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1 Tie Point Selections 

1.1 Taylor Glacier MIS 5/4 cores 

1.1.1 Gas age scale 

Tie points matching features in CH4 and δ18Oatm to previous ice core records were chosen to generate the 

gas age scale for the new MIS 5/4 cores (Figure S1). The CH4 tie points were chosen using both laboratory 5	
and field continuous datasets, which generally agree with each other below 4 m depth. Above 4 m the CH4 

data in some cases diverge substantially, likely due to contamination from resealed thermal cracks near the 

surface. 

 

In the 0-4 m section two tie points were chosen from the continuous field CH4 (purple line in Figure S1) 10	
because these data appear to capture the correct magnitude of changes in CH4 associated with DO 16/17 

despite the possibility of contamination. Given concerns about contamination in the upper four meters we 

assigned larger errors to those tie points. We did not match the discrete data from the field (brown markers 

in Figure S1) because they are lower quality (lower instrument precision and lower sampling resolution). 

The purpose of the discrete field data was for ice reconnaissance and to inform our core retrieval strategy. 15	
As discussed in the main text, we do not rely on gas data from 0-4 m for our conclusions and include them 

here only for completeness. 

 

Additional methane tie points match the midpoint of the DO 16/17 CH4 rise (4.19 m, 59.66 ka) and the low 

CH4 value before the DO 16/17 rise (5.4 m, 59.94 ka). These ties are the most robust of the entire set 20	
because (1) the magnitude of the change in CH4 makes the features unambiguous, and (2) the features are 

resolved in the continuous CH4 data sets and the discrete measurements. A further CH4 tie point at DO 18 

(7.79, 64.90 ka) is robust because both continuous and discrete measurements captured variability in CH4 

there (Figure S1). Offsets between laboratory and field continuous CH4 between 7.4-8 m are likely due to 

depth offsets (~ 20 cm depth uncertainty, described in the main text). The section of the core from 5-8 m is 25	
also where delta age (Δage) is the highest, implying the lowest accumulation (see main text). Thus it is 

possible that the offsets in CH4 at ~ 8 m are also partially due to small-scale heterogeneities in firn 

smoothing that might have arisen as accumulation rates decreased to very low values. 

 

Four final CH4 tie points match variations associated with DO 19 (13.25 m, 71.21 ka and 16.20 m, 72.27 30	
ka), and variations that occur just after DO 19 (11.24 m, 69.92 ka and 12.43 m, 70.62 ka). These tie points 

are robust given that the CH4 variations are resolved by all four of our CH4 datasets (laboratory and field 

continuous and discrete measurements) (Figure S1), and because the features are clearly resolved in the 

EDML CH4 record. 

 35	
δ18Oatm tie points were picked to match the mid point of the transition between 74-72 ka in NGRIP and the 

first low value at the beginning of the transition. NGRIP δ18Oatm data were used because they are the highest 
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resolution and precision data we are aware of available on AICC 2012 (Figure S1). Siple Dome is not 

synchronized to AICC 2012 in this age range (Seltzer et al., 2017). Vostok data are much lower resolution, 

and TALDICE δ18Oatm from the deeper core sections are unpublished. EDML data show reasonable 

agreement with NGRIP and are included in Figure 2 in the main text and Figure S1. 

 5	
The oldest δ18Oatm tie point, linking 19.27 m to 73.74 ka, is assigned large uncertainty in the older direction 

(74.5-73.35 ka) since the NGRIP δ18Oatm record is relatively unchanging between 76-74 ka. The δ18Oatm 

offset at ~ 17 m (Figure S1) is due to a depth offset between the MIS 5/4 core retrieved in 2014-2015 and 

the deeper section retrieved in 2015-2016. If the deeper data were shifted 20 cm deeper (which is our 

estimated depth uncertainty), the result would be a plausible monotonic trend in δ18Oatm. Unfortunately we 10	
have no way of knowing the exact magnitude of the depth offset because we lack overlapping data, so we 

have left the depth registry unchanged. The offset does not significantly affect our age model or our 

interpretations of Δage. 

 

The close match between our new CH4 data and the radiometrically dated δ18O-CaCO3 record from Hulu 15	
Cave speleothems supports our gas age tie point choices (Figure S5). 
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Figure S1 – Variability in new CH4 and δ18Oatm data from Taylor Glacier (on depth) and corresponding 
variability in ice cores on AICC 2012 (on age). δ18Oatm data in black were measured in 2016, and data in 
purple were measured in 2017 including replication of some of the original measurements. Gray lines show 
the tie points described in the main text (Table 2). Gray shading indicates the section 0-4 m where gas data 5	
are potentially contaminated due to resealed surface cracks. CH4 variability associated with particular 
Dansgaard Oeschger (DO) events are labeled by event number. Data references are denoted with 
superscripts: 1(Schilt et al., 2010), 2(Landais et al., 2007), 3(Petit et al., 1999), 4(Capron et al., 2010). 
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1.1.2 Ice age scale 

Tie points matching features in Taylor Glacier MIS 5/4 non-sea salt Ca2+ (nssCa2+), insoluble particle 

counts, and δ18Oice with features in EDC nssCa2+, laser dust, and δ18Oice were chosen to generate the ice age 

scale for the new MIS 5/4 cores (Figure S2). The tie points were chosen using continuous datasets 

generated in the laboratory. Laboratory measurements of insoluble particle counts generally agree with 5	
field measurements, and small offsets in depth are due to the depth errors described in the main text (e.g., at 

~ 9 m). Offsets in the magnitude of features resolved in the insoluble particle count records (e.g., the peak 

at ~ 1.2 m in the Taylor Glacier core) are due to the fact that the insoluble particle count data from the 

laboratory (red line in Figure S2) are 1 cm averages of the raw data, whereas the field data are not averaged 

(purple line in Figure S2). Taylor Glacier nssCa2+ and insoluble particle count data are generally in good 10	
agreement (Figure S2 and Figure 2 in main text). 

 

One place where the Taylor Glacier nssCa2+ and insoluble particle counts are offset is in the top 40 cm of 

the MIS 5/4 ice core. For example the nssCa2+ peak centered at 20 cm is offset from the insoluble particle 

peak centered at 34 cm (Figure S2). This is most apparent in Figure 2 in the main text (61.5-61 ka) where it 15	
appears that the peaks are more offset in age than most pairs of nssCa2+-insoluble particle count peaks. This 

offset could be due to depth errors (up to 20 cm depth error), or it could be due to local deposition of non-

Ca2+ dust into shallow cracks in the glacier surface that is known to affect ice shallower than 40 cm 

(Baggenstos et al., 2018). One tie point was chosen in ice shallower than 40 cm (0.34 m, 61.47 ka) because 

it appears to match a peak in the EDC laser dust record, though we assigned a large error range to the age to 20	
account for any ambiguity with the next oldest dust feature at 63.93 ka (total error range for this tie point = 

63.93-59.5 ka). We do not interpret the data in the 0-40 cm section of the ice core except for presenting the 

one tie point as a plausible age. Excluding these data entirely would not change our conclusions, but we 

chose to display the data for completeness. 

 25	
Eight more tie points match variability between EDC and Taylor Glacier MIS 5/4 dust data. Six of them 

match variability in nssCa2+, and two match variability between Taylor Glacier insoluble particle counts 

and EDC laser dust. We opted for tie points using nssCa2+ wherever possible given that nssCa2+ is a more 

quantitative measurement than insoluble particle counts, and the nssCa2+ record is generally less noisy than 

insoluble particle counts. Of the six nssCa2+ tie points, the most robust are the tie points that match early 30	
features in the large dust increase that occurs at the MIS 4 onset (4-8 m depth, 72-68 ka). The dust 

fluctuations in this interval are unambiguous in the Taylor Glacier MIS 5/4 data as well as the EDC 

reference records (Figure S2). We tied two nssCa2+ peaks (4.47 m, 68.63 ka and 5.60 m, 70.20 ka) and one 

nssCa2+ low (4.94 m, 69.72 ka) to the variations in EDC nssCa2+
 in this interval. 

 35	
Additional ice age tie points include nssCa2+ tie points in MIS 4 (1.2 m, 63.93 ka and 3.10 m, 66.73 ka) 

(Figure 2 and Figure S2) and insoluble particle count tie points (1.80 m, 64.91 ka and 2.45 m, 65.65 ka) 
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aligned with features in the EDC laser dust record. There may be ambiguity in some of these choices given 

the number of dust peaks in this interval. We stress that our manual choice of dust tie points in this section 

of the core qualitatively optimizes the match between the largest variations in both insoluble particle count 

and nssCa2+ records – no peaks are skipped. We also note that the resulting depth-age curve (Figure 5a in 

main text) is relatively smooth. 5	
 

Three tie points match variability in Taylor Glacier MIS 5/4 water isotopes to EDC water isotopes in the 

deeper part of the record (Figure S2). Although Taylor Glacier water isotopes are generally noisier than 

other Antarctic ice cores, we target unambiguously large changes in δ18Oice (2-3 ‰) and match them to 

features in EDC δ18Oice that are associated with AIM 19 and AIM 20. In order to identify the maximum and 10	
minimum values we smoothed the record and manually picked the highest and lowest values. The δ18Oice 

tie points are especially helpful given that dust variations are few and small in this section of the core. 

 

A final nssCa2+ tie point (19.76 m, 76.50 ka) is the least robust of the set given that there are no large 

features in nssCa2+. We argue that the nssCa2+ record at this tie point cannot be younger than the age 15	
uncertainty we assigned (77-75.75 ka), otherwise it would conflict with the preceding tie point at the AIM 

20 δ18Oice maximum. The tie point cannot be older because we do not observe the small nssCa2+ increase 

that occurs in EDC nssCa2+ at 77 ka (Figure S2). 
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Figure S2 - Variability in new nssCa2+, insoluble particle counts, and δ18Oice data from Taylor Glacier (on 
depth) and corresponding variability in ice cores synchronized to AICC 2012 (on age). Gray lines depict 
the tie points described in the main text (Table 3). Light gray shading indicates the top 0-40 cm where dust 
records may be contaminated by local dust deposition in surface cracks. Dust and water isotope variability 
associated with Marine Isotope Stage (MIS) 4 and Antarctic Isotope Maximum (AIM) events are labeled. *, 5	
^, and † denote smoothing with 100 point, 500 point, and 5000 point LOESS algorithms, respectively. DRI 
particle count data are 1 cm averages. Data references are denoted with superscripts: 1 (Lambert et al., 
2012), 2 (Lambert et al., 2008), 3 (Jouzel et al., 2007). 
 

1.2 Taylor Dome 10	
For the Taylor Dome ice core MIS 5/4 section many of the features we match are the same as the features 

discussed above. 

 

1.2.1 Gas Age Scale 

We adopted CO2 tie points from Baggenstos et al. (2018) where our work overlaps (main text Figure 4). 15	
The remaining Taylor Dome gas age scale was constructed by matching features in CH4 (Figure S3). Five 

tie points match features in new Taylor Dome CH4 data to similar features in EDML CH4. One tie point 

matches CH4 variability at DO 21 (503.90 m, 83.90 ka), a feature older than the climate archive currently 

recovered from Taylor Glacier. One tie point is chosen from previously published CH4 data (464.62 m, 

59.99 ka) (Brook et al., 2000) to match the low CH4 period immediately before the CH4 rise associated with 20	
DO 16/17. The close match of the Taylor Dome CH4 record on our revised age scale to the δ18O-CaCO3 

record from Hulu Cave speleothems supports our gas age tie point choices (Figure S5). 

 

 

We adopted Ca2+ tie points from Baggenstos et al. (2018) where our work overlaps (Figure 4 in main text). 25	
Additionally we chose eight tie points to match variations in Taylor Dome Ca2+ (Mayewski et al., 1996) to 

variations in EDC nssCa2+ and laser dust (Figure S4). Similar features are matched in the dusty MIS 4 

section (482-461 m) as for the Taylor Glacier MIS 5/4 cores. The most robust tie points are at the onset of 

the high dust values (482-475 m, 72-68 ka). Two tie points matched variations in Taylor Dome Ca2+ to 

EDC laser dust data (463.30 m, 61.47 ka and 471.37 m, 65.57 ka) and helped optimize the fit such that no 30	
peaks were skipped. 

 

Five δ18Oice tie points match variability in Taylor Dome δ18Oice to variations in EDC δ18Oice (Figure S4). 

Similar to the Taylor Glacier records, these tie points help construct the ice age model where there are 

small and few Ca2+ variations. One deep δ18Oice tie point is included (502.75 m, 83.9 ka) to complete the 35	
age scale back to the oldest CH4 data (near DO 21). 
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Figure S3 - Variability in new (purple) and previously published CH4 data from Taylor Dome (on depth) 
and corresponding variability in the EPICA Dronning Maud Land (EDML) ice core synchronized to AICC 
2012 (on age). Gray lines depict the tie points described in the main text (Table 5). CH4 changes associated 
with particular Dansgaard-Oeschger (DO) events are labeled. Data references are denoted with 5	
superscripts: 1 (Schilt et al., 2010), 2 (Brook et al., 2000). 
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Figure S4 - Variability in published Ca2+ and δ18Oice data from Taylor Dome (on depth) and corresponding 
variability in ice cores synchronized to AICC 2012 (on age). Gray lines depict the tie points described in 
the main text (Table 6). Dust and water isotope variations associated with MIS 4 and particular AIM events 
are labeled. * denotes smoothing with 100 point LOESS algorithm. Data references are denoted with 
superscripts: 1 (Lambert et al., 2008), 2 (Mayewski et al., 1996), 3 (Lambert et al., 2012), 4 (Jouzel et al., 5	
2007), 5 (Steig et al., 1998). 
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Figure S5 – Comparison of the timing of CH4 changes in new Taylor Glacier and Taylor Dome data to the 
δ18O measured in speleothems from Hulu Cave (Wang et al., 2001). Variations associated with particular 
DO events are labeled. 
 5	
 
2 Firn modeling and accumulation rate estimate 

We used the Herron and Langway (1980) firn densification model to calculate density-depth profiles for a 

range of temperatures (-50 to -40 ºC) and accumulation rates (0.0001-0.05 m yr-1 water equivalent) 

assuming surface snow density = 0.36 g cm-3. The model calculates the first stage of densification to a 10	
threshold critical density = 0.55 g cm-3 with only site temperature as input (independent of accumulation 

rate). The second stage of densification (0.55 g cm-3 to bubble close-off) depends on temperature and 

accumulation rate. We assumed a density for bubble close-off of 0.83 g cm-3. The close-off depth is the 

depth of the firn when it reaches the close-off density. We estimate Δage by calculating the age of the firn 

at the close-off depth using Herron and Langway’s equation 11 (Figure S6). Accumulation can be 15	
estimated by looking up the accumulation rate that corresponds to a given temperature and Δage. 

 

The height of the diffusive column of air in the firn is described by equation 1: 
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where dclose-off is the close-off depth determined by the firn model, hLIZ is the height of the lock-in zone 

where molecular diffusion ceases, and hconv is the height of the convective zone where air mixing inhibits 
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barometric equation (Sowers et al., 1992): 25	
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δ!"N =  e!!!"## !" − 1 ∗ 10!  (2) 

 

where g is the acceleration due to gravity (9.80 m/s2), R is the gas constant (8.314 J mol-1 K-1), and T is the 

ambient temperature (degrees Kelvin). We calculated the δ15N-N2 expected at Taylor Glacier using dclose-off 

= 30 m, hLIZ = 3 m, and hconv = 0 m (Figure S6). Introducing hconv = 13.5 m is needed to bring the calculated 5	
δ15N-N2 into agreement with the measured values presented in the main text (Figure S7). The height of the 

lock-in-zone (hLIZ = 3 m) was estimated to be conservatively large, though note that this parameter does not 

significantly influence the δ15N-N2 calculation. For example, reducing the lock in zone height by 50% only 

increases hdiff (and δ15N-N2) by 5.5 %. 

 10	
We repeated similar calculations for Taylor Dome at 60 ka. We used dclose-off = 53 m, hLIZ = 3 m, and hconv = 

0 m (Figure S8). We did not adjust hconv to bring δ15N-N2 into closer agreement with measured values 

because a target δ15N-N2 value is ambiguous due to the lower resolution and precision of the data (see main 

text Figure 5d). 

 15	
Figure S6 – ∆age and δ15N-N2 calculated using a firn densification model and the barometric equation for a 
range of accumulation rates and temperatures. It is possible to estimate the accumulation rate given 
independently determined Δage and temperature. The red star represents Taylor Glacier at 60 ka where 
Δage = 10,000 years (see main text). 
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Figure S7 – δ15N-N2 calculated similarly to δ15N-N2 in Figure S6 but with hconv = 13.5 m. 
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Figure S8 - ∆age and δ15N-N2 calculated using a firn densification model and the barometric equation for a 
range of accumulation rates and temperatures. The black x represents Taylor Dome at 60 ka where Δage = 
2300 years. 
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