Supporting information for: 

Dated radar-stratigraphy between Dome A and South Pole, East Antarctica: old ice potential and ice sheet history 

Rebecca J. Sanderson1, Neil Ross1, Kate Winter2, Robert G. Bingham3, S. Louise Callard1, Tom A. Jordan4, Duncan A. Young5

1School of Geography, Politics and Sociology, Newcastle University, Newcastle, UK
2Department of Geography and Environmental Sciences, Faculty of Engineering and Environment Northumbria University, Newcastle, UK
3School of GeoSciences, University of Edinburgh, Edinburgh, UK
4British Antarctic Survey, Cambridge, UK
5Institute for Geophysics, University of Texas at Austin, Austin, Texas, USA
Corresponding author: Rebecca Sanderson (r.sanderson5@newcastle.ac.uk)


S1: IRH depth and fractional depth
IRH depth was calculated using a wave speed of 168.5 m μs-1 , a firn correction of +12 m, and a further conservative 17 m applied to H1, 21 m to H2 and 27 m to H3 IRH depths. Justification of firn depth and the additional uncertainty value are described below. To calculate the IRH depth as a fraction of ice thickness we used bed picks from published AGAP and PolarGap datasets (Bell and others, 2011; Jordan and others, 2018 ). Where the PASIN radar did not image the bed, we used BedMachine v2 ice thickness (Morlighem and others, 2020).  Summary statistics for IRH depths are provided in Table 1. 

Table S1. Summary statistics of IRH depth below surface and fractional depth for H1-3. 

	
	Depth below surface (m)
	Fractional Depth 

	
	Mean
	SD
	Min
	Max
	IQR
	Mean
	SD
	Min
	Max
	IQR

	H1
	860.0
	200.8
	313.3
	1681.1
	200.9
	0.287
	0.065
	0.125
	0.645
	0.068

	H2
	1324.5
	248.4
	645.6
	2266.3
	267.6
	0.447
	0.077
	0.245
	0.943
	0.085

	H3
	1997.3
	285.6
	1029.7
	2956.8
	276.5
	0.654
	0.065
	0.450
	0.948
	0.080




S2: Uncertainties in IRH depth
To obtain an age-depth radiostratigraphy we converted traced IRH in the time domain  to depth  using:

where  is the speed of electromagnetic waves through ice (168.5 m s-1) (Fujita and others, 2000),  is the constant firn density correction (12 m) (see justification below). The TWT conversion is dependent on uncertainties arising from variation in the speed of electromagnetic-wave velocity, firn correction and properties of the radar systems. We have systematically broken down the errors associated with the IRH depth calculation and calculate the root-mean-square error arising from the depth uncertainties using the following:

where  is the error associated with the variation in the speed of electromagnetic-wave velocity,   is the error associated with the firn equation, and  expressed solely in terms of range resolution. Here we note that further errors may arise as a result of impacts from the digital processing error and cluster from off-nadir reflection, but these are not included here because of the insignificance from nanosecond range and difficulty to estimate respectively. We explain each error in detail below. The speed of electromagnetic waves (EM) in ice produces the greatest uncertainty. This value depends on impurity concentrations, anisotropy and temperature, therefore the phase velocity of EM in ice ranges from 168.0~169.5 m μs-1. (Fujita and others, 2000). The maximum uncertainty arising from ranging the EM value is 26 m on the maximum depth of the deepest reflection in the study.

Ice thickness estimates calculated form RES require an additional “firn correction” that accounts for the high wave speed in the less-dense near surface portion of the ice. Firn correction is calculated using density profiles from ice cores. Dowdeswell and Evans (2004) reported 10 m firn correction for Greenland, 7 m on Ross Ice Shelf and 15 m at Vostok. Using the same method, Cavitte and others (2016) estimated 14.6 m at Dome C and 13.6 m at Vostok, similarly, Steinhage and others (2001) applied a 13 m correction in Dronning Maud Land. In contrast, studies in West Antarctica and at South Pole have typically applied a firn correction of 10 m (Jordan and others, 2018; Ashmore and others, 2020; Bodart and others, 2021). Because our study covers a large geographical area, spanning from South Pole towards central East Antarctica, we applied a spatially invariant firn correction of 12 m to our IRH depths. We expect that the firn correction will vary from ~10 m to ~14 m across the AGAP and PolarGap data, however we have no reliable method to validate this, therefore a conservative 4 m error is attached to the values arising from the firn correction. IRH depth uncertainties also arise from the range-resolution and signal-to-noise ratio of individual IRH reflections (Cavitte and others, 2016). As per CReSIS (2016), the range resolution is:

where  is the bandwidth of a chirped radar system,  is the dielectric constant of ice (3.17),  is the speed of light in a vacuum and , the window widening factor (1.53). 
The range resolution for AGAP-PASIN is 8.4 m (bandwidth 10 MHz) and for PolarGap-PASIN2, 6.5 m (bandwidth 13 MHz) (chirp mode). As per Cavitte and others, (2016), the signal-to-noise ratio (SNR) is calculated alongside range resolution to estimate range precision as a standard deviation of the range estimate at the 68% confidence level, using the following equation:

Similar to Ashmore and others, (2020) and Bodart and others, (2021), in this study we do not estimate SNR for PASIN and PASIN2 but apply the same appropriate conservative 4 m. This is estimated by comparing the range resolution of the PASIN and PASIN2 (8.4 and 6.5 m) with the similar University of Texas’s HiCARS system (8.6 m) for which the range resolution varied between 0.9 and 3.9 m across East Antarctica (Cavitte and others, 2016), hence suggesting that it is appropriate to associate a 4 m error arising from the radar system. The empirical error analysis of the EM range, firn correction and radar range accuracy produced conservative estimates of ±17 m for H1, ±21 m for H2 and ±27 m for H3.

S3: Intersection with previously dated IRHs
All three IRH in this study intersect previously published and dated IRH across East Antarctica (Winter and others, 2019). We assume that the prominent layers we trace are the same stratigraphic horizons traced by Winter and others, 2019, as the physical properties which make a layer a suitable candidate for regional tracing, are likely independent of the radar system used. Our IRHs intersect with IRHs dated from the Vostok and EDC ice cores. Winter and others, (2019) traced IRH using the AGAP South survey with the Multi-Channel Coherent Radar Depth Sounder (MCoRDS). The MCoRDS system has a similar vertical range resolution (7 m) to the PASIN system (8.4 m) therefore, we would expect small errors between our IRH and those traced previously. Eight intersections were identified and cross over analysis was undertaken across these eight locations (Fig S1). To determine the depth of our IRH at the intersection point, the closest trace (<10 m) from our IRH to the trace from the AGAP South survey was selected as the most suitable for comparison.
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Fig S1 map to show the spatial extent of IRH H1-3 (this study) across the study area and spatial extent of IRH (38 ka, 90 ka and 161 ka) from Winter and others, (2019). The pink dots 1-8 show eight intersections where we directly compare depths of IRH. 

Table S2 Intersections with traced layers in Winter and others, (2019).
	Site
	
	
	
	
	
	

	
	H1
	WINTER “H1” 
	H2
	WINTER “H5”
	H3
	WINTER “H8” 

	I1
	848.8  17
	825.8  5
	1306.5  21
	1284.1  8
	1765.1  27
	1750.3   12

	I2
	567.6  17
	546.9  5
	1138.0  21
	1121.0  8
	1505.7  27
	1524.7   12

	I3
	618.5  17
	594.5  5
	1044.6  21
	987.4  8
	1394.4  27
	1480.9   12

	I4
	568.6  17
	601.9  5
	1164.6  21
	1178.0  8
	1699.9  27
	1743.2   12

	I5
	630.2  17
	622.2  5
	1067.4  21
	1147.8  8
	1276.9  27
	1321.2   12

	I6
	693.7  17
	679.5  5
	1173.4  21
	1142.0  8
	1579.7  27
	1656.9   12

	I7
	616.9  17
	622.4  5
	1330.7  21
	1283.9  8
	1932.7  27
	1930.0   12

	I8
	673.6  17
	664.7  5
	1076.7  21
	1058.9  8
	1363.6  27
	1420.4   12



Table S3 Intersections with traced layers in Beem and others (2021).
	
	H1
	Beem 2021 H4

	I1
	1468.8  17
	1428.8 




To determine the errors associated with dating IRH using previously traced IRH we used a root-mean-squared analysis of the differences in depth at the crossover points. This revealed a difference of 19 m for H1, 42 m for H3 and 51 m for H3 between picked traces in this study and picked traces by Winter and others, (2019). We then referred to the closest ice core to the crossover locations to determine the age-depth uncertainties, in this case the Vostok ice core (Bazin and others, 2013). Following MacGregor and others (2015) (see above) we were able to obtain a conservative error for the IRH age. 
We dated H1, H2 and H3 using this method and obtained a date and error for H1 of 38.2   1.98 ka, H2 of 90.4  3.57 ka and for H3, 161.9  6.76 ka. 

We made an independent verification of H1 using Beem and others (2021) to check that the age of our layer assigned from Winter and others (2019) intersection matched their IRH. As the age of Beem and others (2021) “H4” fits within the age error of our “H1” we assume the layers to be the same. 

S4: Ice core uncertainties 
We used the South Pole ice core chronology, where annual layer counting dates back to ~54 ka BP (Winski and others, 2019). H1 is the only IRH we were able to asign an age estimate from the South Pole chronology, as the other IRH are deeper than the maximum depth of the ice core and therefore, older than 54 ka. We took the recorded depth of the closest trace to the drill site and matched to the closest dated depth in the ice core, as well as calculating the upper and lower age bounds from the radar-depth and ice-core uncertainties. The age uncertainty of H1 can be calculated using the root-mean-square of the age uncertainty associated with the unweighted mean of H1 depth at the core ( based on variation in EM, firn correction and radar resolution; and the age uncertainty associated with the ice core at depth ( (MacGregor and others 2015):



As our H1 intersected with the SPICEcore, we were able to independently verify our age for H1. As H1 passed within 86 m of the SPICEcore we were able to assign an age of 39.8  0.89 ka from the core intersection. 

S5: Obtaining an age for H1 
To obtain an age for H1, we combined the dates obtained from the intersecting IRH from Winter and other (2019) and from the SPICEcore. We use the midpoint of the maximum age errors assigned in each method to get a final date association and apply a conservative error range to account for the uncertainty with this method. We achieved a final age association of 38.5  2.2 ka for H1.

S6: Age-depth modelling calculations:
We provided an independent validation of the IRH ages by applying the Dansgaard and Johnsen (1969) one dimensional vertical strain rate model. The model was chosen for it’s simplicity and primarily as independent validation rather than a direct method of age assignment. The Dansgaard-Johnsen model assumes that close to the ice divide, the ice sheet is, and has been, in a steady state therefore two sites along the ice divide were chosen (Fig 1). The model has no horizontal ice velocity component and therefore, does not account for divide migration or ice flow complexities. Other alternative models exist for interpretation of IRH patterns and accounts for more complex processes (MacGregor and others, 2015). The Dansgaard-Johnsen model gives the following:



where  is age of the traced IRH (ka),  is the ice thickness (m),  is the thickness of basal shear layer (m),  is the average accumulation rate (m a-1 ice-equivalent), and  is the IRH elevation above the bed (m) (Dansgaard and Johnsen, 1969). 

This model requires a single, average value for the accumulation rate  that accounts for variability over time, for the IRH to be dated. At site M2 (Dome A) modern accumulation from Minghu and others (2011) rates have been obtained and applied here within the model. Similarly, previous studies have modelled historic accumulation rates across East Antarctica (i.e. Siegert 2003 (0.016 w.e. m yr−1 ); Wolovick and others, 2021 (0.014 w.e. m yr−1); Cavitte and others, 2018 (0.016 w.e. m yr−1 )). Although the traced IRH cross the South Pole core where there are direct measurements of accumulation over time (Winski and others, 2019), accumulation rates at the South Pole are relatively high (0.074 w.e. m yr−1) and not representative of the accumulation rates at the identified sites. We therefore did not include these accumulation rates. 

The basal shear level thickness  is unknown in this study. Unlike the accumulation rate, this basal shear level thickness will have a smaller impact on the modelled IRH ages. Where previous studies such as Fahnestock and others, (2001) and Siegert and Payne (2004) have used a single value , Ashmore and others  (2020) and Karlsson and others, (2014) used a range of values for  of 100-1200 m. Bodart and others, (2021) also used a range but defined this to be between . Schwander and others (2001) used  at Dome C, which is approximate to 900m at M1 and M2 therefore, here we use a range of 600-1200 m with respect to ice thickness ( for the basal shear level thickness. 

Table S4 Age estimates  in ka at sites M1 and M2 for H1 with varying accumulation rates ( (modern accumulation in italics) and basal shear layer thickness ( Colours indicate the value proximity to the age derived from the ice core chronology (yellow to purple, closest to farthest).
	M1
	 
	 
	 
	 

	Accumulation (m w.e. yr-1)
	h, basal shear level thickness (m)

	 
	600
	800
	1000
	1200

	0.014
	64.6
	65.7
	66.8
	68.2

	0.016
	56.6
	57.4
	58.5
	59.7

	0.019
	47.6
	48.4
	49.2
	50.2

	0.021
	43.1
	43.8
	44.5
	45.5

	0.023
	39.4
	40.0
	40.7
	41.5

	M2
	 
	 
	 
	 

	0.014
	46.1
	46.5
	46.9
	47.4

	0.016
	40.4
	40.7
	41.0
	41.5

	0.019
	34.0
	34.3
	34.6
	34.9

	0.021
	30.8
	31.0
	31.3
	31.6

	0.023
	28.1
	28.3
	28.6
	28.8



Table S5 Age estimates  in ka at sites M1 and M2 for H2 with varying accumulation rates ( (modern accumulation in italics) and basal shear layer thickness ( Colours indicate the value proximity to the age derived from the intersecting age relation (yellow to purple, closest to farthest).
	M1
	 
	 
	 
	 

	Accumulation (m w.e. yr-1)
	h, basal shear level thickness (m)

	 
	600
	800
	1000
	1200

	0.014
	101.4
	104.2
	107.5
	111.6

	0.016
	88.7
	91.1
	94.1
	97.7

	0.019
	74.7
	76.8
	79.2
	82.3

	0.021
	67.6
	69.4
	71.7
	74.4

	0.023
	61.7
	63.4
	65.4
	68.0

	M2
	 
	 
	 
	 

	0.014
	100.4
	102.4
	104.7
	107.5

	0.016
	87.9
	89.6
	91.6
	94.0

	0.019
	74.0
	75.5
	77.2
	79.2

	0.021
	67.0
	68.3
	69.8
	71.7

	0.023
	61.1
	62.3
	63.8
	65.4



Table S6 Age estimates  in ka at sites M1 and M2 for H3 with varying accumulation rates ( (modern accumulation in italics) and basal shear layer thickness ( Colours indicate the value proximity to the age derived from the intersecting age relation (yellow to purple, closest to farthest).
	M1
	 
	 
	 
	 

	Accumulation (m w.e. yr-1)
	h, basal shear level thickness (m)

	 
	600
	800
	1000
	1200

	0.014
	215.3
	234.3
	263.8
	319.7

	0.016
	188.4
	205.0
	230.8
	279.7

	0.019
	158.7
	172.7
	194.3
	235.6

	0.021
	143.6
	156.2
	175.8
	213.1

	0.023
	131.1
	142.6
	160.5
	194.6

	M2
	 
	 
	 
	 

	0.014
	159.2
	165.1
	172.4
	181.7

	0.016
	139.3
	144.4
	150.8
	159.0

	0.019
	117.3
	121.6
	127.0
	133.9

	0.021
	106.1
	110.0
	114.9
	121.2

	0.023
	96.9
	100.5
	104.9
	110.6




S7 Estimating palaeo accumulation rates 
As the IRHs span a vast area of East Antarctica, the variability in basal layer thickness is a major unknown in this region. Considering the ice is likely in a steady state in these areas, utilising the Nye model to constrain accumulation rates is appropriate. The Nye model (Nye, 1957) assumes that ice thickness is constant and therefore that the ice sheet has been in steady state since the deposition of the IRH. While this assumption is unlikely to be the case throughout the ice history, we explored accumulation rates produced using the Nye model. The Nye model states: 

Where  is the mean accumulation rate between the IRH age  and the present,  represents the depth of the IRH and  is the ice thickness. The ice thickness was extracted from radar-derived ice-thickness measurements, when this was available. In areas where the radar did not sound the bed, we used the BedMachine Antarctica v2 gridded product to obtain a value for H (Morlighem and others, 2020).

We mapped the mean accumulation rate across the region for each IRH (Fig S2). At M1 (see Fig 1 of the manuscript) the Nye model produces estimates of accumulation of 0.018 m a-1 for H1 (38.2 ka), 0.011 m a-1 for H2 (90.4 ka) and 0.015 m a-1 for H3 (161.9 ka). At M2, the Nye model produced estimates of 0.019 m a-1 for H1, 0.012 m a-1 for H2 and 0.015 m a-1 for H3 As the results for the Nye model match closely with the accumulation estimates based on the Dansgaard-Johnsen methods (Table 1 of the manuscript) the Nye analysis did not affect the findings of our research. 
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Fig S2 map to show the spatial extent of Nye-derived accumulation rates inferred from the IRH a, 38.2 ka H1, b, 90.4 ka H2, and c, 161.9 ka H3, across the study area mapped onto RADARSAT-1 radar imagery (Jezek, 1999).
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