signal is primarily of 
climatic origin. A replication test is another robust means for assessing 
isotopic equilibrium fractionation (Dorale and Liu, 2009). A comparison 
of the J33 record with three stalagmite records from Sanbao Cave 
(Cheng et al., 2016) reveals a high degree of similarity among the main 
trends of their δ18O records (Fig. 3). Since the stalagmite records are 
nearly identical, they can be regarded as reliable proxies of ASM 
strength at the regional scale (Cheng et al., 2016; Wang et al., 2008). 

The timing of Termination V (T-V) in the stalagmite J33 record is 3 
ky younger than in the Sanbao records. The stalagmite J33 record has 
only 3 age data near Termination V (420.5 ± 1.8 ky BP, 421.1 ± 1.3ky 
BP and 425.5 ± 1.5ky BP), while the Sanbao records have 16 precise age 
constraints for Termination V, with the minimum age error of ±0.88 ky. 
Moreover, the ASM variations recorded at Sanbao Cave can be corre-
lated with both marine and cave sequences across a wide geographical 
range (Clemens et al., 2018; Cheng et al., 2016). For the above reasons 
and given the near-identical dates for the anomalously weak ASM event 
prior to T-V in the three records from Sanbao Cave, we tuned the sta-
lagmite J33 record to the Sanbao chronology for this older period 
(Fig. S2). 

4. Discussion 

4.1. Interpretation of the δ18O signal of stalagmites 

Because of the influence of the water vapor source, depositional 
processes, and ventilation conditions, the climatic significance of 

stalagmites in the ASM region is complex, resulting in much controversy. 
Interpretations of stalagmite δ18O records in the ASM region can be 
classified into two types: (Bassinot et al., 1994) Stalagmite δ18O values 
reflect ASM intensity/precipitation (Cheng et al., 2016; Wang et al., 
2008; Yang et al., 2019; Yuan et al., 2004; Zhang et al., 2008); (Mills 
et al., 2020) stalagmite δ18O values reflect the proportion of different 
water vapor sources (Maher, 2008; Tan, 2009). Based on 14 cave re-
cords, Yang et al. (2019) concluded that the principal modes of variation 
of the Holocene stalagmite δ18O records were similar throughout the 
Asian monsoon domain, and they proposed that stalagmite δ18O se-
quences reflect changes in ASM intensity, rather than local precipitation 
amount. Due to the large spatial differences in monsoon precipitation, 
Cheng et al. (2019) further pointed out that multiple modes of variation 
may exist in reconstructions of seasonal inter-annual or Holocene pre-
cipitation variations from different locations in the same monsoon sys-
tem. Modern cave monitoring of Mt. Jinfo showed that changes in 
precipitation δ18O are closely related to atmospheric circulation patterns 
on inter-annual time scales (Chen and Li, 2018). Recently, Cheng et al. 
(2021) concluded that stalagmite δ18O data can be interpreted as a 
proxy for ASM intensity, with low values indicating a strong ASM, and 
vice versa. 

4.2. Climatic structure of MIS 11 

The internal structure and duration of MIS 11 are much debated 
(Bassinot et al., 1994; Railsback et al., 2015; Prokopenko et al., 2001). 
The high-resolution stalagmite J33 record from Jinfo Cave provides 
detailed insights into the internal structure and climatic events of MIS 11 
on a fine time scale. It is widely accepted that T-V was the end of the MIS 
12 glacial period and the beginning of MIS 11 (Mcmanus et al., 1999; 
Prokopenko et al., 2001; Voelker et al., 2010), as defined by a stacked 
marine δ18O record (Lisiecki and Raymo, 2005). The J33 stalagmite 
record has a large positive shift in δ18O centered at 427 ky BP, which 
represents an extremely weak monsoon interval during T-V, and it shows 
that T-V ended at ~425 ky BP, implying the onset of MIS 11. According 

Fig. 2. The polished surface of slabbed J33 with dots representing 230Th dating results (Fig. 2(a)) and age models for stalagmite J33 (Fig. 2(b)). The chronology of 
stalagmite J33 was established by linear interpolation between successive 230Th dates. The vertical error bars depict errors (2σ) of the 230Th dates. 
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to the stalagmite J33 record, the boundary between MIS 11 and MIS 10 
can be set at 365 ky BP, which is consistent with the SPECMAP oxygen 
isotope stack (Imbrie et al., 1984) and a low-latitude stack (Bassinot 
et al., 1994). MIS 11, as recorded by the δ18O record of stalagmite J33, 
lasted for ~60 ky, which is consistent with the traditional duration of 
MIS 11 (Palumbo et al., 2013). According to the subdivision scheme of 
Railsback et al. (2015), we divide MIS 11 in stalagmite J33 into five 
stages: MIS 11a –11e. Among them, MIS 11a, MIS 11c and MIS 11e are 
relatively strong monsoon periods, while MIS 11b and MIS 11d are 
relatively weak monsoon periods (Fig. 4). Additionally, MIS 11b can be 
divided into three substages: MIS 11b I, MIS 11b II, and MIS 11b III 
(Bassinot et al., 1994). 

At the end of T-V, δ18O in stalagmite J33 rapidly decreased by 
3.50‰, indicating the abrupt strengthening of the monsoon, and the first 
short-term strong monsoon phase of MIS 11 began. This strong monsoon 
event lasted for only ~3 ky, and is identified as MIS 11e, which corre-
sponds to the first small insolation peak in MIS 11 and the warm stage 
MIS 11e recorded in Lake Baikal (Prokopenko et al., 2001; Railsback 
et al., 2015). Subsequently, the stalagmite J33 δ18O record gradually 
became more positive, which lasted for ~5 ky, suggesting a short weak 
monsoon stage corresponding to MIS 11d (Railsback et al., 2015). 

After MIS 11d, the stalagmite J33 δ18O record gradually became 
more negative again, and a large flat-topped plateau with more negative 
oxygen isotopes developed from ~405 ky BP, suggesting that the 
monsoon was relatively strong. This plateau corresponds to the MIS 11c 

interval of maximum temperature recorded at Lake Baikal (Prokopenko 
et al., 2001). After 401 ky BP, the stalagmite δ18O values gradually 
became more positive and reached a local maximum with relatively 
positive values at ~397 ky BP, indicating the end of MIS 11c. The δ18O 
values then remained relatively stable and more negative during the 
interval of 409–401 ky BP, indicating that the monsoon was strong, 
which represents the climatic optimum of MIS 11c (de Abreu et al., 
2005; Ruddiman, 2005, 2007; Kandiano et al., 2017; Tzedakis et al., 
2017). The duration of MIS 11c recorded by stalagmites is similar to that 
of the Holsteinian interglacial in Central and Eastern Europe (Koutso-
dendris et al., 2010). 

The EPICA ice core record from Antarctica shows two warm peaks 
during MIS 11c (EPICA community members, 2004), separated by a cold 
event lasting ~7.7 ky. This cold event corresponds to the weak monsoon 
phase during MIS 11d recorded by stalagmites from monsoonal Asia. 
Railsback et al. (2015) proposed that the second peak (413–397 ky BP) 
of MIS 11c recorded by EPICA corresponds to the real MIS 11c because 
the temperature and methane content in the second peak exceed those of 
the first peak (EPICA community members, 2004; Jouzel et al., 2007). 
The second peak corresponds to the strongest monsoon during MIS 11c 
recorded by stalagmite J33. 

Asian stalagmite records spanning the last 640 ky show that inter-
glacial maxima corresponded to a strong ASM (Cheng et al., 2016). 
During interglacial periods, the Intertropical Convergence Zone moved 
northward, driven by insolation, and the ASM strengthened. The first 

Table 1 
230Th date results for stalagmite J33 from Jinfo Cave, China.  

Sample 
Number 

Depth (mm 
to top) 

238U (ppb) 232Th 
(ppt) 

230Th / 232Th 
(atomic x10− 6) 

δ234U 
(measured) 

230Th / 238U 
(activity) 

Age (ky BP) 
(uncorrected) 

Age (ky BP) 
(corrected) 

δ234UInitial 

(corrected) 

J33–1 5.0 3390.1 ±
4.3 

369.0 ±
21.5 

255,546.7 ±
14,872.0 

587.5 ± 1.7 1.687 ± 0.003 322.4 ± 3.3 322.4 ± 3.3 1459.2 ± 14.3 

J33–2 11.5 2650.1 ±
5.0 

649.6 ±
20.8 

114,429.9 ±
3664.1 

585.2 ± 2.8 1.701 ± 0.005 337.7 ± 5.6 337.7 ± 5.6 1518.0 ± 25.2 

J33–3 35.8 2883.6 ±
0.1 

1509.5 ±
9.7 

52,322.4 ± 337.6 546.6 ± 0.2 1.661 ± 0.001 347.4 ± 0.9 347.3 ± 0.9 1456.8 ± 3.8 

J33–4 40.6 2641.0 ±
0.2 

276.2 ±
9.8 

261,324.4 ±
9240.2 

541.9 ± 0.3 1.657 ± 0.001 349.6 ± 1.1 349.6 ± 1.1 1453.7 ± 4.5 

J33–5 59.0 3104.9 ±
7.6 

432.5 ±
1.1 

198,226.0 ± 53.0 554.8 ± 0.4 1.675 ± 0.000 350.6 ± 0.7 350.6 ± 0.7 1492.0 ± 3.2 

J33–6 66.7 2553.6 ±
0.1 

244.2 ±
6.9 

286,830.3 ±
8057.8 

541.8 ± 0.2 1.664 ± 0.001 357.1 ± 1.5 357.1 ± 1.5 1484.1 ± 6.4 

J33–7 80.5 3183.1 ±
0.2 

557.2 ±
6.8 

155,915.9 ±
1909.4 

534.4 ± 0.3 1.655 ± 0.001 358.4 ± 0.9 358.4 ± 0.9 1469.5 ± 4.0 

J33–8 97.6 2169.6 ±
0.1 

1992.7 ±
8.6 

28,650.9 ± 126.3 479.4 ± 0.3 1.596 ± 0.002 374.5 ± 2.2 374.5 ± 2.2 1379.3 ± 8.7 

J33–9 144.9 2516.4 ±
0.1 

884.9 ±
10.2 

72,003.1 ± 832.5 424.5 ± 0.3 1.536 ± 0.001 393.5 ± 2.0 393.5 ± 2.0 1288.5 ± 7.5 

J33–10 185.7 2875.4 ±
0.1 

429.4 ±
10.7 

167,329.4 ±
4184.0 

406.4 ± 0.3 1.516 ± 0.001 400.6 ± 1.5 400.6 ± 1.5 1258.9 ± 5.3 

J33–11 196.9 2158.7 ±
0.1 

2182.9 ±
11.0 

24,635.3 ± 127.0 402.8 ± 0.3 1.511 ± 0.002 400.9 ± 3.2 400.9 ± 3.2 1248.6 ± 11.2 

J33–12 230.9 3113.8 ±
0.2 

1397.6 ±
9.8 

55,814.2 ± 391.3 406.0 ± 0.3 1.519 ± 0.001 409.4 ± 1.6 409.4 ± 1.6 1288.8 ± 5.9 

J33–13 268.7 2791.5 ±
0.2 

738.7 ±
28.7 

95,730.9 ± 3715.6 416.4 ± 0.3 1.536 ± 0.001 415.6 ± 1.6 415.6 ± 1.6 1345.7 ± 6.1 

J33–14 301.2 2906.0 ±
0.1 

479.0 ±
8.4 

154,689.1 ±
2718.8 

422.2 ± 0.3 1.546 ± 0.001 420.5 ± 1.8 420.5 ± 1.8 1383.2 ± 7.1 

J33–15 306.0 3621.9 ±
8.7 

672.0 ±
1.6 

137,821.0 ± 39.0 425.2 ± 0.3 1.551 ± 0.000 421.1 ± 1.3 421.1 ± 1.3 1395.4 ± 5.3 

J33–16 333.0 3173.3 ±
7.7 

607.6 ±
1.5 

134,437.0 ± 38.0 431.6 ± 0.4 1.561 ± 0.000 425.2 ± 1.5 425.2 ± 1.5 1432.7 ± 6.2 

J33–17 350.1 2564.7 ±
0.1 

77.7 ± 7.4 856,787.2 ±
81,351.6 

439.9 ± 0.3 1.575 ± 0.001 431.2 ± 1.7 431.2 ± 1.7 1485.4 ± 7.4 

J33–18 370.0 3829.9 ±
10.5 

255.1 ±
0.7 

383,366.0 ± 123.0 419.2 ± 0.4 1.549 ± 0.001 434.6 ± 1.7 434.6 ± 1.7 1429.1 ± 6.9 

J33–19 389.5 2437.6 ±
0.1 

140.4 ±
10.0 

441,569.5 ±
31,340.3 

413.0 ± 0.3 1.543 ± 0.001 441.1 ± 2.5 441.1 ± 2.5 1434.1 ± 10.2 

U decay constants: l238 = 1.55125 × 10− 10 (Jaffey et al., 1971) and l234 = 2.82206 × 10− 6 (Cheng et al., 2013). Th decay constant: l230 = 9.1705 × 10− 6 (Cheng et al., 
2013). δ234U = ([234 U/238 U]activity – 1) × 1000. δ234Uinitial was calculated based on the 230Th age (T), i.e., δ234Uinitial = δ234Umeasured × el

234
×T . Corrected 230Th ages 

assume the initial 230Th/232Th atomic ratio of 4.4 ± 2.2 × 10− 6. These are the values for a material at secular equilibrium, with the bulk earth 232Th/238U value of 3.8. 
The errors are arbitrarily assumed to be 50%. B.P. stands for “Before Present” where the “Present” is defined as the year 1950 CE. 
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insolation peak of MIS 11, corresponding to MIS 11e, is smaller than that 
of any interglacial maximum of the past 640 ky (Cheng et al., 2016); 
thus, MIS 11e may only be an interstadial episode (Tzedakis et al., 
2017), rather than a full interglacial period, and definitely not an 
interglacial maximum. Additionally, the δ18O record of stalagmite J33 
during MIS 11c is ~1‰ lighter than that of MIS 11e. Therefore, based on 
the intensity and duration of the monsoon, MIS 11c can be defined as the 
true interglacial. 

The second half of MIS 11 comprises four stages: MIS 11a, MIS 11b I, 
MIS 11b II, and MIS 11b III (397–365 ky BP), because precession vari-
ations during this interval were suppressed by the low eccentricity and 
thus the insolation changes were small and less clearly defined. After the 
end of MIS 11c, the δ18O record of stalagmite J33 rapidly became pos-
itive and thus the monsoon weakened accordingly. Although there was a 
millennial-scale monsoon intensification event, the monsoon intensity 
was relatively weak during 397–390 ky BP (termed MIS 11b III), cor-
responding to the second insolation minimum of MIS 11. During the 
period of 390–365 ky BP, the stalagmite δ18O values were generally 
negative, implying that the monsoon was strong, although the monsoon 
intensity was variable. This period was characterized by a series of 
millennial-scale weak monsoon events (WME). The timing of these 
WMEs agrees is consistent with those in the record from Sanbao Cave 
(Fig. 3) (Cheng et al., 2016), and they match the North Atlantic cold 
events and Antarctic warming events within the dating error range 
(EPICA community members, 2004; Martrat et al., 2007; Siddall et al., 
2010). This synchronous phasing can be explained by a bipolar see-saw 

mechanism (Broecker, 1998; Voelker et al., 2010), whereby changes in 
the strength of the Atlantic meridional overturning circulation (AMOC) 
led to variations in inter- hemispheric heat transport. Both ice core and 
marine records demonstrate this climatic instability during the latter 
part of MIS 11 (EPICA community members, 2004; Martrat et al., 2007). 
The EPICA Dome C ice core record (EPICA community members, 2004) 
indicates three warm peaks after MIS 11c, which were interrupted by 
cold phases. Bassinot et al. (1994) showed that, following the main 
interglacial MIS 11c maximum, the low-latitude δ18O record exhibits 
two interstadial/stadial cycles. 

4.3. Alignment of MIS 11 and MIS 1 

The previous alignment scheme mainly considered the similarities 
between MIS 11 and MIS 1, while ignoring the differences in orbital 
parameters and insolation. Both precession and obliquity affect insola-
tion and glacial/interglacial cycles, and thus it is insufficient to consider 
only one of these parameters in an alignment scheme. Additionally, the 
past five glacial/interglacial cycles show that glacial terminations 
correspond to large-amplitude WMEs, and the interglacial optima 
correspond to stages of a strong and stable monsoon (Wang et al., 2008; 
Cheng et al., 2016). Therefore, according to the similarities and differ-
ences of astronomical parameters between the two stages and the 
characteristics of glacial/interglacial cycles, we propose to take pre-
cession (the insolation maximum) and the preceding termination as the 
starting point for the alignment (Fig. 5). In the Late Pleistocene, since the 

Fig. 3. Paleoclimatic records of MIS 11. (a). The δ18O record of stalagmite J33 from Jinfo Cave in Southwest China, together with 230Th dates (red dots with errors 
bars), overlapped with the curve of July 21 insolation at 65◦N (Laskar et al., 2004) (grey). (b). Stalagmite δ18O records from Sanbao Cave in Southwest China (Cheng 
et al., 2016), together with 230Th dates (dots with errors bars). (c). stacked marine benthic δ18O record (Lisiecki and Raymo, 2005). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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obliquity cycle (41 ky) controlled the rhythm of Quaternary de-
glaciations (Huybers & Wunsch, 2005), the termination was a significant 
event at the end of each glacial/interglacial cycle. Considering that both 
MIS 11 and the Holocene correspond to intervals of low eccentricity, 
obliquity should exert the main climatic influence at these times. 
Therefore, it is important to align the preceding terminations, which also 
consider the contributions of millennial-scale events and obliquity. 

As noted by Ruddiman (2007), the key difference between the two 
interglacials is the duration of their preceding terminations. Cheng et al. 
(2016) found that an anomalous millennial-scale climatic deterioration 
occurred during glacial terminations immediately before each inter-
glacial period, at a time of increasing boreal summer insolation but 
when the terrestrial ice volume remained substantial. Combined with 
insolation forcing, this effect acts as a pacemaker of glacial terminations 
via a strong feedback with ice sheet instability (Denton et al., 2010). 
Each termination exhibited an extremely large WME associated with a 
large influx of ice-rafted detritus to the North Atlantic and a significant 
increase in Antarctic temperature and global atmospheric CO2 concen-
tration (Cheng et al., 2016). The exceptionally prolonged collapse of the 
AMOC (Stephen et al., 2009), coupled with a series of feedbacks in the 

bipolar see-saw model, has been regarded as the pacemaker of glacial 
terminations (Cheng et al., 2016; Denton et al., 2010). Hence, the 
duration of such an unusual event and its occurrence during a period of 
increasing insolation would result in differences in the duration and 
structure of each interglacial, as summarized by Tzedakis et al. (2012). 
This highlights the important role of glacial terminations in evaluating 
the utility of MIS 11 as an analog of the Holocene. 

Milankovitch theory provides the basis for regarding MIS 11 as an 
analog of MIS 1 (Loutre and Berger, 2000; Ruddiman, 2005). These two 
interglacial periods have similar orbital parameters, resulting in similar 
insolation changes (Loutre and Berger, 2003). The alignment of MIS 11 
and MIS 1 based on precession signals (Ruddiman, 2005) is straight-
forward in principle: the insolation maxima (interglacial optima) can be 
directly aligned. 

Based on this new alignment scheme, we find that MIS 11d and MIS 
11e, corresponding to the first precession cycle of MIS 11, lasted for ~13 
ky, and there is no corresponding feature in the precession cycle of MIS 
1. The current interglacial spans a single insolation maximum, while 
MIS 11 spanned two (weak) precession-driven insolation maxima 
separated by a minor minimum (Bassinot et al., 1994; Candy et al., 2014; 

Fig. 4. The climatic structure of MIS 11. (a). SPECMAP δ18O stack (Imbrie et al., 1984). (b). Low-latitude planktonic δ18O record (SPECMAP units) (Bassinot et al., 
1994). (c). Biogenic silica record from Lake Baikal (Prokopenko et al., 2001). (d). δ18O record from stalagmite J33 overlapped with the curve of July 21 insolation at 
65◦N (Laskar et al., 2004). 
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Loutre and Berger, 2003). This difference is evident not only in astro-
nomical orbital parameters, but also in paleoclimatic records. The high- 
resolution stalagmite J33 record clearly records MIS11d and MIS11e, 
corresponding to the first smaller precession cycle of MIS 11. However, 
MIS 1 lacks the intervals corresponding to MIS11d and MIS11e—in 
other words, the first 13 ky (MIS 11d and MIS 11e) of MIS 11 have no 
analogue in the Holocene (Candy et al., 2014). Therefore, this 13 ky 

interval is regarded as a missing part of the Holocene rather than a 
predictor of what will happen in the future, which also explains why the 
MIS 11 interglacial period was longer than the current interglacial 
period. Conventionally, it is difficult to distinguish MIS 11c, MIS 11d 
and MIS 11e in many geological archives (Bassinot et al., 1994; 
Mcmanus et al., 1999; Dickson et al., 2009; Melles et al., 2012; Markovic 
et al., 2011), and for this reason researchers often regard the end of T-V 

Fig. 5. Alignment of the current interglacial and the 75-ky interval encompassing MIS 11c. (a) Chinese stalagmite δ18O records (blue) for the past 34 ky overlapped 
with the curve of July 21 insolation at 65◦N, extended 28 ky into the future (Laskar et al., 2004). (b) δ18O record of stalagmite J33 (red) overlapped with the curve of 
July 21 insolation at 65◦N during 370–445 ky BP. (c) Alkenone-based sea surface temperature (SST) record from core MD01–2443 (Martrat et al., 2007). (d) North 
Atlantic SST (Uk’37) record (Voelker et al., 2010). (e) Tetra alkenone record from the Iberian Margin (Rodrigues et al., 2011). Records of (f) methane and (g) δD from 
the EPICA Dome C ice core from Antarctica (EPICA community members, 2004). Yellow bars indicates millennial-scale Heinrich-type events (Voelker et al., 2010; 
Palumbo et al., 2013). The cyan bar indicates the missing part of MIS 1—i.e., the interval of the first 13 ky of MIS 11 has no analogue in the current interglacial 
(Candy et al., 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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as the beginning of MIS 11c, and the first part of MIS 11 (425–397 ky BP) 
is collectively referred to as MIS 11c or MIS 11.3, thus comprising a 
prolonged interglacial period. The low-latitude monsoon that responds 
to precession shows obvious phases corresponding to MIS 11d and MIS 
11e, enabling us to estimate the true duration of MIS 11c. Kukla (2003) 
questioned whether the first part of MIS 11 can be interpreted as a true 
interglacial period, or whether MIS 11 lacks the cold phase corre-
sponding to MIS5d. According to the stalagmite J33 record, there was a 
weak monsoon phase (MIS 11d) in the early part of MIS 11, corre-
sponding to MIS5d, which interrupted the strengthening trend of the 
monsoon in the early stage of MIS 11. 

This new alignment strategy shows that the period of 400–365 ky BP 
can provide a reference for signs of glacial inception in the future, with 
the unusually long MIS 11 interglacial ending at about 396 ± 3 ky BP, 
coinciding with the timing of the insolation minimum. However, this 
alignment, based primarily on the orbital parameters of the two phases 
and the similarity of the stalagmite records, may underestimate the role 
of the insolation threshold required to initiate a glaciation (Yin et al., 
2021). The insolation minimum of ~2 ky AP is greater than the inso-
lation minimum at ~397 ky BP. Even if the insolation threshold for 
glacial inception was reached at ~397 ky, it is unclear that it was 
reached either at the present-day or at ~2 ky AP. The latest simulation 
shows that the current interglacial will be exceptionally long, and that 
the next glacial inception would not occur until 50 ky in the future, 
because the insolation minima remain high (Ganopolski et al., 2016;Yin 
et al., 2021). Given our understanding of interglacial diversity, there is 
clearly no reason to believe that the climate of the remainder of MIS 1 
will replicate the structure of MIS 11, or last for the same length of time, 
although there are close similarities in insolation forcing (Yin & Berger, 
2015). However, MIS 11 is still a critical time interval for understanding 
the current interglacial period and predicting its future course, and it is 
the only interglacial period driven by both high greenhouse gas con-
centrations and low eccentricity- related insolation characteristics. 

Indeed, atmospheric CO2 plays an important role in glacial in-
ceptions (Vettoretti and Peltier, 2004). During MIS 11c, atmospheric 
CO2 concentrations remained high (~280 ppmv), equivalent to the 
preindustrial CO2 level of the Holocene, which may be insufficient to 
trigger new ice growth given the insolation minimum (Loutre and 
Berger, 2000; Vettoretti and Peltier, 2004; Yin & Berger, 2010). On this 
basis, climate simulations have suggested that orbital forcing will not 
trigger glacial inception until ~50 ky AP (Ganopolski et al., 2016; Loutre 
and Berger, 2003). Clearly, more research is needed to resolve un-
certainties regarding the thresholds (i.e., insolation, greenhouse gases, 
and internal feedbacks) required to initiate a glacial inception. 

5. Conclusions 

MIS 11 remains a crucial time interval for investigating processes 
and events that are fundamental to our understanding of the impact of 
anthropogenic greenhouse warming. From the perspective of the Asian 
monsoon, we used stalagmite δ18O records to determine the utility of 
MIS 11 as an analog of the current interglacial period. The stalagmite 
δ18O record from Jinfo Cave, near Chongqing in Southwest China, shows 
that MIS 11 can be divided into 5 stages, suggesting that the monsoon 
was the strongest and most stable during MIS 11c, which was the cli-
matic optimum of MIS 11. We developed a new alignment strategy based 
on precession (insolation maximum) and the preceding termination, and 
found that MIS 11d and MIS 11e together lasted for ~13 ky, which has 
no analogue in the current interglacial. A corollary of our alignment is 
that the period of 400–365 ky BP can provide a reference for signs of 
glacial inception in the future, however, considering the insolation 
threshold and the impact of human activities, many uncertainties 
remain regarding the timing of the onset of the next ice age. 
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