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. Title
Investigating anthropogenic and natural characteristics of atmosphere-ice sheet

exchanges using the international deep ice coring network

[l. Purpose and Necessity of R&D

The rapid increase in anthropogenic greenhouse gas emissions has disrupted the
climate system, driving nonlinear changes in ice-sheet dynamics and ocean
circulation through polar amplification. These changes have significant implications
for sea-level rise and the stability of the global climate system. Ice cores preserve
the atmospheric composition and environmental constituents at the time of
snowfall and serve as one of the most reliable natural archives of past climate.
Multi-proxy analyses, including stable water isotopes, major ions, trace elements,
organic acids, and microbial genomic signals, enable high-resolution reconstruction
of paleoclimate and paleoenvironmental conditions. Such records provide essential
evidence for distinguishing natural climate variability from anthropogenic
influences. Although climate records spanning approximately 800,000 years have
been obtained to date, extending ice-core records beyond one million years is
necessary to better understand long-term climate mechanisms and carbon cycle
feedbacks prior to the Mid-Pleistocene Transition. In addition, interpreting the
accelerated mass loss of the West Antarctic Ice Sheet (WAIS) and the potential for
marine ice sheet instability in the context of long-term natural variability requires
high-resolution analyses of coastal ice-core records. This study aims to integrate
long-term and short-term climate records through participation in international
deep ice-core drilling programs and the acquisition of coastal ice cores from the
Ross - Amundsen region. By combining these approaches, the project seeks to
establish a scientific foundation for reducing uncertainties in future projections of

sea-level rise and climate sensitivity.

lll. Contents and Extent of R&D
- Participation in international deep ice-core drilling programs and development of
advanced analytical systems

- Investigation of climate system interactions through Antarctic coastal ice cores

_V_
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IV. R&D Results

This study established a framework for participation in the international deep ice
coring program and developed an integrated analytical system for high-resolution
climate and environmental reconstruction from Antarctic and Greenland ice cores.
Through engagement in the IPICS Oldest Ice and 2k Array initiatives, deep ice
exploration and analytical techniques were advanced. Improvements to the
Continuous Flow Analysis (CFA) system and trace gas and isotope measurement
methods enhanced the precision of deep ice core analyses. These developments
enabled integrated interpretation of multi-proxy records, including stable water
isotopes, major ions, trace elements, and biogenic sulfur compounds. Analysis of
the Ross - Amundsen coastal ice cores (RAICA) resolved interactions among sea-ice
variability, marine productivity, and atmospheric circulation. Comparative analyses
of Antarctic and Greenland records reconstructed rapid climate and environmental
changes during the Anthropocene and identified accumulation patterns of volcanic
signals, wildfire-derived aerosols, and anthropogenic inputs such as trace metals,
rare earth elements, and plutonium. Microbial and metagenomic analyses further
characterized ecosystem responses to climate variability and demonstrated the
potential of glacial microorganisms as biological indicators. Ice core - derived
climate records were also used to support validation of satellite observations and
climate reanalysis products. By integrating long-term and short-term climate
variability records, this study provides quantitative constraints on uncertainties in

projections of future sea-level rise and climate sensitivity.

V. Application Plans of R&D Results

Deep ice core and inland Antarctic research require advanced drilling technology,
high-precision analytical capacity, stable logistical systems, and specialized
personnel, making international collaboration essential. This project established a
foundation for participation in international deep ice core programs and developed
an integrated coastal - inland research framework centered on RAICA, providing the
technical and scientific basis for a future Korea-led deep ice drilling initiative. The
project further advanced Continuous Flow Analysis (CFA) systems and new proxy
techniques, enabling independent domestic analysis of future ice core samples.
Microbial and metagenomic analyses demonstrated the potential of glacier
microorganisms as biological indicators of ecosystem responses to climate change.
In addition, accumulation and density data generated in this study can support
validation of satellite observations and reanalysis datasets, contributing to
high-resolution  paleoclimate reconstruction and improved climate model

development.
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1. The oldest ice core: A 1.5 million year record of climate and greenhouse gases from Antarctica (a
time period where Earth’s climate shifted from 40,000-year to 100,000-year cycles). This is the most
recent version (updated in 2020).

2. History and Dynamics of the Last Interglacial Period from Ice Cores: A comprehensive record of
environmental change during the last interglacial period.

3. Terminations and seesaws: An ice-core contribution to understanding orbital and millennial scale
climate change.

4. The IPICS 2k Array: A network of ice-core climate and climate forcing records for the last two
millennia.

5. Ice coring for ice dynamics: The role of ice-core sciences in the understanding of past and present
ice flow (added March 2021).

6. Another critical element of IPICS is the development of advanced ice-core drilling technology. The

technical white paper "Ice Core Drilling Technical Challenges” addresses this.
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1 0 53.7 53.7 90.04 1182 0.346
2 53.7 107.2 53.5 94.31 1296 0.347
3 107.2 162.8 55.6 93.61 1246 0.326
4 162.8 213.8 51 94.2 1234 0.347
5 213.8 267.3 53.5 94.32 1324 0.354
6 267.3 322 54.7 97.01 1354 0.335
7 322 377.1 55.1 96.96 1424 0.350
8 377.1 430.4 53.3 98.1 1434 0.356
9 430.4 485.2 54.8 96.57 1450 0.361
10 485.2 539 53.8 96.2 1464 0.374
11 539 595.2 56.2 96.45 1450 0.353
12 595.2 649.8 54.6 98.61 1700 0.408
13 649.8 703.9 54.1 97.87 1668 0.410
14 703.9 759.4 55.5 96.5 1748 0.431
15 759.4 813.6 54.2 98 1754 0.429
16 813.6 868.6 55 97.79 1842 0.446
17 868.6 923.7 55.1 97.67 1890 0.458
18 923.7 978.2 54.5 98.23 1910 0.462
19 978.2 1032.7 54.5 97.96 1964 0.478
20 1032.7 1088.2 55.5 98.06 1956 0.467
21 1088.2 1143.5 55.3 98.95 2052 0.483
22 1143.5 1195.4 51.9 97.95 1850 0.473
23 1195.4 1253.3 57.9 98.35 2192 0.498
24 1253.3 1307.8 54.5 98.45 2120 0.511
25 1307.8 1363.2 55.4 100.94 2084 0.470
26 1363.2 1418.3 55.1 96.83 2130 0.525
27 1418.3 1473 54.7 96.15 2084 0.525
28 1473 1528.4 55.4 98.24 2176 0.518
29 1528.4 1584.2 55.8 97.9 2208 0.526
30 1584.2 1638.9 54.7 97.06 2198 0.543
31 1638.9 1696.3 57.4 95.7 2342 0.567
32 1696.3 1749.1 52.8 95.71 2154 0.567
33 1749.1 1804.6 55.5 98.58 2292 0.541
34 1804.6 1859.2 54.6 98.08 2288 0.555
35 1859.2 1914.5 55.3 99.02 2320 0.545
36 1914.5 1969.9 55.4 97.63 2340 0.564
37 1969.9 2025.9 56 97.82 2388 0.567
38 2025.9 2083.2 57.3 96.98 2478 0.585
39 2083.2 2136.8 53.6 98.31 2296 0.564
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2136.8
2194.3
2248.1
2304.2
2362.1
2417
2473.4
2529.1
2584.6
2639.9
2695.8
2751.1
2807.2
2862.6
2917.9
2973.1
3028.8
3084.6
3140.2
3195.8
3251.2
3306.8
3362.1
3417.1
3472.7
3526.9
3582.5
3637.6
3692.9
3748.1
3801.3
3859.4
3915.3
3970.1
4025
4080.8
4135.8
4191.5
42454
4301
4356.1
4411.8
4467.3
4522.2
45773
4632.9
4688.3
4746.4
4800
4855.2
4910.8
4965.8
5019.5
5075.8
5132.2
5187.5
5242.9
5298.3
5353.8
5408.9
5463.9
5520
5574.8
5630.8
5685.5
5744
5796.2
5850.7
5905.9
5961.8
6017
6072.4
6128.3
6182.9

2194.3
2248.1
2304.2
2362.1
2417
2473.4
2529.1
2584.6
2639.9
2695.8
2751.1
2807.2
2862.6
2917.9
2973.1
3028.8
3084.6
3140.2
3195.8
3251.2
3306.8
3362.1
3417.1
3472.7
3526.9
3582.5
3637.6
3692.9
3748.1
3801.3
3859.4
3915.3
3970.1
4025
4080.8
4135.8
4191.5
42454
4301
4356.1
4411.8
4467.3
4522.2
45773
4632.9
4688.3
4746.4
4800
4855.2
4910.8
4965.8
5019.5
5075.8
5132.2
5187.5
5242.9
5298.3
5353.8
5408.9
5463.9
5520
5574.8
5630.8
5685.5
5744
5796.2
5850.7
5905.9
5961.8
6017
6072.4
6128.3
6182.9
6238.4

57.5
53.8
56.1
57.9
54.9
56.4
55.7
55.5
55.3
55.9
55.3
56.1
55.4
55.3
55.2
55.7
55.8
55.6
55.6
55.4
55.6
55.3
55
55.6
54.2
55.6
55.1
55.3
55.2
53.2
58.1
55.9
54.8
54.9
55.8
55
55.7
53.9
55.6
55.1
95.7
55.5
54.9
55.1
55.6
55.4
58.1
53.6
55.2
55.6
55
53.7
56.3
56.4
55.3
55.4
55.4
55.5
55.1
55
56.1
54.8
56
54.7
58.5
52.2
54.5
55.2
55.9
55.2
55.4
55.9
54.6
55.5
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97.46
98.25
97.85
98.23
98.09
98.64
98.53
98
97.93
98.64
98.61
98.25
97.46
98.19
97.7
98.01
99.24
97.65
98.29
98.48
99.07
97.57
97.88
97.88
98.06
97.99
97.94
98.17
97.78
98.06
97.66
97.7
97.88
97.7
97.48
98.53
97.85
97.86
97.87
97.26
98.14
98.17
97.38
98.05
98.07
97.93
98.09
97.47
98.4
97.74
97.92
97.92
98.3
97.99
98.05
97.98
98.17
97.27
98.06
97.41
97.84
98.54
97.82
98.06
98.23
97.61
97.8
98.52
97.59
97.79
97.89
97.82
97.78
97.65

2508
2342
2448
2564
2468
2538
2570
2550
2568
2632
2604
2646
2666
2652
2702
2702
2708
2600
2720
2770
2726
2808
2782
2716
2172
2840
2824
2910
2898
2764
3048
2916
2890
2916
2952
2960
2924
2956
3002
2962
3022
2988
3034
3036
3084
3082
3180
2948
3055
3136
3126
3062
3230
3156
3144
3176
3164
3212
3226
3218
3264
3214
3246
3258
3436
3102
3290
3256
3270
3314
3376
3358
3326
3322

0.585
0.574
0.580
0.584
0.595
0.589
0.605
0.609
0.617
0.616
0.617
0.622
0.645
0.633
0.653
0.643
0.627
0.624
0.645
0.656
0.636
0.679
0.672
0.649
0.677
0.677
0.680
0.695
0.699
0.688
0.700
0.696
0.701
0.708
0.709
0.706
0.698
0.729
0.718
0.724
0.717
0.711
0.742
0.730
0.734
0.739
0.724
0.737
0.728
0.752
0.755
0.757
0.756
0.742
0.753
0.760
0.755
0.779
0.775
0.785
0.774
0.769
0.771
0.789
0.775
0.794
0.804
0.774
0.782
0.799
0.810
0.799
0.811
0.799




114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
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145
146
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154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

6238.4
6295.6
6348.4
6403.9
6459.5
6514.4
6569.3
6624.2
6679.9
6735.4
6790.6
6844.8
6901.9
6960
7015.6
7070.5
7129
7182.4
7231.5
7293.5
7349
7404.5
7459.8
7514.6
7572.5
7627
7683.2
7738.2
7793.4
7848.2
7903.2
7958.3
8013.3
8070.6
8127.1
8183
8239.1
8294.5
8349.8
8405.1
8460.1
8517.1
8571.7
8627.7
8683.1
8737.3
8795.2
8850.2
8906.4
8961.4
9017.9
9073
9128.6
9184.2
9238.6
9294.2
9349.2
9404.8
9460.7
9516.7
9572.2
9628.4
9685.6
9740.8
9796.4
9851
9907.7

6295.6
6348.4
6403.9
6459.5
6514.4
6569.3
6624.2
6679.9
6735.4
6790.6
6844.8
6901.9
6960
7015.6
7070.5
7129
7182.4
7237.5
7293.5
7349
7404.5
7459.8
7514.6
7572.5
7627
7683.2
7738.2
7793.4
7848.2
7903.2
7958.3
8013.3
8070.6
8127.1
8183
8239.1
8294.5
8349.8
8405.1
8460.1
8517.1
8571.7
8627.7
8683.1
8737.3
8795.2
8850.2
8906.4
8961.4
9017.9
9073
9128.6
9184.2
9238.6
9294.2
9349.2
9404.8
9460.7
9516.7
9572.2
9628.4
9685.6
9740.8
9796.4
9851
9907.7
9965.6

57.2
52.8
55.5
55.6
54.9
54.9
54.9
55.7
55.5
55.2
54.2
57.1
58.1
55.6
54.9
58.5
53.4
55.1
56
55.5
55.5
55.3
54.8
57.9
54.5
56.2
55
55.2
54.8
55
55.1
55
57.3
56.5
55.9
56.1
55.4
55.3
55.3
55
57
54.6
56
55.4
54.2
57.9
55
56.2
55
56.5
55.1
55.6
55.6
54.4
55.6
55
55.6
55.9
56
55.5
56.2
57.2
55.2
55.6
54.6
56.7
57.9

97.8
97.9
98.56
98.08
98.19
97.86
97.73
98.05
98.12
97.97
96.77
97.64
96.5
96.3
98.5
97.54
97.57
98.46
98.64
98.47
96.47
96
97.42
96.65
97.54
97.99
96.12
97.04
97.64
96.17
94.04
97.87
96.35
93.24
90.8
97.63
97.77
93.37
98.02
97.58
98.16
98.69
97.73
98.13
97.5
97.75
98.96
97.95
97.88
97.14
97.64
97.63
100.55
96.02
95.01
98.72
98.36
96.35
97.9
96.73
96.76
92.97
96.71
97.76
97.71
97.92
98.26

3464
3222
3354
3398
3382
3386
3368
3350
3410
3422
3372
3442
3562
3454
3412
3628
3332
3456
3504
3506
3514
3480
3446
3498
3430
3560
3386
3498
3484
3578
3468
3506
3578
3436
3266
3566
3586
3426
3494
3608
3666
3458
3612
3556
3458
3647
3594
3620
3542
3672
3568
3538
3454
3578
3482
3429
3478
3494
3632
3644
3612
3736
3288
3604
3530
3664
3754

0.806
0.811
0.792
0.809
0.814
0.820
0.818
0.797
0.813
0.822
0.846
0.805
0.838
0.853
0.816
0.830
0.835
0.824
0.819
0.830
0.866
0.869
0.844
0.823
0.842
0.840
0.848
0.857
0.849
0.896
0.906
0.847
0.856
0.891
0.902
0.849
0.862
0.905
0.837
0.877
0.850
0.828
0.860
0.849
0.855
0.839
0.850
0.855
0.856
0.877
0.865
0.850
0.782
0.908
0.883
0.815
0.823
0.857
0.862
0.893
0.874
0.962
0.811
0.864
0.862
0.858
0.855
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Abstract: We present lead (Pb) concentrations and isotope ratios in a continuous series of 38
snow samples from a 1.9-m snow pit, covering the period from winter 2012 to summer 2017,
at the East Greenland Ice-core Project (EGRIP) ice core drill site in northwestern Greenland.
Pb concentrations were highly variable, ranging from 1.53 to 94.9 pg g (mean value of 10.6
pg g 1), with higher concentrations during winter and spring and lower concentrations during
summer and fall. Our results show a substantial reduction in the Pb concentration of ~50%
between the 2000s and 2010s, reaching a level close to that observed in the mid-18th century,
that is, the time of the Industrial Revolution. Remarkably low radiogenic Pb isotope
compositions were observed in our samples compared to previously reported values during
the 2000s. The Pb isotope mixing model results indicated a decreasing Chinese contribution
from the 2000s onwards, while Europe/Russia emerged as a relatively more important
contributor to the anthropogenic Pb input to central Greenland during the corresponding
period. Thus, we hypothesized that the reduction in Pb pollution in central Greenland is
largely due to a decreasing contribution from Chinese sources in response to the effectiveness

of stringent emission control measures in China.

Key words: Greenland snow, Lead concentration; Lead isotopes; Seasonal variations; Source

identification

1. Introduction

Greenland snow and ice records have demonstrated that the largest hemispheric-scale

atmospheric Pb pollution in the Northern Hemisphere has been undoubtedly associated with
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the massive use of leaded gasoline in the second half of the 20th century, peaking in the late
1960s with an increase in Pb concentrations by more than 200-fold above the natural value
(Murozumi et al., 1969; Rosman et al., 1993; Candelone et al., 1995; McConnell et al., 2002;
McConnell and Edwards, 2008). This unprecedented large-scale atmospheric Pb pollution in
the Northern Hemisphere has sharply decreased because of the phase-out of leaded gasoline
and the implementation of emission controls in North America and Europe since 1970s
(Nriagu, 1990; Boutron et al., 1991; Rosman et al., 1994; McConnell et al., 2002; McConnell
and Edwards, 2008). After the phase-out of leaded gasoline, the average global anthropogenic
emissions of Pb decreased from ~332,000 tons/year in 1983 to 120,000 tons/year in the mid-
1990s (Nriagu, 1988; Pacyna and Pacyna, 2001). Accordingly. the significant decline in Pb
concentration levels in Greenland snow lasted through the 1990s and the early 2000s

(Candelone et al., 1995, 1996; Barbante et al., 2003; McConnell and Edwards, 2008).

Despite a sustained reduction in atmospheric Pb deposition rates in Greenland from the
1970s to the early 2000s, the declining trend reversed slighty in the 2000s (2003-2009),
most likely because of increasing Pb inputs into Greenland from China, as evidenced by Pb
isotopic signatures (Bory et al., 2014; Kang et al., 2017). China has become the world's
largest contributor to atmospheric Pb emissions owing to its rapid economic growth and
industrialization over the past few decades, accounting for approximately 15% of worldwide
annual Pb emissions in the mid-1990s (Pacyna and Pacyna, 2001). After banning the use of
leaded gasoline in China in 2000, total Pb emissions in China sharply declined from
~14,700-20,000 tons in 2000 to ~2800 tons in 2001 (Li et al., 2012; Tian et al., 2015).
However, since then, the total emissions of Pb in China have continuously increased in the

following years, reaching ~14,400 tons in 2012, which is comparable to the mid-1990s value
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before the phase-out of leaded gasoline, contributing 30% of the global Pb emissions during
the corresponding period (Tian et al., 2015; Zhu et al., 2020). Coal combustion is the largest
source of Pb emissions in China, accounting for approximately half of the total emissions in
the 2000s (Li et al., 2012). Along with increasingly serious atmospheric pollution issues,
China has continued to implement and strengthen efforts to reduce the emissions of pollutants
from coal combustion, resulting in a substantial decrease in anthropogenic Pb emission levels,
with an annual average decline rate of 9.9% between 2006 and 2010 (You and Xu, 2010; Tian

et al., 2014).

In this study, we present data on the recent occurrence of Pb and its isotopic composition,
a “fingerprint” of potential sources, in central Greenland snow deposited during the 2010s,
from winter 2012 to summer 2017. The primary objectives were to investigate the time-
dependent magnitude and characteristics of variations in the atmospheric deposition of Pb
reaching central Greenland and to constrain the relative contributions of major source regions
affecting these variations. This study provides valuable perspectives on the importance of
strengthening national and international environmental policies and regulations to further

reduce Pb emissions in the Northern Hemisphere.

2. Materials and methods
2.1. Sample description

In July 2017, snow pit samples were collected from the East Greenland Ice-core Project

(EGRIP) ice core drill site in northwestern Greenland (75.37° N, 35.59° W, 2702 m a.s.1.) (SI

Fig. 1). Great precautions were taken to avoid the contamination of the samples during field
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sampling. A 1.9-m snow pit was hand-dug by operators wearing full cleanroom garments and
polyethylene gloves with acid-cleaned low-density polyethylene (LDPE) shovels.
Subsequently, an approximately 10 cm thick layer of snow was shaved away from the upwind
vertical wall using ultraclean LDPE scrapers before sampling. A continuous series of 38
samples was then collected from the surface down to the bottom at a 5-cm interval by
horizontally pushing ultraclean cylindrical Teflon tubes (5 cm and 4.6 cm in outer and inner
diameters, respectively, and 35 cm in length) into the snow using an LDPE hammer. Note that
all plastic sampling equipment (shovels, scrapers, tubes, and hammers) was custom made.
Snow samples were then transferred from the tubes into ultraclean LDPE wide-mouthed 1 L
bottles from Nalgene (Cat. No. 2103-0032, Thermo Scientific, USA). The bottles were
packed in double-sealed LDPE bags and kept frozen until analysis. All items used for the
sampling were extensively cleaned prior to their use with Merck “Suprapur™ grade HNOs or

Fisher “Optima™ ultrapure grade HNOs as described in detail in Han et al. (2020).

2.2. Analytical procedures

All sample handling and analytical procedures were performed under a Class 10 laminar
airflow clean bench or booth installed in a Class 1000 clean room at the Korea Polar
Research Institute (KOPRI). The snow samples were melted at room temperature in the
original 1 L. LDPE bottles and then immediately aliquoted into 15 mL acid-cleaned ultraclean
LDPE bottles (Cat. No. 2003-9050, Thermo Scientific, USA) for subsequent chemical
analyses. The aliquots for trace element analysis were acidified with Fisher “Optima”
ultrapure grade 67-69% HNO; to make the final solution of 1% HNOs and then kept frozen

until analysis.

_38_



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

13

132

133

134

135

Pb and Al concentrations were determined using an inductively coupled plasma sector
field mass spectrometer (ICP-SFMS; Element2, Thermo Scientific, Germany) coupled with
an APEX microflow nebulization desolvation system (APEX HF, Elemental Scientific, USA)
(Chang et al., 2016; Han et al., 2020). Detection limits, defined as 3 times the standard
deviation of 10 measurements of a blank sample (sub-boiled ultrapure water, acidified to 1%
HNOj; with Fisher “Optima” grade ultrapure HNO3), were 0.06 and 2.33 pg g for Pb and Al,
respectively. The analysis of a certified riverine water reference material (SLRS-6. National
Research Council of Canada) exhibited good recovery versus certified values (in ng g™')

(0.188 £ 0.011 versus 0.170 £ 0.026 for Pb and 33.7 + 1.3 versus 33.8 + 2.2 for Al).

The Pb isotopic composition was determined using a thermal ionization mass
spectrometer (TIMS; TRITON, Thermo Scientific, Germany) fitted with a 23 cm radius, 90°
magnetic sector containing a 21-sample carousel. Details of the isotopic analysis techniques
are given in Han et al. (2015). Briefly, an aliquot of ~10 g of each sample was evaporated to
dryness in an ultraclean Teflon vial (Cat. No. 210-010-30, Savillex, USA) containing a
mixture of 10 pL of 65% HNO; (Fisher “Optima’™ ultrapure grade), 20 pL of 48% HF (Merck
“Ultrapur” grade) and 4 pL of dilute H:PO4 (Merck “Suprapur” grade, ~5% by weight) on a
Teflon-coated hot plate at ~80 °C. After evaporation to dryness, 5 pL. of PL-7 (Fuso Chemical
Co., Ltd.) silica-gel activator was then dropped into the residues to enhance the ionization
efficiency and then the sample and silica-gel mixture was loaded onto a degassed, zone-
refined rhenium filament (99.999% Re, 0.7 mm wide, 0.04 mm thick. H. Cross Company). A
small current was passed through the filament to dry the deposits and the filament current
was then increased slowly to 1.0 A (700 °C) and maintained at this level for 2 min. The

current was then increased up to 2.0 A (1200 °C) with an increment of (0.2 A every 30 s and
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finally to 2.2 A (1350 °C) for 2-3 s and then immediately turned down. All ion beams were
measured with a secondary electron multiplier (SEM), collecting ~300 isotope ratios per
sample. Two procedural blanks and two reference material samples containing 50 pg of NIST
SRM 981 (National Institute of Standards and Technology, Gaithersburg, USA) were used for
each batch of samples to optimize the accuracy of the isotope ratio measurements. Based on
repeated measurements of NIST SRM 981, the precision of Pb isotope ratio measurements
was estimated to be ~0.28% and ~0.20% for **Pb/*""Pb and ***Pb/*""Pb ratios, respectively,
on a few tens of picograms of Pb, allowing for the reliable determination of Pb isotope ratios

in snow samples with very low Pb concentrations (Han et al., 2015).

Stable water isotopes (5'*0) were analyzed in the aliquots filtered through 0.45 um
polyvinylidene fluorice (PVDE) syringe filters (Merck Millipore, USA) by a wavelength-
scanned cavity ring-down spectrometer (WS-CRDS; L2130-i, Picarro Inc., USA). The '*0
values of all snow samples were normalized using three international water standards of the
Vienna Standard Mean Ocean Water (VSMOW?2), Greenland Ice Sheet Precipitation (GISP),
and Standard Light Antarctic Precipitation (SLAP2). The GISP was analyzed after every fifth
sample to account for instrumental drift throughout the analytical run. The accuracy of the

5'%0 measurements was better than 0.08%e (Kang et al., 2015).

The major ionic species (Na', Ca’*, methanesulfonic acid (MSA), and SO4>) were
analyzed using ion chromatography with Dionex IonPac AS15 (2 x 250 mm) and CS12A (4 x
250 mm) columns for anions and cations, respectively, using Dionex ICS-2000 and ICS-2100
systems (Thermo Fisher Scientific Inc., Sunnyvale, CA, USA). Calibrations were conducted
using multilevel standard solutions diluted with a stock solution from Dionex (P/N 057590

for anions and P/N 046070 for cations) except for MSA, for which the standard solution was
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prepared by diluting a stock solution (~1,000 mg L™") of 98% CH3SO:Na (CAS No. 2386-57-
4, Sigma-Aldrich, United States). Detection limits, based on 3 times the standard deviation of
blank measurements, were 0.02 pug L' for all the measured ionic species and the accuracy of

measurement data was estimated to range from 1.7% for SO4* to 6.7% for Na*.

Using the Na' concentration measured in each sample after subtracting the Na
contribution from crustal dust using the Al (a conservative crustal reference element)
concentrations and the mean Na/Al ratio in the upper continental crust (Wedepohl, 1995). the

non-sea salt concentration of ion X (nss-[X]) was calculated using the following equation:
[nss-X] = [XTiota — (X/Na" Jenwater X [ss-Na], (h

where [X]a and [ss-Na'] are the total concentrations of ion X and sea salt Na® in each
sample, respectively, and (X/Na*)seawater is the mass ratio in bulk seawater (0.038 for Ca>*/Na*

and K*/Na* and 0.25 for SO4*/Na®) (Bowen, 1979).

2.3. Backward trajectory analysis

To investigate the source regions and transport pathways of Pb preserved in the snow
pit samples, backward air mass trajectories were calculated using the U.S. NOAA’s Hybrid
Single Particle Lagrangian Integrated Trajectory (HYSPLIT, version 4) model developed by
the National Oceanic and Atmospheric Administration (NOAA). The 7-day backward
trajectories arriving at the sampling site were calculated at 6-h intervals for representative

periods of the summer and winter seasons using the Global Data Assimilation System (GDAS)

meteorological dataset with 1” x 1” resolution. To minimize the potential trajectory estimation
error due to parametric uncertainties that increase with time along the path (Fleming et al.,

8
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2012), back trajectory frequency plots were generated by subdividing the study region into
grid cells (latitude 30°N to 90°N and longitude 0°E to 0°W, with 0.5° x 0.5" grid cells) and the
total number of trajectory segment endpoints falling within a given grid cell for each
trajectory. Trajectory analysis was applied and compared to identify the transport pathways of
Pb for the two sites of the EGRIP and NEEM (The North Greenland Eemian Ice Drilling,

77.26" N, 51.03" W, 2461 m a.s.1.) (SI Fig. 1), as discussed in the text (see Section 3.5).

3. Results and discussion
3.1. Dating of the samples

Snow pit samples were dated using depth profiles of oxygen isotopes (6'*0), Na*, MSA,
nss-Ca’ and Al concentrations, all of which showed well-defined seasonal variations in
concentration in Greenland snow (Lee et al., 2015; Kang et al., 2015; Kuramoto et al., 2011;
Du et al., 2019a; Nakazawa et al., 2021). The values of the 5'*0 in Greenland snow are less
negative in the summer layers and more negative in the winter layers. The Na™ concentrations
derived from sea salt are characterized by winter—spring maxima and summer minima. MSA,
the oxidization product of dimethyl sulfide (DMS), which mainly originates from marine
biota, shows a strong peak in the summer—autumn period in relation to increased DMS
emissions in areas of sea ice retreat around Greenland. For nss-Ca’* and Al, which are
proxies for dust concentrations, their maximum concentrations are observed from late winter

to spring.

As shown in Fig. 1, the maxima of 5'%0 values are found at 0-5, 35-40, 80-85, 115-120

and 165-170 cm and the minima at 10-15, 60-65, 95-100, 135-140 and 180-185 cm depth
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intervals, respectively. Strong peaks of Na" occurred in snow layers deposited between winter
and spring, whereas the concentrations of MSA showed well-defined peaks from summer to
autumn, as inferred from &'%0 in the pit profile (Fig. 1). Pronounced seasonal variations in
the concentrations of Na™ and MSA supported each layer of summer and winter snow, as
identified by the 8'*0 profile. The nss-Ca’* and Al concentrations peaked between the winter
and summer 6'%0 lines. Along with the sample collection date, snow samples from the
surface to a depth of 1.9 m were dated to span a full 4-year period from the winter of

2013/2012 to the summer of 2017 (Fig. 1).

As well documented in Greenland snow layers (Du et al., 2019a; Nakazawa et al., 2021;
Kjar et al., 2022), large peaks of nss-SOs>~ concentrations in the 85-115 c¢m depth interval
correspond to the volcanic signal of the 2014-2015 Bardarbunga-Veidivitn fissure eruption
(volcanic eruption index-VEI 0), also known as the Holuhraun eruption, the largest eruption
in Iceland in more than 200 years, which lasted from August 31, 2014, to February 28, 2015
(Schmidt et al., 2015). Our Holuhraun volcanic signal was preserved in the snow layers
between the summer of 2014 and spring of 2015 (Fig. 1), which agrees with previous snow

pit records (Du et al., 2019a; Nakazawa et al., 2021), supporting our dating assignment.

3.2. Characteristics of Pb concentrations and Pb isotopic composition

The Pb concentrations measured in a continuous series of 38 samples from the EGRIP
snow pit as a function of depth and age are shown in Fig. 1. All data are listed in SI Table 1.
The concentration levels are highly variable with depth, ranging from 1.53 to 94.9 pg ¢!,
with a mean (median) value (+ SD) of 10.6 (8.17) £ 15.1 pg g ' (Table 1). The Pb profile

exhibited pronounced peaks in the layers dated from the three springs of 2013, 2014, and
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2015 at 170-175, 120-125, and 85-50 cm depth intervals. A peak at 85-90 cm was found at a
depth interval associated with the peaks of nss-SO4> from the Holuhraun eruption (see the
next section). Noticeable concentration peaks were also observed in the 2016/2015 and
2013/2012 winter snow layers at 60-65 and 185-190 cm, respectively, with occasionally
enhanced Pb inputs in the summer layers of 2016 (3540 cm) and 2017 (0-5 cm). Overall,
our profile of Pb concentrations demonstrates that elevated concentrations of Pb are generally
common from winter to spring throughout the year. This is consistent with the seasonal
variations in Pb concentrations in snow profiles at different sites in central Greenland from a
limited number of reliable studies (Savarino et al. 1994; Candelone et al., 1996; Barbante et
al., 2003; Kang et al., 2017), reflecting no large spatial variations in seasonality over the
central area of the Greenland ice sheet (Kang et al., 2017). An occasional peak of Pb in

summer was also observed in a central Greenland snow pit (Candelone et al., 1996).

As observed in Fig. 1, our data show that the spring peaks of Pb occur in phase with the
peaks of the dust-derived elements (Al and nss-Ca®"). The Pb concentrations exhibited strong
positive relationships with dust-derived elements with Pearson’s correlation coefficients of
0.909 and 0.847 for Al and nss-Ca’*, respectively, which were very significant at p < 0.01 (SI
Table 2). This suggests that Pb and crustal particles were transported and deposited in the
EGRIP snow in a similar manner. Interestingly, a strong Pearson’s correlation coefficient
(0.869 at p < 0.01) was observed for Pb and nss-SO42 in the snow, excluding the nss-S04>
peaks in the Holuhraun volcanic layers at the 85—-115 cm depth interval, whereas there was
only a weak correlation using all samples (0.334 at p < 0.05) (SI Table 2). Despite the
overlapping Holuhraun volcanic deposition of nssSO4>", the nss-SO4> profile shows that nss-

SO+” maxima generally occur in the winter to spring layers (Fig. 1). which is consistent with
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270

previous Greenland nss-SOs> snow records (Dibb et al., 1996; Kuramoto et al., 2011; Kang
et al., 2015). The relationships between nss-SOs” and dust-derived elements were very
significant (0.789 for Al and 0.706 for nss-Ca’>* at p < 0.01) without Holuhraun volcanic
layers and not using all samples (SI Table 2), supporting the nss-SOs* maxima associated
with the dust episodes. This situation suggests that the seasonal trend in Pb deposition at the
EGRIP site is strongly influenced by Arctic Haze, an accumulation of a varying mixture of
crustal and anthropogenic species, including nss-SO4” and trace metals, transported from

mid-latitude source regions during winter and spring (Quinn et al., 2007).

Lastly, the Pb isotope ratios for all samples varied between 1.136 and 1.159 for
206pb/2"Ph and between 2.401 and 2.436 for ***Pb/"’Ph, with no systematic tendency in
seasonal variations (Table 1). The average values are 1.147 £ 0.005 for 206ph/2Ph and 2.420
+ 0.008 for **®Pb/”""Pb and remained unchanged when removing the Holuhraun volcanic
layers (Table 1). These isotope ratios are apparently less radiogenic than the natural Holocene
values of 1.196 + 0.011 and 2.465 £ 0.011 for ***Pb/*"Pb and ***Pb/*""Pb, respectively (Han
et al., 2018), suggesting that the Pb deposited at the site is mostly of anthropogenic origin

(see the next section),

3.3, Estimates of natural and anthropogenic contributions

To estimate the relative magnitudes of natural and anthropogenic contributions, we first
investigated the potential contributions of the main natural sources, such as rock and soil dust,

sea salt spray, wild forest fires, and volcanic emissions (Nriagu, 1989).
The crustal dust contribution was calculated using the Al concentrations measured in
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each sample and the mean Pb/Al ratio (0.00022) in the upper continental crust (Wedepohl,
1995). The estimated crustal contribution was insignificant for all samples, accounting for

less than 4% of the measured Pb concentrations, with a mean value of 1.4 % 0.9% (51 Table 3).

The contribution of sea salt spray was evaluated for each sample from the ss-Na®
concentrations in the sample and the Pb/Na mass ratio (4.452 x 10'%) in Atlantic surface
waters (Bridgestock et al., 2016), combined with the tentative enrichment (x100) for Pb in
sea-derived aerosols relative to seawater when the marine aerosol is formed by a bubble
bursting through the sea-surface microlayer (Barbante et al., 2003). The estimated
contributions from sea salt spray were negligible (less than 0.01% of the measured Pb

concentrations) (SI Table 3).

The contribution from wild forest fires cannot be estimated from our data because no
data, such as black carbon and organic compounds, which are boreal forest fire proxies
(Thomas et al., 2017; Kang et al., 2021), were available in our samples. An alternative
estimate is to use the enhanced NH4" concentrations in summer snow layers that originate
from biomass burning (Kang et al., 2021; Nakamura et al., 2021). As seen in SI Fig. 2, the
concentration of NH4* showed repeated summer peaks at depth intervals of 0-5, 35-40. 85-
90, 115-120, and 165-170 cm. Among these peaks, a corresponding increase in Pb
concentration was observed at 35-40 cm, whereas this association between NH4™ and Pb was
not found at the depth intervals of 115-120 and 165-170 cm. The most striking peaks of
NHs" and Pb at 85-90 cm occurred in the Holuhraun volcanic layer, making it difficult to
assign the NH4" peak as a forest fire marker (see the next section). Previous studies observed
that the enrichment of Pb concentrations was not recorded in the well-identified Greenland

snow layers with strong fingerprints of a biomass-burning plume associated with a forest fire
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event on August 5, 1994, in Canada (Dibb et al., 1996; Barbante et al., 2003). Taken together,
it is likely that this contribution is not substantially important for Pb input to snow layers with

high summer NH4* concentrations.

Finally, we investigated the possible perturbation of the Ph content by volcanogenic Pb
corresponding to an identified 2014-2015 Holuhraun eruption signal in the 85—115 cm depth
interval (Fig. 1). As seen in Fig. 1, the profile of Pb does not show enhanced concentration
values as a function of the nss-SO4% level, particularly in the depth interval between 95 and
115 cm where nss-SO.> concentration peaks at ~470 ng g ', The peak value (29.2 pg g') of
Pb at 85-90 cm is coherently associated with volcanic gas-derived F~ and nss-SO4> peaks (SI
Fig. 2), which may represent the deposition of these ions by volcanic emissions from the
Holuhraun eruption (Du et al., 2019b). However, these peaks, which coincided with the most
striking peaks of both NHs" and nss-K* (SI Fig. 2), were also explained by signals arising
from an intense biomass-burning event (Nakazawa et al., 2021). This suggests that the
sources of NHy" and Pb explaining the concentration peaks at 85-90 cm are unclear.
Moreover, seasonal inputs of Pb could be superimposed on the Pb peak at 85-90 cm in the
spring layer of 2015, as described previously. Given these points, we could not confirm the
presence of a strong volcanic Pb fallout resulting from the Holuhraun eruption. This feature is
inconsistent with a previous study that reported highly enriched Pb in Greenland ice

associated with the 1783-1784 eruption of the Laki volcano in Iceland (Hong et al., 1996).

To quantitatively estimate the Pb fallout from the Holuhraun eruption, we calculated the
volcanic nss-SO4> associated with this eruption by subtracting the background nss-SO4>
value (43.7 ng ¢!, mean concentration after excluding nss-SO4> in the 85-115 em depth

interval). The contribution of the Holuhraun volcanic emissions was then roughly estimated
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from the calculated volcanic nss-SO4* concentrations and the mean Pb/S ratio (0.0655)
available for the volcanic plume from the 2014-2015 Holuhraun eruption (Gauthier et al.,
2016). The volcanic Pb so calculated was 3.2 to 9.1 pg g”! with a mean value of 5.2 £ 1.9 pg
¢!, and the corresponding contribution accounts for an average of 44 + 23% of the measured
Pb concentrations (SI Table 3). This contribution appears to increase from 13% at 85-90 cm
to 79% at 100-105 cm (SI Table 3), emphasizing the importance of volcanic Pb fallout from
the Holuhraun eruption, particularly in snow layers that exhibit extremely high nss-SO4>

concentrations.

Altogether, natural contributions seem to account for only a small part of the measured
concentrations of Pb in individual samples, except for the 85—115 cm depth interval, where

the contribution from the Holuhraun eruption is important for Pb input.

We now consider the anthropogenic contributions affecting the concentrations of Pb in
snow samples. To evaluate the degree to which Pb is attributed to anthropogenic inputs, we
calculated the crustal enrichment factor (EF) using Al as a reference element for the rock and
soil dust. The EF was calculated as follows: EF = (Pb/Al)snow/(Pb/Al) crus, Where (Pb/ADgow
and /(Pb/Al)ca refer to the concentration ratios of Pb to Al in the snow and mean upper
continental crust given by Wedepohl (1995). EF values less than 10 suggest that rock and soil
dust is the dominant source of Pb, whereas EF values greater than 10 indicate a primary
contribution from anthropogenic sources. As shown in Fig. 1 and Table 1, the EF values were
highly variable between 25 and 326, showing generally higher EF levels during winter and
summer than during different seasons. After excluding individual EF values associated with
the Holuhraun eruption, the average EF larger than 100 (107 £+ 64), which remains unchanged

when all samples are considered, suggests that Pb was almost completely derived from
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anthropogenic sources, which is consistent with aforementioned Pb isotopic signatures with

less radiogenic ratios reflecting the importance of anthropogenic Pb contributions.

3.4. Comparison with Pb concentrations observed from previous studies

Fig. 2 shows the changes in Pb concentrations during 1981-2017, combining data
from this study with previous reliable data obtained from Greenland snow samples. The
profile is characterized by a pronounced decline in Pb concentrations during 1980s and then a
relatively low average (median) concentration of 17.3 (10.5) pg g' from 1991 to 1995.
Previous studies have suggested that this decline is linked to the phase-out of leaded gasoline,
particularly in the USA, as evidenced by Pb isotopic signatures in central Greenland snow
(Rosman et al., 1993, 1994; Sherrell et al., 2000), although the isotopic data in a series of
snow samples collected at Dye 3 in southern Greenland indicated significant seasonal
changes in the provenance, with the dominance of sources from the U.S.A. in autumn and

winter and from Eurasia in spring to summer (Rosman et al., 1998).

Subsequently, no decreasing trend in Pb concentration was observed in the NEEM snow-
pit samples between 2003 and 2009 (Fig. 2). Instead, despite the large sub-seasonal
variability in concentration, the average (median) concentration of 21.6 (12.2) pg g”! during
this period increased by 25% (16%) compared to the mean (median) value of 17.3 (10.5) pg
g ! during 1991 to 1995 in the Summit area (Barbante et al., 2003). Since the concentration
levels are expected to be lower with higher snow accumulation rates, this difference may not
be attributable to the difference in snow accumulation because of the very similar mean
annual snow accumulation rates (~23 g em 2 yr!) at the two sites (Barbante et al., 2003; Kjer

et al., 2022). Alternatively, this is likely due. in part, to the different sources and/or input
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mechanisms of Pb-containing aerosols to different geographical locations in Greenland
(Sherrell et al., 2000; Kang et al., 2017). However, well-established time-dependent
variations in Pb isotopic compositions indicate that a higher average Pb concentration in the
2000s could be the result of an increased relative contribution, especially from China (Bory et
al., 2014; Kang et al., 2017), emerging as the largest contributor of atmospheric Pb emissions
worldwide owing to its rapid economic growth and industrialization over the past few

decades (Pacyna and Pacyna, 2001; Li et al., 2012; Tian et al., 2015).

In Fig. 2, the concentrations show a significant decrease between 2003-2009 and 2012-
2017, reaching a mean (median) value of 10.6 (8.17) pg g“. two (~1.5) times lower than the
average (median) concentration in the 2000s. This decline cannot be explained by differences
in snow accumulation because the mean snow accumulation rate (13.6 g cm™ yr'') at the
EGRIP site is much lower than that at the NEEM site (Kj®r et al., 2022). Interestingly, the
average Pb concentration level in the 2010s appears to be very similar to that in the mid-18th
century, that is, the time of the Industrial Revolution, as observed from different sites in
Greenland (Murozumi et al., 1969; Candelone et al., 1995; McConnell et al., 2008). Based
only on the discontinuous time series observed from different sampling sites, it would be
difficult to characterize the possible causes affecting the substantial decrease in Pb
concentrations from the 2000s onwards. In the next section, we examine the characteristics of
Pb isotopic compositions in two time-series of the years 2003-2009 and 2012-2017 to
understand the changes that could have been made to the recent declining deposition of Pb in

central Greenland.

3.5. Relative source contribution analysis using a Pb mixing model
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Fig. 3 shows the isotopic characteristics of a three-isotope plot (**Pb/"'Pb vs.
28pb/27Ph) of the distinctive Pb isotopic fingerprints of airborne particles available for major
source regions that have the potential to contribute anthropogenic Pb inputs to Greenland.
The 2*Pb/”*’Pb and 2°*Pb/*"’Pb values in the aerosols were significantly lower in Europe and
Russia than in the USA and China, respectively. Higher 2*°Pb/*"’Pb ratios were observed in

the USA.

To explore the post-2000 changes in the source regions responsible for the decreasing
anthropogenic Pb inputs. we compared the isotopic data of the NEEM and EGRIP snow
samples spanning two different periods: 2003-2009 and 2012-2017. As shown in Fig. 3, an
interesting shift was observed in the overview of the changes in the ratios over time. The
isotopic compositions observed in the EGRIP snow samples displayed systematically less
radiogenic (lower) 2°°Pb/”"’Pb and 2**Pb/*"'Pb signatures compared to the data previously
reported for the NEEM samples. The tendency of the isotopic compositions moving toward
lower values probably reflects the increasing influence of less radiogenic Pb of anthropogenic
origin from Europe and Russia, coupled with reduced contributions from the USA and China,

which have more radiogenic values.

We quantitatively estimated the relative contributions of each major source to Pb content
in the NEEM and EGRIP snow samples using a mixing isotope model. Using the Pb isotopic
compositions of aerosols from the individual major source regions (Europe/Russia, the USA,
and China), we calculated the proportional contribution to Pb in Greenland snow using the

following equations:
(2{]6Pb/ E{J?Pb)_\- =fl {’IE}GPI.-}/ E{ITPb)I + fE(EUth/ IU?Pb)l +f1(2t}6pb/ 2{]7'13_&’}3 ( 1)

(lt}RPb/ JU?PIJ)_V =_f1(1m_Pb/ 2{]7Pb)l +f-2(3UEPb/ 1(!?th +f_‘;(m$Pb/ EﬂTth (2)
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h+h+fi=1 ()

where s indicates the measured isotope ratio in the sample, (*"°Pb/ 2Y"Pb),. (*"Pb/ ' Pb),,
and (C"°Pb/ *Pb); are the isotope ratio of the three end-members (i.e., the USA,
Europe/Russia and China) and fi. f2, and f; are the fractional contribution of the
corresponding source to the Pb ratio with fi +f2 + f3 = 1. The relative contributions of the
individual potential sources were estimated using a Monte Carlo inversion approach
consisting of two steps (Han et al., 2018; Lee et al., 2022). First, the isotopic composition of
each potential source was randomly selected within the ranges of end-member isotopic values,
and then the MATLAB genetic algorithm optimization toolbox was used to seek the best f
values in minimizing errors for solving the above equations with 1,000,000 iterations.
Samples from the 85 to 115 cm depth interval were excluded because of the possible

contribution of the Holuhraun eruption to excess inputs of Pb.

Our modeling approach shows that the average contributions of the USA, Europe/Russia
and China were 27 £+ 13%, 37 + 79%. and 36 * 13%, respectively, in the 2000s (Table 2),
during which Pb concentrations were relatively higher (Fig. 2). Note that the values obtained
in the Holuhraun volcanic layers at the 85-115 cm depth interval were excluded from the
calculation of these average contributions, although the Pb isotopic signatures corresponding
to this volcanic event were placed within the isotopic field of the ratios observed in non-
volcanic periods (Fig. 3). Subsequently, the proportions of the USA and China substantially
declined to 21 + 9% and 23 + 13%, respectively. in the 2010s, whereas the contribution of
Europe and Russia increased to an average of 56 + 13% (Table 2). Our model results
highlight a significant reduction in the Chinese contribution in recent years, which is in line

with the emergence of Europe/Russia as a more important contributor to anthropogenic Pb
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input to central Greenland during the corresponding period. This supports the trend toward

less radiogenic 2"*Pb/""Pb and ***Pb/*"Pb values in the 2010s, as shown in Fig. 3.

The relative decrease in the Chinese contribution between the 2000s and the 2010s could
be associated with the difference in atmospheric circulation conditions between the NEEM
and EGRIP sites (the distance between the two sites is ~440 km) (81 Fig. 1), which may
affect the transport pathways of anthropogenic Pb to each site from different dominant source
regions. To examine the differences in atmospheric transport patterns between the two sites,
we compared the HYSPLIT back-trajectory frequency plots at the NEEM and EGRIP sites
for winter and spring, when elevated concentrations of Pb were generally common. As shown
in S1 Fig. 3. the trajectory distributions demonstrated no significant differences between the
two sites in winter and spring, exhibiting common types of air masses originating from the
Arctic around Greenland. This feature is likely to lead to increasing anthropogenic Pb inputs
to central Greenland from winter to spring, with a strong influence of Arctic haze, which has
distinct seasonality with peak concentrations of Pb due to more frequent atmospheric
transport of pollution from mid-latitudes in Eurasia and North America to the Arctic during
this period (Barbante et al., 2003; Quinn et al., 2007; Bazzano et al., 2016). Accordingly, the
results indicate that changes in the relative contributions of major source regions between the
NEEM and EGRIP snow samples cannot be attributed to differences in atmospheric transport

patterns between the two sites.

By coupling our isotopic modeling results with the air mass back trajectory analysis, we
can infer that the decreasing anthropogenic Pb input in the 2010s may be likely due to a
significant reduction from 36 + 13% to 23 + 13% in Chinese source contribution. Previous Pb

isotope measurements in central Greenland snow suggested a growing contribution of
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Chinese Pb from the late 1990s onwards (Bory et al., 2014; Kang et al., 2017). This is most
likely associated with China’s largest contribution to global atmospheric Pb emissions due to
its rapid economic growth and urbanization over the past decades (Pacyna and Pacyna, 2001;
Lietal, 2012; Tian et al., 2015). Since leaded gasoline was phased out in 2000 in China, coal
combustion has been the primary source of Pb emissions, particularly during the heating
season (winter—spring), in line with the increasing consumption of energy (Li et al., 2012;
Tian et al., 2015). Pb emissions from coal combustion in China began to decline after 2006
because of the increasing use of wet flue gas desulfurization, and various air pollutant control
devices in coal-fired power plants became increasingly stringent after 2005 (Tian et al., 2014;
Jin et al., 2016). Consequently, Pb emissions from coal combustion in China decreased
substantially from ~1189 t in 2006 to ~705 t in 2010, accounting for a ~40% reduction
between 2006 and 2010 (Tian et al., 2014). In the following years, the amount of annual Pb
emissions in China must be reduced because the Action Plan on the Air Pollution Prevention
and Control Action was implemented in 2013, which demanded a further reduction in air
pollution emissions by 2017 relative to 2013 (Zheng et al., 2018). Given China’s emission
reduction from 2006 to 2017, it would be expected to result in a shift in the Pb isotopic
composition toward less radiogenic signatures in the EGRIP snow samples because Chinese
coal has a relatively radiogenic composition (Diaz-Somoano et al., 2009). As shown in Fig. 3,
the Pb isotopes in our samples showed substantially lower radiogenic values than those in the
NEEM samples, which is believed to be related to the decreasing Pb emissions from coal

combustion in China, supporting our hypothesis.

Interestingly, our modeling results show that the contribution of Europe and Russia

increased from 37% to 56% between the 2000s and the 2010s (Table 2), emerging as
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important sources of Pb deposition in central Greenland in recent years. Such a large increase
in the Europe/Russian contribution is likely due to a decrease in Chinese sources and in part
to reduced North American contribution, followed by a substantial reduction in the inputs of
Pb to central Greenland during the corresponding period. A recent study that characterized the
isotopic composition of atmospheric Pb reaching the Arctic (Svalbard Islands, a Norwegian
archipelago in the Arctic Ocean) over a 5-year period (2010-2014) constrained the
dominance of Eurasian sources (Bazzano et al., 2016). Consequently, it is reasonable to
suggest that decreasing anthropogenic Pb inputs in the 2010s represent a legacy of reduced

Pb emissions in China.

4. Conclusion

Our study has provided detailed records of the Pb concentration and Pb isotopes in snow
from a 1.9-m snow pit, covering a continuous 5 years from winter 2012 to summer 2017, at
the EGRIP site in northwestern Greenland. Pb concentrations were highly variable, ranging
from 1.53 to 94.9 pg ¢! (mean = 10.6 pg g', median = 8.17 pg g'), with higher levels
during winter—spring and lower levels during summer—fall. The winter-spring Pb
concentration peaks occurred in phase, with the maxima of dust-derived elements (Al and
nss-Ca’*) and anthropogenic species (nss-SO4>). This suggests that input mechanisms of Pb
to the EGRIP site in association with the air masses of well-mixed Arctic Haze in winter and
spring contribute to enhanced concentrations of these chemical species in snow over the
Greenland ice sheet. Interestingly, well-defined peaks of Pb were not found in the snow
layers corresponding to the 2014-2015 Holuhraun volcanic eruption (Iceland), reflecting no

significant impact of the large fissure eruption at Holuhraun on the fallout of Pb at the site.
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Comparing our results with previous data, it is shown that the average Pb concentration
decreased by ~50 % from 21.6 pg g™ in the 2000s to 10.6 pg g" in the 2010s, reaching an
average level in the mid-18th century, which is the time of the Industrial Revolution. Despite
a recent decline in the inputs of Pb to central Greenland, very high EF values, varying from
25 to 326 (mean value of 107) in the non-volcanic snow layers, suggest that anthropogenic Pb

almost completely overwhelmed natural Pb sources.

The Pb isotope ratios varied between 1.136 and 1.159 for **°Pb/*"’Pb, and between 2.401
and 2.436 for “*Pb/"’Pb, with no systematic seasonal variations. The *“Pb/"’Pb and
208ph/2"Ph values in our samples were characterized by a substantial shift toward less
radiogenic signatures compared to those during 2003-2009. To infer the potential causes of
this shift in Pb isotopic signatures, we roughly estimated the relative magnitudes of Pb
contributions from Europe/Russia, the USA, and China using a mixing isotope model. Our
modeling approach shows that the average contributions of the USA, Europe/Russia, and
China were 27 + 13%, 37 £ 7%, and 36 £+ 13%, respectively, in the 2000s. For comparison,
the proportions of the USA and China substantially declined to 21 + 9% and 23 + 13%,
respectively, in the 2010s, while the contribution of Europe/Russia increased to an average of
56 £ 13%. These results highlight the decreasing contribution of China, which is the world’s
largest emitter of anthropogenic Pb, particularly from coal combustion. This decline was
most likely associated with a series of emission control measures in China to strengthen
efforts to improve its air quality. Thus, we hypothesized that the reduction in Pb pollution in
central Greenland is a consequence of decreasing Chinese source contribution and in part due
to a decline in North American contribution. Further investigations of the occurrence of Pb

concentrations and isotopic compositions in more recent Greenland snow are required to
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confirm our hypothesis.
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714

715 Table 1. A statistical summary of nss-S042, Al and Pb concentrations, enrichment factors
716 (EF) for Pb, and Pb isotope ratios determined in the EGRIP snow samples. The dataset was
717 divided into two groups: all samples with concentrations and non-volcanic samples without
718  concentrations in the Holuhraun volcanic layers at the 85-115 em depth interval (see text).
719  The number of samples is given in parentheses.

720
nss-SO+> Al Pb Pb isotope ratio
EF
(I-i-g L]} (pg gl) E{Jf\PbeEﬂ?Pb ?,UKPb‘;_’UTPb
All samples (n = 38)
Min 10.6 33 1.53 25 1.136 2.401
Max 469 5471 94.9 326 1.159 2.436
Mean 81.8 705 10.6 106 1.147 2.420
Median 40.6 346 8.17 106 1.148 2.422
sD* 101 1008 15.1 61 0.005 0.008
Non-volecanic samples (n = 32)
Min 10.6 33 1.53 25 1.136 2.401
Max 186 5471 94.9 326 1.153 2.430
Mean 43.7 661 9.9 107 1.147 2.419
Median 38.1 346 5.87 106 1.148 2.422
SD? 34.1 1042 16.1 64 0.005 0.008
721 * Standard deviation
722
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723
724
725
726

727

Table 2. The estimated magnitudes (mean + SD in %) of the relative contributions of
individual potential source regions between the EGRIP and NEEM snow samples using a
mixing isotopic model (see text). Note that estimates for the EGRIP samples were obtained
after excluding values in the Holuhraun volcanic layers at the 85-115 cm depth interval.

Site (time period) USA Europe/Russia China

EGRIP (2012-2017) 21+9 56+13 23+13

NEEM (2003-2009) 27+13 37+7 36+13
32

_65_



728  Figure 1. Vertical profiles of stable water isotopes (6150). concentrations of ionic species, Al and Pb, enrichment factors (EF) for Pb, and Pb
729  isotope ratios in the EGRIP snow pit. The yellow shaded lines denote the Holuhraun voleanic eruption period.
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733
734
735
736

737

738

Figure 2. Changes in Pb concentrations in central Greenland snow over the last 40 years. Data are from Sherrell et al. (2000) for 1981-1990 at
the ATM site (~30 km southwest of the GISP2 camp), Barbante et al. (2003) for 1991-1995 at Summit, Kang et al. (2017) for 2003-2009 at
the NEEM site, and present results for 2012-2017. The solid lines and values represent the mean (and median, in parentheses) Pb
concentrations during specific time periods.
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745

Figure 3. Pb isotopic compositions (**Pb/*"Ph versus "*Pb/""’Pb) in snow from the EGRIP
snow pit (red circles) and the NEEM snow pit (yellow circles) (Kang et al., 2017). Also
shown are Pb isotopic compositions in aerosols collected in the USA, Europe/Russia, and
China from the literature (Bollhdfer and Rosman, 2001, 2002; Zheng et al., 2004; Wang et al.,
2006; Lee et al., 2007; Zhu et al., 2010; Wang et al., 2017; Xu et al., 2017). The isotopic
signatures in the Holuhraun volcanic eruption period are shown in the light blue circles.
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3 3.1 .2 Instrumental conditions and measurement parameters for the ICP-SFMS and the desolvation system

Element2-Apex 2Q

Sampler/skimmer cones
Sample injector
Spray chamber

Nebulizer

Ni sampler/skimmer cone (X type)
Sapphire injector
PFA Teflon/Cyclonic spray chamber

PFA microflow nebulizer (100 pL-min™)

RF Power (w)
Gas flow rates
ICP-SFMS
Cool (L min™)
Auxiliary argon (L min™)
Sample argon flow (L min™)
Apex_2Q
Nitrogen flow (mL min™)
Rinse out time (s)
Take-up time (s)

1250

16.00
0.6-0.7
0.8-0.9

15-16
30
30

Low (m/Am) ~ 300

Resolution medium (m/Am) ~ 4000
High (m/Am) ~ 10000
Oxide rate U238016/U238 < ~ 2.0 %

Runs and Passes

Isotopes

Calibration

3x3

27A1, 47Ti, 51V, SZCr, 55Mn, 56F6’59C0, 63Cu,
Sozn, As, ¥Rb, $Sr, 2y, *Mo, 'Cd,
IZISb’ 137Bg, 139La, 140Ce, 4lpy 146N, 4TS,
151Eu, 157Gd, 159Tb, 163Dy’ 165Ho, 166Er’
19Tm, 172yb, 5Ly, 25T, 28pb 2Bi, 22Th,
2385

Multi-elemental with Rh as internal standard

*Optimized daily to obtain a maximal intensity (~2.0x10° cps for 100 ng L indium solution)
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¥ 3.1.3 Analytical result (pg g ') of certified reference material SLRS-62 and SPS-SW1P

Recovery Recovery
Element This study Certified Element This study Certified
percentage percentage
. 33800 + . 2027 +
Al 33133 + 2222 o 98 Ce 317.8 + 263 % 109
Ti* 4873 + 42.6 525 + 82 93 P 573 + 45 501 + 19 97
v 3612 + 214 351 £ 6 103 Nd* 255+ 224 | 2278 + 94 99
o 238.1 + 26.5 252 + 12 94 Sm’® 389 + 25 395+ 1.7 99
Mn® | 21894 + 1344 | 2120 = 100 103 Eu' 8.0 + 0.9 73 + 035 11
Fe* 80716 = 4655 iy 9% Gd* 344 + 34 316 + 25 109
Co* 502 + 44 53+ 12 95 Tb* 39+ 05 41 + 027 97
cu* 24560 + 1497 B 103 Dy’ 228 + 22 219 + 1.1 104
Zn* 1830 + 229 | 1760 + 120 104 Ho 44 £ 06 43 03 103
As® 579.1 + 34.6 570 + 80 102 EF 121+ 12 124 + 07 97
Rb* 15543 = 950 | 1410 = 50 110 Tm' 18 + 02 18 + 018 99
sr* 42497 = 2015 40060 = 105 Yb* 108 + 1.6 112 + 0.7 96
Y 1332 + 7.3 128 = 6 104 L' 19 + 02 19 + 023 101
Mo* 2027 + 244 215 £ 18 94 " 78 + 12 85 + 29 91
cd 4847 + 308 500 + 10 97 Pb* 160.6 + 19.5 170 = 26 94
Sb* 3322+ 162 | 3372 + 58 99 Bi* 15+ 02 13+ 03 107
Ba® 13769 + 1465 las = 9% T 242 + 23 2+ 177 110
La® 2473 + 162 283+ 100 g 773 £ 55 69.8 £ 34 11
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Origin of the 1458/59 CE volcanic eruption
revealed through analysis of glass shards
in the firn core from Antarctic Vostok

station
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Seokhyun Ro'*%, Soon Do Hur?®, Alexey Ekaykin ®3*, Yeongcheol Han ®2, Chul-Un Ro®%,
Sang-Bum Hong?, Mi Jung Lee?, Chaewon Chang?, Seungmi Lee?, Jangil Moon?, Hyejin Jung?,
Arina Veres @3, Ahhyung Lee'” & Sungmin Hong ®* -

The 1458/59 CE volcanic event, among the largest in the last millennium, is primarily attributed to the
Kuwae volcano in Vanuatu. However, a recent study suggests the Reclus volcano in southern
Patagonia, Chile, as an alternative source. Here, we assess the hypothesis by examining unpolished,
micron-sized glass shards from the 1458/59 CE cryptotephra in the Antarctic Vostok Station fim core.
Results reveal a bimodal composition of dacitic and rhyolitic shards, linked to Kuwae and Reclus,
respectively. Antarctic ice core records also exhibit a two-stage pattern of ash deposition: coarse ash
from nearby volcanoes followed by finer ash transported over long distances, implying concurrent
eruptions. Nevertheless, discrepancies in composition between observed rhyolitic shards and
existing Reclus data, combined with no recorded Reclus activity in the 1450 s, suggests the possibility
of an undocumented extratropical rhyolitic source. This study underscores the value of glass shard

analysis in identifying the origins of volcanic eruptions.

Large volcanic eruptions inject large amounts of sulfur-rich gases, mainly
sulfur dioxide (SO,), into the stratosphere, which are converted to sulfate
aerosols (H,50,) by oxidation, eventually causing an interannual to decadal
cooling effect on the hemispheric and global dimate by reducing incoming
solar radiation’ . Several studies have attempted to understand the climate
response to stratospheric volcanic eruptions by reconstructing compre-
hensive records of large volcanic eruptions and the associated short-term
climate variability using high-resolution analyses of bipolar volcanic sulfate
signals simultaneously recorded in Greenland and Antarctic ice cores
Despite these advances, exact dating and source identification of each vol-
canic event are essential because estimates of the volcanic-induced cooling
effect can vary according to various factors, such as the timing and location
of the eruption" ",

The 14505 was one of the coldest decades in the Northern Hemisphere
during the Common Era (CE), likely due to the cooling effect induced by a
large explosive volcanic eruption during the corresponding period ™", This

volcanic event was initially considered to be associated with a large strato-
spheric eruption of the submarine caldera of Kuwae, Vanuatu (16.83 °S,
168.54 °E) at 1452/53 CE, based on matching bipolar volcanic acidity and
sulfate peaks that were dated to 1452/53 CE in an array of Greenland and
Antarctic ice cores”. However, subsequent studies utilizing well-
constrained chronologies and highly resolved volcanic sulfate records
from multiple Greenland and Antarctic ice cores have revised the date of the
Kuwae eruption signal from 1452/53 CE to 1458/59 CE™~ '

Despite these promising results, there are still remaining questions
regarding the precise dating and validation of Kuwae eruption signals
derived from ice core records. These uncertainties arise primarily from the
fact that Greenland ice core records display two prominent sulfate peaks in
the 1450s, with a relatively small volcanic signal at 1452/53 CE and a larger
peak at 1458/59 CE™. In contrast, the Antarctic ice core records show only
one dominant sulfate peak during the corresponding period™ . Tree-ring-
based reconstructions of Northern Hemisphere summer temperatures
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Fig. 1 | A map showing the location of two possible source volcanoes of Kuwae
(red triangle) in Vanuatu, in the tropical Pacific, and Reclus (green triangle),
located in the Southern Patagonian Ice Field, Chile (see text). Also shown are the
locations of the VK22 (Vostok; black circle), SPC14 (South Pole; blue circle), and
WDCO6A (WAIS Divide; purple circle) ice core sites mentioned in the text. Basemap
from Google Earth Pro (version 7.3.6). Map data: © 2024 Google; Data S10, NOAA,
U.S. Navy, NGA, GEBCO; imagery: Landsat/Copernicus, US Geological Survey,
PGC/NASA. Modified and annotated by the authors.

revealed a strong cooling event in 1453 CE, suggesting an association
between the corresponding climatic anomaly and a mid-fifteenth-century
volcaniceruption' . However, according to sulfur isotopic signatures from
the Greenland and Antarctic ice cores, the 1452/53 CE and 1458/59 CE
volcanic signals were attributed to a Northern Hemisphere extratropical
eruption and a large tropical eruption in the Southern Hemisphere,
respectively’, confirming a large stratospheric sulfate injection in 1458/59
CE, which may have originated from the Kuwae eruption”,

Hartman et al”* examined the geochemical properties of glass shards
from a cryptotephra sampled from the South Pole Ice Core (SPC14) at
1458/59 CE. They found rhyolitic glass particles of a diameter of up to 50
um that differed markedly from the dacitic compaositions of the Kuwae
eruption” "', but closely matched those of the Reclus eruption (50.96 °S,
73.59 *W), a volcano located in the Southern Patagonian Ice Field,
Chile™". Consequently, ref. 24 proposed the Reclus volcano as the
candidate source voleano for the 1458/59 CE large sulfate signal in
Antarctic ice cores, resulting from the advection of volcanic plumes from
the eruption of the Reclus volcano over Antarctica via the troposphere.
The suggested tropospheric pathway contrasts with the extensive and
enduring deposition of volcanic sulfate™ and sulfur isotopic signatures
that constrained the 1458/59 CE stratospheric volcanic event™. As a
result, the precise source volcano responsible for the 1458/59 CE bipolar
sulfate anomaly remains uncertain.

The traditional method for source discrimination of volcanic glass
shards trapped in ice relies on geochemical characterization using electron
probe X-ray microanalysis with wavelength dispersive spectrometry
(EPMA-WDS) and scanning electron microscopy coupled with energy
dispersive X-ray spectrometry (SEM-EDX) . These techniques, however,
face challenges in accurately identifying the potential source of non-visible
volcanic ash, also known as cryptotephra (typically less than 125 pm in
diameter), in the ice-core layers because of the difficulties in obtaining
robust composition data for fine particles with conventional analytical

methods. For example, EPMA-WDS provides accurate and precise geo-
chemical quantification; however, it is challenging to determine the abun-
dance of elements in small particles because of beam size constraints
(typically ~5-20 um in routine practice). In contrast, SEM-EDX analysis
can determine the geochemical composition of small particles using a sub-
micrometer probe diameter (<1 pm), but offers less precise compositional
quantification owing to matrix and geometric effects. Both methods also
require completely flat, polished glass shards for effective geochemical
quantification”", which is labor-intensive and challenging for sparse and
fine-grained cryptotephra samples. To address these issues, previous studies
have developed optimal protocols such as EPMA-WDS methods for
measuring a beam size as small as 3 ym™ and for determining the beam
overlap integral when the beam size from 3 to 20 pm is larger than those in
the polished glass areas, exhibiting beams partially overlapping onto the
mounting substrates™ . In addition, a method involving the light polishing
procedure (<5 min) using 0.25-1 pm grades has been developed for the
mounting and analysis of small glass shards’™*". However, when polished
glass shards are insufficient in population, irregular in shape, or very small in
size, these optimized analytical approaches become impractical. In such
cases, SEM-EDX analysis of unpolished shards is the final available option;
however, there are still challenges related to the accuracy and precision of
compositional quantification.

In this study, we analyzed the geochemical composition of unpolished,
micron-sized volcanic glass shards extracted from a shallow firn core
{referred to as the VK22 core) drilled near Russia’s Vostok Station in East
Antarctica (Fig. 1), using a quantitative SEM-EDX technique. This was
performed using a reverse Monte Carlo simulation combined with a robust
successive approximation algorithm, which can adequately account for the
matrix and geometric effects, contributing to an accurate determination of
the characteristic X-ray intensities of specific elements in unpolished glass
shards. This method allowed for the quantitative determination of crypto-
tephra’s geochemical composition, enabling us to identify potential source
volcanoes for the 1458/59 CE eruption through comparison with known
volcanic products.

Results and discussion

Geochemical properties of glass shards from the 1458/59 CE
cryptotephra

Table 1 summarizes the geochemical characteristics of the 14 velcanic
glass shards extracted from the 1458/59 CE cryptotephra layer. The data
for all measured shards are presented in Supplementary Data 1. Indivi-
dual glass particles showed a typical range of volcanic ash shapes (platy,
cuspate, and fluted)™ with very small sizes of less than 11 pm (Sup-
plementary Fig. 1).

The compositions of all glass shard particles in the sample were
characterized by a wide range of mean values in the oxide percentages of
eight major elements (Si0,, TiO,, Al O, FeO, MgO, Ca0, Na,0, and K,0},
showing a bimodal distribution in composition from dacite to rhyolite
(Table 1, Fig. 2, and Supplementary Data 1). Eight shard particles with a
mean diameter of 4.0+ 1.0 um were in the dacile composition range,
whereas the remaining six shards with a mean diameter of 4.8 + 3.0 um have
a rhyolitic composition. Variations in individual glass compositions were
observed for elements with low concentrations (e.g, TiO,, FeO, MgO, and
Ca0; see Supplementary Data 1). These variations are likely partially
attributable to the intrinsic analytical limitations of SEM-EDX and the
unpolished surface of the glass shards, thus underscoring the importance of
careful interpretation. Nevertheless, the rhyolitic shards closely overlap with
the previously reported compositions of the 1458/59 CE cryptotephra in the
SPCI14 core”, with statistical distance (D")™” and similarity coefficient
(SC)" values of 6.28 and 0.93, respectively, which are indicative of a cor-
responding source (e.g. Reclus; see Table 1, Fig. 2, and Methods). This
statistical similarity between the glass compositions of the SPC14 core
(EPMA analysis of polished shards™) and the VK22 (Monte Carlo
simulation-based SEM-EDX of unpolished shards) validates our analytical
method (see Methods).
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Table 1 | Summary of morphological and geochemical
characteristics of individual glass shards from the VK22 1458/
59 CE cryptotephra

TAS classification® Dacitic Rhyolitic
glass glass
Measured Number {n) 8 6
gz st Diameter mean+SD  40+1.0 4.8+3.0
() min-max  2.3-57 2.6-10.7
Si0 (wt%) mean = SD 65.9:1.0 74312
Mmin=rmax B4.7-67.8 73.1-76.3
TiOx (Witd6) mean + 5D 0.9:06 0.5:0.3
min-max 0.5-22 0-0.9
ALO. (wids) mean = S0 15.4+0.7 13.9£03
THA-Max 14.4-16.8 13.4-142
Fel (wtl) mean + S0 52+1.0 2007
Mmin=rmiax 3.7-6.8 0929
MgO (wid%) mean + SD 1.6:04 0.5:0.1
min-=max 1.0-21 0.3-0.6
Cal (wt) mean = 50 4.0+07 12205
MHA-max 3:1-5.0 0.7-2.0
Ma:O (with) mean + S0 4505 4707
min-max 3.9-54 3.9-56
K0 (wids) mean + S0 25+04 29:03
min-max 2.1-34 2.6-34
(1 vs Kuwae 1.09 -
vs Rabaul 241 -
vs SPC14 1458/59 CE cryptotephra - 6.28
vs Reclus - B.74
vs Pelée - B.70
vs Pinatubo - 270
sC vs Kuwae 0.96 -
vs Rabaul 0.83 -
vs SPC14 1458/58 CE cryptotephra - 0.93
vs Reclus - 0.85
vs Pelée - 0.87
vs Finatubo - 0.90

Total alkali (Na, 0 + K 0, wit%) versus silica {Si0y, wt%) (TAS) diagram from ref. 83,

Alsg shown are the values of statistical distance (07} and similarity coefficient [SC) between
geochemical signatures of the VK22 1458/58 GE cryptotephra and tephra from potential sounce
wolzanic eruptions in the 1450 5 (see text and Fig. 2 and Supplemeantary Fig. 2).

Potential (near-)simultaneous eruptions of Kuwae and an extra-
tropical volcano in 1458/59 CE

The bimodal geochemical signatures of glass shards observed in the VK22
1458/59 CE cryptotephra can be attributed to one of two possible scenarios:
(1) compositional variation from dacite to rhyolite during a single eruption™
and (2) (near-)simultaneous effects of the two types of voleanic eruptions in
different places, including Kuwae and Reclus. Considering the dating
uncertainties for the eruption, these possibilities were assessed by comparing
the glass peochemical characteristics of the 1458/59 CE VK22 cryptotephra
with those from Kuwae, Reclus, and 18 different volcanic eruptions in the
tropics (30 “N-30 °S) and the Southern Hemisphere extratropics (30 *5-90
°8) during the 1450s, which were drawn from the catalog of volcanic
eruptions of the Smithsonian Institution’s Global Volcanism Program
(https://volcano.si edu) (Fig. 2 and Supplementary Fig. 2). The geochemical
compositions of the volcanic glasses are available in the literature for 18 of
the 23 recorded eruptions, allowing a comparison of only these datasets with

the present data. When comparing these datasets, it was assumed that no
other voleanism occurred during the 1450s, apart from those of Kuwae,
Reclus, and 18 different volcanoes, and that the geochemical properties of
glass shards from the cryptotephra layer in the ice provide reliable evidence
of volcanic provenance.

As shown in Fig. 2 and Supplementary Fig. 2, individual volcanoes that
could be related to the VK22 1458/59 CE cryptotephra had distinctive
geochemical characteristics of glass shards, constraining the specific source
of the cryptotephra deposits. Geochemical comparisons indicated that ne
single volcano could account for the broad compositional range observed,
thereby ruling out the first possibility. The dacitic compaosition of glass
shards in the VK22 1458/59 CE cryptotephra is comparable to the Kuwae
and Rabaul (4.27 °8, 15220 °E, Papua New Guinea; eruption at 1450 £ 150
CE; unknown Volcanic Explosivity Index, VEI; see Supplementary Data 2)
fields, with the statistical significances of the respective D* values of 1.09 and
2.41 and the respective SCs of 0.96 and 0.93 (Table 1). The rhyolitic com-
positions are close to the compositional fields of Reclus, Mount Pelée (14.82
°N, 61.17 “W, the French Caribbean Island of Martinique; eruption at
1460 + 20 CE; unknown VEI), and Pinatubo (15.14 °N, 12035 °E, Phi-
lippines; eruption at 1450 + 50 CE; VEI 5; see Supplementary Data 2), with
the respective D" values of 17.3, 6.70, and 2.70 and the respective SCs of 0.85,
0.87, and 0.90 (Table 1).

Despite the similarities in geochemical signatures and eruption
chronologies, the magnitude and associated plume height of candidate
volcanoes are crucial parameters for assessing the potential of volcanic ash to
reach Antarctica and, consequently, to validate the source volcanoes™ ",
However, as detailed information on past eruption magnitudes remains
limited (see above), we examined the geographical and volecanological fea-
tures of individual volcanoes. For example, although Kuwae and Rabaul are
both located in the tropics, Kuwae is classified as a stratovolcano, which
typically ejects substantial quantities of sulfate and ash into the
stratosphere”. In contrast, Rabaul is a shield volcano, characterized by
small- to moderate-sized ignimbrite-forming eruptions, whose ejecta dis-
persal is mostly confined to local areas™. This suggests that Kuwae was the
most likely source of the dacitic shards identified in the sample. Reclus,
Pelée, and Pinatubo are all stratoveleanoes and can also be potential
sources of shards with uniform rhyolitic compositions. Although Reclus is
located in the Southern Hemisphere extratropics, the other two volcanoes
arelocated in the tropics. Given the presence of large rhyolitic shard particles
(up to 50 micrometers) in the SPC14 1458/59 CE cryptotephra sample ™ and
the slightly larger size of rhyolite compared to dacitic shards in this study (as
shown in Table 1), it seems improbable that the source is a distant volcano.
This observation aligns with the hypothesis of a southern high-latitude
origin, and among the known candidates, Reclus has been put forth™.
Despite that, no known eruptions from Reclus have been documented in the
14505 ", and the VK22 and SPC14 rhyolitic glasses show compositional
differences from published Reclus glass {e.g., ~3 wt% lower 50, and higher
FeO and MgO), making a unique connection less likely. This raises the
possibility that the rhyolitic shards originated from a different, yet undo-
cumented, source in high-latitude Southern Hemisphere regions such as
(sub-} Antarctica, South America, southern Africa, and New Zealand. As of
now, the existing data do not suffice to conclusively assign the rhyolitic
component to a specific volcano (Fig. 2 and Supplementary Fig. 2). Con-
sequently, further investigations are required to substantiate this hypothesis.

Compared to the wide range of sizes (~5 to 50 pm) of rhyolitic glass
particles in the SPC14 core, the rhyolitic glass shards from the VK22 core
sample were smaller than 11 pm (Table 1). The variation in size between the
two sites may be attributed to differing atmospheric transport efficiencies for
tephra particles originating from a southern high-latitude source region, as
these particles traverse to their respective destinations. This is evidenced by
the size distribution of dust in different areas of East Antarctica, which
shows that a larger proportion of the coarser dust fractions is related 1o
atmospheric pathways subjected to short and relatively low-altitude tra-
jectories in the mid-tropesphere”™. For example, trajectory modeling
showed that dust originating from Patagonia, southernmost South America,
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W VK22 1458/59 CE dacitic shard
B VK22 1458/59 CErhyolitic shard
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Fig. 2 | Biplots for geochemical compositions (wt%) of glass shards from the
1458/59 CE cryptotephra in the VK22 core (dacitic: red box, rhyolitic: green box;
this study) and SPCI4™ (gold triangle) core and volcanic glass materials from
Kuwae, Reclus, and three different volcanic eruptions (i.e., Rabaul, Pelée, and
Pinatubo) that occurred in the tropics (30°N-30 “8) and the Southern Hemi-
sphere extratropics (30 °5-90 °5) during the 1450 s (also see Supplementary
Fig. 2). All compositions (505, Ti0s, ALOs, Fed, MgO, Ca0), Na,0O, and K0} were
normalized to a sum of 100 wt%. Error bars represent the range within £1 standard
deviation (SD) of the mean obtained from repeat measurements of reference
materials. The geochemical data used here are listed in Supplementary Data 1, 2.

appears to be transported more quickly and effectively to the South Pole
than to Vostok”, supporting the above speculation.

Overall, the bimodal compesition of glass shards observed in the VK22
1458/50 CE cryptotephra most likely arises from the (near-)simultaneous
deposition of cryptotephras originating from both the Kuwae and a
southern high-latitude eruption, which are geochemically distingnishable
from each other.

Antarctic ice core perspectives on (near-)simultaneous Kuwae
and extratropical volcanic eruptions

SO, injected into the stratosphere after large volcanic eruptions from high to
low latitudes in both hemispheres can persist for several years, inducing a
global distribution of sulfate aerosols and resulting in the presence of distinct
sulfate peaks lasting a few years in both Greenland and Antarctic ice
cores™ ", However, the volcanic ash released into the troposphere is

transported quickly by wind to distant locations away from the volcano and
tends to be smaller in size as the distance from the volcano increases™. This
ultimately results in tephra layers appearing in the ice prior to the major
sulfate peal™ ", with relatively larger particles from eruptions at high
latitudes than at mid- and low latitudes™. Consequently, the depositional
sequence of volcanic ash and sulfate in ice cores, combined with the particle
size distributions of cryptotephras, has the potential to constrain the source
parameters of past volcanic eruptions, including their source locations and
transport mechanisms™ . Note that such detailed investigations necessitate
high-resolution ice-core records because lower sampling resolutions ean
smooth out information about depositional sequence.

Koffman et al.”* used this approach to provide potential insights into
the relative locations of known and unknown volcanic events, including the
1458/59 CE eruption recorded in the West Antarctic Ice Sheet (WAIS)
Divide Deep Core WDCO6A, using electrolytic conductivity (a substitute
proxy for sulfate concentration) and particle concentration profiles. That
study referred to the 1458/59 CE event as a single eruption of the Kuwae
volcano and used the particle size distribution determined by calculating the
total volume of insoluble particles in 31 size bins ranging in diameter from
1.0 to 15 pm. However, the volume-based particle size mode (PSM), defined
as the most commonly occurring size, in ice at the WAIS Divide site, can be
strongly influenced by large dust particles derived from local dust sources
when the PSM is used for size distributions™. Moreover, the PSM records in
the SPCI4 ice core are available for the size range from 2.0 to 6.4 pum™.
Therefore, this study used the PSM of 2.0-6.4-pum diameter to characterize
the fine voleanic ash deposition patterns, as shown in Fig. 3.

Based on the above features, the 1458/59 CE geochemical signatures in
the VK22 core were further tested to determine whether they represent
concurrent cryptotephras from (near-)simultaneous eruptions of the
Kuwae and extratropical volcanoes, This study examined high-resolution
records of sulfur/sulfate, particle concentrations, and PSM exclusively
available from the WDCO06A and SPC14 cores among the existing Anfarctic
ice core records, spanning the specific periods of 1455-1465, 1810-1820,
1595-1605, and 1255-1265 CE. The selected times were associated with
known volcanic eruptions in 1458/59 CE (marked as an unknown location),
1815 CE (Tambora, Indonesia), 1600 CE (Huaynaputina, Peru), and 1257
CE (Samalas, Indonesia) (see Fig. 3). These volcanic events were chosen
because the latter three voleanoes are located in the tropies of the Southern
Hemisphere, which may provide another approach for evaluating the
concurrent presence of geochemically different tephra glasses from the
contemporaneous but separate eruptions observed in the VK22 1458/59 CE
cryptotephra layer.

The four different temporal sequences of individual volcanic events
exhibited distinct particle concentration peaks preceding the maxima of the
sulfate peaks by several months or even a year (Fig. 3), which could be
explained by the consistent pattern of the initial tropospheric intrusion of
volcanic particles, followed by the subsequent transport of stratospheric
sulfate aerosols over Antarctica. Interestingly, the PSM decreased in parallel
with particle concentration peak in the tephra layers from the eruptions of
Tambora (~3.5 pm in both WDCD6A and SPC14), Huaynaputina (~5 pm
in SPC14), and Samalas (~4 and ~2.5 pm in the WDCO6A and SPC14 cores,
respectively) (blue shaded boxes in Fig. 3). This feature reflects the higher
proportions of very fine volcanic ash in these layers, likely due to the lower
removal efficiency in the atmosphere, resulting in longer lifetimes for ashes
that have undergone long-range transport following such tropical voleanic
eruptions . Compared to the shifis in the PSMs associated with known
tropical volcanic eruptions, an increase in the PSM is seen in the 1458/5% CE
layers (~4.5 pm in both WDCD6A and SPC14) when the particle con-
centrations peaked (magenta shaded box in Fig. 3). Subsequently, the PSM
decreased to ~3.5 pm (WDCO06A) and ~3 um (SPC14) within the layers
where the particle concentration levels exceeded the background con-
centrations (green shaded box in Fig. 3). The characteristic pattern of
changing PSM identified in the WDCO06A and SPC14 1458/59 CE records
may be related to the initial transport of relatively coarse volcanic ash froma
source closer to Antarctica and subsequent deposition of long-distance
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Fig. 3| High-resolution records of non-sea-salt sulfur (nssS) or sulfate (nssS0," )
concentrations (red field), particle concentration (blue line), and particle mode
diameter in the range of 2.0 to 6.4 pm (black line) from WDC06A ™" (left) and
SPCI4™ (right) ice cores, spanning the periods 1455-1465 CE, 1810-1820 CE,
1595-1605 CE, and 1255-1265 CE (top to bottom) that are associated with the
unknown eruption in 1458/59 CE and well-known eruptions of Tambora (1815
CE), Huaynaputina (1600 CE), and Samalas (1257 CE), respectively. The particle
maode size and concentration lines represent the 51 and 7-point running averages for
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the WDCO6A and SPC14, respectively, resulting in approximately seasonal time
resolution records. Magenta and green shaded areas show the time intervals of
particle peak concentrations with increased particle mode size and post-particle
peak concentrations with decreased particle mode size, respectively, during the
1458/59 CE volcanic eruption period. Blue shaded areas show the occurrence of peak
concentrations of particles at each site, following massive volcanic eruptions of
Tambora, Huaynaputina, and Samalas. More details of the WDCO06A and SPC14
cores are shown in Fig. 1.

transported finer ash particles from the remote volcano (e, Kuwae). This
supports two (near-)simultaneous eruptions of the Kuwae and extratropical
volcanoes in 1458/59 CE, as indicated by the bimodal composition of glass
shards in the VK22 1458/59 CE cryptotephra (Fig. 2).

Conclusions

In this study, geochemical properties of the glass shards in the VK22 1458/59
CE cryptotephra were used to constrain the source volcano related to a
bipolar ice core record of very large eruptions during the corresponding
period. The newly obtained glass shard compositions contained a wide
range of major oxides. They are bimodal, showing two distinct compaosi-
tional ranges between dacite and rhyolite. Comparing the data with those

compiled for Kuwae, Reclus, and 18 known explosive eruptions in the 1450s,
the observed bimodal composition of glass shards indicates that cryptote-
phra deposits may have been differentially transported from the (near-)
simultaneous eruptions of tropical Kuwae (the most likely source for dacitic
shards) and Southern Hemisphere extratropical (for rhyolitic shards) vol-
canoes. Even though Reclus has been proposed as a potential source of the
rhyolitic shards, the lack of documented Reclus activity in the 14505 and the
compositional offsets from published Reclus glass collectively suggest a
greater probability of an alternative, yet undocumented, extratropical
source, necessitating further exploration. According to the reference
sequences of volcanic ash and sulfate deposition from the Antarctic ice core
records of four well-known stratospheric eruptions, a characteristic pattern
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of changing PSM in the 1458/59 CE event reveals the initial transport of
relatively coarse volcanic ash from a nearby source and the subsequent
deposition of finer ash particles transported long distances from a remote
source. This provides constraints on (near-)simultaneous eruptions of
candidate volcanoes.

Methods

Ice-core drilling and processing

In December 2021, a 30.18-m-deep VK22 firn core, ~7.5 cm in diameter,
was drilled near the Russian inland Vostok Station in Central Antarctica
(78.47 °S, 106.84 °E, 3,490 m above sea level; Fig. 1) using a light
mechanical auger™, as part of the consortium project between the
Republic of Korea and Russia. After drilling, electrical conductivity
measurements (ECM) of the entire VK22 core were performed in the
glaciological laboratory of the Vostok station at —15 "C+ 4 °C using a
1000 V DC input signal. The output signals were recorded digitally at
one-second intervals, which have a resolution of ~1.4 em from discrete
samples that correspond to 2-5 data points per year according to the core
density”. Subsequently, 40 sections, 39-65 cm in length, were cut long-
itudinally into two halves and frozen in polyethylene bags. One-half was
transported to the Korea Polar Research Institute (KOPRI) in the
Republic of Korea and stored in a cold room at —15 °C before analysis. It
should be noted that the melting of core sections between depths of 9.94
and 17.96m occurred during transportation, resulting in substantial
damage to the segments that were excluded from analysis.

Each core section at depths between 17.96 and 30.18 m was
mechanically decontaminated using a cylindrical homemade Teflon tum-
bler and ultraclean procedures at KOPRI, as described elsewhere”. These
procedures involved chiseling successive veneers of ice in progression from
the contaminated outside to the central part of each section using ultraclean
ceramic knives (Models: FKO75WH, Kyocera Advanced Ceramics, Kyoto,
Japan). All the equipment used in the decontamination process was acid-
cleaned extensively prier to use, and chiseling was performed inside a class
10 vertical laminar flow clean bench installed inside a cold room at 15 °C.
The innermost parts of each section obtained were then divided into two to
three pieces, each 6.0 to 12.5 cm long, which were recovered directly into
ultraclean 1 L wide-mouth low-density polyethylene (LDPE) bottles (Nal-
gene, Thermo Fisher Scientific, Wiesbaden, Germany). The inner core
samples were melted at room temperature, aliquoted, and frozen until
analysis.

Major ion measurements
The aliquots of the VK22 firn core samples between 17.96 and 30.18 m were
melted at room temperature. lonic species (Na™ and S0,*) were deter-
mined using Dionex (Thermo Fisher Scientific, Sunnyvale, CA, USA) ICS-
2100 and IC5-5000 with an lonPac CS12A (2 x 250 mm) analytical column,
methanesulfonic acid eluent, and a CSRS-300 suppressor for Na™ and
Dionex 1CS-2000 and [CS-5000 equipped with an lonPac ASIS
(2% 250 mm) analytical column, potassium hydroxide eluent, and an
ASRS-300 suppressor for SO, Detection limits (three times the standard
deviation (3 SD) of ten measurements of standard solutions (Cat No. P/N
046070 for Na™ and P/N 057590 for SO,*") from Dionex; 0.4 and 5 pg L7
respectively) for Na™ and $0,* are 1.2 and 0.58 pg L' for Na™ and SO,*,
respectively. Calibration was performed using the diluted standard solu-
tions. Analytical accuracy was 4.9% for Na' and 5.6% for SO, . All sample-
handling and analytical procedures were performed inside Class 10 vertical
laminar flow clean benches or clean booths installed inside Class 1000
laboratories at KOPRI. Further details regarding the analytical methods are
provided elsewhere™ ™,

In this study, the non-sea salt budget for 50, (nssSO;*") was cal-
culated using the following equation:

[nssSO7 Jsample = [SO7 Jsample™ [Na ™ Jsample x [SO;~ /Na™|seawater
(1)

where [Na™ umple and [so?- Jarnple are the measured concentrations
of total Na™ and SO, respectively in the samples. [SO3~/Na™ | ., vuer is the
SO~ /Na™ ratio (0.25 w/w) in bulk seawater”.

VK22 chronology
Considering the low snow accurmnulation at Vostok Station (225+13kgm™
yr )" and low-resolution depth intervals (an average of 9 am) of the discrete
samples taken from the VK22 firn core, the VK22 chronology was estab-
lished using simple linear interpolation based on volcanic time markers,
identified by comparing ECM and nssSO,™ records with those from a 7020~
m-deep VK16 firn core drilled in the vicinity of Vostok Station in January
2018, which provided a well-dated record of volcanic eruptions over the past
2200 years”. Volcanic signals in the VK22 core, matching the VK16 core
record, were likely associated with the eruptions of Mount Parker (1641 CE,
Philippines), Huaynaputina (1600 CE, Peru), Nevado del Ruiz (1595 CE,
Colombia), 1458/5% CE eruption, El Chichén (1345 CE, Mexico), Quilotoa
(1286 CE, Ecuador), and Samalas (1257 CE, Indonesia) at the corresponding
depth intervals of 1699-17.06m, 1847-1862m, 1874-18.89m,
23.63-23.73 m, 2729-2747 m, 29.58-29.68 m, and 30.10-30.18 m, respec-
tively. The synchronization of these volcanic markers from specific depth
intervals in the two cores provided constraints for age-depth estimates from
the 17.96 to 30.18 m depth interval for the VK22 core, corresponding to 1617
CE and 1256 CE, respectively (Supplementary Fig. 3).

We defined the dating error by successive ‘switching off’ from one age
marker to another and comparing the dates of discrete ice core sections with
and without these markers, as detailed in ref. 60. This method enabled us to
establish a simple linear relationship between the maximum dating error
and the distance to the nearest age marker, expressed as

Error = 0.1 % Distance + 3.1 (2)

Both “Error” and “Distance” are in years. The constant term (3.1) in
this equation represents the possible dating error inherent to the age mar-
kers themselves, which is attributed to their sampling resolution (an average
of 3.1 years). The calculated error ranged from 3.3 to 9.8 years, with an
average of 5.9 years.

Sample preparation for analyses of volcanic glass shards

The cryptotephra from the VK22 core were analyzed by taking two discrete
samples from the specific depth intervals of 18.47-18.62 and 23.63-23.73 m,
corresponding to the layers with cryptotephra from the 1600 CE Huayna-
putina and the 1458/59 CE eruptions, respectively. Volcanic glass shards
from the VK22 Huaynaputina eryptotephra layer were analyzed as sec-
ondary glass standards.

Aligquots of the samples were melted at room temperature, and
unpolished individual glass shards were recovered by filtering ~3 mL of the
samples through pre-cleaned gold (Au)-coated polycarbonate filters
(13 mm diameter, 0.4-pm pore size; Sterlitech Corporation, USA) using a
micropipette. After filtration, each filter was attached to an aluminum (Al)
stub. All procedures were conducted inside a Class 10 clean bench installed
in the Class 1000 clean laboratory at KOPRI. Normal polycarbonate or
carbon-coated filters are commonly used in electron microprobe analysis to
avoid spectral interference of X-ray emissions between the target and sub-
strate. However, the Au X-ray lines donot overlap with those of the elements
of interest in this study, and the Monte Carlo simulation-based method
applied to determine the chemical compositions of glass shards allows the
correction of interference effects in the layers on the substrates (see below).
Accordingly, the Au-coated polycarbonate filter used in our study has sui-
table characteristics as a substrate for the analysis of glass shards.

Quantitative SEM-EDX measurement of unpolished micron-
sized glass shards

Traditional EPMA quantification methods, such as ZAF and §(pz)-based
procedures, require perfectly flat sample surfaces and homogenous com-
positions to mitigate geometric effects, as X-rays generated by the electron
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beam have different matrix effects among particles according to morphol-
ogy. Furthermore, the side-scattering correction of the d{pz) function is
feasible only when the electron excitation volume is smaller than the par-
ticle, particularly when the average atomic number of the substrate differs
significantly from that of the particle’’. Consequently, conventional EPMA
methods have difficulty in quantifying the heterogeneous chemical com-
positions of submicron- to micron-sized particles with rough surfaces™. To
overcome these limitations, a Monte Carlo simulation-based technique was
applied to quantitative SEM-EDX chemical analyses of micron-sized glass
shards without the polishing process. This technique is based on a modified
version of the single-scattering CASINO Monte Carlo program™", which
was originally designed to simulate generated characteristic X-ray and
electron signals. The modified CASINO program enables the simulation of
clectron trajectories in particles with various morphologies on a given
substrate, effectively accounting for the excitation interactions between
electrons and matrix atoms, and the matrix and geometric effects of
electron-induced X-ray signals for chemical elements in individual particles.
This program also determines the characteristic and continuum (brems-
strahlung) background X-ray flux emitted from the underlying substrate,
and the influence of the substrate on the energy distribution of the exciting
electrons, consequently providing a correction for substrate-derived
interference ', Subsequently, a method for quantifying the elemental com-
positions of particles was developed by combining Monte Carlo simulations
with reverse successive approximations” . This quantification procedure
yielded accurate results with a relative deviation of 12% for various types of
standard particles ™" and has been successfully applied to unpolished nat-
ural desert soil, aerosol, mineral dust, and volcanic ash particles in a mul-
titude of studies over the past two decades .

Glass shard analyses were performed at Inha University in the Republic
of Korea using a JEOL JSM-6390 SEM instrument equipped with an Oxford
Link SATW ultrathin window EDX detector with a 133 €V spectral reso-
lution for Mn Ka X-rays. The operating conditions were set to an accel-
erating voltage of 10 kV, a beam current of 0.8 nA, and a measuring time of
20s to avoid the time-dependent loss of Na intensity during electron
bombardment” and to maximize data precision”’. The morphological
parameters of each shard were obtained from the secondary electron images
(SEIs) and set as the input parameters for the quantification procedure. The
X-ray spectra were recorded using Oxford INCA Energy software (INCA
suite version 4.09, Oxford Instruments Analytical Ltd., UK) and the EDX
data were acquired through 1 pm single-point analyses on grain-free surface
areas of unpolished shards to capture their intrinsic chemical compositions,
as measurements on surfaces with adhered grains can yield inaccurate
chemical results"'. The net X-ray intensities of elements were obtained using
a nonlinear least-squares method in the AXIL program™ and elemental
concentrations were determined from X-ray intensities through the Monte
Carlo simulation combined with reverse successive approximations. The
elements determined included low-Z (C, O) and major (Na, Mg, Al Si, K,
Ca, Ti, and Fe) elements, as this quantification method was originally
developed for the simultaneous quantification of low-Z and other elements
from a single X-ray spectrum’’. The elemental concentrations were pro-
vided as normalized values, summing to 100% in atomic fractions among
the determined elements, based on the assumption that all the constituent
elements were observed ™. The atomic concentrations of the major elements
were manually converted to weight percentage (wi%) concentrations,
yielding a sum of 100%. The concentrations of minor elements (Mn and P)
were not determined in this study because SEM-EDX analysis does not
usually provide accurate results for these elements, which could
ultimately lead to errors in the quantification of other oxides after
normalization”""

The quality of these analyses was verified using unpolished micron-
sized reference kaolinite particles (Cat No. 1318-74-7; Sigma-Aldrich,
Germany), reference potassium feldspar particles (Cat No. 68476-25-5;
National Institute of Standards and Technology, USA), in-house pho-
nolitic glass shards (81003 G) from Mount Erebus in Antarctica™, cer-
tified basaltic and rhyolitic glass shards (USNM 113716, VG-A99, and

VG-568) from the Smithsonian National Museum of Natural History",
and Huaynaputina glass shards preserved in the VK22 core. These
reference materials were analyzed along with the VK22 eryptotephra in
the same batch, except for the Smithsonian samples, which were mea-
sured separately. A good agreement was observed between the measured
and certified values in the reference materials, While precision decreased
at lower elemental concentrations, the absolute relative errors remained
within acceptable ranges: 0.04-5.6% for elements >5 wi%, 0.15-16%
for elements between 1 and 5 wt%, and 12-20% for elements between 0.5
and 1 wi% (Supplementary Data 3 and Supplementary Fig. 4).

Statistical analysis

Two different tests of D" and SC were performed to assess the geochemical
similarities between the data and reference datasets, which helped dis-
criminate the source volcanoes of the volcanic glass shards in the
samples™ ", The D* test determines whether there is a statistically sig-
nificant difference between a matched pair and provides a means of asses-
sing the degree of geachemical similarity between samples, Calculated D*
values greater than the critical value of 20,09 (eight degrees of freedom)
indicated that a statistically significant difference existed between the two
geochemical datasets. SC values greater than 0.92 strongly suggest that the
geochemical signatures of distinct glass shards originate from the same
valcanic source™. It is worth noting, however, that a wide range of geo-
chemical compositions may induce higher D* and lower SC values.
Accordingly, the analysis was performed on eight major elemental oxides
(8103, TiQs, ALQ;, FeO, MgO, Ca0, Na,O, and K,0) with weight con-
centrations greater than 0.1% for D* and 1% for SC, based on the method
described by refs. 38,39.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data presented in this study are available in Supplementary Data and at
hitps://doi.org/10.1594/P ANGAEA 980746.

Code availability

A custom Monte Carlo calculation-based quantitative SEM-EDX techni-
que, comprising nonlinear least-squares peak ftting implemented in the
AXIL program {which necessitates Windows XP), a modified version of the
CASINO Monte Cardo program, and multiple Microsoft Excel macros
(compatible exclusively with Microsoft Office 2003), was used to quantify
the compositions of unpolished, micro-sized glass shards. These in-house
programs were calibrated to the specific SEM-EDX system used here (ie.,
instrument, analytical conditions, and control software) and are not
transferable to other hardware/software setups. Consequently, while this
technique, initially developed by C.-U. Ro in 1999, has been extensively
documented in numerous academic publications over the past two decades,
the underlying custom source code and executables have not been made
publicly available. Nevertheless, upon request to the corresponding author,
we can share the program files used in this study, accompanied by a concise
manual and a demonstration video illustrating their application to a stan-
dard material.
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4 A AT AL nes] MY 2L A4 TUAS AT £C 2D VAL BAL
wE ko] 1/10 348 R2A w7, Fe4L 918 25°C AL FF% A NA w7, 2§94
B 98 37°C 20 F/nGY WA LA WA= dAste] R2A ¥3 F 7bx WA o
Were A,

5 99 (12 mDs 1/10, 1/100= 323 & <
of E3F 100 WA =T TS s ETE 2082 S wfgel S wiF 671E Fol =
WA e =7

(4) Vostok {3l Styx ol tiH] A&E=Fo] o] wjefFe] o o zo] L, vix|o ddx=d
o] W3} mAEe] wFe] Bttt ddE. AFYE FH wAEY AF LA A A
= (colony) FAo] E7bsst A 43 Haust vAE #4858 93 A5 Wt I 55
of FAZ nAEFo] Wi A8t FEe Styx WEE A Edta WEtE Fof wiAE vEE
in-situ media &3 I LEH(dilution to extinction)S 83  high-throughput
cultivation(HTC) ' A &5 A=A (T84 Al A7HA 59 €5).

(5) Styx AR oA AZFHFH F7]E FFo] =2 100m Zol=Z AA. Vostok Wl 7= wj
U3t FUSA 37HA] &= ZH A A AEA S HTCE vi# = sl % Styx Wl d44,
1, Ml A, HERR], B A, ofn =AbS HTbaske] A #F3L

Table 2. Organic components added to the filtered and autoclaved freshwater medium

Table 1. Inorganic components added to the filtered and autoclaved fresh-

Components Compound Final Stock concen!

water medium Thiamine HCI (B1) 590 590 1M
= Riboflavin (B2) 1aM 500 1M
Final Stock -

Component(s Compound : : ek ot Mot
p (s) P concentration concentration Ca-pantothenate (B5) S 840
= Lo Pyridoine (B6) 590M 590 uM

Nitrogen NH.Cl 10 uyM 100 mM MR A 7y 409 pM 109M
Folic acid (89) 53pM 453
Phosphorous KH>PO4 10 uM 100 mM Cobalamin (B12) 7opM 700m
FeCl3-6H30 l 17 nM ] 1 7 mM myo-inositol 53:nM 555 mM
p-Aminobenzoic Acid 7nM 70 uM
M]]C|2,4H10 9onM 900 HM Pyruvate SouM 500 mM
D-Glucose SuM 50mM
ZnSO47H,;O 800 pM 80 M Carbon mixture  N-Acetyl-d-glucosamine SuM 50mM
D-Ribose SuM 50 mM
Trace metals CoCl,-6H,0 500 pM 50 uM Methylakohol su T
L-Alanine, L-Arginine Hydrochloride, L-Asparagine, L-Aspartic Acid, L-Cysteine
Na;M00,-2H,0 300 pM 30uM i s miture "ErOcoride L Gluamic Acid, L Gltamine,Glycioe, L Histidine hyroctloride, e
Na,Se0; 1 nM 100 M ORI | 1 oleucine, L-Leucine, L-Lysine hycrochloride, L-Methionine, L-Phenylalanine, B s
i L-Proline, L-Serine, L-Threonine, L-Tryptophan, L-Tyrosine, L-Valine
NiCly-6H,0 1 nM 100 uM A sk lons 21 e - osinesis el ) it st ol by e cpsion o e i e i e
10 acid at 100 M.

£ 3.1.4 HTCE 9% viA =4

6) NgF &4 A= g Aol Ads] edf 2o, 37°Col A wjx] S| ZA
2 37°Ce] Wi FAl= e § 59 wSAE Edete] $A4s7|2 dAsa gDNA 535

A5. 16S rRNA gene 7|8k PCR A3} W=7l &R1¥ %] ¢Fo} nested PCRES #13. 16S
rRNA gene® V3-V4 49 primer (341F-805R):= ok @ EoF nAE o FdA K 7wt
Sk oz ®EF vAES 16S rRNA gene T30 A gstA] &S 4 A WA 47H4] %=
3+ primer (27F-805R, 27F-1492R, 341F-805R, 341F-1492R)& A}-&38lo] 12 PCR % 3).

(7) 12} PCR 30 cycle & +HEAS 98] V3-V4 99 FZ primer® 22} PCR 40 cycle
e, M= gy 37X 2% (27F-1492R, 27F-805R, 341F-1492R)¥} S A WX = <
Z ¥ 27FA] primer 2% (27F-1492R, 27F-805R) A1 =9 +H &4 3.

(8) Primer 28 H3l= vl YA = Enterococcus &2 %2 FAFSHAIRE primer 5©¢] % ©

o=
SZ 5= FE°] £4. Stenotrophomonas %3 Undibacterium- 27F-1492R Z ol A1k &
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A= R o™, Halomonas & Streptococcus %+ 27F-805R, 341F-1492R Z3toll A &2l =]
o] T 20% FH A=,
Genus level = Idiomarina
100% < — W unclassified__Lactobacillales
— Lactococcus
90% A W Vibrio
m Zymomonas
80% Pseudomonas
unclassified__Rhodobacteraceae
70% A Streptococcus
8 lchk-zya
5 60% m Sphingomonas
T W Uruburuella
g 50% 4 unclassified__Alcaligenes
g W unclassified__Comamonadaceae
40% m Halomonas
M Pseudoalteromonas
30% o M unclassified__Enterobacterales
® unclassified__Propionibacteriaceae
20% 4 wm Undibacterium
Corynebacterium
10% 4 u Stenotrophomonas
W unclassified_ P b ia
0% 4 lassified Enter
NC W Enterococcus
27F-1492R  27F-805R 341F-1492R
27F- 1492R 27F-805R
a9 3.1.27 Styx W3k 100 m ZololA v vlFASl primer 2 T EA
9) wigA 574 A AA 309 cluster® =7/ 7Fsd 2 AT Ade s34 7FA| 7}
W ol FF e W Awdtel Wi AdEe A$ s F& AvE AF T

A A el

1) Cluster I 7]&el Bo] &AL A &Ho] Holdk & XA &3] A= Fo=8
Pseudomonas, Halomonas, Pseudoalteromonas, Corynebacterium, Enterococcus’}
LRIl oS-

2) Cluster I A oA Byl & Qv FOo=%  Idiomarina, Zymomonas, Dickeya,

Uruburuella, Undibacterium, Stenotrophomonas 2<% %1

3) Cluster III & A 7}A] vl F=E #A] AW & H E(candidate order, unclassified_Gamma-
proteobacteria), oH 7} (candidate family, unclassified_Lactobacillales <}
unclassified_Entero bacterales), Sy 2 (candidate genus,
unclassified_Rhodobacteraceae, unclassified_ Commamonadaceae,

unclassified_Propionibacteriaceae, unclassified_ Enterococcaceae,)©] =75 S

(10) S xS 27F-1492R %=3re] 4% unclassified Alcaligenes®™ <=#]3sl™ 27F-805R
Z 32 Sphingomonas &°] 99% o]do = gld, SAUZTAAN TFHE TES Styx H
sl wjEA Y] - EAlSHA] fv TEER AP HA T do] okd AP A&
materialoll A 7]Q1® A& A8 5. FF sAHETAAME ojst B2 WHoR A

2 weets Aol Ao doly #ng 93] Bag
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(1) 71714

2 AFelA= 2-E = NEEM HFWetao] 16788 m +7HS td o2 s|E/F Ui (Rare
Earth Elements, REE) §% &4 333ttt ZE Alg TH 9 =%
A 23tst7] 98] A A T4 Class 1000 FHEo] A% Class 10 &
stATh Ao AL Jet Interfaces G ICP-SFMS  (Inductively Coupled
Plasma-Sector Field Mass Spectrometer, Element 2, Thermo Fisher SCIENTIFIC,
Germany)Z ©]8€3912M APEX_2Q (APEX Desolvating Nebulizer System, ESI, USA)Z
gastct 717184 271 #3259 YER AT

ARRAS FAekr] 98 mERARE 2ulg Fre ¥ WA ARE A @ 5+ Qe
Myttt A& Al &9l(the National Research Council of Canada, NRCC, river water
reference material) SLRS-65 A}-&33tl. SLRS-69A 3] F&0] T4 & Cdol dafiA

+ SPS-SW1 ZFAIEE glstdnt. 1 A3e & 3269 Herdden, 23719 die
0-20%°] ¢ #A ¢ A5 B
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¥ 3.1.5 Instrumental conditions and measurement parameters for the ICP-SFMS and the desolvation system

Element2-Apex 2Q

Sampler/skimmer cones Ni sampler/skimmer cone (X type)
Sample injector Sapphire injector
Spray chamber PFA Teflon/Cyclonic spray chamber
Nebulizer PFA microflow nebulizer (100 pL-min™)
RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.6-0.7
Sample argon flow (L min™) 0.8-0.9
Apex_2Q
Nitrogen flow (mL min™) 15-16
Rinse out time (s) 30
Take-up time (s) 30
Resolution Low (m/Am) ~ 300
Oxide rate U238016/U238 < ~ 2.0 %
Runs and Passes 3x3

89Y, HICd, 12ISb, 137Ba, 139La, 14OCC,
141PI', 146Nd, 147Sm’ ISIEU, 157Gd, 159Tb,

Isotopes
168Dy, 165Ho, 1Er, 1©Tm, 1”2yb, "Ly,
205T] 208pp 209 2327 238(y
o Multi-elemental with Rh as internal
Calibration

standard

*Optimized daily to obtain a maximal intensity (~2.0x10° cps for 100 ng L indium solution)
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¥ 3.1 .6 Analytical result (pg g"') of certified reference material SLRS-6* and SPS-SW1"

Element This study Certified Recovery Element This study Certified Recovery
percentage percentage
Y 127.244.5 128 + 6 99.4 Dy* 19.741.3 219 + 1.1 90.1
cd 559.6+35.4 500 + 10 12 Ho' 3.740.3 43 £ 03 87.0
Sb* 3323134 3372 + 58 98.6 Er 10.9+1.1 124 + 0.7 88.2
Ba® 11435.8£979.8 14280 = 80.1 Tm® 1.5+0.1 1.8 + 0.18 82.6
La® 218.4+15.9 283 88.0 Yb* 10.021.1 112 + 0.7 89.0
Cce* 261.917.9 2927 89.5 Lu® 1.540.1 19 + 023 80.0
P 53.443.6 501 + 1.9 903 " 6.9+1.1 8.5 + 2.9 80.9
Nd* 208.8:11.4 | 2278 + 9.4 917 Pb* 137.0£11.1 170 + 26 80.6
Sm* 33.843.0 395 + 17 85.6 Bi* 1.4+0.1 13 £ 03 97.0
Ev® 6.7£0.5 73 + 035 923 T 21.0+3.1 2+ 177 95.4
Gd* 282427 316 + 25 89.3 v 58.3+7.3 69.8 + 3.4 83.5
T 3.6£0.6 41 £ 027 89.2
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Elements, REE) & %=& #43}d, A[7te] W2 % A

FAst9 k. NEEM W3atsole] 1700719701 713k F<¢te] REE = WEE A3 Az
17004t AlZol A 1970d ol mls) Aoz & Fx WEAol H&HY. o|Hd o]
= 1850d ) ol d AWE7](Little Ice Age) Al719] ti7] =3 Wgel #aHE S 754 o

low, ole] td F7hHel NF-A4H a9 B Basth

100

o 0
~ 80 —| [e] o
& .

0
e o o
540— o o o
A ® 2° g o
%5@ 2 5®

%

&

YMREE (pg g')
| 1 | L | 1 | | ‘ 1

o

1700 1750 1800 1850 1900 1950 2000

29 31.3 0 1d¢= NEEM AFRstaio]e] Al SJeRF U4 &= W3}

REE®] Ad4 Hl&s& S8l AA7|d=de] S4& #7bstr] #fste], 44554 2 (Upper

Continental Crust, UCC; Wedepohl, 1995)& 7|02 7} 949 H &S A L (FH24
), Lol Fd AF d9F adle]l EdHATL ddstith £ A, diFEe Al
Zol4 LREE(Ce - Nd)®.t} HREE(Er - Lwe| Hl&°] UCC gtrtt £/ eyt o= 5
A A7 Eo A7 EA 9o 219 % (anthropogenic) 22 B A& A 7]Hdo] EFHAS
7be e AlARETE B A AR F A EelA UCC 7I+8s =33k REE H &
of #EEo ANA al(d: AHdgdE 7Y dA A FE LAEHE T)o] Wkl 2
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(1) g3 A=EsH4 d5a(Z2 dx AAA, primary productivity) 3 2 A o2 #dH
o] AEEZHYIAE ol F = FEHQ Fe2+(ferrous ion) A&S AHAHF EA317] 93
ARG CUl ]

AE)E ol g3tel AR WA P FAY

[
28
<

ke

=3
ol
Mr

(2) 84 Hol2 AES EA437] 98] ICUon Chromatography system)<}
ICP-MS(Inductively Coupled Plasma-Mass Spectrometer)S A3 Al ~€S 3718t}
(Thermo scientific #4183 F5AT 1), o] MHE ICE o] &35t 8Nt Fe2+9}t
Fe3+ A& ®oldta, ICP-MSE #E38+= dgolth ICE FYE Fe2+, Fe3+ AES &
glhel  PDCA(Pyridine-2,6-dicarboxylic acid, pH 4.2+0.1)¢} Z3qES A st
Fe(I)(PDCA)-, Fe(I)(PDCA)2-°] dA4¥ & Zeldo. &4 23 A& H7ksk A Al
S5 bmlel AR 10ul )= Fe3+vb AEH3da 4 #H7F 34 glo] 48 Als+
Fe2+, Fe3+ EF HEHA &dth. A A7 Algeo 9§ Fe3+9 di+= Fe2+9] Fe3+ A
Fo= 2tsle Aoz dgtHr) ibo] HIEEA ¢ 59 9§ Fe o] AEol HEHA

T4 E42 Qe ICP-MSZ9 F9)

r

i 5

ug/LZ H7lEo] I Alg9] Fe2+ 5% HY(K~01ug/L)S st uj

FA%E 2 =) % Fe2+, Fe3+ AwE9 AHFEA S

3l Fe2+ sy A&EssE FAHGEHESA ~5 ng/L)d W3t 5o dA4%
ICP-MSE &-83% on-line Total €34 Fe(Fe2+ + Fe3+) WS A|Fstazp 3

(Burgay et al, 2019). 9d&355F AU A8 dAE FAHAA w3 Wl Als7E &9 4

H2 FA5E A 79k HEAE F T
absl7 B ehe] Fe2+, Fe3+ A#iA 245
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¥ 3.1.7 Styx
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#1-acid
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#4-acid

#5-acid

sample #




]

et 32 de
A3 AR =l =
A A (discrete Sampling) WA o A7k 91" AR AvkE A7 vk ol IAES
23171 93] Continuous Flow Analysis (CFA) Al2®3} Inductively Coupled Plasma
Mass  Spectrometry (ICP-MS)E& ZA#3 dALEsE FEAFESo=vr 24
(CFA-ICP-MS)S A &A1 F o}
71¥ CFA Alzd"d aids =4
Adste] K5 E 7|6 A A al
o] HR-ICP-MSell 4 Low Resolution, T2 ?‘& ]
At o, xSy Sebzvk i AstE A4
%l
| E

HU

*E 5‘3} A=HEA 7] (HR-ICP-MS) 2H& F7}
7 s HW7hes Fdsdd. 4 AEe
o A &= Medium Resolution 27122 &
AE 918 &8st &= (Apex HF,
NO A g & AA FY4e3AiL, Rhe
2 a%E BAsHAT

4]

ks
pul

Apex 2Q, ESDE HF ettt XE Alge
WEETELR AMEste] AIZHY e Wt

<Firn>: Melting rate ~2 cm/min, Inner volume (mL): 8*density, Outer volume (mL): 23*density—Inner volume

IC-room
, __ 2.33mi/min
v

Laser encoder
Outer1 ea IC-room gy Spectrofluorometer
‘ i . knotted coil
1.167 mi/min ! H,0,sample (0.5 mm ID, 50cm)
- v
—J il
Outer 3 ea ] ‘ IC-room OSmimin CRDS |—»
L
[ Discrete sampte for CRDS analysis |

0.9 mimin L2

Aluminum
melter

Inner1 ea

IC-room T
| Discrete sample for IC analysis, etc.
Debubbler ‘ 0.13 ml/min
IC-room IC-room & 0.55 mlimin 0.5 miimin
v
é.

pu

4
21SeM

i knotted coil knotted coil
4 0.84 mlfy
P el (0.5 mm ID, 120cm) (0.5 mm ID, 50 cm)
cw . ] =
> 0.84 ml/min -

Heated coil reactor
(0.5 mm 1D, 500 cm, 80 C)

knotted coil
(0.5 mm ID, 50 cm)
&

Particle

IC-room @ Flow meter

€ Pump 1 B
RPM3/ & —m

HR-ICP-MS(MR)

ICP-MS sample
unacidified

0 0.9 mi/min

- ICP-room < IC-room line connection -

a9 3.1.32 CFA ¥ =

ICP-room
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X 3.1.8 Instrumental conditions and measurement parameters for the ICP-SFMS and the

desolvation system

Element2-Apex 20

Sampler/skimmer cones Ni sampler/skimmer cone (X type)
Sample injector Sapphire injector
Spray chamber PFA Teflon/Cyclonic spray chamber
Nebulizer PFA microflow nebulizer (100 pL-min™)
RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.6-0.7
Sample argon flow (L min™) 0.8-0.9
Apex_2Q
Nitrogen flow (mL min™) 15-16
Rinse out time (s) 30
Take-up time (s) 30
Resolution Low (m/Am) ~ 300
Oxide rate U238016/U238 < ~ 2.0 %
Runs and Passes 16 x 1

85Rb, 8881’, 89Y, 95MO, HICd, IZISb, 137Ba,

139La 140Ce 141Pr 146Nd 147Sm 153Eu
& b b b 9 b

Isotopes 185Gd, 1Tb, %Dy, 'Ho, 'Er, '®Tm,
112y 175[ . 1823y 205T| 208pp, 209R;
20y B8y
Element2-Apex HF
Sampler/skimmer cones Ni sampler/skimmer cone (X type)
Sample injector Sapphire injector
Spray chamber PFA Teflon/Cyclonic spray chamber
Nebulizer PFA microflow nebulizer (100 pL-min™)
RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.6-0.7
Sample argon flow (L min™) 0.8-0.9
Apex_HF
Nitrogen flow (mL min™) 15-16
Rinse out time (s) 30
Take-up time (s) 30
Resolution medium (m/Am) ~ 4000
Oxide rate U238016/U238 < ~ 2.0 %
Runs and Passes 16 x 1

BNa, 24Mg, YL VAL YT, SV, TCr,

Isotopes
SSMn, 56Fe’59C0’ 63Cu’ 66211’ sssr’ Mo
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CFA-ICP-MS A"l A& o AR 5 ¥

£3to] A M (calibration curve)S ZHAsth. 1 A3 o

F(R?) 0.99 o)S FdH3te] 71719 &5 AFA ¢ 7 ,

sk Al 75 HE dAHez &3 E8 SLRS-6 % SPS-SW1 1% %+
5 T7F £30% olUl= gl ATt 2

A AEAY GRE S A AT o Aol

¥ 3.1.9 Typical ICP-MS correlation coefficients (R?)

Element | (OGEAb | Element | (OELEY
Rb(85) 0.9837 Na(23) 0.9996
Sr(88) 0.9969 Mg(24) 0.9995
Y(89) 0.9995 Al(27) 0.9994
Mo(95) 0.9820 S(32) 0.9986

cd(11) 0.9997 CI1(35) 0.9937
Sb(121) 0.9935 K(39) 0.9997

Ba(137) 0.9777 Ca(44) 0.9985

La(139) 0.9988 Sc(45) 0.9998

Ce(140) 0.9899 Ti(47) 0.9998
Pr(141) 0.9997 V(51) 0.9979

Nd(146) 0.9988 Cr(52) 0.9992

Sm(147) 0.9993 Mn(55) 0.9959

Eu(153) 0.9995 Fe(56) 0.9997

Gd(158) 0.9994 Co(59) 0.9998

Th(159) 0.9996 Cu(63) 0.9930

Dy(163) 0.9997 Zn(66) 0.9997

Ho(165) 0.9995 Sr(88) 0.9996
Er(166) 0.9998 Mo(95) 0.9998

Tm(169) 0.9996

Yh(172) 0.9990

Lu(175) 0.9989
W(182) 0.9840
TI(205) 0.9993
Pb(208) 0.9799
Bi(209) 0.9997

Th(232) 0.9995
U(238) 0.9992
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¥ 3.1.10 Low-resolution analytical results (pg g') of certified reference materials

SLRS-6 and SPS-SW1

SLRS-6 SPS-SW1
Element | This study Certified plgccgr:,tgl;gye This study Certified [}::ccgr‘lltgl;gye

Rb 1167+119 | 1410495 83 9163633 | 10000£100 92
sr | 318004275 | 4006904201 78 414495123 | 500004500 83
Y 132.6£18.6 | 128.0+7.3 104 505475 50010 101
Mo | 1944+50.8 | 215.0+24.4 90 91871216 | 10000100 92
cd 7.7£03 634308 123 464423 50010 93
Sb | 3394141 | 337.0:16.2 101

Ba | 113761340 | 14280+1465 80 454948245 | 500001000 91
La | 24874365 | 2483+16.2 100 50669 50010 101
Ce | 305.6142.9 | 292.7+263 104 517£102 50010 103
Pr 59.0+8.5 59.1+4.5 100 47276 50010 94
Nd | 2249:33.0 | 227.8422.4 99 469+72 50010 94
Sm 40.0£6.3 39.52 5 101 487469 50010 97
Eu 77511 7309 106 45563 50010 91
Gd 32.0+3.4 31.6+3 .4 101 45666 50010 91
Tb 3.8+0.4 41205 92 472464 50010 94
Dy 21532 21,9422 98 458+70 50010 92
Ho 4540.7 43406 104 468478 50010 94
Er 11.7+1.6 12,4512 94 46689 50010 93
Tm 1.6£0.2 1.840.2 91 459+72 50010 92
Yb 11.241.5 11216 100 483469 50010 97
Lu 1.940.3 1.940.2 101 463462 50010 93
I 8.0+1.1 8.5+12 94 508104 50010 102
Pb | 132.8+11.8 | 170.0£19.5 78 4906+442 | 5000+100 98
Bi 1.5+0.1 1.4£0.2 104

Th 22,6435 22,0423 103 451462 50010 90
U 63.8+10.0 | 69.8+5.5 91 442453 50010 88
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¥ 3.1.11 Medium-resolution analytical results (pg g™') of certified reference materials

SLRS-6 and SPS-SW1. Values marked with “a” are expressed in ng g .

SLRS-6 SPS-SW1
Recovery Recovery
Element This study Certified This study Certified
percentage percentage

Na* 2128+69 27604£220 77 1484454 2000420 74
Mg* 2365+169 2133458 111 326+64 400+4 81
Al 40371+3249 | 33800+2200 119 55928+736 | 50000+1000 112

S 17324204 1790+142 97 2330+119 2000420 116

K 713£50 651£54 110 208+27 200£2 104
Ca' 10197+803 8760+200 116 2142+157 2000420 107

Sc 480+30 500+10 96

Ti 506£70 525+82 96

\% 331£29 351+6 94 95184728 10000+£100 95

Cr 265+34 252412 105 1783+263 2000+20 &9
Mn 2162+167 21204100 102 9856+764 10000+100 99
Fe 98896+7076 | 84300+3600 117 21430+4118 | 20000+1000 107
Co 48+4 53+12 91 1920+147 2000420 96
Cu 2822542723 23900+1800 118 24177775 | 20000+£1000 121
Zn 216440 1760+120 123 25237+609 | 20000+1000 126

Sr 476614469 | 406602015 117 54926+3779 | 500004500 110
Mo 197+6 215+18 91 95824959 10000+100 96
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Tl Wotio] ALEE EAH(CFA) NHy o] 2 33 &AM 7id 4 J5%371

(1) Genfa and Dasgupta(Anal Chem, 1989)o ©]&f A A]¥ NH4+ o] =

H(FIA, flow injection analysis)e W3al &§d°9 NH4+ o] d&£HEsE T2 H(CFA,
continuous flow analysis) &3 H&4A 7ol A &3ttt AE71= LED(365 nm, light
emitting diode), 365 nm excitation filter(band pass filter, band width:10 nm), 420 nm
emission filter(band pass filter, band width:10 nm)7} A2 X% PMT-FL 3% Zujd HA=7]
(photon counting type, FIA lab instruments)E AF-& 3}t

(2) 71¥& A"l A 83+ ortho-phthaldehyde(OPA)9} sulfite(SO32-)S &3tal#] &
A2 ZF7 F91sk= W (single reagent addition method)S OPA$} sulfite?] 1:1(v/v) &

(
staolog Fsl= "2 (premixed reagent method)® ¥l A &S sttt PMT
detector®] IT(integration time, photon Z4F AJZF) 1000 ms(1 sec) 7oA NH4+ iT&E
2 1.0-50.0 ug/L 5% Helol thsl 7w (calibration curve) 24 Ay F W] »%F A
AAGR2)7F > 09902 e single reagent addition method®} premixed reagent
methodE &3 d&5s5 TAHS ds H7He 2ye 247 e (sensitivity) = ~41700
I ~40700, A ZhFS-H](Signal to noise ratio)= ~36503 ~5270, 7 =3HA(LOD: Limit
of detection)= ~0.001 ug/L¥} ~0.001 ug/L (k=2)2 ZAt% At} premixed reagent
method7} 21& o] #5419 Z=WoA thAh 723, premixed reagent methodol A 2] Al&
M| 7]+ single reagent addition method A& A|7]2] 96.8% F+o = YEyTh FolHUE
sulfite®] A 7]7Fo] premixed reagentol| A 3F o] FAHE Aoz e} NH4A+ &%

AE=A 2" A premixed reagent methodE 4 €3t Weko =z HEAHS 748t}

Peristaltic pump

OPA+sulfte [ tile—] T [ asmamiim  tmmibsom
3-stop tubing —m. o0 OB PMT.FL
0.8 mI/min —
Sample Black/black

3-stop tubing

Heated coil reactor
(0.5mm ID, S00 cm, 80 °C)

2% 3.1.35 Wskao] &g NH, ¥4 dE44 +4

- 104 -



(a)

(b)

Y = 40790 * X + 14624
R2 =0.9949

2500000 — 2500000 —
4 Y =41716* X + 53238 i
.
R2 =0.9961 ,/
2000000 — S 2000000 —
- //’ g -
///
o ///
$ 1500000 — o g 1500000 —
5 P 2
2 i / 2 i
£ / -
< yd <
3 ® 3
S 1000000 — e S 1000000 —
- ,///
P 4
/
//
500000 —| e 500000 —|
d
1 e /r | e
e ®
o O o
! I ] ] ! I | 0 T I
0 10 20 30 40 50 o 10

NHg* std con. (ug/L)

T

[ [ '
30 40
NH4* std con. (ug/L)

a9 3.1.36 NH) A& 574 AsH7EE ¢35 A=A, (a) single

reagent addition method, (b) premixed reagent method

2500000 —
O O Osingle reagent addition method
B ® ©® @ premixed reagent method
Q
[ ]
2000000 —|
$ 1500000 —|
1z
g |
2
<
3 o
© 1000000 — [ ]
| o]
500000 ®
e 8
0 [ ]
\ \ \ \ \ |
0 10 20 30 40 50

a9 3.1.37 NHy 83 AE=A2¥ 9] single reagent

addition method®} premixed reagent method H]il

NH4* std conc. (ug/L)
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(1) Sigg(ES&T, 1994)o 4 A|ote =Y
AME g FF AEAM 8 F AR

(2) H202+= 4-ethylphenol, €4 Zwj2l peroxidase®} borate buffer(~pH 6)ol A ®+-g-3}
of PP S W3l tholv(dimer) 3HFES Ao H202 A SH87] 918 AEA
282 Spectrofluorometer(JASCO SF-8250)5 &-83}%th Excitation®} emission 37 =
AL 747} 326 nm¥ 410 nm=E A AT

(3) H2029] # A (Calibration curve) A2 93l H202 48 Y (~40%)= 3|25k A
e FFE2 Aol Hasit ¢4 dx ¥EE2Q Na2C204E o83 KMnO4 £
o ¥ 2 ¥F3II T vl 2AE KMnO4 A4S o] &sto] Aksl-39 HAYWO R A
+ 28 .

2
an
[\
Q
\]
lo,
n[m o
!
Ll
o
ofd
P‘l',
3R
ui

(4) H202 955 #A4H o8 SHE A5 4= 1 sec)E TAAZ T2
#: (python)S o] &3to] Fujo] W3slx & (Fourier transformed data)E A 3ATH A% &
FEAL H4% H202 BETA 099779788 ug/Lel B Welel da) AEae st
R2 > 0998% uEeluE= AS gelstgdrt. 7FE(sensitivity) = ~4.25, Al &) 721 (Signal
to noise ratio)x= ~280, A3 A= ~0.26 ug/L, (k=3)2 ZAFE At}

[‘_1

Peristaltic pump

knotted coil 0.4 ml/min
A
(R mm I, S0 .cul) Black/black Reagent
Spectrofluorometer (O < 2.stop tublng
- 0.9 ml/min g |
S ample
Ex 326 nm = White/Red
2-stop tubing
Em 410 nm

29 3.1.38 Wskao]l &89 H.0, §4 HEAA 4
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150 600
(a)

Raw data ; (b)
------ FT data |

[ Raw data
[romeeee. FT data

140
400
I} Q
3 130 : : ?
g : % H
£ : : 5
] . M S
S 120 : . S
: . 200
110 : | \

100 ; . T T T T
300 400 500 600 0 400 800 1200 1600 2000

Time (sec) Time (sec)

400
(©)

w
(=3
o

Counts per sec
N
o
o

Y =42518* X +21.1132
R2 = 0.9986

100 —

o

I
0 20 40 60 80
Conc. (ug/L)

a9 3.1.39 (a),(b) O, %525 FAW doly A A, (¢) 0O, dA53 5724
7He 9l dEA

- 107 -

o,



A&ESE BEAH S o]-83F Bear Peninsula?] Moore dome firn core NH; 3} H.0, Ad

(1) Mg ofEAs &k g X3 Bear Peninsula®l Moore dome(MD) AFo]E(S
74°17.7633°, W 111°29.625") oA A]lF3 HFA(~10m Zo]) Al&mo ¥3%¥ NH4+, H202

(2) NH4+ A+t 4] 23 538 10 ug/L mRre] s 22 ZAMEAOH, 214m T3kl Al &
F5(10.14 ug/L)Z YEeRgY. sHAIAE Zo]l FIHES, ~2-3m, ~55-65m)oA FE
7V S7ete AS st oy ~8m Zo] PR = FAAIES] ~Tm Zo] R
2 TEE BAU AT dekxe NH4+ AR T= ¥ 33 NE &5
(biogenic activity)®} ¥ S 9% A9 2] biomass burning Al71¢F W7l =559 =

9GP WS & Utk mebd NH4+ 4R $E WEY 542 olsshy] AsHE o

R
it 2 foNE R

=238 NH4+ ZEo td] ojLazneE1ed] Al2=8(IC) BAH
(regression line 7]%7]: 0.75-0.88, R2=0.60-0.72). IC =% Az}
291 Qbel E3E = Ao ® UEWT 3 Ve Te IC SAHAAR
of Hlsll CFA 5749 54 A¥47F bi vds + e A4S Ul = ICE o &

=]
3 NH4+ o] 244 &9 7oA Bolsa 3l

)
rO
I
off
il

o i wMr
4%
L
lo
ot

\e

fo ¥
o,
ol
32
g

(4) H202 & &4 A3 Ad WsAdo] FletA veuta=d stAA S 2ol 7-7H~0.5,
~3.0, ~6.3, ~84m)°llA ~100 ug/L7MA s%7} F7tstar, sAAE(~15 ~65 ~9.7m)
o= % & FTx=2 yeEhgrh o9k e H202 AR Ad WsAHdozRyy MD H=
ool AdE FAA EZFNA ~10m Zo] T7I7HA AEAH AHAA tief 359 73
of sFst= AoE yvetEth dEs sl =l 7ISlsteE AdE <l methanesulfonic
acid(MSA) A#IC SAHZ P A} v&= WA vug A3 MSAS H202 A EF A
& Ad Hesds vHeEde s T 5 AT MSAE fFA9e s =
(biogenic activity)¢t AT AAZF Lo 2 W sl 7HAsa, Weol A7|7F Frheks
AN E Et FAAEA HlE Fr7F Srbske 540 vk H202+= 7] H209H O35
o] gstsr wkES AA AdEoE HUV)S Al7lel w9 Wztsin. webA AN S FF
AN Hl& FE7F Fa, 53] 5F F SAIZre] 7P 21 A AT M =S E
7bF vEtdeE 540l vk A= MD #Hio] 34 A F AR BT oFHdA Al e
w7t F7veta, AgHe sxTF AAcse ASRE YEwa, H202 s 9= (FRb 8
A|A17]) o] & MSA &%7F S7tske= o= Ve

¢

BT
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(1/6n) ou0d LYHN

|
o

Depth (m)

14 3.1.40 MD #5°o] NH,

—— |C5

—o— CFA with error range

600 800 1000
depth (cm)

400

200

(75)

=0.60), all data
0.72), except outlier

—— y=0.75x+0.90 (12
—— y=0.88x+0.78 (12

14

12 4

T
o
—

T
2] w

(.71 6nv40 "HN

12

10

NH,” ICS(ug L")

A4, CFA AH5.9]

s

Aol NHy Awel IC

29 31.41 MD
A E A

Q Aol
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(71/Bn) 2u02 YSIN

2 100 —

*ou092 ZOCH

Depth (m)
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v, 23] 57| E(soluble organic carbon)?] ¢&FEEAH LA W A=A

(1) Federer(ES&T, 2008)7F A|Algt WhHS Ed= Wslzo] &gd9 F/7eta (Total
organic carbon, TOC) ZAAN 2" FAsL = A B2 7](Sievers M9 TOC
analyzer)oll W3 4537t FdstArh F5 w3 WIAIRS TOC =9 Msdd o
3 A AFE ¢ =50 w5 UHE 500 ppbColdt®2 B E a1 ¢tH(Antony et al,
2011).

(2) THNEdE dE718 Wt

O"j(05 mL/mm)E g HE7

1_.

J

43k o7 °1‘ﬂr.

(3) AAAFAY SHF 2= o XS TRV £47]= AF Al (phosphoric acid) 2=
pHE w3 F7]e+A(Inorganic carbon, IC)E CO2= WEA| 7|31, AFsEA| (Ammonium
persulfate)2} UV  light(185 nm, 254 nm)°ll <3 F¥A(Total carbon, TC)E AFstA] A
CO2z W3zt Meld whd =% W2 (Membrane conductivity detection method)S ©]
830 2 M E} o]2E9 7HHE HAF) sl TC, IC Ax%x Ao A Zhzhe]l CO2 s A
Aoz F4o] 7hssith. TCe ICe s&25 47 S48 7HHH(TOC =TC-IC)ol <3l
TOCS FEE& A=)

a9 3.1.43 HAA

2=

(4) Potassium Hydrogen Phthalate(KHP) 1 ppmCE o] &3}o] Alg FUYWA o2 grab
mode(F& FUE2A)e online mode(A& FUW2)E A& vHlust. 2479 Alm F9Y
Ao w 5314 ZAT A3 Z7F 1068+13.0(38 ¥ +SD, RSD, 1.2%), 1032+4.5(RSD, 0.4%) %
Uelstth 7 7HA] AR AR ] AdeatE 4 6.8%, 32% 2 A QI grab mode

7} online moded] B3] AEAA o] Tha e AL Fold)

(5) Oxidizer(15% (NH4)2S208)¢] <J3Fs xA}sl7] 98l oxidizerd %S 0, 0.3, 0.7 ul./min
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0% zAste] BUF EFEFA(~50 ppbO)S 27 5314 FAAG 54 Ade 247
65.8+3.3(33 w+SD, RSD, 5.0%), 70.7+4.3(RSD, 6.1%), 67.5+1.1(RSD, 1.7%)= YE}S T} o}
2 Oxidizere] %ol 274 Astel M= JFE v ving o2 2A= U

(6) FF71etA F+5 29l Potassium Hydrogen Phthalate(KHP)S o] &3] #HZAS 2HA
39t 6 M H3PO4 1.0 ul/min =74 KHP 1.0-800.0 ppbC &% Wl i3l
calibration curveE 23St A3}t 1.0-50 ppbC WLl A = R2 = 0.9923, 1.0-800 ppbC ¥
A= R2 = 0999%2 eI TtHred line: 95% confidence interval). KHP 1.0 - 800.0 ppbC
Fr U9 AEd AyE o) g FF(sensitivity) = ~0.9924, A ZthFSHE ~10, HE

SHA(LOD)= ~2.12 ppbC(k=3) & ZA}% At}

1000 80

Y =0.9924* X+ 11.783 Y =1.1549 * X + 12.227

R?=0.999 R?=0.9923 ‘
800 — 4

600 —

400 —

TOC conc. (ppbC)
TOC conc. (ppbC)

N

s}

1S3
|

0 0 T T T T
I [ I I I I I
0 200 400 600 800 0 10 20 30 40 50
KHP std conc. (ppbC) KHP std conc. (ppbC)

a9 3144 FR7l9a 247 d5sE 24 deRrtE AT A A

(7) KHP A& Fufste] A7 589 1000 ppmCE AT § AFdS 2Hdsto] A%
Aboll A A& 38l = A12F(1000 ppmC) el A FA A1 A¥kek vjaskit. KHP 1 ppmCs=
e gFo] KHP #Ae] 47% 5 AA T2 047 ppmCell alF o= KHP Al ¢ 0.2134g
?l ¥ 1000 ppmC A7 EFE& NS ASATH Aok o] &ato] x4
3l ste] 125, 25, 50, 100, 200, 500, 1000 pphCE Z=AIg ¥ TOC A
=712 SA9d. 54 A3 727+ 186, 30.2, 57.0, 116.1, 225.0, 544.1, 1055.2 pphC= e}
U Ao @ 2H(Relative Error)© 2H7F 489, 20.7, 14.1, 16.1, 12,5, 838, 55%= UEFYL T

Ay A

M
Ol

L

8) 71 5 022-07 um 718 A7]1E 7 ZHE 94 F de @A AES
A 71 ¥4 (Dissolved organic carbon, DOC)® F&3t=d], &34 F7|etaHES &
7] 93k on-line SAHE A At 53], 045 um pore size syringe filters ©] -8 3t
A F7IAE HAEW 3ekS EX R 3t syringe-driven filter unit (IC Millex-LG,
0.20 um pore size, 13 mm)S ©]-83te] A=A BH Az AFES AT AlHA
JHE5H &34 F71ea | &5 54 A37F B g (g wala)E v
o, ZHol| SRTE = 7N AiEs AAstLA s 2 AT =
EE o2AHAREY AxLE FHgozHn A
Atk AT+ 23 ~4 mLe FHFE =9
EHFE 499 487%7F FAasA L, =
=

3

i
o

&34
=



mL AF3ge] Bage sy

L

Conductivity (uS/cm)

M—— T 1 * 1 v T © T * 1

19 3145 A" 2 5 dEx 54 2y

) SHTE AHT ZHE dZdste] TOCE AT A3 vpegte] ZE7 gle 4-5(<30
ppbC)el H8te]l ~350 ppbC7HAl F7Feb= s Akl A= S/5 A& 2do=zs
ZH EAsts FrlgRdEs $w% AAS F = A2 YEiuth uEEgs g

o

7
7171998k f718v] AlHZxzAS 8Hst7] 98] glass fiber syringe filter(13 mm, 0.45 um
pore size)E A& 3FAtHLegrand et al., 2013). =7}3F vl&zk (~350 ppbC)S W37]
718 E AHES AHE AlFeta vteg WS AE A4S %71%‘3114 =43 &
af 545 adste] dY oA A E2Z2F W (polypropylene)ol A &g 2—propanol
2 acetonitriles AF&SIATE thdFe F71&v) AlFH 23S ol&ste] HHE AFH Fok
vhegkol ~100 ppbC ©lat® FAast#A] &= Ao Yt d dAdA = dHE
ok .%.3_7]15]-/\;_ H/Hg]_ﬂ 3} H o] =
(peristaltic pump)® 0.6 ml/min®] -+ ® =
&3 05 ml/min®] &2 A 57t FHstESE AX AT 0.1 m/min AlE& B 4 &
Hl (e, Flowcam)®] &35 FAA A
AH FYet= 499 vlE -5 B tygon tubings
o] A& Frlete s st WA Ae: OC Avs =
S MEstr] flslA = tubing A Ee mE TOC €% H7MAEe] F83 A

= A,
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Melter

—
'querﬁne
C—
Debubbler
Peristaltic pump (RPM2)
0.6 ml/min I ~ .
> > TOC analyzer I ~0.5 mI/min

~0
2% 3146 29784 dEsE BAW paw

1200

Y =1.0465 * X + 15.417
R? =0.9997

TOC conc. (ppbC)

L G e R B e R

0 200 400 600 800 1000
KHP std conc. (ppbC)

=715 Afste] AL FUH-20
A

Az719 A=)

Acetonitrile 5ml --> 2-propanol 5ml --> MQ

MQ 5ml washing

10ml washing

o 4500
~3 ppm
800 4000 PP
500
3500
400
200 2000
200
2500
100
0 : . - 2000
0 5 10 15 20 25 30 0 5 10 15 20
2-propanol 5ml --> Acetonitrile 5ml --> MQ 2-propancl 10ml --> acetonitrile 5ml --> MQ
10ml washing --> Th sonication 10m! washing --> 1h sonication
1000 800
~150 ppb 700 ~110 ppb
800 500
e 500
400
400 300
00 200
100
[ ol
] 5 10 15 20 25 30 o 5 10 15 o0 35

a8 3.1.48 Az W) uE glass fiber syringe filter £ TOC =4 A}
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<Firn>: Melting rate ~2 cm/min, Inner volume (mL): 8*density, Outer volume (mL): 23*density—Inner volume
IC-room
Laser encoder
<5\ 2.33 mi/min m
L
a: knotted coil
melter - FMW mi/min H,0, sample | (0.5 mm ID, 50cm)
Outer 3 == ] IC-room 0.5 ml/min
Inner1ea uter 3 g2, ’ { Continuous CRDS |—'
= 7
oo mumin | Discrete sample for CRDS analysis |

- |ICP-room <> |C-room line connection L

N

Hsldo] ALESEFEAH QA2 AIE XM 7] (Continuous Flow Analysis, CFA -

b = |
ovCan) @4BE B ALEo] By AU 2 48
Wslso] AL sE59 (Continuous Flow Analysis, CFA)S WA RE AEHEH o7 8§
st 4 7)solth E AFdAE CFA Al="el A3 7434 7] (FlowCAM)E 23l
A=A 1A )Y Mesie A7]-on A ARE AHFHeE g5 4 d+= CFA-
FlowCAM #4149 & 7Hdstdvt

o] b ow £ 7] fefA = CFA &lelA FlowCAM Ar

wel erg7 , g ol 8% AsEE A5 FaAstel, B fF A
Ao EEUA AL ANoR, 24 27 HUsug Hyn

%
CFA AN 2#"18 883 AZE inner/outer melt®2 g 3dte] 7zt &
debubblerE =3a 7|ZE A AT T FlowCAM eloz AR o7 F 5
1 4 ) = 249

s
. .
o} FlowCAM 79 A 85 dAHEHoz Fduol Q) oA & &EFsta, YARNTE

IC-room
I Discrete sample for IC analysis, etc.

Debubbler < Ll FlowCAM

&
i knotted coil knotted coil
y 0.84ml
":,\/\ e (0.5 mm ID, 120cm) (0.5 mm ID, 50 cm) g
’ ]
a
— (= %
A 4 =
0.84 mi/min Heated coil reactor
(0.5 mm ID, 500 em, 80 )
P Ll knotted coil
v (0.5 mm ID, 50 cm)
—
& Particle o Conductivity |1.1 mlimin
= — —-l ow meter I—»
IC-room @ t meter

0 0.3 ml/min

‘ 0.9 mi/min ICP-MS sample
unacidified

HRACP-MS(LR)

ICP-room

249 3.1.49 CFA - FlowCAM A]Z~=¥l EA &

CFA - FlowCAM &lell Al erA A0 Fa(<F 0.13-0.15 mL/min)S st 9s A
AlZE &<QF Milli-Q water & 3A171 5 A ZolE o] &3l &S AL, Hd FEFS
0.1462 mL/min (£ 0.0051, ¥ 0.1415 - 0.1507, n=4)Z A=At TE=dA =

& 27] @ Fs=7F 47 standard beads(edl: 3 ym(L3), 5 um(L5), 9.7 ym(BS-Partikel),
14.97 um(Duke/Std))E AF-&3te] G338ttt CFA Al=®lol A FlowCAM 2kQle] a2
°F 0.13 mL/min AARHo Aok HAFAN AH AT FF HAB A= Hi 0146
mL/min Follen o= 0.13-0.15 mL/min 53X W +H3Y. CFA - FlowCAM
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21 7] (Continuous Flow Analysis, CFA -

FlowCam)

- 116 -



273 RAICA (Ross-Amundsen Ice Core Array) TZAHE 43}
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(Nu-plasma 3 MC-ICP-MS)

3k 91(2021)0] w=w 5% S
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S

43)
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548 (%)

Column preparation
AG1-X8(1.2meg/ml) anion exchange resin 0.6ml

Resin cleaning
1.6M nitric acid (reagent grade), 6ml x 2
4M hydrochloric acid (reagent grade), 6ml x 2
Ultrapure water (18.2 MQ), 6ml x 2

Resin conditioning
0.2M hydrochloric acid (ultra pure grade), 6ml

Sample loading
Preconcentrated to 20 nmol S
Teflon-coated graphite hotplate at 80°C

Cation removal
Ultrapure water (18.2 MQ), 3ml x 4

Sulfate elution
0.5M nitric acid (ultra pure grade), 1.2ml x 4

Evaporation
Teflon-coated graphite hotplate, 105°C

Dilution
Dilute in 0.8M nitric acid (ultra pure grade)
Adjust Na*/SO,% with NaOH (ultra pure grade)

Analysis
Aridus II + Nu-plasma 3 MC-ICP-MS
(In house) Standard-sample bracketing method

a9 321 3 2994 24 vy

23

22 —

21 —

20 —

21.45 £ 0.85 %o (25d, n=43) ‘ 08 — -0.04 £ 0.65 %o (25d, n=43)
____________________ e et s i
oo o o @ o

o o g o |~ - o o ©
o 99 0 o m»° 2 i o 9 O o
; = &
oo © ° e - 8 e 46
00 o s o ©
d:' - - (o] o] % o] 000
[w] < o o
Joeitw e e e e e 01—} o
1 %o o o
08 —| ©
T T T T T T T T T 1 T ]
0 18 27 36 45 0 9 18 27 6 5
number number
34 3- =
a9 3.2.2 §7S9 AFS AAA
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X 3.2.1 Instrumentation and measurement parameters for a MC-ICP-MS and a desolvation

system

Nu-plasma 3 MC-ICP-MS

RF Power (w)
Cool (L min™)
Auxiliary argon (L min™)
Sample argon flow (L min™)
Resolution mode
Cup configuration
Acquisition
Integration time (sec)
Uptake time (sec)
volume of sample (ul)
wash + background measurement (min)
Aridus II Desolvator
Spray chamber temp. (C)
Desolvation membrane temp. (C)
Argon sweep gas (L min™)
Nitrogen flow (L min™)
Nebulizer

Sampler/skimmer cones

1300
13.01
0.9
optimized
Medium resolution (50um entrance slit)
32S (L4), 33S (H1), 34S (H6)
50 blocks
5
90
700
14

110
160
3.3-55
0
PFA microflow nebulizer (100 L min™)
Ni FB9 sampler/Ni HS1-7 skimmer cone

(3) 223

D Hercules Névé %Z T4 i+ A& 3
2
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'15/'16 summer

'15 Wint
20 15 Winter

40

'14/'15

NN AT R RN T
K 275 1692511
. 'E‘ 2680.451>
60— L Ny 371550

'14 Winter

80

'13/'14 Summer

Wy .
i

100

depth (cm)

4 '13 Winter
120

140

'12/'13 Summer

160
'12 Winter

180

'11/'12 Summer

200 -~

-4 30 "20 40 0 50 100
8180 (%) MSA (ppm) Na*(ppm) CI'(ppm) SO% (ppm) 534S (%0)

23 3.2.3 Hercules Névé A 2] F4 TA Z(snowpit)olA] AL Ah FAH 9 F2 9
2(MSA, Na', Cl', SO/), & S9¢94u], (7 A v oler=) Hald U4 =

e

AL Nat 529 34208 49 3499 790 e Aoz wHArh aey &
¢ S} nsss™ SB A Maskee W oAd B olsle] e s el Aad A
o

o2 w]lth o] A7l A= 71949 dlorE w]le] A, s
A= Al7Ide 1S 9, W5 7199 wA] ooj2E o] UMY Aem FAHHG

ko] FH Tjoddoz FAdH. o= YAE 7Y 6§ S gh(185+£1.0%0)3 AR
S How nssét SE MSA FE9 v ustdS uf, MSA 559 33 Al HoA] nsss®
t S grol oF 185% At TE wElA MSA sL7F EolA] = B-oEH = YA E

S
Tl FaAe] v1oj7E AuiA ]l Aoz s dn

ol¥st A5 F3HsIH, Hercules Névé A9 kA2 ASHA = 3 dAA=2E&3 u
F WA ooz 9, oJEH = AUYAE VP FdTgS FE B Ao 155

Hok 6% ST nss&** S e Aot AA YEYE AE
AZEo 3 FTHYAHE Htgsts Ao=m Holw ojueo] 3 FdAH WHE -3.2%
ol A 10.6% = 4 ¥}
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Tambora &3+ 732 1809W Unknown 3}iF &3} F-3ko] W &3] 2J¥xo] gy, 2 A
o A= Tambora(1815) T+37Fe] 68.6769.3 m, Unknown(1809) 3%+l 70.5771.0 m A&

galo] ¢ BHUs BAL Fasln.

=]

Tambora(1815) +3Fe] &% S k2 -0.8% = 11.66%, 63* Sn At -1.26% = 11.17%
° 2 YERSTE Unknown(1809) #7ke] 6% S #ha 4.24% B 6.44%, 6% Sk a4 3.41%
9 564% o2 SAEAC dtrtet AHEE GVIA o= dld 71 FAAGH* S = 2
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o Am E=9S 98 APEX-HF (APEX Desolvating Nebulizer System, ESI, USA)E %+
ZstAnt. 717184 2102 % 19 e ST

X 3.2.2 Instrumental conditions and measurement parameters for the ICP-SFMS and the

desolvation system

Element2-Apex HF

Sampler/skimmer cones Ni sampler/skimmer cone (X type)
Sample injector Sapphire injector
Spray chamber PFA Teflon/Cyclonic spray chamber
Nebulizer PFA microflow nebulizer (100 pL-min™)
RF Power (w) 1250
Gas flow rates
ICP-SFMS
Cool (L min™) 16.00
Auxiliary argon (L min™) 0.8-0.9
Sample argon flow (L min™) 0.8-0.9
Apex_HF
Nitrogen flow (mL min™) 8-10
Rinse out time (s) 30
Take-up time (s) 30
Resolution Low (m/Am) ~ 300
Oxide rate U238016/U238 < ~ 2.0 %
Runs and Passes 3x3
Tsotopes HS[, 208pp, 28 28yl 240py

U single standard with In as internal
Calibration

standard
x*Optimized daily to obtain a maximal intensity (715x10° cps for 100 ng L' indium

solution)
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Abstract. This study investigated the influence of sum-
mer climate variability on water isotopes (8'*0, 5°H. and
deuterium excess[dexc]) in a Hercules Névé ice core from
Antarctica. High-resolution ERAS reanalysis data for the
austral summer (DJF, 1979-2015) were used to assess the
relative contributions of temperature, precipitation, wind pat-
terns (v- and u-winds), ocean condition (sea ice concentra-
tion [SIC] and sea surface temperature [SST]). and large-
scale circulation system (Amundsen Sea Low [ASL] and
Zonal Wave-3 [ZW3]) to isotopic variability. The results
show that higher temperatures and precipitation coincide
with isotopically enriched §'%0. confirming their combined
role in controlling isotopic enrichment. Wind patterns also
contribute meaningfully but in a more complex way: en-
hanced southerly winds (positive v-wind anomalies) tend to
increase 3'0 by transporting relatively warm, moisture-rich
air from lower latitudes, whereas stronger westerly winds
(positive u-wind anomalies) are associated with more de-
pleted isotopic values, likely reflecting colder or more dis-
tant moisture sources. Additionally, the dexc exhibits a posi-
tive correlation with SIC and negative correlations with SST.,
providing valuable insights into moisture source processes
in the study region during austral summer. Variations in the
ASL and ZW3 further modulate heat and moisture transport,
reinforcing their role as key atmospheric drivers of isotopic
variability. Taken together, these findings suggest that the
summer isotope record at Hercules Névé reflects not only
local temperature changes but also the broader imprint of
ocean—atmosphere interactions, including sea-ice variability

and large-scale eirculation patterns. This study highlights the
potential of coastal Antarctic ice cores to provide improved
constraints on coupled climate processes and to refine paleo-
climate reconstructions for the Ross Sea region.

1 Introduction

Stable water isotopes (5'%0 and §7H) have served as crucial
proxies for paleoclimatic reconstructions due to their system-
atic relationship with temperature, making ice cores invalu-
able archives of past climatic information (Dansgaard, 1964;
Jouzel et al., 1997). Recent advancements, such as refined
surface temperature reconstructions using advanced model-
ing approaches (Markle and Steig. 2022) and analyses of
isotopic diffusion in snow layers for estimating past temper-
atures (Holme et al.. 2018), highlight the progression from
observational studies toward sophisticated modeling. Despite
these advancements. accurately interpreting isotopic records
from ice cores remains challenging, particularly due to re-
gional variability in the temperature-isotope relationship. In
polar regions, and especially across Antarctica, local cli-
matic and atmospheric conditions significantly influence this
relationship, creating spatial differences in isotopic signals
(Masson-Delmotte et al., 2008; Sime et al., 2009). Therefore,
regional investigations are essential to bridge these gaps and
improve the interpretation of Antarctic ice-core records.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Victoria Land in East Antarctica offers unique advan-
tages for understanding climatic processes due to its tran-
sitional position between the high interior plateau and the
coastal regions. Previous research in this area has uvtilized
ice cores from locations such as Styx Glacier, Talos Dome,
Whitehall Glacier and Hercules Névé to study regional cli-
mate dynamics (Bertler et al., 2011: Emanuelsson et al.,
2023; Masson-Delmotte et al.. 2008; Nyamgerel et al., 2024;
Sime et al., 2009; Stenni et al., 1999, 2002: Thomas et al.,
2017). Each site contributes distinet climatic information:
Styx Glacier provides detailed records of local temperature
trends (Nyamgerel et al., 2024; Thomas et al., 2017), while
Talos Dome captures long-term climatic signals influenced
by marine-continental air mass interactions (Frezzotti et al.,
2007). Research at Whitehall Glacier has emphasized its role
in documenting snow accumulation patterns and their re-
lationship to atmospheric dynamics (Sinclair et al., 2012).
These studies have collectively advanced our understanding
of isotopic variability and its relationship to atmospheric pro-
cesses. Among these, Hercules Névé is particularly sensitive
to both coastal and interior atmospheric influences due to
its proximity to the Ross Sea. The high snow accumulation
rates in this region allow for the preservation of detailed iso-
topic records, which are essential for investigating Antarctic
climate variability and its broader global impacts (Masson-
Delmotte et al., 2003: Sinclair et al., 2012).

Isotope-enabled general circulation models demonstrate
that sea ice extent and concentration modify the isotopic
composition of coastal precipitation by altering moisture
source regions and transport pathways (Faber et al., 2017;
Noone and Simmonds, 2004). Reduced sea ice exposes
nearby open ocean areas, enhancing evaporation from local
sources and typically leading to enriched 8180 values due to
shorter transport distances. Conversely, expanded sea ice dis-
places evaporation sources farther from the continent, length-
ening the distillation pathway and promoting isotopic deple-
tion. However, these relationships vary spatially and season-
ally and are influenced by regional circulation. moisture re-
cycling, and synoptic-scale variability (Song et al.. 2023).
The interaction between sea ice and atmospheric circulation
is governed by several major features. The Amundsen Sea
Low (ASL) strongly modulates wind direction and mois-
ture transport in the Ross Sea region (Hosking et al., 2013;
Raphael et al.. 2016), while Zonal Wave 3 (ZW3) influences
air-mass distribution and precipitation across coastal Antarc-
tica (Goyal et al., 2022). Regional cyclonic activity also con-
tributes to shaping the isotopic composition of precipitation
in coastal Antarctica. This modulation affects regional pre-
cipitation isotopes and links sea ice variability with broader
atmospheric processes (Emanuelsson et al., 2023: Sinclair et
al., 2013).

The Austral summer months of December, January, and
February (DJF) are particularly suitable for sea ice research
because of the climatic and environmental dynamics ob-
served during this period. For example, Antarctica experi-
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ences higher solar radiation levels during DJF, leading to dy-
namic changes in the extent and structure of sea ice. These
katabatic winds flow downslope from the interior year-round
and generally intensify in winter; they drive offshore advec-
tion/divergence of coastal sea ice and are associated with
coastal polynya formation. In winter such polynyas can en-
hance net sea-ice production through increased heat loss and
subseguent freezing (Dale et al., 2020:; Turner et al., 2016).
These polynyas facilitate the exchange of heat and mois-
ture between the ocean and atmosphere, influencing local
and regional climate patterns (Stammerjohn et al., 2015).
These conditions enhance both snowfall frequency and iso-
topic preservation, allowing robust analysis of seasonal vari-
ability.

The primary objective of this study was to analyze how
stable water isotopes in the Hercules Névé region respond to
various climatic drivers during the Austral summer months.
While previous studies have predominantly focused on an-
nual or multi-seasonal isotope—climate relationships across
Antarctica, the present work isolates the summer signal to ex-
amine the processes that shape isotopic variability on shorter
timescales. Given the strong seasonality of accumulation and
the relative clarity of the isotopic signal during austral sum-
mer, this siudy concentrates on the DJF period. This fo-
cus provides the most consistent basis for linking isotopic
variations to regional climate processes. Specifically, the re-
lationship between isotopic composition and key climatic
variables, such as temperature, precipitation, and u- and v-
wind components, is evaluated to determine the extent to
which isotopic variability reflects both local and synoptic-
scale forcing. By focusing on the DJF period, when coastal
meteorology is strongly influenced by sea-ice retreat and en-
hanced exchange between ocean and atmosphere, this study
investigates whether the summer isotope signals preserved at
Hercules Névé represent solely local temperature variability
or the integrated effects of regional circulation and oceanic
conditions. In particular, the analysis addresses (1) the ex-
tent to which §'*0 variability is modulated by precipitation
and circulation in addition to temperature, and (2) whether
dexc can serve as a sensitive tracer of sea-ice concentration
and sea surface temperature. Through this approach, we aim
to advance a process-based understanding of waler-isotope
variability in coastal Antarctica. High-resolution water iso-
tope analysis with ERAS reanalysis data, atmospheric circu-
lation indices (ASL and ZW3) and back trajectory modeling.
Correlation and principal component analyses were used to
evaluate the relationships between isotope variability and ¢li-
matic drivers, thereby linking synoptic-scale circulation and
ocean—atmosphere processes to the isotopic signal preserved
al Hercules Névé.
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Figure 1. (A) Map of the West and East Antarctica regions show-
ing the Ross Ice Shelf, the Ross Sea, and Hercules Névé. (B) To-
pographic map of Northern Victoria Land. The red circles indicate
the location of the Hercules Névé ice core. The maps were created
using Quantarctica 3.2 on QGIS.

2 Materials and methods
2.1 Study Area

The research area is located at Hercules Névé, Victoria Land,
Antarctica, at 73°03' S, 165°25"E (Fig. 1). Situated at an alti-
tude of 2864 m and approximately 80 km inland from the sea,
the climatic conditions of this mountainous area are affected
by its position near the northern edge of the Transantarctic
Mountains, which strongly influence atmospheric circulation
by acting as a barrier to the flow of air masses (Tewari et
al., 2021). Because the interaction between the mountains
and the prevailing winds generates various microclimates at
Hercules Névé. it has become an area of interest for under-
standing the complex interactions between the local geogra-
phy and climate (Maggi and Petit, 1998).

Victoria Land has long been used as a research site to
study the impact of atmospheric and oceanic variability on
snow accumulation and ice core records (Maggi and Petit,
1998: Nardin et al., 2020: Nyamgerel et al., 2024: Yan et
al., 2021: Yang et al., 2018). This region is characterized by
austral summer-dominant precipitation patterns influenced
by easterly winds that bring moist air from the ocean onto
the continent (Scarchilli et al., 2011). Katabatic winds de-
seending from the East Antarctic Plateau are typically cold
and extremely dry. Their dryness enhances sublimation from
the snow surface, which can lead to isotopic modification
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of near-surface layers (Nyamgerel et al., 2024: Vihma et
al., 2011). However, their impact on local temperature and
the surface energy balance is not always unidirectional and
may vary depending on synoptic conditions (Davrinche et al.,
2024). Broader climatic drivers such as the Southern Annu-
lar Mode and sea ice variability also impact regional weather
patterns and precipitation (Yang et al., 2018). Hercules Névé
is thus a useful site for the analysis of how regional climate
variability influences snow deposition and ice core records,
which can be used to reconstruct past climate conditions.
Furthermore, previous studies have reported a high snow-
fall rate in the surrounding area (Maggi and Petit. 1998:
Nyamgerel et al., 2020: Stenni et al., 1999, 2000), making
this region particularly suitable for ice core seasonal analy-
sis.

2.2 Data Acquisition
2.2.1 Sampling and Water Isotope Data

To acquire water isotope data from Hercules Névé in north-
ern Victoria Land, an ice core was drilled between 11 and
15 December 2015, according to the method described by
Han et al. (2015). The ice core was extracied to a depth of
approximately 80 m, was immediately segmented, sealed in
plastic bags, logged, and packaged in insulated containers to
prevent temperature fuctuations during transport to a labo-
ratory at the Korea Polar Research Institute (KOPRI). Af-
ter drilling was completed in December 2015, the Hercules
Névé ice core was transported to the KOPRI, where it was
stored frozen until cutting. In the second half of 2017, the
core was cul into 5cm segments in a clean laboratory envi-
ronment to ensure seasonal-scale resolution.

In the laboratory, the ice core was carefully segmented into
5em sections based on analytical needs 1o assess seasonal
variability, yielding approximately 2000 segments. This seg-
ment size was selected to ensure data representativeness and
ease of handling by providing a balance between resolution
and sample manageability. Each segment was processed in
a clean environment to prevent contamination. The ice was
melted at room temperature in sealed containers to avoid
isotopic fractionation via physical processes such as evap-
oration and sublimation. The meltwater was filtered through
0.45 um syringe filters to remove particulates and transferred
into 2 mL high-density polyethylene (HDPE) vials with air-
tight caps to prevent isotopic exchange with ambient air.

All samples were stored at temperatures below 4 °C and
were analyzed within 12 months of preparation to ensure
i1sotopic stability. The liquid samples were analyzed using
a Picarro L2130-1 water isotope analyzer, which employs
cavity ring-down spectroscopy (CRDS) for high-precision
measurements. The analyzed water isotope resulls were ex-
pressed using delta notation, as shown in Eq. (1):

8(%0) = (Rsampte/ Rstandard — 1) x 1000 (n
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The secondary parameter deuterium excess (dexc), defined
according to Dansgaard. (1964), was also determined as
shown in Eq. (2):

dexc = 6°H — 8 x §'%0 (2)

Measurement precision was +0.07 %e for §'*0 and 0.1 %
for 57H, based on long-term repeated measurements of lab-
oratory standards conducted over multiple years. The mea-
surements were calibrated using the international standards
VSMOW, Greenland Ice Sheet Precipitation (GISP), and
Standard Light Antarctic Precipitation (SLAP), as well as
the laboratory standard RS (—34.6940.07%. for §'*0,
~272.440.6%0 for §7H). The measurements followed the
internal analytical protocol used at KOPRI, as described in
(Kim et al., 2022). Each sample was injected 12-15 times,
and the average of the final 5 measurements was used to en-
sure thermal and instrumental stability. International refer-
ence waters (VSMOW, SLAP, GISP) were measured every
~ 100 samples for calibration, and laboratory reference wa-
ters were measured after every 10 unknowns to monitor an-
alytical consistency. This procedure ensured high precision
and long-term stability of the isolope measurements.

2.2.2 Utilization of ERAS Data and ZW3 Data

In this study, we utilized ERAS reanalysis data provided by
the European Centre for Medium-Range Weather Forecasts
(ECMWE covered on a 31 km grid) (Hersbach et al., 2020).
ERAS variables used in this analysis include 2m air tem-
perature (754,), 10m u- and v-wind components, mean sea
level pressure (MSLP), sea surface temperature (S5T), and
sea ice concentration (SIC). ERAS has been widely validated
for use in Antarctica due to its high temporal and spatial res-
olution and strong correlation with observational data (Tet-
zner et al., 2019). To assess the accuracy of reanalysis data
in representing local atmospheric conditions, an automatic
weather station (AWS) was installed at the Hercules Névé
site during the drilling campaign, recording air temperature,
wind speed, and wind direction over one year. The AWS
dataset was compared with ERAS outputs for the same pe-
riod, focusing on temperature and wind variables (Figs. S1
and S2 in the Supplement). ERAS5 reproduces general pat-
terns in temperature and wind direction well. However, it
tends to overestimate summer (DJF) temperatures relative to
AWS, as shown by the DIF AWS-ERAS comparison using
a York regression analysis (Fig. S1C; R? = 0.57). Despite
this warm bias, ERAS provides consistent temporal coverage
from 1979 to 2015, making it suitable for evaluating inter-
annual climate—isotope relationships in this remote region.
Wind direction and speed distributions also show notable dif-
ferences between AWS and ERAS (Fig. 82). ERAS indicates
a dominant southerly to southeasterly wind regime during
DIJF, in line with broader synoptic circulation over the Ross
Sea. In contrast, AWS data show more variable wind direc-
tions and stronger speeds, likely reflecting local topographic
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effects and boundary-layer dynamics. For the main analysis,
ERAS fields were extracted at a monthly resolution for the
period 1979-2015. To match the temporal resolution of the
ice core isotope data, we calculated austral summer means
from the monthly data, thereby obtaining one representative
seasonal value per year. These DJF-avearged datasets were
used for spatial correlation and circulation analyses linking
isotopic variability with temperature, precipitation, wind, sea
ice, and oceanic conditions.

In addition, the monthly ZW3 index from Goyal et al.
(2022), which is derived from ERAS sea level pressure fields
was used to represent large-sale wave activity in the Southern
Hemisphere. ZW3 is characterized by three quasi-stationary
ridges and troughs in the mid-latitudes of the Southern Hemi-
sphere that influence atmospheric circulation and sea ice dis-
tribution around Antarctica (Goyal et al., 2022: Raphael,
2007). The inclusion of the new ZW3 data allows for a more
detailed assessment of its impact on the climatic conditions
at Hercules Névé via isolopic signatures.

2.3 Data Processing
23.1 Age Dating

Manual layer counting is widely used for the age dating of
ice cores, with the identification of annual layers relying on
variation in proxies such as stable water isotopes (5'%0, 8°H.
and dexc), ion concentrations, dust deposition, and electrical
conductivity method (ECM) (Johnsen et al., 2001; Masson-
Delmotie et al., 2003; Sigl et al., 2016; Sinclair et al., 2012).
Previous studies have demonstrated that, in regions with
abundant snowfall, particularly along coastal areas, water
isotope signals are well-preserved and exhibit clear seasonal
cycles, allowing for the precise manual counting of annual
layers. Seasonal variation in 6'30, §2H, and dexc from the
Hercules Névé ice core, characterized by higher 8'®0 and
4?H values during warmer months and lower values dur-
ing colder periods, were thus used to establish annual layers
for age dating (Fig. 2B-D). This method provides a high-
resolution age model based on stable water isotope variation,
which can be linked to specific years and climatic events. An-
nual layers were identified from the seasonal oscillation in
the isotope profiles (5'°0, 5°H. and dexc) by visual inspec-
tion of peak—trough cycles. Phase consistency among 5180,
87H. and dxc was required Lo assign the seasonal transitions.

Radioactive isotopes resulting from atmospheric nuclear
testing, such as plutonium-239 (33"'Pu} and tritium, can be
utilized to validate the accuracy of the manual layer count-
ing method (Hwang et al., 2019; Stenni et al., 1999). In this
study, 9Py concentrations were measured at various depths
within the Hercules Névé ice core, and 2°Pu peaks corre-
sponding to known periods of atmospheric nuclear testing
in the late 1950s and early 1960s were employed as abso-
lute time markers (Fig. 2A). By matching these peaks with
the historical records for nuclear testing. we confirmed the
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Figure 2. Depth profiles of climate indices and isotopic parameters
from the surface to a depth of 26 m from the Hercules Névé ice
core. Panel (A) represents the Amundsen Sea Low (ASL) index de-
rived from principal component analysis (PCA) based on longitude,
latitude, and strength of the ASL defined in Hosking et al. (2013),
specifically displaying PC3. which showed significant correlation
with isotopic data. Panel (B) shows the Zonal Wave 3 (ZW3) in-
dex obtained from Goyal et al. (2022). Panel (C) depicts the 239Pu
concentration profile for the period 1950-1975. Panels (D)}-(F) il-
lustrate water isotope measurements (dexc, EEH, and 3180, Tespec-
tively) spanning from 1950 to 2016. Data utilized for detailed anal-
ysis in this study (1979-20135) are indicated by the shaded grey re-
gion.

age of specific layers and validated the annual layer counting
method. The uncertainty for the age dating of the ice core
was assumed to be less than a year.

In this study, we successfully determined the ice core
chronology back to the 1950s. reaching a depth of approx-
imately 25m. For isotopic and climate analysis, we used
the top 16 m of the core, which represents roughly 40 years
of accumulation (highlighted in grey in Fig. 2). Clear sea-
sonal cycles in §'%0 and dexc enabled manual annual layer
counting to construct a high-resolution age—depth model.
The estimated mean annual snowfall over this period was
204.5 kgm‘2 yr=! or £54.5. Within each annually dated
layer. each sample point (typically 515 yr—!) was assigned
a fractional year value based on its relative depth position.
To assign calendar months, the §'*0 maximum within each
year was used as an anchor point and fixed to January, rep-
resenting the midpoint of the austral summer. All other sam-
ple positions were then linearly interpolated across the year.
Linear interpolation between successive isolope extrema was
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applied to obtain an approximately monthly-resolved series
within each annual layer. The DIF §'*0 series derived from
this interpolation was then aligned, year by year, with DJF-
averaged ERAS fields (1979-2015) to ensure temporal con-
sistency for correlation analyses. While this approach as-
sumes that §'80 peaks reflect summer accumulation, the
use of DIF averages, centered around the §'*0 maximum
and spanning three months, minimizes sensitivity to short-
term variability in peak timing. This interpolation allowed for
monthly-resolved isotope estimates, including months not di-
rectly sampled. From this monthly-interpolated series, DJF
values were extracted and averaged to produce an annual
DJF 5'80 time series from 1979 to 2015. This time series
was subsequently used in correlation analyses with ERAS-
derived temperature, precipitation, and wind data to interpret
climatic influences on isotopic variability.

2.3.2 Siatistical Analysis

We applied several statistical methods to evaluate the rela-
tionship between water isotopes and various climatic drivers
in the Hercules Névé region. All climate variables were ob-
tained from the ERAS reanalysis dataset (Hersbach et al.,
2020) for the period 1979-2015, including 2 m air tempera-
ture (75 ), total precipitation (tp), 10 m - and v-wind com-
ponents, and sea ice concentration (SIC). ERAS data were
exiracted over the sector 70-77° 8, 160-170° E, encompass-
ing the northern Victoria Land region. Monthly fields were
averaged to derive DJF means for each year, matching the
temporal resolution of the isotope record. Spatial correla-
tion analysis was performed between the 8180 time series
and gridded ERAS climate fields to identify dominant spatial
patterns. Pearson correlation coefficients were computed on
a seasonal (DJF) basis to assess spatially coherent relation-
ships (e.g.. Sime et al., 2009; Thomas et al., 2017).

To examine large-scale circulation drivers, we used a
monthly Zonal Wave 3 (ZW3) index developed by Goyal
et al. (2022) and the Amundsen Sea Low (ASL) diag-
mostics provided by the British Antarctic Survey (Hosking
et al.. 2013). The ASL parameters (central pressure. lati-
tude, and longitude) were standardized and subjected to Prin-
cipal Component Analysis (PCA) using a correlation ma-
trix to identify coupled spatial-intensity modes of ASL vari-
ability (Coggins and McDonald, 2015). The resulting PCs
were correlated with 3'%0 to determine which modes had
the strongest association with isotopic variability. To inves-
tigate broader circulation patterns, we performed Empirical
Orthogonal Function (EOF) analysis of 500hPa geopoten-
tial height fields for DIJF, following standard methods (e.g.,
Raphael et al., 2016; Clem et al., 2017). The corresponding
principal components were used to interpret SAM- and ZW3-
like structures and their association with §'30 variability.

Lastly, to assess atmospheric moisture pathways, we used
the HYSPLIT model (Stein et al.. 2015) to compute 7d
backward trajectories arriving at Hercules Névé (73°03'S,
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165°25" E). Trajectories were initialized four times (00:00,
06:00, 12:00, 18:00UTC) for the DJF period (1979-2015)
using GDAS 17 x 1® meteorological data. fields for the DIF
months from 2006 to 2015. Cluster analysis was conducted
on the ensemble of trajectories for this 10-year period using
the Euclidean distance criterion, and three clusters were se-
lected to represent the dominant moisture-transport regimes.
Composite trajectories were then generated separately for
summers with a strong ASL (2008, 2009, 2015 and 2016)
and weak ASL (2006, 2010, 2013 and 2014), based on the
ASL strength index from Hosking et al. (2013). These com-
posites illustrate the contrasting moisture-source regions and
transport pathways associated with variations in ASL inten-
sity.

To assess the signal-to-noise ratio and test whether the
8'80 record contains a preserved seasonal signal, we per-
formed a Lomb-Scargle periodogram analysis. As shown in
Fig. 83, the spectrum exhibits a statistically significant peak
at 1 yr=! (p < 0.05), indicating that the time series retains a
robust seasonal (annual) cycle. This result supports the use of
DJF-averaged isotope values for climate correlation analysis
and justifies the seasonal aggregation approach used through-
out this study.

To check whether post-depositional processes bias our
summer signal, we evaluated the DJF 8 ¥0_dexc relationship
following Casado et al. (2021). In this framework, negative
relationships imply substantial modification, whereas posi-
tive relationships suggest minimal alteration. For Hercules
Névé. the 8" O-dexc relationship is positive during DJF
(r = 0.51). consistent with limited post-depositional modifi-
cation. Although a positive slope generally indicates preser-
vation of the primary isotopic signal (Casado et al., 2021),
recent study from surface snow at EastGRIP show that weak
positive slopes may still arise under conditions of minor post-
depositional alteration (Town et al., 2024). Therefore, while
our data suggest that the summer isotopic signal has been
largely preserved. small-scale re-equilibration effects cannot
be entirely excluded.

3 Results

3.1 Water Isotope Records in the Ice Core from
Hercules Névé

Figure 2 presents the water isotope data from Hercules
Névé for the period 1979-2015. The 880 values ranged
from —42.29%0 o —29.67 %, with a standard deviation
of 1.69 %, while those for §°H ranged from —334.5 %« to
—226.1 %o, with a standard deviation of 11.75 %e. These val-
ues are comparable to other near-coastal Antarctic sites in
Victoria Land. such as Styx—M. Whitehall Glacier. and Ta-
los Dome. which represent a range of altitudes and moisture
conditions (Table S1 in the Supplement).
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Using the annual mean §'*0 and §H in Hercules Névé
core, we derived a local meteoric water lineg (LMWL) with a
slope of 8 and an intercept of 8.2 (R* = 0.99). While there
slope and intercept are higher than those of the Antarctica
meteoric water line (AMWL, slope = 7.75 and intercept
= —4.93 Masson-Delmotte et al., 2008), yet similar to the
global meteoric water line (GMWL, slope = 8 and intercept
= 10; Craig, 1961). The similarity suggests that, owing to
its coastal proximity, the Hercules Névé region, experiences
moisture conditions more characteristic of oceanic environ-
ments, resulting in a steeper §'*0-§?H relationship (Fernan-
doy et al.. 2010: Goursaud et al.. 2018; Nyamgerel et al..
2024).

Seasonally, the 3'80-37H relationship in the Hercules
Névé core range from 8 to 8.3 and 7.8 to 18 (Fig. 54). Dur-
ing the austral summer, the slope (8.0) and the intercept (7.8)
closely match the annual LMWL, indicating that the sum-
mer precipitation is more likely to reflect the temperature—
isotope relationship with minimal post-depositional alter-
ation. ERAS reanalysis data from 1979-2015 show that pre-
cipitation minus evaporation during DJF accounts for ap-
proximately 23 %—40 % (mean 35 %, standard deviation 4 %)
of the annual total. While DJF does not dominate the an-
nual accumulation in terms of volume, it occurs under con-
ditions of relatively frequent snowfall, warmer atmospheric
temperatures, and higher moisture flux from open ocean ar-
eas due to reduced sea ice extent. Such conditions may en-
hance the direct imprint of summer climatic signals into the
isotopic composition of snow, making the DJF season partic-
ularly valuable for interpreting isotope—climate relationships
in coastal Antarctica.

To confirm that this seasonal signal is preserved without
significant isotopic smoothing, we empirically estimated the
diffusion length from the §'*0 time series using a spectral
fitting approach (Miinch et al., 2016). The resulting diffu-
sion length of approximately 6 cm, comparable to the Sem
sampling interval, indicates that seasonal variability is well
resolved at this resolution and that the isotopic cycles retain
their original amplitude.

3.2 Impact of Summer Climate Patterns on Water
Isotope in the Antarctic Hercules Névé

Using ERAS climate reanalysis data for 1979-2015, we ex-
amined how temperature, precipitation, and wind compo-
nents (v- and u-winds) relate to §'80 variability during thre
austral summer (DJF) at Hercules Névé site (Fig. 3). When
using annual mean temperature, 580 shows a weak correla-
tion (r = 0.13 likely due to the superposition of several pro-
cess that obscure a direct isotopic—thermal relationship: vary-
ing moisture sources (Masson-Delmotte et al., 2008; Noone
and Simmonds, 2004), strong synoptic variability associ-
ated with the Ross Sea region (Schlosser et al., 2016). sea-
sonal difference in precipitation frequency (Casado et al.,
2018). and post-depositional modifications of the surface
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snow (Casado et al., 2021; Mahalinganathan et al., 2022).
Such effect dilute the annual isotope—temperature signal. un-
derscoring the limitations of paleoclimate reconstructions
based solely on annual mean annual signatures (Laepple et
al., 2025).

By contrast, the austral summer correlation between §'*0
and temperature is more pronounced (r = 0.32, p < 0.05:
slope of 0.59 % °C~'). Although slightly lower than the Styx
site (0.66 %c°C~!: Nyamgerel et al., 2024), this summer
slope is comparable to other East Antarctic locations such as
Whitehall Glacier (0.62 % °C~!: Sinclair et al., 2012), Tay-
lor Dome (0.50%.°C~!: Steig et al., 2000) and Talos Dome
(0.60 % °C~"; Stenni et al., 2002) (Fig. 85). This consistency
demonstrates that isotope—temperature scaling at Hercules
Névé is regionally coherent despite differences in topogra-
phy and moisture-transport pathways. It also highlights the
necessity of seasonal discrimination, while annual values are
confounded, summer months preserve the most direct tem-
perature signature (Sinclair et al., 2013).

Several factors may account for this stronger summer
correlation: (1) reduced impact of post-depositional process
under high accumulation rates, despite enhanced metamor-
phism under warmer conditions (Town et al., 2008: Wadding-
ton et al., 2002), (2) simplified moisture transport pathways
during summer circulation (Helsen et al.. 2005), and (3) a
higher frequency of precipitation events, leading to more
direct incorporation of local climatic signals into the ice
(Steen-Larsen et al., 2011). Together. these mechanisms indi-
cate that %0 in summer snowfall is more directly coupled to
surface air temperature, These mechanisms imply that 5§30
in summer snowfall is a more directly associated by surface
air temperature. Precipitation shows positive correlation with
5'%0 during summer (r = 0.6; Fig. 3B). exceeding its annual
mean correlation (r = 0.3, not shown). This pattern suggests
that precipitation in coastal Antarctica is often isotopically
enriched during periods of heavy snowfall, reflecting mois-
ture sourced from the nearby ocean (Servettaz et al.. 2020
and Jackson et al., 2023).

For wind components, the apstral summer v-wind
(southerly) and w-wind (westerly) are generally negative
values, indicating prevailing southerly and westerly winds
flows. A positive correlation was observed between § 80 and
v-wind, suggesting that stronger southerly winds are associ-
ated with isotopically enriched snowfall (Fig. 3C). Although
this relationship may appear counterintuitive, it likely reflects
inland advection of mixed continental-oceanic air masses
with higher isotopic (Clem et al., 2017: Noone and Sim-
monds, 2004). Conversely, 5'%0is negatively correlated with
the u-wind (Fig. 3D), indicating that intensified westerlies
transport colder, isotopically depleted air from marine sec-
tors west of the Ross Embayment (Markle et al., 2012). There
findings emphasize that temperature, precipitation, and wind
directions collectively modulated isotopic variability in the
Hercules Névé region.
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During DJF, the Hercules Névé ice core record shows a
clear co-variation between dexc and local ocean-ice condi-
tions. When SIC is higher, dexc is generally higher, and
when SST is higher, dexc is generally lower (Fig. 4A, B).
Taken together with the 8'*0O—climate associations described
above, this DJF dexc pattern suggests that summertime iso-
topic variability at Hercules Névé, located near the Ross
Sea. is most closely related to local ocean—ice conditions and
polynya-influenced moisture sources. This highlights that not
only temperature and precipitation but also moisture source
variability has a discernible influence on the isotopic signal,
reinforcing the value of summer snowfall as a recorder of
regional climate (Noone and Simmonds, 2002: Risi et al.,
2010; Uemura et al., 2008).

In summary. the combination of lemperature, precipi-
tation, and wind patterns during austral summer exerts a
marked influence on §'¥0. These results provide a process-
based framework for interpreting how coastal Antarctic ice
cores can record regional climatic conditions, highlighting
the importance of focusing on the season (DJF) that reflects
a clearer signal of local temperature and marine moisture in-
fluence.

4 Discussion

4.1 Relationship between the dexc and SIC/SST during
the DJF Period

The Hercules Névé record reveals a positive correlation be-
tween summer sea-ice concentration (SIC) in the Ross Sea
and dexc (Fig. 4A). This association can be understood
through the interplay of katabatic winds, sea-ice extent. and
polynya processes (Dale et al., 2020; Turner et al., 2016). Un-
der high SIC conditions, katabatic forcing enhances coastal
divergence, supporting the persistence of coastal polynyas.
These polynyas enhance local evaporation, initially gener-
ating vapor with low dexc values due to kinetic fractiona-
tion (Merlivat and Jouzel, 1979). Subsequent mixing with
continental air masses relatively enriched in dexc (Noone
and Simmonds, 2004) modifies the resultant isotopic com-
position of snowfall. Meanwhile. extensive sea ice coverage
maodifies the relative contribution of distant, isotopically de-
pleted oceanic sources (Uemura et al., 2008), enhancing the
relative influence of locally derived moisture. Comparable
mechanisms have been observed in both Antarctic and Arc-
tic regions, where variability in sea-ice extent exerts a strong
control on stable isotope compositions (Kurita, 2011; Steen-
Larsen et al., 2013).

In contrast, low SIC exposes a broader open-ocean surface,
intensifying evaporation under conditions that promote ki-
netic fractionation and resulting in lower dexc values (Bertler
et al., 2018; Kurosaki et al., 2020). This seasonal contrast
highlights the role of sea-ice extent and polynya activity
in modulating the isotopic characteristics of coastal Antarc-

The Cryosphere, 19, 5655-5670, 2025

- 138 -



5662

(A) r{6'50,t2m)in
£my
rA

o

Cormtation ir}

(C} (60, w10}in DJ

Mg

e

=
Comghation {r)

S. Kim et al.: Imprints of sea ice, wind patterns, and atmospheric systems on water isotopes

{B) r(6**0,tplin DJF

Ty

Corredation {r]

" Correlation (r)

Figure 3. Spatial correlation analysis of (A) the 2m temperature (75, ). (B) total precipitation (tp), (C) 10m v-wind (v10), and (D) 10m
u-wind (ul0) across Antarctica based on ERAS data with 8180 in HN ice core (black symbaol) from 1979 to 2015 during DJF. The p < 0.1

confidence level is indicated by black contours.

tic precipitation by altering both moisture source and atmo-
spheric transport pathways. Overall, these findings indicate
that isotopic variations in coastal Antarctic precipitation are
governed by a combination of sea-ice dynamics, katabatic
wind influence, and continental moisture interactions, rather
than by temperature alone. This complexity underscores the
need to account for source-related processes when interprei-
ing coastal isotope records for paleoclimate applications.

The Cryosphere, 19, 5655-5670, 2025

The relationship between dexc and SST further com-
plicates interpretation. Theory anticipates a positive SST—
dexc linkage based on fractionation dynamics (Gat et al..
2003; Merlivat and Jouzel, 1979). However. our resulis re-
veal a negative correlation between dexc and SST (Fig. 4B),
which differs from the expected positive relationship (Merli-
vat and Jouzel. 1979). We hypothesize that complex ocean—
atmosphere interactions in polynya regions, where sea-ice
dynamics, variable SST. and atmospheric circulation con-
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Figure 4. Spatial correlation analysis results between the secondary parameter dexc from the HN ice core (black symbol) and (A) the sea
ice concentration (S1C) and (B) sea surface temperature (S5T) from ERAS data during DJF for 1979-2015. The p < 0.1 confidence level is

indicated by black contours.

verge, modify the typical SST-d-exc linkage. Further nu-
merical modeling that includes both SST and humidity
variability would be necessary to elucidate these processes
more precisely (Pfahl and Sodemann, 2014: Uemura et al.,
2008). These findings carry two key implications: (1) coastal
Antarctic ice core dexc provides a sensitive proxy for sea-ice
extent and local air-sea coupling rather than open-ocean tem-
perature, and (2) isotope-based reconstructions using dexe
must account for the dominance of polynya processes in re-
gions such as the Ross Sea.

4.2 Influence of the ASL on Water Isotopes and Wind
Patterns

The ASL has a profound impact on both § e’ variability and
local wind dynamics in the Ross Sea and Victoria Land (Cog-
gins and McDonald. 2015: Turner et al., 2013). In this study.
a significant negative correlation was found between ASL-
related mean sea-level pressure and 5'%0 values in the Her-
cules Névé region (Fig. SA). When the ASL intensifies (i.e.,
its central pressure drops), cold and dry air from the Antarc-
lic continent tends to intrude into the Hercules Névé region,
which is associated with more deplete 80 in precipitation
(Emanuelsson et al., 2023). This observation agrees with
prior findings linking a stronger ASL activity to enhanced
cold-air advection and lowered isotopic content of snow-
fall (Hosking et al., 2013: Raphael et al., 2019). Wind pat-
terns also influence the isotopic composition. As discussed in
Sect. 3.2. 8'80 exhibits a positive correlation with the v-wind
(southerly) but a negative correlation with the u-wind (west-
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erly), indicating advection of relatively warm. moist versus
cold, dry air masses (Fig. 5C-D: Clem et al., 2017).

To further characterize ASL behavior, we conducted a
PCA using DJF ASL strength (actual central pressure), lat-
itude, and longitude (Hosking et al.. 2013). The first three
principal components (PCs) explained all variance in the
dataset (PC1: 57.7 %, PC2: 31.2 %, PC3: 11.2 %) (Fig. 6A).
PC1 reflects a general displacement toward a stronger, pole-
ward, and eastward ASL but is only weakly associated with
5%0 (r=0.15). PC2 captures a zonal shift with moder-
ate association (r =0.27), while PC3. though explaining the
least variance. exhibits the strongest negative correlation
with 3'%0 (r=—0.34) (Fig. 6B). Loadings (Table 1) indi-
cate that PC3 is characterized by a southward shift in ASL
position combined with increased central pressure and slight
eastward movement. This coupled ASL pattern appears to be
notably associated with changes in the isotopic signature at
Hercules Névé, possibly reflecting modified moisture trans-
port pathways. Figure 7 presents the results of the HYS-
PLIT back-trajectory clustering for summers with strong
and weak ASL conditions, illusirating contrasting transport
regimes. During intensified ASL phases in DJF (lower cen-
tral pressure over the Amundsen Sea). the trajectories indi-
cate that moisture is primarily transported meridionally from
the Antarctic interior and the Ross Ice Shelf, producing in
longer, more continental air-mass pathways. These condi-
tions correspond to colder, isotopically depleted precipitation
with higher dexc values, consistent with enhanced inland and
shelf-derived moisture contributions. Conversely, during pe-
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Table 1. PCA loadings of ASL parameters (Actual central pressure.
latitude, longitude) from Hosking et al. (2013) datasets. Loadings
show variable contributions to each principal component.

Variable PC1 PC2 PC3
ActCenPres (strength)  0.52 0.69 0.50
Longitude 050 -0.73 0.47
Latitude 0.69 0o 072

riods of a weak ASL phase (higher central pressure), trajec-
tories become more zonal, with increased transport of ma-
rine air masses from the open Ross Sea. This pattern is asso-
ciated with warmer, isotopically enriched precipitation and
lower dexc, reflecting the greater influence of oceanic mois-
ture sources. These contrasting circulation regimes demon-
strate that ASL variability plays a key role in modulating
the origin and isotopic signature of precipitation at Hercules
Névé, linking regional-scale atmospheric dynamics to local
ice-core records.

In contrast, periods of diminished ASL show an increased
proportion of zonal, ocean-originaling trajectories, partic-
ularly from the Amundsen Sea sector and lower-latitude
open waters. These pathways favor the transport of rela-
tively warm, isotopically enriched air and lower dexc val-
ues, reflecting a greater contribution of oceanic vapor. This
shift underscores the role of large-scale circulation variabil-
ity in mediating both surface climate and the isotopic imprint
preserved in the Hercules Névé ice core. Collectively. these
findings indicate that ASL variability is statistically associ-
ated with both pressure-related advection and wind-driven
changes in regional circulation. Although PC3 explains only

The Cryosphere, 19, 5655-5670, 2025

119 of the total variance, its statistically significant nega-
tive correlation with §'%0, emphasizes that structural shifts
in ASL circulation importantly influence isotope variability
in coastal Antarctica.

4.3 Relationship between ZW3 and Water Isotopes

A significant positive correlation was identified between the
DIJF seasonal mean strength of ZW3 and 30 (r=047,
p<0.01) in the Hercules Névé region based on interan-
nual values from 1979 to 2015. The ZW3 index (Goyal et
al., 2022) represents monthly variability in the hemispheric
wave-3 structure, which we averaged over DJF to align with
the period of isotopic signal accumulation in the snowpack.
To examine the influence of broader atmospheric circula-
tion patterns, we also examined the Southern Annular Mode
(SAM) using principal components from an EOF analysis of
500 hPa geopotential height fields during DIF from ERAS.
The first mode (EOF1), associated with SAM. showed no sig-
nificant relationship with §'"*0 (r =0.09, p = 0.58), whereas
the second mode (EOF2), consistent with ASL-ZW3 vari-
ability. had a statistically significant negative correlation
(r=—044, p <0.01). These results suggest that regional
wave activity (ZW3) and pressure anomalies (ASL) are more
closely associated with 8'%0 variability in this region than
hemispheric SAM variability.

ZW3 is linked to changes in meridional airflow patterns;
its intensification enhances the advection of warm. isotopi-
cally enriched air masses toward the Ross Sea, resulting in
higher 580 values (Raphael. 2007). While the amplitude
of ZW3 sirength showed a moderately related 10 3'°0, the
phase of this wave did not exhibit significant influence, indi-
cating that wave amplitude rather than longitudinal displace-
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Figure 6. (A) Scree plot showing the variance explained by each principal component derived from ASL monthly variability (central pressure,
latitude, and longitude) during DIF (1979-2015). (B) Scatterplot between PC3 and 5180 values from Hercules Névé (r = —0.34), based on

DJF-averaged data, showing the strongest correlation among all PCs.
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Figure 7. 7d HYSPLIT back-trajectory clusters arriving at Hercules Névé during (left) the five strongest ASL summers and (right) the five
weakest ASL summers (DJF, 1979-2015). Strong ASL cases show dominant air mass transport from inland Antarctica and the Ross Ice
Shelf, while weak ASL cases are associated with zonal trajectories originating from the Amundsen Sea and lower-latitude ocean sectors.

ment is more relevant for isotope variability at this site. The
interaction between ZW3 and the ASL introduces additional
complexity. Enhanced ZW3 activity coincides with increased
ASL intensity (Cohen et al., 2013), which can coincide with
southward transport of cold, dry continental air, partially off-
setting the warming influence of ZW3. This dynamic inter-
play suggests that & Le) variability at Hercules Névé may rep-
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resent a net balance between warm marine and cold continen-
tal air mass effects, both associated with the coupled ZW3—
ASL system (Hosking et al., 2013; Turner et al., 2013). These
findings highlight the importance of considering regional at-
mospheric wave activity and its coupling with local pressure
systems when interpreting isotopic records. Further investi-
gation into the phase relationships and the relative contribu-
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tions of competing air masses would be essential to clarify
the mechanisms controlling isotope variability in the Ross
Sea sector.

5 Conclusions

This study analyzed a Hercules Névé ice core 1o examine
the climatic factors influencing water isotope composition in
eastern Antarctica. By investigating the upper 15m of the
80m ice core, we identified distinct seasonal variation in
the isotopic composition, enabling a high-resolution recon-
struction of approximately 40 years of accumulation. This
chronology enabled us to trace changes in climate patterns
during this period. The analysis focused on the austral sum-
mer (DJF), a key period for understanding polynya activ-
ity and associated atmospheric processes. Variations in wa-
ter isotopes, particularly §'%0, are most closely associated
with a combination of temperature, precipitation, and wind
patterns, with additional associations involving atmospheric
pressure systems such as the ASL and ZW 3. Southerly winds
were associated with enriched 5'0 values, while westerly
winds were linked to relatively depleted 5180 values. This
pattern highlights the complex relationships between atmo-
spheric dynamics and isotopic composition, where wind di-
rection and intensity may coincide with differences in local
climate conditions.

The dexc record from the ice core was positively associ-
ated with SIC and negatively associated with SST, which is
consistent with katabatic winds and polynya activity along
the Ross Sea coast. The intensity of Antarctic winds and the
extent of SIC were both linked to precipitation character-
istics in the study area. suggesting a connection with local
climate variability. The influences of the ASL and ZW3 are
also evident in their linkages to isotopic variability. Enhanced
ASL activity (lower central pressure) is associated with shifis
in wind direction and colder, isotopically depleted precipi-
tation, whereas stronger ZW3 phases correspond to the ad-
vection of warm. moisture-rich air and isotopically enriched
snowfall. These findings underscore the interconnected na-
ture of regional atmospheric systems and their imprints on
Antarctic ice-core records.,

Overall, the isotope variability at Hercules Névé reflects
the integrated response o temperature, precipitation, wind
regimes, and large-scale circulation patterns, rather than
temperature alone. This work provides one of the first
process-based assessments of summer isotope variability in
a coastal Antarctic setting, highlighting how coupled ocean—
atmosphere dynamics shape isotopic records. Although the
analysis is limited to a single site and season, the results
establish a valuable reference framework for interpreting
coastal ice-core records. Future studies that incorporate year-
round monitoring, extended ice-core datasets, and isotope-
enabled atmospheric modeling will further refine our under-
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standing of water-isotope—climate relationships in Antarc-
Lica,
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Tracing stratospheric transport using subannual
plutonium-239 fallout in polar ice cores

Jinhwa Shin', Seungmi Lee', Yeongcheol Han'#, Heejin Hwang', Seokhyun Ro'?,

Soon Do Hur', Sang-Bum Hong'

Polar ice cores preserve high-resolution archives of historical atmospheric transport, providing unique insights
into long-term stratospheric processes. Here, we present the first subannual plutonium-239 (***Pu) deposition
records from Greenland and Antarctic ice cores (1940 to 1980 CE). The limited or delayed fallout from Ivy Mike
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(1952 CE) compared to Operation Castle (1954 CE), despite their detonation in close proximity, exemplifies how
stratospheric circulation and seasonal dynamics create periods of reduced transport to Antarctica. These records
also reveal seasonal fallout patterns in Antarctica, with enhanced deposition during austral summers driven by
stratosphere-troposphere exchange. Our findings refine current representations of global aerosol dispersion and
provide additional constraints for modeling atmospheric processes, particularly those driven by volcanic erup-

tions and geoengineering interventions.

INTRODUCTION
Plutonium-239 (***Pu), a radionuclide primarily released during at-
mospheric nuclear weapons tests (NW'Ts) from 1945 to 1980 CE
(1, 2), serves as an effective tracer for studying stratospheric trans-
port because of its long half-life (24,100 years), chemical stability, and
negligible natural abundance (3). Extensive nuclear testing during
this period, particularly events like Ivy Mike (1952 CE}, Castle Bravo
(1954 CE), and Tsar Bomba (1961 CE), substantially elevated global
29py levels (4), with deposition predominantly in the Northern
Hemisphere, where the US and USSR conducted most tests (Fig. 1).
High-yield detonations [>500 kilotons (kt), TNT (trinitrotolu-
ene) equivalent] released ~76% of the total py fallout into the
stratosphere, as the energy allowed debris to penetrate high altitudes
(1, 5). Once in the stratosphere, thermal stratification above the tro-
popause extended the residence time of 2*py-laden aerosols to up
to 5 years (6-8), facilitating interhemispheric transport and deposi-
tion. While only ~10% of total nuclear }r:ields occurred in the Southern
Hemisphere, 20 to 30% of the global Hpy inventory eventually set-
tled there via long-range atmospheric transport {1, 9,.10).
Although researchers have studied B9py fallout in diverse envi-
ronmental matrices such as soil, sediments, seawater, and atmospheric
aerosols, polar ice cores offer unique advantages (11-15). Their re-
mote locations and undisturbed stratigraphy preserve detailed records
of long-distance atmospheric transport, including Lopy deposition
peaks corresponding to major nuclear testing periods in the 1950s
and 1960s (14-19). Previous studies have predominantly focused on
low-accumulation regions or required large sample volumes, where
relatively concentrated 39y facilitates detection but limits tempo-
ral resolution (14-19). In contrast, high-accumulation sites dilute
2%py, com plicating detection but enabling finer temporal resolution.
This study presents the first subannual 39py records from polar
ice cores, revealing seasonal dynamics and stratosphere-troposphere
interactions. High-resolution analyses of one Greenland ice core
[North Greenland Eemian (NEEM)] and three Antarctic ice cores
(GV7, Styx, and Hercules Néveé) reveal seasonal variations in Hpy
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ment of Ocean Sclences, Inha University, Incheon 22212, Republic of Korea.
*Corresponding author. Email: yhan@koprinekr
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fallout, providing critical proxy data to advance the understanding
of atmospheric processes. These findings illuminate the effects of
natural phenomena, such as volcanic eruptions, and anthropogenic
activities, including geoengineering, on global aerosol dispersal and
consequent deposition patterns.

RESULTS AND DISCUSSION

Temporal variations in 2°Pu fallout

High-resolution 9Py records from the Greenland NEEM and Ant-
arctic ice cores (GV7, Styx and Hercules Névé) reveal pronounced
fallout patterns tied to nuclear test yields (Fig. 2). Fallout fluxes, nor-
malized to site-specific accumulation rates, are shown in Fig. 3
(Greenland) and Fig. 4 (Antarctica), enabling a detailed comparison
across sites and with earlier studies.

Atmospheric NWT began in 1945 CE, but the early low-yield
tests, including nine near-surface detonations with two using =y
as fissile material, produced minimal 29py fallout (1, 4). The debris
largely remained within the troposphere, leading to localized dis-
persion and negligible transport to polar regions (20). Substantial
fallout in ice cores appears only after midcentury when high-yield
tests (>500 kilotons) injected debris into the stratosphere.

Two prominent peaks dominate the records (Figs. 1 and 2): The
first (1954.8 to 1955.4 CE) corresponds to Pacific tests such as Ivy
Mike (November 1952 CE) and Operation Castle (1954 CE), and the
second (1961 to 1963 CE) aligns with Russian Arctic tests. These bi-
polar peaks underscore the global dispersion of stratospheric aerosols.

Greenland records

‘The NEEM ice core reveals distinct temporal patterns of py fall-
out, with a marked rise beginning in 1954 CE and multiple peaks
extending through mid-1959 (Fig. 2A). These patterns reflect the
intensity and frequency of atmospheric NW's in the Northern
Hemisphere (Fig. 2B). The most prominent peak (1.2 fg g_l} appears
in mid-1963 (Fig. 2A), corresponding to large-scale Arctic nuclear
tests conducted during 1961 to 1962 CE. Residual fallout persisted
until 1965 CE, consistent with a gradual release from the strato-
spheric reservoir following high-yield tests conducted before the Par-
tial Test Ban Treaty (PTBT) of 1963 CE (21), Given the proximity of

1of8

- 148 -

ST0T *S1 1240120 U0 [HJON “ANUNSUL Yamasay Jrjog wanmy 1w S0 a0u s m s sdin wol paprojusor]



SCIENCE ADVANCES | RESEARCH ARTICLE

Tsar Homha
QU = | wietd gk TNT) 3
o[ i
60 J
B F = sEs e - -
7 " sm o= - - . L
LG I Tvy Mile |
Z 1 il {iperation
I > - @ . e Harduch | *-ll-lﬁm
2 0 B Moo
= 7 Casile
- m » - s W - = = =
=30+ . . .
=fil] =
L e e VT LS it e B B Ao S M DOl o ) B L N By [ e ey M
1945 1950 1955 1960 1965 1970 1975 1980
Year (CE)
Fig. 1. Temporal and g hic distribution of pheric NWTs from 1945 to 1980 CE. Red circles represent test yields in kilotons (ki) of TNT equivalent, with

larger circles indicating higher yield. The latitude of each test is plotted against time. Key nuclear tests are labeled for reference.

|5|015 ISF. I'J;M I?Iﬂ]' I?IGE ls;m IBITE lFIHIl
A NEEM (Greenland) w4
1 N
1l i 05 ®
ARl Al 114
! i . S S R g
w T . o
= B muclear test yeeld -
& f A Noribern Hemisphers
= i * &oul]l-:: szgme
- 4 " |
% i - s & 1‘1 i |
— L ] r
A "
- 0 aa la“ﬁ“an u.‘:“;‘.hq..:‘.u..;—l.ﬂ “
:
C s
by 3
1 =
e ot 1]
s D Sityx | Antarctica) '
EE i f"\jw_ :
00 ] ' i [ psE
E Hercules Neve | i "
{Aniarctica) 'LI.‘ FI} 5_
_.._J Wl bl Lo
T T T T T T T =+ i
1945 1950 1955 16l 1965 1970 1975 1980
Year (CE)
Fig. 2. Temporal correlation b ¥%py fallout in polar ice cores and nucle-

ar test yields from 1945 to 1980 CE. (A) “*Pu concentrations in the Greenland
MNEEM ice core, showing peaks corréspanding to major nuclear testing periods.
(B} Nuclear test ylelds, plotted with orange trlangles for the Northern Hemisphere
and blue diamonds for the Southern Hemisphere, highlighting the predominance
of high-yield tests in the Northern Hemisphere (59). (C) Composite ***Pu data from
the Antarctic GV7 ice core (see Materfals and Methods for details). Shaded error
ranges represent 3% confidence intervals from 500,000 Monte Carlo simulations,
incorporating analytical uncertainties from the first and second datasets. (D and
E} **Pu measurements from the Styx and Hercules Névé ice cores, with error bars
indicating 5% confidence intervals. Data points below detection limits in (&), (D),
and (E} are plotted at the detection limit for unifermity.
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Fig. 3. 9py fallout flux in Greenland ice cores and nuclear test ylelds from
1945 to 1980. (A) “*Pu flux records from previous studies, including D4 (gray dot-
ted line) {76), Dye-3 (purple line} (15, 15}, and South Dome {red dotted line) (15, 19)
ice cores, Flux values for Dye-3 and South Dome were calculated using Py
activities and mean “**Pu/**Pu ratios of 0.17 for pre-PTBT periods and 0.24 for
post-FPTBT perfods {15). These data illustrate substantial temporal and spatial vari-
ability in fallout flux, with no clear latitudinal trend observed across sites. v, year,
(B) #Pu flux from the NEEM (77.45°N, 51.06°W) ice core (green line), showing
12-month moving average values. Error bars represent 95% confidence intervals
derived from concentration uncertainties. The NEEM core exhibits pronounced
peaks corresponding to penods of intense nuclear testing, particularly after the
PTET of 1963 CE, highlighting the substantial stratospheric contribution to fallout
flus. Orange triangles (Northern Hemisphere) and blue diamonds (Southern Hemi-
sphere] represent the ylelds of nuclear tests {591

near-Arctic tests, Greenland deposition likely reflects a combined
tropospheric-stratospheric influence, with the stratospheric contri-
bution becoming more important for high-yield detonations that
injected debris above the tropopause.

Cor;gared to Antarctic records, Greenland shows consistently
higher = Pu fluxes because of its proximity to Northern Hemisphere test
sites, This geographic proximity is evident in the relative prominence
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Fig. 4. ™Pu fallout flux in Antarctic ice cores and nuclear test yields from 1945 to
1980. (A) Flux records from -9 (purple detted line) (15, 19}, Dome C (beown line) (17),
and Dome F (green dotted line) (14) ice cores. The Antarctic J-9 record uses a revised
chranology (15, 19). (B) Flus data fram the GV7 (blue line), Styx (black line), and Hercules
Mévé (red line) lce cores, showing 12-month moving average values with error bars
representing 95% confidence intervals. Nuclear test yields are plotted as orange
triangles (Morthern Hemisphere) and bive diamonds (Southern Hemisphere) (59).

of the 1960s peak over the 1950s peak, unlike in Antarctic records,
where the earlier peak is more pronounced (Fig. 2). Substantial spa-
tial variability also exists across Greenland. In 1965, fluxes ranged
from 13 fg em™ year ' at NEEM to 90 fg em ™ year™! at D4 (16),
700 km to the south (Fig. 3 and fig. 81). Similarly, South Dome re-
corded 60 fg cm™ year™, while Dye-3, 200 km away, measured 35 fg
cm™ year  (I5). These differences reflect the influence of localized
atmospheric circulation, test-specific dispersal trajectories, and site-
specific conditions.

Including Northern Hemisphere midlatitude sites reveals even
more pronounced spatial variability. Alpine glaciers in midlatitudes
recorded peak fluxes of 70 to 170 fg cm™ ye!ar_i during the same
period (13). This variability underscores the complex i.ntfl;play of
test location, yield, and atmospheric transport in shaping B9y de-
position patterns.

Antarctica records
The Antarctic ice cores (GV7, Styx, and Hercules Névé) show similar
temporal trends in “'pu fallout but with generally lower fluxes than
Greenland because of their distance from major Northern Hemi-
sphere test sites. The GV7 ice core exhibits a pronounced peak in
1954.8 to 1955.3 CE, consistent with global dispersion of fallout from
the low-latitude Pacific NW'Ts (Fig. 2C). Following this peak, Hpy
concentrations decline, with a notable second peak around 19652 CE,
coinciding with the resumption of post-PTBT testing in the Northern
Hemisphere. Minor peaks observed between 1958 and 1964 CE likely
reflect the influence of equatorial tests such as Operation Hardtack [
(1958 CE) and Operation Dominic (1962 CE} (Fig. 1}, which involved
nearly 30 tests each, with total yields of 28 and 34 million tons (Mt),
respectively. De;_ﬂjté their high fusion-to-fission ratio, resulting in
relatively lower = Pu contributions compared to earlier tests like Ivy
Mike and Castle Bravo (22), fission products from these operations
reached southern Australia (38°5) within 6 to 7 weeks (23), support-
ing their potential influence on Antarctic deposition.

The Styx ice core shows a similar pattern to GV7 (Fig. 2D). After
the mid-1950s peak, B9py concentrations decrease, mirroring the
decline observed in GV7. In addition, several minor peaks in the
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late 1960s and early 1970s suggest the influence of Southern Hemi-
sphere tests during this period, including megaton-scale tests con-
ducted in French Polynesia (22°5) after 1965 CE.

‘The Hercules Névé ice core, despite showing lower “py concen-
trations compared to the GV7 and Styx, captures the major fallout
events (Fig. 2E). The initial pronounced increase occurs at 1955.0 CE,
reaching its highest value at 1955.3 CE. A second major peak ap-
pears at 1965.1 CE. The independently dated Hercules Névé ice core
aligns closely with the GV7 ice core, highlighting a consistent ***Pu
fallout pattern across the study area.

Compared to Greenland records, Antarctic **Pu records are rela-
tively homogeneous, suggesting that stratospheric transport results
in a more even distribution over a broad area (Fig. 4). For the peak
around 1965 CE, the GV7 record shows the highest flux of 5.9 fg
em™ ]rear_:_ The Styx and Hercules Névé ice cores have similar flux-
esof 23and 2.4 fg cm™ }rear_l. respectively. Other records, such
as |-9 (34 fg em™ ]fl:a.l'_!} (14-17), Dome C (2.3 fg cm™ year'l}l
(14, 16, 17), and Dome F (4.4 fg em }'EE.I'_I‘,I {14), exhibit compa-
rable values, underscoring the uniformity of Bipy deposition across
Antarctica (r = 0.42 to 0.81; table S3).

On the basis of this uniformity, we created a composite 9Py flux
record by averaging data from the GV7, Styx, and Hercules Névé ice
cores, along with previously published records from J-9 (15, 19),
Dome C (17}, and Dome F (fig. 54) (14). From this composite re-
cord, we estimate that ~5 kg of *Pu accumulated across Antarctica
(~14 million kmz) between 1945 and 1980 CE, accounting for about
0.2% of the total estimated global release of **Pu (~2.8 x 10° kg or
6.52 PBq) (1, 2). Before 1957 CE, when equatorial Pacific tests dom-
inated global yields, the proportion of “**Pu deposition in Antarcti-
ca increased to 0.5%, highlighting the stronger influence of 1950s
nuclear tests geographically closer to the continent. This Antarctic
deposition estimate is comparable to the sulfate deposition attrib-
uted to the 1991 Mt. Pinatubo eruption (0.5 to 0.7%) (24).

Seasonal fluctuations in **Pu fallout

High-resolution ice core records from GV7 and Hercules Névé re-
veal pronounced seasonal variations in 29py fallout, providing in-
sights into atmospheric deposition dynamics (Fig. 5). We illustrate
this using 1963 to 1968 CE, a post-PTBT interval with relatively low
external inputs and well-resolved seasonal signals. 50 measure-
ments, used as proxies for seasonal changes, consistently align with
elevated “Pu concentrations during summer (Fig. 5). This pattern
indicates enhanced stratosphere-to-troposphere exchange during
austral summers. We quantitatively verified this seasonal bias,
and statistical tests show significantly higher summer deposition
(P < 0.02; table S4).

Seasonal variations in ***Pu deposition al?n with patterns ob-
served for cosmogenic nuclides such as mBe, *5 and 'Be, all exhib-
iting summer deposition maxima because of increased stratospheric
intrusion. For instance, a 0ge study at Law Dome, supported by
general circulation model simulations, attributes ?.eak deposition to
summer stratospheric d}mamic_s (25). Similarly, 7S records in sul-
fate aerosols from Dome C and ' Be records further corroborate these
seasonal trends (26, 27). While cmmaﬁemc nuclides form continu-
ously in the stratosphere, mid-1960s *"Pu records uniquely capture
stratospheric input during a period devoid of contemporary exter-
nal sources, offering an unambiguous view of these dynamics.

Lagrangian particle dispersion simulations provide supporting
evidence of the observed seasonal patterns. These simulations identify
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Fig. 5. Seasonal variations in 5'0 and ***Pu fallout in Antarctic ice cores.
(A) GV7 (first dataset In Fig. 2C) and (B) Hercules Névé ice cores. “*Pu concentra-
tions (circles) and 5"%0 values (black dashed lines) were measured from the same
samples. Blue lines represent 3-month moving averages of ““Pu concentrations
with 95% confidence intervals. Elevated *¥Pu concentrations correspond to
summer seasons, indicated by higher ™0 values. Open diamends indicate data
points below detection limits; these are plotted without error bars.

a greater probability of stratosphere-to-troposphere transport dur-
ing Antarctic summers compared to winters, attributed to the season-
ality of polar vortex strength and thermal stratification (27). The close
agreement between modeled transport and our ice core data, includ-
ing seasonal “*Pu and cosmogenic nuclide trends, strengthens confi-
dence in our interpretation and emphasizes the role of stratospheric
exchange in shaping polar deposition.

In contrast, snow Eit samples from Vostok, East Antarctica, ex-
hibit higher tritium (*H) concentrations during winter when 80
values are lower (28). This inverse seasonal pattern differs from
29py and other cosmogenic nuclides, likely because Vostok experi-
ences unique climatic and depositional conditions (25-27). Extremely
low and irregular snowfall (<30 kg m ™ year™') magnifies postdepo-
sitional effects (28), and episodic precipitation events linked to
blocki ngjant.icyclones can raise 5'%0 and dilute stratospheric tracers
such as "H (29). HTO (tritiated water) vapor condenses into pre-
cipitation, mainly delivering “H to the surface, whereas %Py binds to
submicrometer aerosols and leaves the atmosphere through wet and
dry removal. This comparison underscores that tritium deposition
involves more complex processes than simple stratospheric descent,
especially in low-accumulation settings.

Limited contribution of 1952 CE vy Mike to the initial 2*°Pu
fallout peak

The first prominent and abrupt 2*Pu peak in polar ice cores ap-
peared in late 1954, ~21 months after the Ivy Mike nuclear test
(November 1952 CE; yield >10 Mt) conducted in the Marshall Islands
(Fig. 2). Although previous studies (14-19} have noted this tempo-
ral gap, its origin has remained unresolved, likely due to limited

Shin ef al, Sci. Adv. 11, eadv1172{2025) 15 October 2025

temporal resolution and dating uncertainties. Our l'Li,gh—resu]gLiun
records improved chronological precision by comeasuring Hpy
and 50 on the same samples at an approximately monthly resolu-
tion. The fallout peak aligns with the 50 summer maximum
(~1955.0 CE) in a well-resolved annual chronology (fig. 82). Sensi-
tivity tests (£1 year; fig. 87) and extended Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) simulations (fig. 58)
both support a <1955 CE assignment.

Given its timing and magnitude, we attribute this fallout event
primarily to the Operation Castle series (March to May 1954 CE;
cumulative yield >40 Mt, including Castle Bravo at 15 Mt). The
~10-month lag is broadly consistent with stratespheric transport
timescales observed for large-scale tropical volcanic eruptions (30).
In contrast, we do not observe a distinct peak attributable to hvy
Mike during the first 21 months after the test, suggesting limited or
delayed deposition. Despite their similar detonation locations, this
difference may reflect distinct transport and deposition dynamics
between Ivy Mike and Castle Bravo. Tropospheric conditions may
have initially constrained the poleward movement of Ivy Mike de-
bris (31), as supported by particle dispersion simulations ata 14-km
altitude (fig. $6). However, stratospheric processes were likely the
dominant factors shaping its limited deposition far into Antarctica.
Brewer-Dobson circulation (BDC) drives poleward transport with-
in the stratosphere, particularly at higher altitudes where long-range
dispersion occurs (32). Seasonal variations in BDC, with enhanced
transport toward the winter pole (32), likely contributed to differ-
ences in fallout dispersal, as vy Mike (1st November) and Castle
Bravo (1st March) were detonated during distinct points in the
Northern Hemisphere seasonal cycle.

Another critical factor in stratospheric transport is the guasi-
biennial oscillation (QBO), characterized by alternating westerly
and easterly wind phases in the equatorial stratosphere, each lasting
about 14 months (33). These phases modulate meridional transport
and influence the dispersion of aerosols and other tracers (34, 35).
‘The 16-month separation between Ivy Mike and Castle Bravo placed
them in opposite QBO phases, likely affecting polar **py fallout.
While direct observations of the QBO were limited in the early
19505 (36), ERAS reanalysis captures its periodicity, showing that
Ivy Mike coincided with a westerly phase and Castle Bravo with an
easterly phase (fig. 85). During the westerly phase, particle disper-
sion simulations show that Ivy Mike debris traveled predominantly
eastward at a 25-km altitude, with constrained horizontal and verti-
cal dispersion during its initial stages (Fig. 6). The QBO can modu-
late Antarctic polar vortex intensity; during the westerly phase, the
vortex tends to strengthen and delay its late-winter breakdown, po-
tentially limiting the ingress of external material on average, although
this relationship remains uncertain in the Southern Hemisphere and
may not hold for individual years (37).

These findings indicate the complex interplay between BDC,
QBO, and the polar vortex in influencing temporal variability in
stratospheric transport pathways. The timing of the Ivy Mike deto-
nation, during the early onset of the Northern Hemisphere winter,
and its initial dispersion characteristics likely concentrated fallout
within the Northern Hemisphere. Although we did not observe a
pronounced 9py increase at NEEM during 1953 to early 1954 CE
(Fig. 3B), minor elevations at other Greenland sites highlight the
potential influence of localized transport dynamics (Fig. 3A), mod-
ulated by the seasonal and interannual variability of atmospheric
circulation. Considering the less precise age scale of Greenland ice
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Fig. 6. Dispersal of particles from the lvy Mike and Castle Bravo nuclear tests simulated using HYSPLIT. (A) Global dispersal patterns of particles released at an alti-
tude of 25 km. (B) Altitudinal and longitudinal distributions of particles. (C) Latitudinal distribution histograms for each test. (D] Altitudinal distribution histograms for
each test. Simulations cover the & weeks following the vy Mike (red) and Castle Brave (blue) tests.

cores (e.g., <2 years for NEEM), further studies with improved
chronological resolution are needed to fully resolve vy Mike's im-
pact in this region,

Ouwr high-resolution “py records complement atmospheric ob-
servations by revealing the cumulative effects of stratospheric
processes on deposition patterns over polar regions. The distinct
periodicities of BDC, the polar vortex, and QBO dynamically inter-
act, shaping aerosol transport. These findings highlight the need to
account for such variability when interpreting deposition records,
offering a framework to understand both natural and anthropogen-
ic influences on polar regions.

Implications for stratospheric geoengineering
Building on the interplay among BDC, the polar vortex, and QBO
discussed above, we now explore how stratospheric geoengineering
(SG) strategies might interact with these same transport mecha-
nisms. The QBO is particularly influential in modulating meridio-
nal transport in the tropical lower stratosphere, the target region for
most SG proposals. SG schemes typically involve the injection of
50; into this region to form sulfate aerosols that increase plane-
tary albedo and offset surface warming (38, 39). High-yield tropi-
cal NWTs provide an empirical analog for 5G, as both introduce
material into the stratosphere subject to the same circulation regimes.
Modeling studies have shown that the QBO phase strongly influ-
ences aerosol behavior. During westerly phases, aerosols are more
effectively confined to the tropical pipe, extending their stratospher-
ic residence time and enhancing deposition in low-latitude regions

Shinetal, Scl. Adv. 11, eadv1172 (2025) 15 October 2025

(38, 39). In contrast, easterly phases promote poleward transport.
Our ice core récords corroborate these dynamics: Ivy Mike, deto-
nated during a westerly QBO, produced limited polar “*“Pu deposi-
tion, whereas Castle Bravo, during an easterly phase, resulted in
broader hemispheric dispersion. Although models and satellite ob-
servations have documented QBO influences (35), few empirical
studies have captured its effect through deposition records. Our re-
sults provide rare observational evidence of QBO-modulated fallout
reaching high southern latitudes, offering a benchmark for evaluat-
ing SG transport scenarios.

‘This phase-dependent fallout pattern suggests that the QBO state
may define time windows during which the high latitudes are less
exposed to stratospheric perturbations. The absence of substan-
tial #'Pu deposition in Antarctica during 1953 and early 1954 sup-
ports this hypothesis. Identifying low-impact periods could inform
SG deployment strategies to minimize unintended impacts on far-
reaching regions.

At the same time, 5G itself may feed back onto stratospheric circu-
lation. Climate model simulations indicate that sustained aerosol heat-
ing in the tropical stratosphere could amplify the westerly phase of the
QBO and alter its periodicity (38), similar to the posteruption re-
sponse observed after large equatorial volcanic events (40). While the
influence of NW'Ts on the QBO remains underexplored, their histori-
cal record offers a valuable opportunity to assess how human-induced
injections may perturb atmospheric variability. Further analysis of
pre-1963 equatorial NW'Ts (Fig. 1) may help constrain such feedback
and improve predictive models of $G-induced dirculation changes.
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Applications for ice core research

The stratospheric distribution of Bipy provides a reliable tool for
age-dating polar ice cores, particularly in challenging contexts. In
low-snow-accumulation regions such as the Antarctic Platean, where
postdepositional processes may obscure seasonal or annual signals
(41— 44] and in the coastal areas dominated by marine biogenic sul-
I'atc, By serves as a robust alternative to volcanic non-sea salt sul-
fate (nss-SO,>) markers, especially between 1940 and 1980 when
volcanic signals are weak. Its minimal sample requirements and re-
sistance to contamination make *Pu measurements straightfor-
ward and highly s;mchrumzahle acrass diverse ice core sites.

Our observations of 7*Pu fallout also suggest that equatorial vol-
canic emissions may face challenges in reaching polar ice cores un-
der certain aLmnsphzm: conditions. Simultaneous nss-50,"~ peaks
in both polar regions are often attributed to large-scale tropical
eruptions (45). However, the subdued Z%py fallout from the 1952
Ivy Mike test implies that limited poleward transport could lead to
deposition primarily in lower latitudes. For volcanic eruptions oc-
curring under similar atmospheric constraints, this may result in
their imprint in polar ice cores being less pronounced. Consequent-
ly, nss-$0,”" records might underestimate the significance of such
events in some cases.

MATERIALS AND METHODS

Sampling sites

Table 51 and fig. 51 summarize the details of the sampling sites and
ice cores analyzed in this study. The NEEM-2009-S1 ice core was
drilled during the NEEM Ice Drilling campaign in 2009 CE, ~2 km
from the main camp. This 136-m core covers the past ~300 years
(46). We analyzed 250 samples from depths of 15.79 to 2848 m
(1941 to 1979 CE) with an average sampling interval of 4.7 cm.

We analyzed three Antarctic ice cores, GV7, Styx, and Hercules
Néveé (fig. S1). For GV7, we worked with an 80-m GV7-C ice core
recovered during the 2013/14 Italian-Korean collaboration cam-
paign. We collected 352 samples from depths of 15.54 to 30.21 m,
covering the period of 1940 to 1980 CE, with an average spacing of
4.2 cm, corresponding to a mean temporal resolution of = 1.2 months
(47). We de-siamued these samples for both water stable isotope ratio
analysis and ~*Pu measurement, ensuring synchronized temporal
resolution across both datasets. In addition, 125 separate samples
from depths of 18.7 to 30.0 m were prepared for trace element anal-
ysis (48). We used this second dataset, analyzed at a lower resolution
of 7.3 cm, to verify the reproducibility of the results and to refine
flux calculations. Minor discontinuities (~2.3 m of the 11.3-m total
length) resulted from the exclusion of edge sections during the de-
contamination process, but these have a minimal impact on its util-
ity for flux estimation and reproducibility checks. The Styx-M ice
core, obtained during the 2014/15 Korean Antarctic campaign, is
210 m long (49). For this study, we analyzed 124 samples from
depths of 9.98 to 17.36 m, representing the atmospheric NWT pe-
riod, at an average sampling interval of 6 em, corresponding to a
mean temporal resolution of =4 months. Last, the Hercules Névé ice
core, retrieved during the 2015/16 Korean Antarctic campaign, was
80.26 m long. We analyzed 255 samples from depths of 16.52 to
27.08 m, with an average spacing of 4 cm, equivalent to a mean tem-
poral resolution uf 1 5 months. We used these samples for water
stable isotope and **Pu analyses, ensuring synchronized temporal
resolution.

Shitn et al, Sl Adv. 11, eadv1172{2025) 15 October 2025

Age scale of the ice cores

The dating of the ice cores relied on annual layer counting, support-
ed by isotopic measurements and volcanic markers. Previous studies
developed the NEEM-2009-51 depth-age scale to a depth of 90 m
using seasonal variations in water isotope ratio (& Cl) and concen-
Lralmns of major ions such as sodium ([Na™]) and nss- SO, ([nss-
504 1) (486, 50). For the depth interval relevant to this study, the
water isotope profile aligns with published NI:.]:.M firn core stacks
(50). Volcanic synchronization using ([nss- 504 ~]) peaks from the
1883 Krakatoa, 1815 Tambora, and 1783 Laki eruptions provides
additional validation of the timescale (46). Subannual measure-
ments of 7**Pu concentrations retain timing constraints imposed by
the firn-stack age model. Daling precision is better than +1 year af-
ter 1964 CE and decreases to +2 years in earlier sections, such as the
Em’ly 1950s (46, 50).

Annual layer counts in water isotopes and major ion concentra-
tions define the age scale of the Antarctic GV7-C ice core (fig. 52).
This scale aligns with that of the neighboring GV7-B core, whose
dating uncertainty is less than 1 year (47). Substantial and consistent
snow accumulation at GV7 enhances temporal resolution and sup-
ports the robustness of the chronology (table S1).

The dating of the Styx ice core combined gas ages, volcanic event
markers (i.e,, 1815 Tambora eruption and 1252 + 2 Rittmann erup-
tion), and a firn densification model (51-53). However, the Styx
core exhibits less pronounced seasonal variations than GV7-C, and
no suitable age tie points are available near the analyzed range. A
previous study extended the lower age range to the surface using a
third-order polynomial mterpu]ntmn (53). To improve accuracy,
this study aligned pmnuu.nced Fpy peaks (ie, 1955.3, 1965.1, and
1973.2 CE) with corresponding peaks in the GV7-C core (Fig. 2),
providing a consistent and reliable temporal framework.

‘The Hercules Névé ice core chronology builds on annual layer
counts derived from seasonal variations in water isotope ratios
(fig. 53). Clear seasonal signals in the 50 profile allow direct iden-
tification of annual layers. Although lhe chronology relies solely on
water 1sotope data, the alignment of ®%Pu peaks with those in the
GV7-C ice core provides independent validation of the dating
framework. For both the GV7 and Hercules Névé ice cores, this
study assigned the local 5"%0 maximum to 1st January of each year,
establishing a reference point for the decimal-year notation used
throughout the study.

Analytical procedure

We processed ice core samples in a cold room maintained at —20°C
using a ceramic knife or a saw. We stored samples in Whirl-Pak
plastic bags or precleaned low-density polyethylene bottles until
analysis. For the Styx ice core below 12.2 m, we used meltwater
generated by a continuous melting system (54). Before analysis, we
melted frozen samples at room temperature. We transferred ~2 ml
of each sample to a precleaned 5-ml low-density polyethylene con-
tainer, acidified it with 1% (v/v) ultrapure nitric acid (Optima grade,
Thermo Fisher Scientific), and added rhodium (Rh) or indium (In)
as internal standards.

We measured **Pu concentrations using an inductively coupled
plasma sector field mass spectrometry instrument (Element2, Thermo
Fisher Scientific, Bremen, Germany) equipped with an Apex high-
efficiency sample introduction system (Apex HE, ESI, US) in a high-
efficiency particulate air-filtered clean booth. Table 52 summarizes
instrumentation parameters (14). Measurements were conducted
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in low-resolution mode for maximum sensitivity using uraniom (U)
as an external standard because of its similar ionization rate and first
ionization energy (6.19 and 6.06 eV, respectively). This semiquan-
titative approach was used in the absence of standard Pu material
(13, 16, 55, 56).

To correct for isobaric interference from mUIH, we determined
the formation rate of ®*U"H from U external standards and applied
corresponding “**U"H/**U ratios, ranging from 3 x 107 (GV7) ta
11 x 107" (NEEM), depending on the instrumental condition. We
also found potential interferences from other isobaric compounds,
suich as “7Ph1%0%0 and *MPb¥Cl, negligible.

We calculated detection limits as three times the standard
deviation of 10 blank measurements (1% HNO; solution), yielding
0.037fgg ' (first) and 0.041 fg g~ (second) for GV7,0.042 fgg " for
Styx, 0.040 fg g_' for Hercules Néve, and 0.15 fg g_’ for NEEM. We
acid cleaned the sample line witha 1% HNOs solution after each sam-
ple measurement to prevent carryover and ensure low blank levels. Addi-
tional details on analytical conditions appear in our previous study (14).

Using a Monte Carlo ensemble approach, we estimated 95% con-
fidence intervals for flux and concentration time series. We added
random noise to individual data points for each dataset based on
analytical uncertainty, assuming a normal distribution. We repeated
this process 500,000 times to generate perturbed realizations and in-
terpolated each to a common subannual time axis. To reduce short-
term noise, we applied a moving average filter (e.g., flux series
in Figs. 3 and 4). For composite records (e.g., GV7 in Fig. 2C), we
averaged realizations from multiple cores. Last, we extracted the
2.5th and 97.5th percentiles at each time step to define the confi-
dence bounds.

Particle dispersion simulation

We assessed the influence of meteorological conditions on particle
dispersion using the HYSPLIT model. We conducted simulation for
the Ivy Mike (1 November, 1952 CE) and Castle Bravo (1 March,
1954 CE) nuclear tests (57) using reanalysis data from the European
Centre for Medium-Range Weather Forecasts Reanalysis datasets
(ERAS) (58).

To isolate meteorological effects, we released particles at fixed
altitudes of 14 km (upper troposphere) and 25 km (lower to mid-
stratosphere) and treated them as inert tracers with no fallout pa-
rameterization. We released 5000 particles for the short-term runs
(3 weeks at 14 km; 6 weeks at 25 km, corresponding to the timescale
for one global circuit) using hourly ERAS fields and 50,000 particles
for the extended run (8 months at 25 km) using 3-hour ERAS fields
(Fig. 6 and fig. S8). This standardized and idealized setup provides
a simple illustrative framework for how large-scale circulation
features, including QBO phase differences, influence hemispheric
transport pathways.
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4. FEAZ| 28 ZMXFH (KX = HF)

7}. ZAZIZF : 2023.12.26. 2024.02.15. (529)

b ZAA
— Canisteo Peninsula SW (KR) 2 NE (US) site (Y242 #H7)
- Canisteo Peninsula Ice Rise #¢ z9(#Hely gAb)
- WRARE ASEFNNTEH oAl &9 29z AY, 22 o] HFHt A2 (E 1A
THELH 45 =23)

F

Figure 2. Expedition track and CTD sampling area.
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5 ATAHE ALE

72 | W & w3
Are 27]
A4 2 77 (2024.01.07.~2024.01.20. & ~303))

89 (293, &34, FA4, F44, Peter Neff, Julia
Andreasen, Etienne Gros, Vikram Goel)
Z2-olE A5 #YG2o] Canisteo peninsula A®+ 2
olF(E2F)AH SHNAEE o4 e 2Yol= AY, E= 39
Helerigk 918
(O o}l -Canisteo Peninsula Ice rise @3 BZEZ 9

ok 91, ] g Al Eo] 22

2e/54 U4

AEEH RS

6. TAES 2 Y

7h Z2AEE 2 ARAY
O RAICA (Ross—Amundsen Ice Core Array) Z2AE $£3J2 935 d-1] FF5 AL A5
1) 934 5 Canisteo Peninsula SW (KR, 73°46.6967'S, 102°12.3311'W)
2) ¥ &}A 5 Canisteo Peninsula NE (US, 73°46.278 S, 102°11.190 * W)
3) F4 EAR(ER AR »r-ﬁfgﬁ%’@i e e XN
- J -

wd’

1 - -

4) A= 0 A (33 Al Aol 2T

5) # el ®AH(Canisteo Peninsula %] # Bk Figure 4. 1)

Figure 3. Canisteo peninsula main camp
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— Shallow-Sounding radar
= Deep-sounding radar
Dperation [CeBnr Snow rmar
BAS Deep-radar survey 2017
20 m Elevation cortour REMA

]:;|'.I' T
i

US Dritl KOPRI Dritl

Figure 4. Radar survey route
O FFAEFHALH A=
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Table 1. Timeline of RAICA-CP
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A2F G=8F En

1) AR B3 A3(2024. 01. 11. ~ 2024. 0L. 17., 79)
- AlFE 7170 ¥ GeotechAl HE-YstAF7] ALE
- @A ARl FA, deo], FA =3
- =¥ e A4S A7, AL AL A F /S

- AFA Fol AY A%

A7 A

- 2 HH HEAF fAZoAe $v FFLE 5 AHoA ZF TIB0 m ol HFHIARE
gx &9 F AH7 A o 1 kmE v AECA 2} 500 m Eold Azl SW (South
West) core site2t NE (North East) core site® A slo] s 2dstdohFigure. 4, 7). 19
B, FrA o =aksle] ol gL gl 7H°' HE Ale|lE $5 & gmstg o 109712 7|14et
ﬁ(Max wind speed: “H0kt)= 918l AlFE= 1¥ 119 §1H4-E Al#EE T A5 19 17474

F 747 Agsglen, 5 2 HdA 7 "’IDO m2| HPtHatse] A|RE 3588 cHFigure. 5,
6). SW A3 Ale]lE9] 9 Walsioie] AEATEE o] 88le] Herron-Langway H Bk Edof
Hgo] HE u Alo]Ee A 7|28 oF - 15627, 217k HAwre 739 kg/mP/yr B SR1EHQ
on < 160dY 7|2& HES S Aoka FAH g

' US. ICE DRILLING PROGRAM

Figure 5. KR Ice core drill Figure 6. US Ice core drill

l2gs] #oemy
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Figure 7. KR drilling site (SW)

Figure 8. KR ice core samples Tigure 9. US ice core samples. Figure 10. US drilling site (NE)

y [ A a A '™
::Ln! w

Y - Ty .
1oc0 = Measured dersity i:‘.’mg;"

Density {g/m')

2 43 ]

wrﬂ-l‘ﬁ

TFigure 1l. Variations of density of ice cores.
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A2%d 458F B

2) F4 FTAIE(2024. 01. 18)
- zlo] oF | m, Zt4tog HE:Y F3 s
- AB9 295 HAsE7 98 Tyvek @ HY A 52 FE&5y 42 A3

- A7 gy 23YHE o|8e AlF AFH AHEE FolWd F o] EEHE e gud
50 ml Cuvette o4& 2f 3 em 744 =¥

Figure 12. Snowpit_sampling

3) F=24(2024. 01. 19)
— 3ol "3 m, V=27 HH E o839 WHED

Figure 13. Hand Auger drilling

Figure 14. Firn core sample
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A23 @58F B3

4) deole TAHZ2024, 01, 12. ~ 2024. 01. 18, 7H)

- A9puls o]l83F o] of A% 10 km/hel 52 7280 km AElE gAF

¥
|o

— Shallow radar® &&f #9138 o}x: summitel] Al -6 Bve] ezl o 35
2 gy

— Summitell A F8 {flat bed7b#] € &9 F7& ¢ 660 m & FHlE
5

— e 4de =2 F 742 Raymond arch?} &¢1%.
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Canisteo: Shallow-radar profile across the ridge

North £ Y -1 o [ 2 +  South

1 15 2 25

Figure 18. Deep radar profile of study area
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A2 ¢58F Bx

5) St A9 A2 A (2023, 12, 26 ~ 2024, 02. 14., 519)
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Fegshsint.
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Science

DRILLING ON THE EDGE

To understand the glaciers holding back meters of sea
level rise, climate scientists swoop in to extract ice from
Antarctica’s remote west coast

18 APR 2024 - 10:00 AMET -+ BY CHRISTIAN ELLIOTT

v

An AS-350 helicopter lands on the deck of South Korea's
RV Araon, delivering precious ice cores from Antarctica'’s
Canisteo Peninsula. PETER NEFF
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Science

Deteriorating conditions

The Mexico-size West Antarctic Ice Sheet
locks up enough water to raise sea levels by
4 o 3 to 5 meters. It is vulnerable to collapse
p o because it sits on bowl-shaped bedrock that
8 -g-" lies mostly below sea level. Researchers are
' probing the history—and future—of the two
massive, retreating glaciers that drain
much of the sheet with cores
extracted from nearby
coastal ice rises.

-~

EAST
ANTARCTICA

[

West Antarctic Ice
Sheet boundary
Pine Island !
Glacier

Canisteo
# Peninsula
ice rise
Warm waters can melt
from below.  Amundsen
Ice rises record clues Sea -

to shifts in winds that . 4
drive that melting. Martin |

Peninsula
ice rise

(GRAPHIC) M. HERSHER/SCIENCE; (DATA) J. MOUGINOT ET AL.,
MEASURES ANTARCTIC BOUNDARIES FOR IPY 2007-2009, V. 2 (2017)
NASA NATIONAL SNOW AND ICE DATA CENTER DISTRIBUTED ACTIVE
ARCHIVE CENTER; I. HOWAT ET AL., REFERENCE ELEVATION MODEL OF
ANTARCTICA-MOSAICS, V.2, HARVARD DATAVERSE (2022); GEBCO
COMPILATION GROUP 2023 GRID/OPENTOPOGRAPHY
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Science

Yeongcheol Han, Jangil Moon, and Chaewon Chang (left
to right, first image) wait out a blizzard in a partially
collapsed kitchen tent with Peter Neff (second image).
PETER NEFF
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L}. Amundsen 3oFulsl o] 7| ZAtE EA

(1) Moore dome ¥ ol 7| ZA 8 A

2015/16 2= 34 Amundsen @l¢t Bear

Peninsula A 99 $]%]3% Moore Dome(S 73° 4
17.7633°, E 111° 29.625°, 626 m a.slelA 7]
gud A solt AdF 1F WEHY AT
wH o AEe  AUs BAs] AW RO
Ross—-Amundsen Ice Core Array(RAICA) X =2 Archive
AE] #da AT (Pilot Study)ZA 3% 45cm N
th 7] gRd o 10m 2ol @ F:olE i : 3
o2 Az HAE TS gRdAY. =
2a8 Ay 9 SHAAE $Esa, o
5cme] SGERE st EdAEAYLE X
Hulg BAsgT e B9 Wetmele 1
slzo] AlE9tE thEA 8180 Fhol ok -16% < S dcm >
2 B %S BT, o)k WERT FFTol '
B 757 T2 B4 dFS E wHom = 98 3218 Moore dome ¥ o] HAF A
= olE AR7F &V WMo AlRdEY o2 3
A3l EdAsTAYLbe R AHLH WHES
g5/ olelgol glol HAF BAL 93
ALY S A Fo o]& JREe] BAS e F4soF & Ao wal
10
2 i =60 —
B I | 4 1 f\
Ll 1 7 I Fl |'__. " T -
g0 s AL [ ¥ 90 —| M
:d. '-'- |"J o k._ll = ’ﬂ-"{f
I 5 _ - :
g e 3
150 T .i’"‘(
A8 150 —| 4 f®
. M y = 7934 + 4.523
P RZ = 0.595
180 — ,*
1 T | T I T I T |' T E
1] 2 4 <] B mn =24 =21 =18 =15 =12 =g
Depth m) 5180 (%)

a9 3.2.19 Moore done H Fojo] ZN A LAH 54 A}
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Run decontamination _log Bag Whj_rll—glggk No. Length (cm) Weight (@)
1 1 #1_1 10.5 20.5
1 1 #1.2 10 26.4
2 1 #2_1 7.5 44.8
2 1 #2_2 9.5 55.3
2 1 #2_3 9 55.1
2 1 #2_4 10.5 65.7
3 1 #3_1.1 8 46.5
3 1 #3.1.2 7.5 38
3 1 #3.1.3 9.2 50.9
3 2 #3.2_1 8.5 50.7
3 2 #3222 11 60.4
3 2 #3.2.3 6.5 433
3 2 #3.2.4 7 44.5
3 2 #3.2.5 10 52.3
4 1 #4411 6.8 284
4 1 #4.12 9.5 42
4 1 #4.1.3 10 50.6
4 1 #4.1.4 10 37
5 1 #5_1 9 734
5 1 #5_2 8.5 78.1
5 1 #5_3 9.5 65.7
6 1 #6_1 7 31.3
6 1 #6_2 11 48.7
6 1 #6_3 9.8 55.3
6 1 #6_4 9.8 49.8
6 1 #6_5 10 48.7
7 1 #7111 9 81.3
7 1 #7_1.2 10 89.7
7 1 #7_1.3 8.2 70.7
7 1 #7_1.4 8 61.5
7 1 #7_1.5 9 75.6
7 2 #7.2_1 7.5 56.8
7 2 $72.2 10 69.8
8 1 #3811 9.2 69.6
8 1 #8.1.2 9 78.8
8 1 #8.1.3 8.5 69.2
8 1 #8.1 4 10.5 81.8
8 2 #8.2.1 6.5 47
8 2 #8.2 2 9.5 62.8
9 1 #9_1 12 75.6
9 1 #9_2 9 63.2
9 1 #9_3 9.5 68.5
9 1 #9_4 9.5 68.6
9 1 #9_.5 12.8 79.5
10 1 #10_1_1 5.5 214
10 2 #10_2_1 8.7 66
10 2 #10_2_2 10.9 82.8
10 2 #10_2_3 10.3 71.7
10 2 #10_2 4 10.5 68.3
10 2 #10_2_5 11.5 72.7
10 3 #10_3_1 9 75.1
10 3 #10_3_2 8.5 60.5
10 3 #10_3_3 11 83.3
11 1 #1111 9.8 1.7
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1 1 #1112 10 83.6
1 1 #1113 85 68.1
1 1 #1114 98 73
1 2 #1121 75 56.5
1 2 #1122 8.6 60.8
1 2 #1123 12 85.6
12 1 4121 95 61.8
12 1 4122 75 742
12 1 4123 9 69
12 1 #12.4 5 2.4
12 1 #12.5 75 56.9
13 1 4131 105 985
13 1 4132 115 105.9
13 1 4133 95 83.7
13 1 #13.4 7 55.2
13 1 413 5 95 68.6
14 1 #1411 77 441
14 1 #1412 96 60.8
14 2 #1421 9.6 737
14 2 #1422 9.9 16.3
14 2 #1423 106 1.3
14 2 #1424 121 57.6
14 3 #1431 108 88.3
14 3 #1432 125 711
14 3 4143 3 14 83.2
15 1 #15.1 9 33.4
15 1 #15 2 12.4 76.7
15 1 4153 112 68.3
16 1 #1611 95 63.2
16 1 #1612 10 717
16 1 #1613 115 748
16 2 #1621 12 92.8
16 2 #1622 125 75.1
16 2 #16.2 3 125 713
17 1 #1711 1 737
17 1 #17.1.2 85 64.9
17 1 #1713 12 727
17 2 #17 2.1 105 72.2
17 2 #1722 9 56.6
17 2 417 2.3 12 66.2
18 1 418_1 106 505
18 1 #18 2 10 85.3
18 1 4183 10 65.7
18 1 4184 85 59.8
18 1 4185 85 59.4

¥ 3.2.4 Moore dome 3 Fo] 9 odAA 218
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(2) Canisteo Peninsula Ice Rise A FW3st0]e] A& E5EMH A&

M= o} &EA3| Canisteo Peninsula Ice Riseolx] &H3F 150mel HEWstzo] & A
60m Tkl thE] AFRS BEAW e d3tow JdtE AL s 54 (Continuous

Flow Analysis, CFA)S A &3le] ELA s danE St

<Firn>: Melting rate ~2 cm/min, Inner volume (mL): 8*density, Outer volume (mL): 23*density-Inner volume ]
Laser encoder

C-room
s Outer 1 ea IC-room Det (D% 5 uorom!
knotted coil
‘ 1.167 mlimin ! H,0; sample | 0.5 mm 10, S0em)
-+

pectrofl
Outer3 ea | IC-room 0.5 miimin |—|__.
Tt | continuouscros

s — _
0.9 mifmin L sample for CROS analysis |

{ Discrete sample for IC analysis, etc. I

‘ 0.13 miimin

IC-raom * 0.55 mlimin 0.5 mi/min

knotted coil knotted coll
&M intfruiy {0.5 mm 1D, 120cm) 0.5 mm 1D, 50 €m) - g
IC-raom Q .
0.84 mlifmin

Heated coll reactor
(0.8 mm 1D, 500 cm, B0 T}

Aluminum
melter

Inner 1 ea

IC-room

knotted eoll
{0.5 mm 1D, 50 em)

P e Conductivity
o — Flow mater I—b mater

& Pump1 3
Rp“‘l SIT ‘ 0.3 miimin
& Pump 2
RPM 2 0.8 mifmin

ICP-room

- ICP-room <> IC-room line connection

29 3220 Watmol A%5E B A4 AYE

PicarroAld] €14 A8 F97](Continuous Water Sampler, CWS)Z &-&3lo] Wl B¢ elS
T3 A% |stA S AgEien, 2 HAA WEg U oY ¥iE Eskel Wl
2 A4 dES HAE d7] 98] Switching valveE 2 &3t A& &

Al AHEE EFEEdS ARAd 7] AT 29 Lab-standardE
+ 2ml vialdl #H st 7|87 & E3 FA AL 2T

#2 6180 = -8.92%0.03%, 6D -65.0£0.3%°1 22 Lab-standard®] @2 68180 =
-34.69%0.07%, 6D = -2724x06%°1tt. ExEHA (2T Als7te] &3te] AF W
npA e B wAslal ] B mE Bk Wets JHsted 2 9FES FAL o
=

5 Hestr] A&l 48 F1tell A Debubblerg &3 Uew AIEE 2ml viald HE= 1
= =

J o]t} Canisteo Peninsula
=994 9A] Moore dome A o] A F9} mpz7bA = W
%S

Ice Rise A543} 3

5 2 s Az HlE v =2 YUy g(H oF §180, 6D - 17.03%, —133.
1) HAI oM, d&sEEEAgor 245 H02 2 UE Faole 4RSS 2§
a AAF S sofd Ao=m mt
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T}, ®W3d}3 o] NH,, Ca®, H,0,, TOC 143 S B (Continuous Flow Analysis, CFA)

2%

B Ao A= A= Amundsen Sea, Canisteo Peninsula Ice Riseoll A A153F AW et=
o5 Ao w CFA A2=HEE o]&3te] NH4+, Ca2+, H202, TOC AEE59 A 74 7]
58 W ER HAdsAT. olE & Welae] &5Al~dd AAS CFA A=Y s
S HAgtsla Wtz &§9S Hust g&4o= B4y Hd HAGE 4 A

[e}
(CRDS, FlowCAM)Z
=sto = doly Ak

CRDS ¢} ICSE o] &3t E<tA F9 94 8 oAHARES HAstx

715 o] &5t EAstY WERH 59t CFA A 2gd dZ2% Hstso] &A1 8 ~

2cm/min®] &8 £E2 1A oo ~100cm Zo]¢ HEzoE AHed = e AAH

ATh

(1) FF718A2(TOC), HAst4A4(H202) 4 A= A s3]

Wetso] §gA2dHA AE7] FAEZA Y 25 AAAS I H202 ¥H8-A] ko] f3F
2435l = WIS Bu AdEsHA x2E 5 e 1A E g3 BEles dRE

= AR Alz=dl ) 7

(2) A+ (NH4+, Ca2+, H202) 782 &4 =4 2 A2 XH(calibration curve)

Ny

3]
Ca2+, NH4+, H202 d1&£35E HEAHo| &
E uSA]eF S BEajo] A

T

= =) Wy
FY5S nelstel AZYRTE 7Y oYl S AP AgaAch

¥ 3.2.5 NH, Ca”, H:0; #2418 wkgAloF G0 A W

Y T Ao £ ¥ H=E By a9
sc].l_:!'_ (AE &) ]4: H = 5] ) ‘T‘J‘] ]J—
MeOH 125 mL
1. OPA (13 mM) OPA 08719 g + DI 375 mL
2. Buffer (0.1 M) Na:HPO; 14.196 g DI water °F 1000 g 2M NaOH =
NH,* pH 10.78 A 4A
3. Sulfite Na:SO3 0.252 g Phosphate buffer 500 mL
N OPA 500 ml + =
4. ‘ﬂ'g }\] g}: Sulfite 500 ml -L] S 1000 mL
o/ [0)
1. PIPES (125 mM) PIPES 1.8898 g DI water 500 mL 4% 51/3 Nagl;lii
DH 65 67 =78
2+ 2. Quin-2 - ol
Ca Stock(0.0002 M) Quin-2 0.01388 ¢ PIPES €< 100 mL
3, kg4 of Quin 2 Stock 10% | prpEs g9 00 mLz 314
HsBO; 6.183 g + 5mM NaOH=
1. Buffer (0.1 M) KCl 74551 g DI water °F 980 g HSH P a@}é
1,0, |2 4-ethylphenol e (ahenl Borate buffer 1000 ml
3. HEg- Al oF Peroxidase 0.005 g | 4-ethylphenol £¢] 1000 ml
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C}. Seasonal variability of isotopes and chemistry in a coastal firn core from

the Amundsen Sea, West Antarctica

13 Seasonal variability of isotopes and chemistry in a coastal firn core from

14 the Amundsen Sea, West Antarctica

15 The West Antarctic Ice Sheet (WAIS) is undergoing significant ice loss, causing

16  global sea level to rise, which poses a critical threat to coastal communities worldwide

17  (Shepherd et al. 2018; Rignot et al. 2019). To establish a foundation for deeper ice-core

18  studies, we analysed stable isotopes, major ions, and hydrogen peroxide (H202) ina 10.11 m
19  shallow ice core retrieved from Moore Dome on Bear Peninsula. West Antarctica. Seasonal
20 peaks in H>O> and methanesulfonic acid (MSA, CH:80s7), driven by solar radiation and

21 marine biological activity respectively, provided precise annual layer markers. Consequently,
22 we developed a robust timescale spanning austral spring/summer 2012 to austral

23 spring/summer 2016, revealing a mean annual accumulation rate of 1.25 m w.e. yr'. The 6D
24 §"™O0 relationship exhibits a slope of 7.95, which closely aligns with the Global Meteoric

25  Water Line (GMWL, slope = 8; Dansgaard, 1964), indicating minimal isotopic fractionation
26 and well-preserved isotopic variability. Model-output comparisons with the Isotope-enabled
27  Global Spectral Model (IsoGSM) confirm the reliability of §'*0 records in capturing coastal
28  climate signals. Variations in marine-derived 1ons (Na*, Cl-, K*, Mg*", Ca™") and biogenic

29 sulfate (MSA, nss-S0+*") underscore the strong influence of oceanic processes, particularly
30  during winter sea-spray episodes and spring/summer phytoplankton blooms. Our findings

31 highlight the potential of coastal ice rises like Moore Dome to preserve high-resolution

32  climate signals and emphasize the importance of combined observational and modelling

33  approaches to investigate WAIS instability over longer timescales.

34

35  Keywords: Antarctica, paleoclimate, ice cores, major ions, water stable 1sotopes

36
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Introduction

The West Antarctic Ice Sheet (WAIS) 1s undergoing significant ice loss, causing
global sea level to rise, which poses a critical threat to coastal communities worldwide
(Shepherd et al. 2018; Rignot et al. 2019). If fully melted, the WAIS could raise global sea
levels by approximately 3.3-5 m (Vaughan 2008; Bamber et al. 2009), underscoring the
urgency of understanding its ongoing mass loss and projecting future sea-level change
(Oppenheimer 1998; Vaughan 2008; Bamber et al. 2009; Bamber et al. 2019; Edwards et al.
2019; Lowry et al. 2021). A significant portion of WAIS outflow drains through the
Amundsen Sea Embayment (~90°W-130°W), an area with some of the highest mass loss
rates in Antarctica (Shepherd et al. 2018). Vulnerable to both warm Circumpolar Deep-Water
intrusion and surface melting from atmospheric warming, this region has experienced rapid
retreat of glacier grounding lines and accelerated flow of major ice streams such as Thwaites
Glacier (Paolo et al. 2015; Konrad et al. 2018). These profound changes highlight the need
for robust, long-term climate and environmental records to assess decadal to centennial

variability.

Atmospheric circulation over the Amundsen Sea 1s strongly influenced by the
Amundsen Sea Low (ASL), a low-pressure system whose variability in strength and location
plays a central role in modulating snow accumulation and wind regimes (Fogt et al. 2012;
Kim et al. 2020). The ASL’s behaviour is further governed by the Southern Annular Mode
(SAM), a dominant mode of Southern Hemisphere atmospheric variability. Positive SAM
phases intensify westerly winds, altering surface mass balance in coastal Antarctica (Turner
etal. 2017; Zwally et al. 2021). Capturing these dynamic interactions requires long-term,
high-resolution observational data, yet modern records (e.g., station and satellite
measurements) extend back only to the late 1950s (Steig and Neff 2018). Consequently, ice

3
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33

cores are invaluable for filling these gaps, preserving information through stable isotopes
(8'"0, 8D) and various chemical species (e.g.. major ions) that reflect atmospheric and
environmental conditions at the time of deposition (Dansgaard 1964; Delmas 1992; Legrand
and Mayewski 1997; Kellerhals et al. 2010; Abram et al. 2013; Severi et al. 2014). In coastal
areas with higher accumulation rates, these signals are often well-resolved on annual or even

seasonal timescales (Abram et al. 2013; Sinclair et al. 2014).

Despite progress in understanding West Antarctic climate variability, the coastal
Amundsen Sea region remains underrepresented in ice core studies that capture the interplay
of oceanic and atmospheric processes. To help fill this gap, we present findings from a
10.11 m firn core retrieved at Moore Dome on Bear Peninsula, strategically located near the
northwest flank of Thwaites Glacier. This coastal ice rise offers high snow-accumulation
rates that could preserve pronounced seasonal signals, providing a valuable window into

short-term climate dynamics.

By examining hydrogen peroxide (H20:), methanesulfonic acid (MSA, CHsSOs"), and
non-sea-salt sulfate (nss-S04?") as potential annual-layer markers, we aim to establish a
reliable chronology. In addition, we evaluate the performance of the Isotope-enabled Global
Spectral Model (IsoGSM) by comparing its 3'*O output with the ice core record. This
comparison is intended to assess how well the model captures seasonal and interannual
isotopic variability in a coastal Antarctic setting and to explore its utility as a calibration tool
for future deep ice core reconstructions. Together, these approaches underscore the
importance of Moore Dome as a site for investigating atmospheric and oceanic variability in
this climatically sensitive sector of West Antarctica and lay the groundwork for future

model—data integration in paleoclimate research.
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Methods and Materials

Sampling sites

A firn core was obtained from the Moore Dome (S74°17.7633', W111°29.625', 626 m
a.s.l.), located on Bear Peninsula in West Antarctica (Figure 1). Bear Peninsula is centrally
situated within the Amundsen Sea Embayment, bordering the northwest flank of the Thwaites
Glacier (Johnson et al. 2017), the second-largest marine ice stream in West Antarctica
(Sutterley et al. 2014). The Moore Dome site 1s approximately 10 km from the Amundsen
Sea coastline. Ground-penetrating radar (GPR) surveys (Hong et al., 2023) indicate that the
ice thickness exceeds 300 m. The measured ice velocity 1s relatively low (0.16 m s™),

suggesting a stable flow regime favourable for preserving undisturbed internal stratigraphy.

Meteorological data from the Bear Peninsula automatic weather station (AWS) for the
period 2011-2021 (Antarctic Meteorological Research and Data Center 2021) indicate a mean
air temperature of —12.7°C, with a range of —44.0°C to 4.8°C. Although a few short-lived
warm events exceeding 0°C occurred during this period, no melt layers or refrozen ice
features were observed in the core. There is no indication that melt processes affected the
chemical or 1sotopic signals. Winds during the period 2011-2017 were predominantly from

the east, north, and southeast, typically below 10 m/s.

During the 2015/16 Korean Antarctic campaign, a 10.11m firn core with an average
diameter of 9 cm was extracted on January 22, 2016. The extraction utilized a hand auger
system (Geotech Co. Ltd., Japan). The density of the firn core, determined by measuring the

mass and dimensions of the ice core subsections, ranged from 272 to 546 kg m ™.
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Analytical method

The fimm core was carefully packed in polyethylene bags and placed in isothermal
boxes for frozen shipment to the Korea Polar Research Institute (KOPRI) in Korea, where it
was stored below —25°C. The sample preparations and analyses were carried out at KOPRI.

To prevent sample contamination, a process of decontamination and subsampling
occurred within a controlled environment: a class 100 laminar airflow booth housed in a cold
room maintained at —15°C (Hong et al. 2000).

Initially, the ice core was decontaminated following the protocols described by Ro et
al. (2020, 2022). Using pre-cleaned ceramic knives (Kyocera, Japan), three consecutive
layers, each approximately 2 mm thick, were removed. The decontaminated samples were
then sectioned at an average interval of approximately 5 cm. The samples were immediately
placed in LDPE plastic bags (Whirl-Pak, Nasco, United States) and stored at —15°C in the
cold room. Prior to measurement, the samples were thawed at room temperature for 2 hours.

Water isotope measurements were conducted using the cavity ring-down spectroscopy
(CRDS) (L2130-1, L2140-1, Picarro Inc., USA) with a vaporizer (A0211). Calibration was
performed using the international standards: VSMOW (Vienna Standard Mean Ocean
Water), GISP (Greenland Ice Sheet Precipitation), and SLAP (Standard Light Antarctic
Precipitation) (Kim et al. 2022). Samples were filtered through a 0.45-pm PVDF syringe
filter (Merck Millipore, USA) before being transferred into 2-mL glass vials using a
disposable syringe. The standards and samples were injected 20 and 12 times, respectively,
and the last 6 injections were selected to eliminate memory effects from preceding
measurements. Precision was evaluated through repetitive measurements of an in-house
standard after every 10 samples, resulting in a 1sd (standard deviation) of 0.12%. for 'O and

0.8%o for 6D.
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Cations (Na", K', Mg?', and Ca”") and anions (F~, Cl", SO+*", and CHsS0:") were
analyzed using a two-channel ion chromatography (1C) system, employing Dionex ICS-5000
equipped with the IonPac AS15 (2 % 250 mm) column and CS12A (2 % 250 mm) column.
This system utilized potassium hydroxide (6-55 mM) and MSA (13 mM) eluents for anions
and cations, respectively. The setup was contained within a class 100 laminar airflow booth
situated in a clean room (class 1,000). Calibration was made by using standard solutions
obtained by diluting stock solutions from Dionex (P/N 046070 for cations and P/N 057590
for anions), except for MSA. For MSA calibration, a standard solution was created by
diluting a stock solution (~1.000 mg/L) of CH3SO3Na (CAS No. 2386-57-4, Sigma Aldrich,
USA).

The method detection limits (MDLs) of ions were calculated by multiplying the
Student’s t-test value (3.143) for a single-tailed 99th percentile t statistic with the standard
deviation of seven replicates of standard solutions at the following concentrations: 1.0 pg/L
(F), 4.0 pg/L (Na*), 5.0 pg/L (NHs", Mg?", CH:SOs™, CI, SO&-, NOs"), and 10.0 pg/L (K",
Ca*"). The calculated MDLs (in pg/L) were 0.02, 1.25, 0.11, 0.20, and 0.43 for F~, CHsS0s",
Cl, SO+*", and NOs, respectively, and 0.08, 0.30, 0.51, 0.25, and 0.12 for Na*, NH.+*, K",
Mg?', and Ca®", respectively.

The enzymatic fluorometric technique was employed for the analysis of hydrogen
peroxide (H201) (Sigg and Neftel 1988). The hydrogen peroxide was analyzed using the
H:0: flow injection analysis (FIA) system (JASCO FP-8250, JASCO Inc., JAPAN) with a
data resolution of 1 second. Approximately | mL of each sample was introduced into the
analysis system for a data point. Samples were measured for 2 minutes, and then blanks
(Milli-Q water) were alternately measured for 2 minutes to remove any memory effect.

Calibration was performed using standard solutions obtained by diluting stock solution
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(~38000 mg/L) from H20; (CAS No. 7722-84-1, Sigma Aldrich, USA). The concentration of
stock solution was determined by titration with KMnO4 (CAS No. 7722-64-7, Merck, USA).
The coefficient of determination (R?), relative standard deviation (RSD}), and detection limit
for the H20: FIA system were determined through calibration within the range of 1.0-40
ug/L, with calibration parameters and statistical metrics evaluated following the methodology
of Skoog et al. (2014). The FIA system exhibited a coefficient of determination (R?)
exceeding 0.99, relative standard deviations (RSD) below 2%, and a detection limit of 0.15—
0.30 ug/L (k=3). Peak summer concentrations exceeded 40 pg/L. Prior validation confirmed
a linear response up to ~200 pg/L, ensuring reliable extrapolation at higher concentrations.

To distinguish non-marine sources of ions, the non-sea-salt (nss) fractions of selected
species were calculated using Na* as a conservative tracer for sea-salt aerosols (Kuramoto et
al., 2011). The nss fractions were determined using the following equation:

[nss-X] = [Xwot — [X /Na"Jsea® [Na" Jroal

These ratios are used to assess the concentration of 1on 'X' in samples, denoted as [X]mple.
[X/Na'|sa represents the ratio of X/Na" in seawater. The mean seawater ratios for [K'/Na" Jsea,
[Mg?'/Na'Jseas [Ca® /Na Jsea, [CI/Na"}ses and [SO2/Na Jsea are 0.037, 0.119, 0.038, 1.795
and 0.252 w/w, respectively (Pilson, 2012). These ratios provide a basis for distinguishing

sea-salt-derived 1ons from other sources.

Water isotope simulation using the Isotope-enabled Global Spectral Model

The 8"%0 values around the Moore Dome ice core site for 2011-2016 were simulated
using the Isotope-enabled Global Spectral Model (IsoGSM) (Yoshimura et al. 2008). The
updated version, IsoGSM-NDSL (Bong et al. 2024), incorporates a Non-iteration

Dimensional-split Semi-Lagrangian (NDSL) advection scheme to alleviate the Gibbs

8
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199

phenomenon, a critical limitation of spectral models in extremely dry and cold regions such
as Antarctica. This updated model is driven by ERAS reanalysis data (Hersbach et al. 2020)
for nudging simulations, with 6-hourly boundary conditions that include atmospheric
circulation, atmospheric temperature, sea surface temperature, and sea ice concentration. It
also provided 3'*0 simulations at 6-hour intervals, providing raw data with high temporal
resolution, which were subsequently utilized for long-term analyses. Since model outputs
were not directly available at the Moore Dome site, 8'*O values were estimated using a
distance-weighted average of modelled data from four nearby grid points. Of particular
importance to this study is the high resolution (0.5° or ~50 km grid spacing) of the latest
higher-resolution version of the [soGSM-NDSL outputs from Bong et al. (2024), which helps
reduce interpolation-induced errors in estimating 8'*0 values at the Moore Dome site. Since
model outputs were not directly available at Moore Dome, ™0 values were estimated using

a distance-weighted average of data from four nearby grid points.

Results and Discussion

Chronology development using seasonal chemical markers

To determine the chronology of the Moore Dome ice core, we developed a depth-age
scale by counting annual layers based on the seasonal variations of H202, MSA, and nss-
S04 (Figure 2), which are widely used as summer indicators in Antarctic ice cores. H202
concentrations, primarily driven by ultraviolet radiation, generally increase from early austral
spring and peak in late November to early December (Sigg and Neftel 1988). MSA levels rise
due to intensified marine biological activity, particularly during spring and summer (Abram

et al. 2013). nss-80+* exhibits a summer maximum and has been widely used across West

- 195 -



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214
215

216

217

218

219

220

221

222

223

Antarctica and the Antarctic Peninsula as a primary seasonal marker (Emanuelsson et al.
2022). Based on this, all three species were used to identify seasonal boundaries in our core.

The first notable increase in H20: appears at ~60 cm depth in the core, which was
collected on January 22. This suggests that the H-0: peak corresponds to snow deposited in
late November to early December at this site. The secasonal progression is clearly expressed,
with the initial rise in H:0: consistently preceding the peaks in MSA and nss-SO4*,
reflecting the sequential development of summer chemical signals. This pattern allowed us to
assign peak concentrations of MSA and nss-S04* to summer, and the intervening minima to
winter (Figure 2).

Using this framework, we identified summer layers at depths of 0.5, 2.8, 5.8, and 8.1
m, and winter layers at 1.3, 4.4, 6.7 and 8.8 m. Based on these seasonal cycles, we estimate
that the Moore Dome ice core spans approximately four years of snow accumulation,
covering the period from austral spring/summer 2012 to austral spring/summer 2016. The

mean annual snow accumulation rate at Moore Dome was calculated to be 1.25 m w.e. yr.

The variations of water stable isotopes

Figure 3 shows the 8'*0, 8D, and d-excess (d-excess=D—85'*0) records with depth.
The §'*0 values varied from —23.68%o to —10.07%o with a mean value of —15.93+2.47%.. The
aD values ranged from —183.5%0 to —74.4%o with a mean value of —121.9419.7%,. The d-
excess ranged from 2.1%o to 9.1%o with a mean value of 5.6+1.4%.. While the variations in
8'0 and 8D are notable, the d-excess exhibits a relatively stable pattern compared to these
1s0topes.

The firn core record can be extended using data from a 2.5 m snow pit (74°21°45.6"S,
111°20°54.0"W) excavated during the 2011/2012 season (Hong et al., 2023), near the Moore

Dome ice core site, representing less than one year of accumulation. The §'*0 values in this

10
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snow pit ranged from —20.85%o to —9.03%e, with a mean value of —14.05 + 2.83%o. The 8D
values ranged from —156.7%o to —71.0%o, with a mean value of —107.1 + 22.0%o. The d-
excess ranged from 0.3 to 11.8%o, with a mean value of 5.3 + 3.1%. (Hong et al., 2023). The
snow pit 8'*0 and 8D values are similar to those in this study (Hong et al., 2023).

We calculated the 8D- §"O ratio to investigate processes such as evaporation,
sublimation, and the percolation of summertime meltwater, which can cause deviations from
the expected distribution along the Global Meteoric Water Line (GMWL) (Ham et al. 2019).
Despite these potential disruptions, the 8'*0 and 8D values at Moore Dome exhibit a robust
linear correlation, with a slope of 7.93 (8D = (7.93+0.04) x 3'"0 + (4.52+0.67), R* = 0.99, n
=189, p < 0.001) (Figure 4). This relationship closely aligns with the GMWL proposed by
Dansgaard (1964) (8D = 8 % §'%0 + 10), which represents the typical isotopic composition of
precipitation. Seasonal variations reveal a slightly higher slope during summer (8.08)
compared to winter (7.95), although the difference is not statistically significant.

The 8D~ "0 slope at Moore Dome is slightly higher than the Antarctic-scale Local
Meteoric Water Line (LMWL) slope of 7.75, as reported by Masson-Delmotte et al. (2008).
This deviation likely reflects the coastal location of Moore Dome, where shorter atmospheric
transport distances and simpler precipitation processes result in reduced isotopic
fractionation. In contrast, inland Antarctic regions experience extended vapor transport
pathways and successive condensation events, leading to greater isotopic fractionation and
lower slopes (Masson-Delmotte et al. 2008).

This observation suggests that the primary moisture source for Moore Dome 1s
oceanic in origin, consistent with Uemura et al. (2008), although local evaporation is not
considered the primary driver. Post-depositional processes, including temperature gradient

metamorphism (Lee et al., 2010), vapor diffusion (Johnsen et al., 2000), and sublimation
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(Steen-Larsen et al., 2014), are known to attenuate seasonal isotopic variability, reduce the
8D-5"0 slope, and weaken 8D—3""0 correlations (Masson-Delmotte et al., 2008). However,
the distinct isotopic variability, the 8D-8'"0 slope of 7.93, and the strong linear relationship
(R?=0.99) observed in this record collectively indicate that post-depositional modification is
minimal.

The 8D-8'*0 ratio from the snow pit yielded a slope of 7.7 for the Moore Dome site,
which is slightly lower than the slope of 7.95 obtained from the 10 m ice core analysed in this
study (Hong et al., 2023). The snow pit record represents less than one full year of snow
accumulation, covering only 2.5 m of the estimated 3 m annual total. This limited temporal
coverage, particularly the incomplete representation of seasonal varations, likely accounts
for the observed differences in slope. These results underscore the robustness and reliability
of the 4-year record of a 10.11-m-long ice core, which offers a more comprehensive view of

annual precipitation dynamics.

Seasonal variations of major ions related to sea salt aerosols

Figures 5-6 present the concentrations of cations (Na', K', Mg®’, Ca*") and anions
(CHsSOs, Cl, SO+*), with the nss fraction of sulfate (nss-SO+*7). Sea salt aerosols (SSA) and
oceanic biogenic activities are the primary contributors to 1onic species in Antarctic coastal
regions (Delmas et al. 1992; Wagenbach et al. 1998; Kreutz and Mayewski 1999; Benassai et
al. 2005). Among these sources, SSA is the dominant contributor of marine-derived ions,
consisting mainly of Na*, Cl-, K*, and Mg?*. Na’, in particular, 1s widely used as a proxy for

SSA due to its conservative transport behavior and minimal fractionation (Traversi et al., 2004).

SSA is primarily generated through wind-induced wave breaking and bubble bursting

at the ocean surface, a process that is particularly active in summer, especially in open-ocean
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polynyas (de Lecuw et al. 2011). However, during winter and spring, when sea ice extent (SIE)
reaches its maximum, additional ice-related sources—such as frost flowers and blowing snow
on the sea ice surface—become significant contributors to SSA emissions (Rankin et al. 2000;

Hara Keiichiro et al. 2004; Hara K et al. 2012; Abram et al. 2013; Frey et al. 2020).

The core data in this study show that major sea-salt-derived ions exhibited consistent
seasonal variability and strong correlations among them. Na® ranged from 23.3 to 2731.1 ppb
(mean: 641.7 ppb), and Cl™ from 50.2 to 4846.4 ppb (mean: 1126.2 ppb), with both
displaying distinct peaks during the winter-to-spring transition (Table |; Figure 5). K* and
Mg** followed similar seasonal patterns, with concentrations ranging from 1.8 to 98.0 ppb
(mean: 24.6 ppb) and 5.0 to 299.9 ppb (mean: 71.8 ppb), respectively. These patterns, along
with strong positive correlations among all four ions (Table 2), support their common origin
from sea-salt aerosols, likely enhanced by wintertime atmospheric transport and deposition.

To further assess the marine origin of these ions, we compared their relative
proportions with seawater values. The [Mg®*/Na] and [K*/Na'] ratios observed in the core
(0.12 = 0.02 and 0.04 % 0.01, respectively) closely match seawater values (0.119 and 0.037),
providing evidence that SSA is the primary source of these ions in the Moore Dome firn core.

Comparable findings were documented at Mill Island, East Antarctica, by Inoue et al.
(2017). Their study showed that sea salt concentrations were more strongly influenced by sea
ice concentration than by wind speed, with frost flower formation identified as a primary
driver of aerosol enrichment during winter. The seasonal peaks in ion concentrations
observed in this study, along with consistent ion ratios and robust correlations, underscore
SSA as a principal factor governing the distribution of major marine-derived ions in the
Moore Dome region, modulated by both open-ocean processes and sea-ice-related

phenomena.
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Extending the Moore Dome ice core records to deeper depths would facilitate the
reconstruction of long-term variations in sea ice and SSA deposition, capturing multi-decadal
dynamics of sea-ice extent and enhancing our understanding of ocean—cryosphere—
atmosphere interactions and their implications for the stability of the WAIS.

Calcium (Ca?*) concentrations ranged from 6.2 to 119.4 ppb, with an average of 37.6
ppb (Table 1; Figure 5). The sources of Ca** include atmospheric dust from local, regional,
and hemispheric origins, as well as sea-salt acrosols transported from marine air masses in
coastal regions. To better distinguish these contributions, both the non-sea-salt Ca** fraction
and the sea-salt Ca** fraction were calculated, accounting for 40.3% and 59.7% of the total
Ca**, respectively. Moreover, a strong correlation between Ca®* and sea-salt ions, including
Na*, CI", K, and Mg?** (Table 2), suggests a substantial influence of sea spray on Ca*'
deposition. This finding reinforces the notion that sea spray serves as a primary source of

Ca*" in this coastal environment.

Variations in major ions associated with marine biological processes

The Moore Dome ice core analysis reveals significant variability in MSA and
nssS0O4* concentrations. MSA concentrations range from 1.6 to 113.8 ppb, with an average
of 24.0 ppb, while nssS0+*" concentrations fluctuate between —207.6 and 239.3 ppb,
averaging 32.8 ppb (Table 1). Both compounds exhibit well-defined seasonal peaks,
predominantly in late austral spring and summer (Figure 6), corresponding to the expansion
of biologically productive marine areas such as open sea zones, seasonal sea ice melt regions,
and polynyas, where phytoplankton blooms release dimethyl sulfide (DMS), the precursor to
MSA and sulfate aerosols (Udisti et al. 1998; Stenni et al. 2000; Abram et al. 2007).

This strong seasonal correlation underscores the role of marine biological activity in

driving atmospheric sulfur cycles. Furthermore, the robust positive correlation (r = (0.78)
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between MSA and nssSOs* confirms their shared origin from DMS emissions (Table 2),
supporting theoretical models that identify DMS as the dominant source of nssSO+*" in coastal
Antarctica, with minimal contributions from terrestrial sources such as volcanic activity or dust

(Handler 1989; Delmas 1992).

The Amundsen Sea Polynya (ASP), one of the most biologically productive regions in
the Southern Ocean, plays a pivotal role in DMS emissions. Polynyas, formed by wind or
ocean currents, act as hotspots of biological activity and exhibit significant seasonal

variability. In the Amundsen Sea, polynyas typically expand between November and January

(Macdomald et al. 2023), coinciding with elevated MSA and nssSO42" concentrations

observed in the ice core record. This suggests that polynyas may significantly influence the

observed seasonal increases in MSA and nssS0s*" concentrations.

While the seasonal pattern of MSA and nssS0O4?" concentrations is well established,

an exceptional deviation was observed during the transition from winter to spring in 2015. At

1.18 m depth, strongly negative nssS04?" values were recorded, coinciding with peak Na*

concentrations. This reflects a depletion of SO4?" relative to Na*, rather than an absolute

increase in total sulfate concentration. Such anomalies likely result from fractionation

processes associated with sea ice, particularly mirabilite (Na2S04:10H20) precipitation

during brine rejection and frost flower formation on the sea ice surface (Wolff et al., 2003;

Rankin et al., 2002; Wagenbach et al., 1998). These processes produce aerosols that are

relatively depleted in SO4?" compared to Na’, leading to negative nssS04?" values in the ice
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core. Similar, though less pronounced, depletions were also observed at 4.38, 6.72, and 8.80
m, suggesting recurring seasonal sea-ice dynamics in upwind source regions.

The seasonal variability in MSA and nssSO+*~ concentrations reveals the critical role
of marine biogenic activity and sea ice processes in shaping atmospheric chemical cycles in
Antarctic coastal regions. The interplay between biological productivity, sea ice extent, and
atmospheric oxidation reactions underscores the importance of these interactions in

reconstructing past climate and environmental conditions in polar regions.

Comparative Analysis of 6"*0 Records: Moore Dome Ice Core and IsoGSM

To evaluate the capability of IsoGSM data in representing coastal Antarctic
conditions, we compare the 3'*0 record from the Moore Dome ice core with IsoGSM data
spanning 201 1-2016 (Yoshimura et al. 2008; Bong et al. 2024) (Figure 7). Given the 6-
hourly temporal resolution of the IsoGSM data, a 10-day running mean was applied to reduce
high-frequency variability. Despite minor temporal differences, the two datasets exhibit
strong overall agreement.

To refine the alignment of these records, nine tie points were identified based on
coinciding minima and maxima in both datasets (red stars and yellow dots in Figure 7a). The
resulting depth-adjusted 3'*0 record from the Moore Dome core, depicted in Figure 7b,
closely corresponds with IsoGSM outputs. The pronounced variations in the §'*0 record
highlight the dominant influence of oceanic evaporation as the primary vapor source for
precipitation at Moore Dome.

The well-preserved isotopic signal in the Moore Dome core, with minimal post-
depositional modification, supports its use in evaluating the performance of IsoGSM for

simulating precipitation isotopic composition. The IsoGSM 8'*0 record also exhibits high
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variability, which aligns well with the ice core data, indicating that the model effectively
captures oceanic influence (Uemura et al. 2008). This marine influence is well represented in
IsoGSM simulations, which incorporate key processes such as ocean evaporation and isotopic
fractionation during atmospheric transport to coastal Antarctica. The high degree of
correlation between the datasets reinforces the reliability of 1soGSM in simulating isotopic
variability driven by regional climatic and oceanic processes.

The strong agreement between the Moore Dome ice core and IsoGSM 8'*0 records
demonstrates the capability of the model in capturing seasonal and climatic variability driven
by oceanic processes. This result supports the integration of 1sotope-enabled modeling with
ice core observations to enhance the reliability of paleoclimate reconstructions. Building on
this comparison, future research will apply IsoGSM within an observation—model framework
to calibrate extended firn and ice core records across coastal West Antarctica and improve

interpretive insight into long-term changes in atmospheric circulation and oceanic conditions.

Conclusions

This study analysed the isotopic and ionic composition of an ice core from Moore
Dome, West Antarctica, and compared the 'O record with IsoGSM model output. The aim
was to assess the site's potential for future climate reconstructions and to better understand
the relationship between ice core proxies and environmental variability in the Amundsen Sea

coastal region.

By analyzing seasonal variations in H202, MSA and nss-SO+*", an age chronology
was established spanning austral spring/summer 2012 to austral spring/summer 2016,
revealing a mean annual accumulation rate of 1.25 m w.e. yr'. This high snow accumulation

rate effectively preserved variations in 8'*0, 8D. and major ions, providing a valuable high-
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resolution record of recent climate and environmental changes.

The 608D records exhibit a strong linear correlation with a slope of 7.9, closely
aligned with the GMWL, indicating minimal isotopic fractionation and confirming ocean
evaporation as the dominant vapor source. This isotopic stability is further supported by the
close agreement between observed 80 values and IsoGSM model simulations,
demonstrating that the site captures regionally coherent atmospheric and oceanic variability,

particularly associated with moisture transport from the Amundsen Sea.

The ionic composition further underscores the significant influence of marine sources.
Strong correlations among Na*, Cl', K*, Mg*, and Ca*" indicate substantial contributions
from SSA. Seasonal variations in MSA and positive nssSO+*~ values were closely associated
with marine phytoplankton activity, highlighting the contribution of biogenic DMS emissions
to atmospheric sulfur cycling. In contrast, the winter anomaly of nssSO+*", characterized by
negative nssSO4* values and elevated Na® concentrations, reflects sulfate depletion due to
mirabilite precipitation and frost flower activity. The coexistence of biogenic and sea-ice-
related sulfate signatures thus demonstrates the potential of Moore Dome cores to record both
regional biological productivity and seasonal sea-ice dynamics in coastal West Antarctica.

Considering Moore Dome’s high accumulation rate, clear seasonal resolution, and
strong agreement with 1sotope-enabled climate model simulations, a deeper ice core from this
site would likely capture variability in key environmental drivers—including sea-ice extent,
polynya activity, moisture source dynamics, and atmospheric circulation patterns—on
seasonal to multi-decadal timescales. Such reconstructions would provide crucial insights
into the stability of the WAIS and the climatic behavior of the Amundsen Sea sector,

establishing Moore Dome as a valuable candidate site for future deep ice core studies.
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Table 1. Statistical summary of water stable isotopes (%e), major ion concentrations (pug L™)
in Moore Dome ice core samples, including mean, median, standard deviation, and observed

ranges (minimum and maximum values).

Nd(;' t:‘f Min Max Mean Median Séi?i?;i

30 98.00 —23.53 -10.14 -16.00 -15.60 2.40
oD 98.00 -75.0 —-182.6 -122.20 -118.40 19.50
d-excess 98.00 2.30 8.80 5.60 5.70 1.40
H>0s 89.00 0.3 166.2 42.7 30.1 44.6
Na" 98.00 233 2731.1 641.7 467.2 551.1
K" 98.00 1.8 98.0 24.6 18.1 20.5
Mg 98.00 5.0 299.9 71.8 55.6 58.8
Ca™* 98.00 6.2 1194 37.6 321 21.7
CI 98.00 50.2 4846.4 1126.2 857.4 960.2
MSA 98.00 1.6 113.8 24.0 13.7 25.0
SO%~ 98.00 21.9 570.3 193.2 157.3 127.7
nss-SO%~ 98.00 -207.6 2393 32.8 16.3 73.6
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Table 2. Correlation coefficients between isotopic ratios and ion concentrations obtained from
the 10.11 m firn core in this study are presented. Correlation coefficient values greater than 0.4

with a p-value of less than 0.01 are highlighted in bold.

nss-

=18, ¥ 3z ¥ 2+ - 2—

8"°0 8D excess HO, Na K Mg Ca Cl MSA  SO% 502~
3'%0 1
éD 1 1
d

excess -0.07  -0.00 1

H0. 025 024 -0.16 1

Na® -022 -020 0.19 -0.44 1

K* -024 -023 018 -045 0.99 1

Mg* -020 -0.18 0.19 -042 099 097 1

Ca®>  -0.09 -0.09 0.02 -041 081 084 078 1

Cr -0.22  -021 0.19 -0.44 1 099 099 0.81 1

MSA 043 041 -028 040 -0.12 -0.1 -0.11 0.02 -0.12 1

S0~  0.10 0.10 006 -0.14 085 084 087 074 085 0.32 1

nss-

S02- 0.60 056 -0.25 057 -040 -040 -036 -024 -040 0.78 0.145 1
1
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Figure 1. Maps showing the location of the Moore Dome firn core site in West
Antarctica. (A) Overview map of Antarctica highlighting the location of Moore Dome
(blue dot) in the Amundsen Sea sector. (B) Regional map showing Moore Dome on the
Bear Peninsula, indicating surrounding glaciers such as Pine Island Glacier and
Thwaites Glacier. Ice surface elevation contours (black lines) and ice rises (orange
outlines) provide regional context. (C) Close-up map of Moore Dome showing the
precise location of the firn core site (blue dot) on the ice rise. All maps were produced

using the Quantarctica GIS package (Matsuoka et al., 2015, 2021).
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Figure 2. Depth profiles of H20: (green), MSA (orange), and nss-SOs>" (purple)

concentrations from the Moore Dome firn core. Vertical dashed lines indicate the
estimated timing of the austral summer solstice, and shaded bands represent summer

layers interpreted from seasonal maxima in nss-SO4*" concentrations.
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Figure 3. The '*0 (blue), 8D (grey), and d-excess (black) records from the Moore Dome
firn core are displayed with respect to depth. Vertical dashed lines indicate the estimated
timing of the austral summer solstice, and shaded bands represent summer layers

interpreted from seasonal maxima in nss-SO4>" concentrations.
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Figure 4. The linear regression line (blue) and data points (blue dots) show the
relationship between 8D and 8'0 in the Moore Dome firn core. The regression line

closely aligns with the GMWL (orange).
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Figure 5. The §'*0, nss-SO4*, and sea salt-related major ion concentration records from
the Moore Dome firn core are displayed with respect to depth. Vertical dashed lines
indicate the estimated timing of the austral summer solstice, and shaded bands represent

summer layers interpreted from seasonal maxima in nss-SO+*~ concentrations.
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Figure 6. The 3'%0, Na” and biological activity-related major ion concentration records
from the Moore Dome firn core are shown with respect to depth. Vertical dashed lines
indicate the estimated timing of the austral summer solstice, and shaded bands represent

summer layers interpreted from seasonal maxima in nss-SO4+*" concentrations.
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Figure 7. (a) The original 80 record from the Moore Dome firn core (blue) and the
6'"0 record from IsoGSM (grey) are presented with cumulative snow depth. Dots and
stars indicate tie points for the age refinement. (b) The depth-revised §'30 record from
the Moore Dome firn core (blue) and the 'O record from IsoGSM (grey) are also
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The Optimized Method

Glacial Sample <800 pl

Cell Concentration

* Using Fluorescence-activated cell sorting (FACS)

DNA Extraction

* PCl-based manual extraction

¥

PCR

* High-fidelity PCR
* 16S rRNA V3-V4 region

* Amplicon sequencing
(lllumina Miseq Platform)
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