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5 1. Introduction

6  Accurate timescales are fundamental for reliable interpretation of paleoclimate archives,
7

8

9

10 ice-core water isotope and impurity recordsfi{DafiSgaardinl 964 Hammer etialinlo78). By
11 identifying and counting the annual cycles_

12 produced (Sigl t al. 2016: Stig <t al. 2005 Svensson t al, 2008). T tehmigus o

commonly employed for producing ice-core timescales at sites with moderate to high snow
14 accumulation, ificludifigicoastallAntarctical Annual-layer-counted ice-core timescales have
15  traditionally been obtained by manual counting, but this task can now be performed using
16  machine-learning algorithms for pattern recognition (Winstrup et al., 2012).

17 Where possible, identification of annual layers allows the development of a high-resolution ice-
18  core chronology, but unless constrained by other data, the uncertainty of such a timescale will
19 increase with depth, as the number of uncertain layers accumulate to produce some age

20  uncertainty (Andersen et al., 2006; Rasmussen et al., 2006). Mafkerhiofizonsfoundinithences

[\

8 Ice cores can also be stratigraphically matched using records of
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Annually-resolved ice-core chronologies provide long-term reconstructions of annual snow
36  accumulation (Alley et al., 1993; Dahl-Jensen et al., 1993):



12 2. Site characteristics

13 Roosevelt Island is located within the eastern part of the Ross Ice Shelf (Fig. 1), from which it
14 protrudes as an

n Estisol-240/Coasol drilling

44  fluid mixture

45 thiCKnEssNisN764:6" M The upper 344 m of the core spans the past 2700 years; the period for
46  which an annual-layer-counted timescale can be constructed. In addition to the deep core,

47  several shallow cores were drilled in the vicinity. During the 2012/13 field season, a 20 m firn

3




1  core (RICE-12/13-B) was drilled near the main core,

Methods

)

~

3. Ice core processing and impurity analysis

8  The RICE ice cores were processed and analyzed at the GNS Science National Ice Core Facility
in Lower Hutt, New Zealand. The cores were cut longitudinally to produce a 15x35 mm
10  triangular piece for water isotope analysis and two 35x35 mm square sticks for continuous flow
11 analysis (CFA) (Fig. 2). The second CFA piece was for use in case the core quality of the
12 primary piece was compromised, or for repeat measurements to test measurement accuracy and

13 system stability.

O

14 In parallel with ice core cutting and processing, CFA and electrical conductivity measurements
15 (ECM) were carried out. ECNVI(HammerMI980)iwas measured using a low-power hand-held
16  instrument from Icefield Instruments Inc. directly on the ice-core surfaces after the initial
17  cutting of the core. In

20Tirace element concentrations. ThefOlIOWINEYEar, this set-up was replaced by an expanded

21 version of the Copenhagen CFA system (Bigler et al., 2011), providing high-resolution
22 continuous measurements of liquid conductivity, calcium (Ca®"), insoluble dust particles,
23 acidity (H"), and black carbon (BC), as well as stable water isotopes (5D, '30) and methane
24 gas concentrations

28  Primary adaptations to the Copenhagen CFA system involved: 1) Depth assignment via a digital

The ice was melted at a rate of 3 cm min™!, producing approximately 16.8 mL contamination-
free water and gas mixture per minute of melting. Air bubbles were separated in a debubbler,
@dfigd@P¥and sent to the Picarro CRDS instrument for methane analysis. Each minute, 5 mL
meltwater was directed to each of two fraction collectors (IC and ICP-MS aliquots) and 1.1 mL
was used for continuous measurements of water isotopes (0.05 mL) and black carbon (1.05 mL)
by the LGR and DMT SP2 instruments. The remaining 1.8 mL was sent to flow-through liquid
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conductivity and insoluble particle analyzers (Bigler et al., 2011), and then split for continuous
analysis of soluble calcium (Traversi et al., 2007) and acidity (Kjer et al., 2016). A third
fraction collector was used to collect discrete samples for water isotopes from the melt-head
overflow lines

BN W =

ISEThe CRATChemistry fecordsiwere very densely sampled (1 data point per mm)JViXinglin the
16  tubing as the meltwater sample travelled fromfifelidli€adito the analytical systems caused

17

I8 Was significantly less than the sampling resolution. This was especially the case for the RICE
19  CFA set-up owing to the relatively small fraction of total meltwater directed to the continuous
20  measurement systems. Following the technique used in Bigler et al. (2011), the effective depth
21  resolution for the CFA measurements was estimated to range from 0.8 cm (CORAUEtIViIty) toj215

22 cm (€a%F) (Table S1).

as reported in Lee et al. (2018).

31 4.1. Overview of the annual-layer counting strategy

_










17 Layeridentificationin this section of the core relied predominantly on annual signals in non-
18  sea-salt sulfate (nss-SO4>), acidity (H") and iodine (I), as these records displayed the most
consistent annual signals (Fig. 4).

For the top 20 m

25  Summers| could be identified as periods with high stable water isotope ratios, high
26  concentrations of nss-SO4% and associated acidity [originating from phytoplankton activity in
27  the surrounding ocean during summer (Legrand et al., 1991; Udisti et al., 1998)], and low iodine
concentrations [due to summertime photolysis of iodine in the snowpack (Frie$3 et al., 2010;






















the RICE17 annual layer-counted
timescale was produced using the StratiCounter algorithm (Winstrup et al., 2012), extended to
interpret the annual signal based on multiple chemistry series in parallel (Winstrup, 2016).

StratiCounter is a Bayesian algorithm built on machine-learning methods for pattern
recognition, using a Hidden Markov Model (HMM) framework (Rabiner, 1989; Yu, 2010).
StratiCounter

he confidence interval assumes the timescale errors to be

ncertainties in layer identification partly cancel out over longer
distances.














12 5. Reconstructing past accumulation rates

13 The accumulation rate history at Roosevelt Island can be inferred from depth profiles of annual-
14 layer thicknesses|in the RICE core, when corrected for firn densification and thinning of layers

15  due to ice flow.

16 - Changes in density with depth

17  Bag-mean densities were measured on the main RICE core for the interval 8-130 m, at which
depth ice densities were reached

_ Thinning of annual layers due to ice flow




















sing a shape factor (p) and the vertical velocity at the surface (ws) (Lliboutry,

p+2 1
¢+
p+1 p+1

Ne)

w(@) =ws(1- ¢r+2)

31 At the surface, uncertainty in the thinning function is zero

lack of in the
33 upper 90 m of the ice sheet to constrain the near-surface vertical velocit
h over time in ways not accounted for. The second source of uncertainty
35 s partly mitigated because thefamplitudes of the Raymond §tack constrain the onset of divide
36  flow to about 3000 years ago ; Martin et al., 2006

40  To assess the magnitude of this uncertainty, we compared results using two alternate thinning
41  functions. First

econd, we used the best fit derived
44 by Kingslake et al. (2014). The mean difference between the three thinning functions 18 =5%
45  with the largest|difference






















































- Timescale validation using -decadal variability in methane

16  The gas records from RICE and WAIS Divide were matehed using a Monte Carlo technique




















34_The Pleiades-tephra- horizon
35 A visible tephra layer




















4 7.2.3. Volcanic

42-Roosevelt Island accumulation history
















_ Long-term accumulation trends





















3 Discussion

trends- West Antarctica

The RICE accumulation histo is much more variable o

1n accumulatlon across West Antarctica may_ be

41 explamed by changes in location and intensity of the The ASL influences
42 accumulation rates in a dipole pattern:






























1 state of the ASL leads to less accumulation over the Ross Ice Shelf area, and greater

2 accumulation over Ellsworth Land

the WAIS Divide ice core should be


















8  Most other coastal Antarctic sites have experienced a significant increase (~10%) .
ince the 19608 |(Frezzotti et al., 2013). The broad similarities and
10  differences noted here raise the question of whether West Antarctic accumulation, as a whole,
117718 decreasing, or whether the observed trends merely represent a redistribution of precipitation.
12 It highlights the ha
large spatial data coverage.
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Conclusions

The upper part of the RICE ice core from Roosevelt Island, Ross Ice Shelf, West Antarctica,
was annual layer counting

was validated b
_AIS Divide

n excellent agreement.

Based on the layer thickness profile, we produced an annual accumulation record for Roosevelt

Island for the past 2700 years

s areliable climate archive
suitable for further understanding of climate and geophysical variability across West
Antarctica.
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Data availability:

The following data will be made available on the Centre for Ice and Climate website
(http://www.iceandclimate.nbi.ku.dk/data/) as well as public archives PANGAEA and NOAA
aleo-databases: RID-75 isotope and beta-activity records;
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between RICE and WALIS Divide. Roosevelt Island GPS and radar data have been archived at

the U.S. Antarctic Program Data Center, available
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at: https://gemd.gsfc.nasa.gov/search/Metadata.do?entry=USAP0944307 &subset=GCMD.
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4  Figure 1: a, b): Roosevelt Island is located in the eastern sector of the Ross Ice Shelf
5 embayment. Locations discussed in the text are represented by triangles (volcanoes) and circles
6  (ice cores). . ¢) MODIS image of
7  Roosevelt Island (Haran et al. 2013), protruding as an ice dome from the surrounding Ross Ice
8  Shelf. The RICE ice core is drilled on the ice divide of Roosevelt Island.
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10 Figure 2: The RICE main core cutting plan included 2 CFA sticks of size 35x35mm.
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Figure 3: The RICE CFA set-up. A 1m long ice-core rod (light blue) is placed on a melt head,
which separates melt water from the pristine inner part of the core from that of the more
contaminated outer rim. Meltwater from the outer stream (red) is used for discrete
measurements of water isotopes, while the melt water stream from the inner core section (dark
blue) passes through a debubbler (D), which separates air from the melt water. The air
composition is analyzed for methane concentration, while the meltwater stream is channeled to
various analytical instruments for continuous impurity analysis of dust, conductivity (cond),
calcium (Ca?"), acidity (H"), black carbon (BC), and water isotopes (Iso), as well as collected
in vials for discrete aliquot sampling by IC and ICP-MS. W denotes waste water. Diamonds
represent injection valves used for introduction of air or water standards when the melter system
is not in use. Arrow boxes indicate liquid flow rates in mL min'. Green boxes represent
analytical instruments.
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Figure 4: Assignment of annual layers in an upper section of the RICE core. All units are in
ppb, except for §'20 (in %o), H" (in peq L), and conductivity (in pS cm™). The CFA chemistry
records are smoothed with a 3-cm moving average filter. Two uncertain layers exist within the
section: At 16.6 m, an uncertain layer is being counted as part of the timescale, in order to match
the tiepoint ages corresponding to the isotope match to RID-75 (cyan bar; 14.6 m) and the Raoul
tephra horizon (red bar; 18.1 m). A second uncertain layer is located at 19.7 m; the sulfate
record suggest that it is an annual layer, but this is not supported by iodine and §'%0. This layer
is not counted in the RICE17 chronology, in order to match the age of the next tie-point located
at 22 m.
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6  the RID-75 core compared to >*’Pu measurements (normalized intensities) from the RICE main
7  core. Both cores show a sharp increase in nuclear waste deposition starting in 1954 CE, and
8  several broader peaks hereafter.
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12 Figure 63 a) Vertical velocity measurements (Kingslake et al., 2014) and the associated fitted
13 functions. Fit used here improves overall misfit and does not have a bias at mid-depth. b)

14 [Thinning function with associated uncertainties (26). €) Radar echogram











1 2014) with traced layers (red) and location of maximum amplitudes of the stack of Raymond
arches (blue circles). The location of the modern topographic ice divide
is marked by the returns from a pole Westlof the maximum bump amplitudes at depth,
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Figure 10: a) Measured methane concentrations from RICE (blu€, on the RICE17 timescale)
on the WD2014 timescale).
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10 Figure 11: Decadal accumulation rates at Roosevelt Island since 1700 CE. Grey shadows
11 indicate the 95% uncertainty bounds due to uncertainties in the thinning function.
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1 Tables

Ice core: RID-75 RICE RICE-12/13-B
Drilled 1974/75 2011/12 (0-130 m)
Jan 2013
2012/13 (130-764.6 m)
Depth 0-10.68 m
8.57-764.60 m 0-19.41 m
Location 79°22'S, 161°40' W 79°21.839'S, 161°42.387' W 79°21.726'S, 161°42.000' W

Data sets:

B-activity

5180, 8D

CFA

ECM

IC

ICP-MS

CH4
6 ! 8Oatm

16 cm resolution
(Clausen et al., 1979)

Only 5'%0; 4 cm
resolution (Clausen et
al., 1979)

Continuous and 2 cm

resolution (Bertler et al., 2018)

H*, Ca?*, conductivity, dust,
BC; 8.57-344 m;
continuous (this work)

49-344 m; continuous (this
work)

Na', Ca?*", Mg?", SO4%;
8.57-20.6 m; 4 cm resolution
(pers. comm., N. Bertler)

S, Na, I; 8.57-249 m; 2-7 cm
resolution (pers. comm., P.
Mayewski)

Pu?; 8.64-40m; 4 cm
resolution (pers. comm., R.
Edwards)

Discrete samples (Lee et al.,
2018)

Continuous and 2 cm
resolution (Bertler et al.,
2018)

H*, Ca*", conductivity, dust,
BC; continuous (this work)

Na', Ca?", Mg?', SO47;
4.5 cm resolution (pers.
comm., N. Bertler)

S, Na, I; 9.5 cm resolution
(pers. comm., P. Mayewski)

3 Table 1: The Roosevelt Island ice and firn core records used in this study.
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Depth (m) RICE17 age (CE) Event WD2014 age (CE)
0 2013.0+0 Snow surface in RICE-12/13-B (Jan -
2013)
14.62 1975.1+1 Isotope match to RID-75 snow surface -
(winter 74/75)
16.18 1970.9+1 Radioactivity peak (winter 1970/711%) -
18.10-18.20* (1965.0-1965.2) +1 Tephra likely from Raoul Island, New  (1964.7-1964.9) +1
Zealand (Nov 1964)
21.98 1954.7+1 Onset of high radioactivity levels from -
Castle Bravo, Marshall Islands
(March 1954)
37.45 1903.8+1 Santa Maria, Guatemala (Oct 1902) 1904.0+1
42.34 1885.0+1 Krakatau, Indonesia (Aug 1883), 1885.0+1
bipolar
47.90 1863.3+£2 Makian, Indonesia (Dec 1861), bipolar 1863.9+1
59.46" 1817.0+4 Tambora, Indonesia (April 1815), bipolar 1816.4+0
60.56" 1811.8+4 Unknown, bipolar 1810.9+1
80.09% 1722.3+6 Unknown 1723.5+1"
85.99 1695.0+6 Unknown, bipolar 1695.8+1
97.12 1641.2+7 Parker Peak, Philippines (Jan 1641), 1642.4+1
bipolar
105.58% 1599.3+£8 Huaynaputina, Peru (Feb 1600), bipolar 1600.9+1
122.67 1507.0+10 Unknown 1506.7+2
125.19 1493.4+10 Unknown 1492.442"
131.04 1458.4+10 Kuwae, Vanuatu, bipolar 1459.8+2
145.15 1376.2+11 Unknown 1378.7+2
161.02 1277.3+12 Unknown 1277.2+2
162.17 1269.9+13 Unknown 1269.7+2
164.06 1257.3+13 Samalas, Indonesia, bipolar 1258.9+1
165.01-165.02* 1251.5+13 Tephra from the Pleiades, West 1251.6+2
Antarctica
166.68 1242.3+13 Unknown 1241.9+2
168.32 1231.4+13 Unknown, bipolar 1230.7£2
174.50 1190.1£14 Unknown, bipolar 1191.9+£2
180.01 1152.3+16 Unknown 1153.0+2
194.81 1043.3+18 Unknown 1040.3+2
203.44 974.5+19 Unknown, bipolar 976.0+2
208.11 937.1+20 Unknown 939.6+2"
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211.02
212.03%
212.88*
222.94
232.66
235.78
236.94
237.25
247.49
250.93
260.59
264.19
267.41
276.06
278.41
280.82
283.36"
284.97
286.17
286.40
287.49
288.11
288.35
289.18
289.54
292.80
296.12*
297.24*
299.30%
306.39
306.89
317.30
320.87
322.15
323.14

912.6+20
903.9+20
896.3+£20
813.2+£20
720.3+21
693.1+22
683.0+£22
680.1+£22
575.1£27
539.2+27
434.3+£29
394.4+30
356.9+30
264.3+£31
236.4+31
205.3+£32
170.9+£33
148.1+34
131.6£35
128.1£35
113.4£35
105.2+35
102.3£35
90.8+£36
86.2+36
41.2+37
3.1437
-10.44+37
-34.0+37
-130.9+39
-137.9+39
-295.9+41
-344.4+41
-362.8+41
-376.7+41

Unknown, bipolar
Unknown

Unknown, bipolar
Unknown, bipolar
Unknown

Unknown, bipolar
Unknown, bipolar
Unknown, bipolar
Unknown, bipolar
Unknown, bipolar
Unknown, bipolar
Unknown, bipolar
Unknown, bipolar

Unknown, bipolar

Taupo (New Zealand), bipolar

Unknown
Unknown, bipolar
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

918.1+2
909.0+2"
900.9+2
819.9+2
726.1+2
698.0+2
685.9+2
682.9+2
576.2+2
541.743
435.443
395.543
360.8+3
266.6+3
237.143
207.1+3
171.043
143.943
125.3+4
121.9+4
105.5+4
97.8+4"
96.0+4
83.8+4
77.5+4"
31.7+4
-7.5+4
-20.3+4
-46.3+4
-143.1+4"
-148.1+4
-307.2+4"
-357.0+£5
-376.5%5
-392.1+£5
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323.84

325.25
328.05%
331.21

334.94

335.84

343.30"

1
2
3
4
5

-385.7+42
-405.7+42
-446.6+42
-496.4+43
-554.7+43
-567.5+43
-691.5+44

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

-402.7+5"
-426.1+5"
-469.1+5"
-519.9+5"
-581.0+5"
-596.6+5"
-722.0+6"

1: Age from Clausen et al. (1979). % Depths indicate the tephra sampling interval. #: CFA acidity is missing for
relevant interval, attribution is based on remaining records. TCFA acidity does not record peak. x: Conductivity
and Ca records missing for interval. 3: CFA and IC data missing, depth annotation based on ECM only. *:
Eruption not identified in existing compilation of volcanic eruptions in WAIS Divide (Sigl et al., 2013).

16
Change point Time period Mean accumulation Accumulation rate trend
(rounded) rate [m. w.e./yr]| [mm w.e. yr?]
+0.02
700 BCE - 1300 CE 0.25+0.02
(1291 + 135)* 0.04
1300 CE - 1650 CE 0.26 +£0.03 (0.03 £ 0.03)
1661 CE
(1675 + 123)* 0.10
1650 CE - 1965 CE 0.24+0.02 (-0.08 % 0.05)
1966 CE
(1969 + 34) 0.80
1965 CE -2012 CE 0.211 +0.002 (-0.84 % 0.76)
17 *Change point not well-determined from bootstrap analysis.








1

W

Rank Decade Decadal mean accumulation rate
[m. w.e./yr]
1 1990-1999 0.194 +0.001
2 1850-1859 0.197 £0.010
3 1950-1959 0.204 + 0.006
4 2000-2009 0.207 +0.001
5 1800-1809 0.208 £0.017
6 1970-1979 0.212 +0.004
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