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ARTICLE INFO ABSTRACT

Keywords: A shallow ice core from Dome A (DA2005 ice core), East Antarctica is used to investigate the preservation and
Nitrate variation of nitrate (NO3 ) at a location with extremely low snow accumulation rate. The average NO3;~ con-
Preservation centration of 11.8 = 3.0 ugkg ™! in the last 2840 years covered by the top 100.42 m is the lowest in all Antarctic
Isotopes ice cores for this specific temporal frame. Isotopic composition of NO; ™ indicates that NO3 ~ in the DA2005 core
I;s;l(e’r; has experienced strong post-depositional processing most likely driven by photolytic chemistry, which results in

the extremely low NO3; ™~ concentration. NO; ™~ remaining at depth far below the surface is mainly cycled and
produced locally. A decrease in NO;~ concentration from AD 1250 to 1900 and a sustained NO; ™~ dip in AD
1500-1900 below the long-term mean concentration may be linked with changes in primary NO, sources. In the
DA2005 core, significant NO; ™~ displacement is observed in layers containing volcanic sulphate; the degree of
displacement is largely influenced by the volcanic signal magnitude, i.e., large volcanic signals lead to significant
displacement, while small signals result in negligible displacement. In addition, it is found that snow accumu-
lation rate could influence NO3 ™~ displacement by comparing DA2005 core and other Antarctic ice core records.

1. Introduction

Nitrogen oxides (NOy = NO + NO,) play an important role in
tropospheric chemistry and the oxidation capacity of the atmosphere.
The cycle between NO and NO, acts as the primary ozone (O3) source in
the troposphere, and the removal of NOy through oxidation to nitrate
(NO37) consumes O3 and OH radicals (Wolff et al., 2002; Alexander
et al., 2009). NO3; ™~ in polar snow is considered a final sink for atmo-
spheric NOy; and NO3 ™~ records from polar ice cores are expected to
provide information about past variations in atmospheric NO, sources
and oxidation capacity (Dibb et al., 1998; Hastings et al., 2005). To
date, a number of NO3;~ records from Antarctic ice cores have been
reported (Legrand and Kirchner, 1990; Watanabe et al., 1999;
Rothlisberger et al., 2000; Wolff et al.,, 2010; Laluraj et al., 2011).
However, interpretation of ice core NO3~ records in terms of NOy

source variations has been shown to be difficult, for processes driving
the variability of NO3~ in snow have turned out to be extremely
complicated (Legrand et al., 1999; Wolff et al., 2008). In particular, it
has been recognized that NO; ™ in near surface snow can be lost or re-
emitted into the atmosphere as NO,, which may be subsequently oxi-
dized and deposits as NO3~ with fresh snow (Frey et al., 2009; Erbland
et al., 2013; Shi et al., 2018a). It has also been found that these post-
depositional processes (NO3 ™~ air-snow exchange, or the NOy cycling)
strongly influence the NO3;~ concentration preserved in snow
(Rothlisberger et al., 2000; Blunier et al., 2005; Grannas et al., 2007).
The degree of post-depositional processing and, consequently, the
NO3;~ concentration ultimately preserved in depth are affected by
glaciological factors such as snow accumulation rate and climatological
factors including solar radiation and local temperature (Rothlisberger
et al., 2000, 2002; Warren et al., 2006; Zatko et al., 2013). To properly
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interpret ice core NO3 ™~ records in terms of variations in NOy source and
atmospheric oxidation capacity, the influence of these factors must be
understood and their effect quantified.

Nitrogen isotopic composition of snow NO3~ may preserve sig-
natures of different NO, sources (Xiao and Liu, 2002; Hastings et al.,
2003; Elliott et al., 2007). During NOy cycling and its conversion into
NO;3 ™~ in the atmosphere, oxygen atoms from oxidants (e.g., OH and Os,
which possess distinct oxygen isotopic signatures) are incorporated into
NO3 ™. Accordingly, oxygen isotopes of NO3~ can provide valuable
information regarding the abundances of the oxidants (i.e., oxidation
capacity of the atmosphere) and the relative contribution to NO3;~
formation by various reaction pathways (Alexander et al., 2009;
Michalski et al., 2012). Thus, the measurement of isotopic composition
of NO3;~ can contribute to interpreting ice core NO;~ records (e.g.
Sofen et al., 2014).

The Little Ice Age (LIA), a relatively cold period from approximately
the beginning of the fifteenth century to the middle or end of the
nineteenth century, is the most prominent multi-century scale climate
feature in the last millennium. NO3; ™~ concentrations have been found to
be low during AD 1450-1850 at DT263, a site located near Dome A in
East Antarctica with the average accumulation rate of 33kg m~2 a~!
during this period (Li et al., 2009). The decrease of NO; ™~ concentration
during AD 1500-1900 is also seen in a composite ice core record from
Dronning Maud Land (DML) in Antarctica (Pasteris et al., 2014).
However, in an ice core drilled at Dome C (average accumulation rate
of 27 kg m~2 a~ 1), East Antarctica and an ice core from WAIS Divide
(present-day annual accumulation rate of 220kg m~2 a~1) in West
Antarctica, NO3~ concentration apparently did not decrease in the time
period of 1400s-1800s (Rothlisberger et al., 2000; Sofen et al., 2014). It
appears that the LIA effect on NO3;~ in snow and, indeed, the occur-
rence of LIA across Antarctica, remains insufficiently documented and
the reasons for the effect are poorly understood, and ice core NO3~
records from additional locations are needed to document the spatial
variation of LIA and to assess the climate impact on snow NO3 ™.

Below the near surface zone, which is typically in the depth interval
of surface to 0.6 m, where air-snow exchange plays an important role,
NO;~ concentration is expected to be locked in or preserved with
depth. However, observations suggest that NO3 ™~ concentration may be
altered by the presence of certain chemical impurities in the snow strata
(Legrand et al., 1999; Rothlisberger et al., 2000). For example, in-
stances of displacement of NO3;~ by high concentrations of sulphuric
acid (H»S0O4) from volcanic eruptions have been found in Antarctic and
Greenland ice cores (Rothlisberger et al., 2000, 2002). However, the
proposed mechanisms for this effect have not been vigorously tested,
because of a lack of high-resolution ice core records.

Dome Argus (Dome A), located along the main glaciological di-
viding line of the East Antarctic Plateau, has the highest elevation in
East Antarctica (Fig. 1). The snow accumulation rate of 23.2kg m~2
a~lat Dome A (Jiang et al., 2012) is among the lowest in Antarctica. A
study by Shi et al. (2018a) suggests that the low snow accumulation
rate at Dome A would lead to significant post-depositional loss of NO3 ™~
from near surface snow. In this study, we report the measurements of
concentration and stable isotopic composition of NO;~ in a shallow
Dome A ice core covering the last 2840 years. Our main objectives are
(1) to determine the degree of post-depositional processing of snow
NO; ™~ and the extent of NO3; ™~ preservation in snow below the air-snow
exchange zone, (2) to discern NO3 ™~ variation trend(s) in the last 2840
years, especially during LIA, and (3) to investigate the effect of volcanic
events of various magnitude on NO3~ displacement. The results of this
study provide information on understanding of NO; ™~ loss/preservation
mechanisms and quantitative aspects of post-depositional processes in
ice cores recovered from low accumulation sites, which can contribute
to interpreting ice core NO3; ™ records from low accumulation sites with
confidence in terms of variations of atmospheric NOy loading and oxi-
dizing capacity over time.
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1.1. Ice-core sampling, analysis and dating

During the 21st Chinese Antarctic Research Expedition (CHINARE)
in the 2004/2005 austral summer, a shallow ice core (DA 2005) was
recovered at a site approximately 300 m from the summit of Dome A
(80.37°S, 77.37°E, 4092.5 m above sea level) (Fig. 1). The DA2005 core
was drilled with an electromechanical drill, and started at ~0.4 m from
the 2005 snow surface and reached 109.91 m depth. The bulk density of
each of the 80 cm long snow/ice cylinders was measured in the field.
The cylinders were then wrapped in clean plastic sheets and shipped
frozen to Polar Research Institute of China in Shanghai, China.

One-half (cross section) of the DA2005 core was transported to the
Ice Core and Environmental Chemistry Laboratory (ICECL) at South
Dakota State University, USA. The top 100.42 m was analyzed for major
chemical impurities and NO3; ™~ isotopes. One-quarter (cross section) of
the core was analyzed for the concentrations of major chemical im-
purities (Na*, NH,*, K*, Mg?*, Ca®*, C17, NO;~, and SO,4>7) by the
technique of continuous flow analysis coupled with ion chromato-
graphy (CFA-IC) at ICECL, with an average depth resolution of 13 mm
per sample, as described in Jiang et al. (2012).

A total of 22 samples were obtained from the other quarter of the
core in the depth interval of 8.98-100.42 m for NO3; ™~ isotopes analysis.
In order to obtain sufficient amount of NO3~ (about 500 nmol) for re-
plicate measurements for isotope measurement, each sample covered a
depth interval from 3m to 7 m. The samples were melted at room
temperature and concentrated using the resin method as described by
Frey et al. (2009), to 10 mL solutions and stored frozen until the next
analysis. Measurements of N and O isotope ratios of NO;~ in the
DA2005 core were performed in the stable isotope laboratory at Uni-
versity of Washington using the bacterial denitrifier method (Kaiser
et al., 2007). Details on the isotopic measurements are described in
Geng et al. (2014). Briefly, the denitrifying bacteria (Pseudomonas
aureofaciens) lacking the N,O reductase enzyme was used to convert
NO3 ™ in samples to N,O(g), which was thermally decomposed to N,
and O, in a heated gold tube. The gases were then separated by gas
chromatography, followed by the measurements at m/z 28 and 29 from
N, and m/z 32, 33 and 34 from O, on an isotope ratio mass spectro-
meter. The isotopic ratios are expressed as delta notation, 8'°N, §'70
and §'%0, where § (%0) = (Rsample/Rreference-1) X 1000, with Reample
and Rieference denoting the isotope ratios (*°N/MN, ®0/'%0 and
170/1%0) in sample and in reference, respectively. The references are
air N, and Vienna Standard Mean Ocean Water (VSMOW) for N and O,
respectively. The isotope ratios of N and O in samples were calibrated
against international reference materials, IAEA-NO-3 and USGS34 for
N, and USGS34 and USGS35 for O. The oxygen-17 excess (A'70) was
then calculated by using the linear approximation A’O= §'70-
0.52 x 8'%0. The uncertainty (10) of 8'°N measurement was 1.0%o
based on replicate measurements of the international materials, while
the analytical uncertainty of A0 and §'%0 was estimated to be 0.1%o
and 0.5%o, respectively. Due to lower NO3~ mass than the minimum
size required for analysis, no reliable isotope results were obtained from
the bottom 4 samples in the depth range of 86.66-100.42 m covering
the period from 840 BC to 352 BC.

Dating of the DA2005 core was based on calculating mean accu-
mulation rate between Samalas (1257) and Agung (1963) which are the
two well-documented volcanic stratigraphic markers (Delmas et al.,
1992; Cole-Dai et al., 2000; Lavigne et al., 2013), and several other
well-documented volcanic signals, such as Kuwae (1458), Krakatau
(1883) and Taupo (186) (Zielinski et al., 1994; Cole-Dai et al., 1997,
2000; 2013), were used to measure dating uncertainty (Jiang et al.,
2012). The result shows that the upper 100.42 m of the core covers the
last 2840 years before present, i.e., from 840 BC to AD 1998, and dating
uncertainty is less than 11 years (Jiang et al., 2012). NO3~ isotope
record in the depth range of 8.98-86.66 m covers the time period from
352 BC to AD 1838.
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2. Results and discussion
2.1. Nitrate preservation at Dome A

The DA2005 NO3~ concentration profile is shown in Fig. 2a. Be-
cause no sample was collected from the top 0.4 m from the 2005 snow
surface, a sharp decrease of NO3;~ with depth in the top meter, which is
typical of NO; ™~ profile at low accumulation sites (Rothlisberger et al.,
2000; Traversi et al., 2009), is not observed in the DA2005 core. The
NO; ™~ concentration varies between 2.9 and 30.8 ug kg~ !. The average
NO; ™~ concentration of 11.8 ugkg ™! at Dome A is the lowest among
those (Table 1) reported for Antarctic ice cores covering several hun-
dred years or longer. For example, the average NO3; ™~ concentration at
South Pole is approximately 84 ugkg ™' and about 14 pgkg™! at Dome
C.

Snow accumulation rate is thought to be a key factor influencing
NO; ™~ concentration preserved in snow/ice. Since post-depositional loss
of NO3~ mainly occurs in the shallow snowpack (~0-0.6 m; France
et al., 2011; Zatko et al., 2013), NO3~ deposited in the snow at loca-
tions with a low snow accumulation rate (such as Dome A) is not
quickly buried by new snow and spends a long period of time near the
surface when NO;~ is gradually lost. Therefore, the extremely low
NO;3~ concentration in the DA2005 core suggests that an unusually
small fraction of NO3;~ in fresh snow is preserved in deeper snow at
Dome A, which appears to be the result of a high degree of post-de-
positional loss.

It has been established that an important mechanism of NO3; ™ loss is
the photolysis of NO3 ~ leading to formation and emission of NOy from
the snowpack. Moreover, Frey et al. (2009) have shown that photolytic
loss can significantly enrich 8'°N of snow NO3 ™. §'°N of NO;~ in the
DA2005 core varies between 235 and 279%o (Fig. 2b), with an average
of 265%o. The relatively high 8'°N of NO;~ in the DA2005 core is
consistent with the 8'°N values (111%o (upper snow) and 461%o
(deeper snow), with a mean of 335%o) in a Dome A snowpit reported by

180°0'0"

Fig. 1. Locations of ice core sites in Antarctica referred to the text.
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Shi et al. (2015). The larger range of 85N in the snowpit than that in
the DA2005 core is likely associated with the smoothing effect due to
large sample size (i.e., the time resolution of 8'°N of NO;~ in the
DA2005 core is rather low, ~100-200 years per sample).

The 8!°N values in the DA2005 core (> 200%o) are much higher
than that of NO, of most sources, e.g., soil emissions (Yu and Elliott,
2017; and references therein), lightning (Hoering, 1957), fossil fuel
combustion (Miller et al., 2017), and biomass burning (Fibiger and
Hastings, 2016). This suggests that they are likely the result of high
degree of post-depositional processing (NO3;~ /NOy cycling driven by
photolytic loss and re-deposition), rather than of high §'°N of primary
NO, sources. In addition to photolysis, volatilization of HNO; is another
mechanism for NO;~ loss in Antarctic snow, accompanied by fractio-
nation of NO3; ™ isotopes (Frey et al., 2009; Berhanu et al., 2015). The
HNO; volatilization, however, is thought to be rather minor at tem-
peratures below —30°C (Frey et al., 2009; Berhanu et al., 2015). At
Dome A, where annual mean temperature is below —50°C (Ma et al.,
2010), post-depositional loss of snow NO3~ is mainly driven by pho-
tolysis near the surface. Consequently, both the extremely low pre-
served NO; ™~ concentration and high 8'°N of NO3 ™~ in the DA2005 core
lead to the likely conclusion that photolytic loss is the main loss me-
chanism, which is enhanced by the slow burial of fresh snow owing to
the very low accumulation rate at Dome A. Previous reports suggest
that the trend of low NO3 ™~ concentration and significant enrichment of
15N at deeper depths at low accumulation sites could be predicted with
the assumption that NO;~ variation is driven by photolytic loss
(Erbland et al., 2013). However, no relationship was found between
concentrations and 8'°N of NO;~ in the DA2005 core (Fig. S1), sug-
gesting that NO3;~ concentration variations are also influenced by other
factors including NOy source strength. Thus, much more information
exists in the observations than can be explained by the simple as-
sumption that photolytic loss is the only factor driving the variation of
NOs ™.

In coastal regions of Antarctica and Greenland, where snow
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accumulation is generally higher than 100kg m~2 a™?, relatively low

NO3~ concentrations are generally associated with high snow accu-
mulation rate (Rothlisberger et al., 2002; Shi et al., 2018b), rather than
with low accumulation. This may indicate that the dilution effect by
snowfall is more significant than reduced loss by photolysis. Indeed,
Weller et al. (2004) proposed that post-depositional loss of NO3~ be-
comes insignificant at locations with accumulation rate above 100 kg
m~2 a~'. For instance, in coastal Antarctica, the initially deposited
NO; ™~ is thought to be largely preserved with minimal snowpack re-
processing (Shi et al,, 2015, 2018b). Similarly, investigations at
Summit, Greenland (with the accumulation rate of ~ 200 kg m2aY
showed that the post-depositional loss of NO3 ™ is rather minor and the
variations of the isotopic signal appears to be largely preserved
(Hastings et al., 2004; Fibiger et al., 2013). While the archived fraction
of NO3;~ at low snow accumulation sites is largely dependent on the
reprocessing in snowpack, ice core NO3~ concentrations in high snow
accumulation regions likely reflect directly variations in atmospheric
NO, burden, which is also supported by the modelling work results
(Erbland et al., 2015; Zatko et al., 2016).

2.2. Nitrate cycling suggested by oxygen isotopes

880 and A0 of NO;~ in the DA2005 core fall in the ranges of
52.4-64.0%0 (mean = 58.1%o) and 28.9-31.4%o0 (mean = 29.8%o), re-
spectively (Fig. 2c and d), with 8*80 lower than that reported for NO3 ™~
in West Antarctic snow and ice and comparable A0 (Sofen et al.,
2014). The two data profiles both exhibit steady increase during AD
1250-1838, with highest values in the most recent sample (i.e., 64.0%o
and 31.4%o for 8'%0 and A'70, respectively). In the last 2200 years,
880 and A'70 vary in-phase, and a significant linear relationship was
found (R* = 0.73, p < 0.01; Fig. 3a). The variation patterns of oxygen
isotopes are generally opposite to that of §'°N (Fig. 3b and c). The
relationships among NO; ™~ isotopes in the DA2005 core are consistent
with those in inland Antarctic surface snow (Shi et al., 2018a).

A0 represents the mass-independent relationship between §'70
and 880 (McCabe et al., 2007). In typical mass-dependent fractiona-
tion processes, the isotope ratios of oxygen always follow an approxi-
mately linear relationship, i.e., 870 = 0.52 x 880, and deviation
from the linear relationship is called mass-independent fractionation
(MIF). As a mass-dependent process, it is expected that photolytic loss

Table 1

Nitrate concentration and accumulation rates for different Antarctic sites.
Ice core drilling sites Nitrate concentration, pug kg~'  Accumulation rate, kg m~2a~'  Period covered References
Dome A (80.37°S, 77.37°E) 11.8 23 2840 years BP (present = 1998 AD)  this work
Dome C (75.01°S, 123.40°E) 13.7 27 3170 years BP (present = 1950 AD)  Rothlisberger et al. (2000)
Taylor Dome (77.78°S, 158.72°E) 52.2 65 3000 years BP (present = 1950 AD)  Mayewski et al. (1996)
DT263 (76.54°S, 77.03°E) 20.5 33 1451-1800 AD Li et al. (2009)
Dronning Maud Land (75.00°S, 2.00°E)  54.4 77 1865-1991 AD Isaksson et al. (1996)
Dominion Range (85.25°S, 166.17°E) 34.3 35 3000 years BP (present = 1950 AD)  Mayewski et al. (1995)
South Pole (89.96°S, 17.67°W) 84.3 75 176-2004 AD Ferris et al. (2011)
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Fig. 3. Relationships among isotopic composition of NO;~ (8'°N, §'%0 and A'70) in the DA2005 core.

of NO3;~ alone will not change A'70 in the preserved part of snow
NO3;~ (McCabe et al., 2005), but will increase 8'80 of NO; ™~ remaining
in the snowpack (i.e., a negative fractionation constant for 180, similar
to that of '°N; Frey et al., 2009). However, high 8'°N values generally
correspond to low oxygen isotopic ratios (Figs. 2 and 3). During NO3 ™~
photolysis in the snowpack, some of the photoproducts (e.g., NO5™)
remain in the condensed phase and undergo re-oxidation reactions to
yield NO3 . In this case, oxygen atoms of OH and/or H,O, with ex-
tremely low 8'80 (< -50%o; Xiao et al., 2008; Shi et al., 2018a) and
A0 = 0, will be incorporated into the re-formed NO;~. Since the
primary oxygen isotopic ratio of NO3~ produced in the atmosphere is
positive, resulting from the capture of the signature of O3 (Vicars and
Savarino, 2014), the values of §'%0 and A'”0 in re-formed NO; ~ will be
lowered. This mechanism is supported by experimental and simulation
works (McCabe et al., 2005; Jacobi and Hilker, 2007) and has also been
used to explain the observations on East Antarctic plateaus (Erbland
et al., 2013; Shi et al., 2018a). At the same time, some of the photo-
products (e.g., NO,) will be released to the interstitial air and subse-
quently escape to the overlying atmosphere due to wind pumping.
These products can also be re-oxidized to NO;~ by the local oxidants
(i.e., OH). The re-formed NO3;~ will re-enter the snowpack by pre-
cipitation, or be transported away. The linear relationship between
oxygen isotopes of NO3~ (Fig. 3a) further suggests the archived fraction
in DA2005 is dominated by cycled NO3 ™, possibly reproduced in both
condensed phase and gas phase.

2.3. Temporal variation of nitrate concentration in the DA2005 core

The most striking long-lasting feature in the 2840 year DA2005
NO; ™~ record appears to be the reduced NO3 ™~ concentration during the
period from approximately AD 1500-1900 (Fig. 2a). NO3 ™~ mean con-
centration (8.8 pg kg ™) during this period is markedly lower than that
prior to 1500 (12.6 ug kg~ ') and after 1900 (10.9 ugkg~*, Table 2). As
described in section 3.1, low NO3;~ concentration in Antarctic ice is
generally related to low snow accumulation rate, thus the low NO3~
concentration during 1500-1900 possibly suggests decreased snow
accumulation rate in this period. Li et al. (2009) found that, at DT263,
accumulation rate as well as NO3~ concentration during this period
were significantly reduced compared with other time periods covered
by the DT263 core (AD 1207-1996). Long term variations in Antarctic
snow accumulation rates appear to be directly related to and controlled

Table 2

by climate change, with low snow accumulation in general during cold
time periods (EPICA Community Members, 2004; Jouzel et al., 2007).
For example, the reduced accumulation and NO3;~ concentration at
DT263 during the period of 1450-1850 were interpreted by Li et al.
(2009) as evidence of a LIA-type neoglacial in this region of Antarctica.
Using the DA2005 volcanic record by Jiang et al. (2012), we calculated
the average accumulation rates during specific time periods based on
the length of time between two volcanic eruptions and the depth in-
terval between the two volcanic markers. Kuwae (1458) and Krakatau
(1883), with their respective appearance time closest to the beginning
and end of the AD 1500-1900 period in DA 2005, are used to calculate
the average accumulation rate in AD 1458-1883. The signals of Taupo
(186), Samalas (1257) and Agung (1963) are selected to calculate
average accumulation rates prior to and after the period of AD
1458-1883. As seen in Table 2, the average accumulation rate in the
period AD 1458-1883 is similar to those in AD1257-1457, AD
186-1256 and AD 1884-1963. Therefore, it appears that reduced ac-
cumulation is not responsible for the decreased NO;~ concentration
during 1500-1900 in the Dome A region.

A decrease of NO3; ™~ concentration during this time period was also
seen in an ice core drilled at DML. Similar to that at Dome A, no sus-
tained reduction in snow accumulation during AD 1500-1900 was
observed in the DML region (Pasteris et al., 2014). Pasteris et al. (2014)
found a close relationship (r = 0.63, p < 0.0001) between §'3C of
methane in the WAIS Divide ice core (Mischler et al., 2009) and NO3 ™~
in DML, and concluded that the NO; ™~ decrease at DML was associated
with the decreased atmospheric NO, emitted by biomass burning.
NO3~ concentrations in the DA2005 core and 8'>CH, data from WAIS
Divide (Mischler et al., 2009) also show a high degree of similarity over
the last 1000 years (r = 0.52,p < 0.0001 (n = 53); data pairs with the
same time period) (Fig. 2a). This seems to suggest that the low NO3;~
concentration during this time period at Dome A is the result of reduced
NO, emission. However, snow accumulation rate is much lower at
Dome A than in DML, and, as discussed earlier, NO, cycling driven by
photolysis strongly influences NO;~ level preserved in the DA2005
core. The temporal variation of DA2005 NO3; ™~ concentration can also
be influenced by the variability of photolysis. The isotope data here
may provide clues to the extent of photolysis and/or the changes of NO,
sources during this period.

There is a steady decrease of NO3; ™~ concentration from AD 1250 to
1900 (Fig. 2a), while the oxygen isotopes exhibit the reverse pattern

Average accumulation rates and NO;~ mean concentrations during specific time periods in the DA2005 record.

Time period Average Accumulation, kg m™ 2 NO;3 ™~ concentration, pug NO; ™~ flux, pg m™ 2 Deviation from AD 1458-1883, %
a™! kg~ ! a~!
accumulation concentration flux
1884-1963 23.2 10.9 252.9 +1.3 +23.9 +25.5
1458-1883 (closest to the interval of 22.9 8.8 201.5 0 0 0
1500-1900)
1257-1457 23.7 12.8 303.4 +3.5 +45.5 +50.6
186-1256 23.4 12.6 294.8 +2.2 +43.2 +46.3
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(Fig. 2c). If it is assumed that NO, sources were stable and the decrease
of NO;~ was driven alone by increasing photolytic loss during this
period, the lower NO3;~ concentrations (i.e., more photolytic loss of
NO; ™) would generally correspond to higher 8'°N of NO3;~. However,
8!°N in DA2005 was relatively stable during AD 1226-1696 and de-
creased significantly in 1696-1838 (Fig. 2b), indicating no enhanced
photolytic loss of NO3~ during this period. No enhancement in pho-
tolytic loss is also supported by the opposite trends between NO3;~
concentration and oxygen isotopes during AD1250-1900. As discussed
above, lower NO3 ™~ concentrations caused by enhanced photolytic loss
would result in lower oxygen isotopic ratios due to cycling of NO3~
with the assumption of invariant NO, sources. However, the oxygen
isotope trend appears to be in contradiction with the expected decrease
in 8'%0 and A'70. In this case, the data suggest that changes in NO,
sources are responsible for the low NO3~ concentration during AD
1500-1900. Note that §'0 increased by ~ 10%o from AD 1250 to 1900
(Fig. 2¢). The relatively constant snow accumulation rate (Table 2) and
impurity (e.g., chemical ions) concentrations (Fig. S2) during this
period tend to support no significant changes in photolysis of NO3™
(Zatko et al., 2013). Because the NO3~ oxygen isotope composition is
influenced by that of the oxidants (O3 and OH) in the troposphere, the
combined data of NO3; ™~ concentration and isotope seem to indicate that
the relative amounts of oxidants (O3 and OH, responsible for separate
formation pathways of NOs;~) may have changed during AD
1250-1900.

2.4. Influence of volcanic sulphate on nitrate in the DA2005 core

Unusually high levels of sulphate or non-sea-salt sulphate
(nssSO42~ = S042~ - 0.252 x Na™, w/w) in polar ice core samples are
used to identify volcanic signals in ice core records (Delmas et al., 1992;
Cole-Dai et al., 1997, 2013). In the top 100.42 m of the DA2005 core,
78 volcanic signals are identified (Jiang et al., 2012) based on the
nssSO,>~ variation profile. For example, several large volcanic signals
are found in the second half of the thirteenth century (Fig. 4b). The
NO;3; ™~ profile during this period shows several conspicuous dips at the
times of the prominent volcanic signals marked by highly elevated
nssSO,%~ (Fig. 4b).

Reduced NO3 ™~ concentrations in ice layers containing high levels of

1500 30
a
= nssSO42' @

1200 4 20
Fe = Nag®
2 900 =
S 10 'o
E Witheeetrm <
o =
g 600 1 0B
8 z
=

300 I\FMM\\, 5

1850 1800 1500 1450
Year (AD)
1500 30
(c)

1200 | 120
'9 ey
o 900 y p’"ﬂﬁﬂw 107
|: o
~ =
S 600 L8 10 ©
7] o
% L9 =
o MMM& .

h i
700 650 600 556 240 200 160
Year (AD)

nssSO42'(pg kg'ﬂ)

Atmospheric Environment 213 (2019) 405-412

volcanic acid have been reported previously. For instance,
Rothlisberger et al. (2000, 2002) found in the Dome C, Antarctica and
Greenland ice core records very low NO3 ™~ concentrations in ice layers
with SO42~ peaks of volcanic origin and increased NO3~ concentra-
tions above and below these layers. It was proposed that the NO3 ™~ at
the center of the volcanic ice layer is displaced by the volcanic acid into
adjacent layers, resulting in reduced NO3;~ concentration in the vol-
canic layer and slightly elevated concentrations in the layers im-
mediately above and below the volcanic layer (Wolff, 1995;
Rothlisberger et al., 2000, 2002).

The 78 volcanic signals in DA2005 are categorized, according to
their normalized flux (volcanic flux normalized against that of the AD
1815 Tambora eruption), as those of large, moderate and small signals
(Jiang et al., 2012). The displacement of NO3 ™~ is found in each of the
11 large signals (Fig. 4, one large signal was excluded due to suspected
contamination). In addition, NO3 ™~ displacement occurs in 18 of the 24
moderate signals and 10 of the 42 small signals.

At the 11 large signals in the DA2005 core, the NO3;~ dips are
significant, with the valley concentration in each dip 5.5-12.5ugkg™*
lower than the local background concentration (30-year average con-
centration of NO3~ before and after each volcanic signal), and the
NO;~ peak concentration on each shoulder is 2.6-14.2 ug kg ~* higher
than its local background concentration (Fig. 4 and Table S1). However,
the NO3;~ dips of the 10 small signals with displacement are rather
minor, with the valley concentration in each dip 3.1-6.7 pgkg ™! lower
than the local background, and NO3; ™~ concentrations on the shoulders
are comparable to local background (Fig. 4b and d). It seems that the
degree of NO3~ displacement is largely dependent on the level of vol-
canic H,SO,4, and large volcanic signals will lead to significant dis-
placement, while the small signals usually result in negligible dis-
placement. These results support the proposed mechanism of NO3~
displacement (Wolff, 1995; Rothlisberger et al., 2002): high H,SO4
concentrations in an ice layer drive the equilibrium of H* +NO3~ <
HNO; toward the right. The diffusion of the HNO3 in the interstitial air
of the snowpack transfers NO;~ both up and down from the volcanic
layer, resulting in a NO3;~ dip coincident with the SO4*~ peak and
slightly increased NO3 ™~ concentrations on the shoulders of the SO,2~
peak. Consequently, high H,SO, concentrations from large volcanic
signals would favor HNO; formation and migration, leading to
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Fig. 4. Nitrate displacement in each of the 11 large volcanic signals (L1 ~L11) in the DA2005 core. Panel (b) shows the examples of volcanic signals of various
magnitude on NO3; ™~ displacement, with L, M and S denoting large, moderate and small signals, respectively.
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significant displacement of NO3 ~. The data in the DA2005 core indicate
that the depletion of NO; ™~ at the center of the volcanic nssSO4>~ peak
is exceedingly marked, i.e., the NO3;~ concentration decrease appears
rather sharp. This is possibly the result of significant displacement
aided by the long time of the volcanic peak in the snow/firn layers due
to the extremely low accumulation rate at Dome A.

In the DA2005 core, the most recent NO; ™~ displacement was found
at the Tambora (1815) eruption located at 10.14m depth (L1 in
Fig. 4a). And no displacement is observed at volcanic signals after AD
1815 (i.e. AD 1816-1998), including the moderate signals of Krakatau
(1883) and Agung (1963) eruptions. This pattern is generally similar to
those in the Dome C ice record (Rothlisberger et al., 2002) and the
South Pole ice record (Ferris et al., 2011), i.e., the most recent dis-
placement occurring around AD 1815. However, in the top 114 m of the
WDCO6A core drilled at the WAIS Divide location (79.47°S, 112.08°W),
no NO3 ™~ displacement was found at any eruption signals, even at large
signal (e.g. Tambora at 1815). It is noted that the top 114 m of WDCO6A
core covering the last ~400 years has an average snow accumulation
rate of about 200 kg m~2a ™! (Cole-Dai et al., 2013). In the IND-22/B4
ice core covering the last ~450 years, located at DML (71.86°S,
11.54°E) with snow accumulation rate of 109 kg m~2a"! NO;~ dis-
placement by volcanic signals is not detected (Laluraj et al., 2011).
Ca®" is reported to be able to neutralize H,SO4 and prevent the for-
mation of HNOj in case of high concentrations in Greenland ice core
(Rothlisberger et al., 2002). However, Ca?* concentrations in Antarctic
ice cores are usually low. For example, average Ca®>* concentration in
the WDCO6A core is 1.6 + 1.2ugkg™ !, and no Ca®>* peaks are found
in the period covered by the Tambora (1815) signal (Fig. S3) (Cole-Dai
et al., 2013). Thus, no NO3;~ displacement occurring at Tambora in
WDCO6A core is unlikely caused by the effect of Ca®*. Therefore, the
difference between NO3~ displacement in Dome A, Dome C and South
Pole and no NO;~ displacement in WAIS Divide and DML appears to be
the result of different accumulation rates: significant NO3 ™~ displace-
ment occurs only at locations of low accumulation rates in Antarctica;
at sites with high snow accumulation (> 100-200 kg m~2 a1, no
displacement of NO3 ™ is observable in Antarctic ice records.

3. Conclusions

Examination of the data from the DA2005 core shows that the ex-
tremely low NO3 ™ concentration results from a significant loss of snow
NO;3 ™~ due to a high degree of post-depositional processing, which is
supported by the unusually high values of §'°N. The close relationships
among the NO3; ™~ nitrogen and oxygen isotopes indicate that NO3; ™~ in
the DA2005 core has undergone significant photolytic loss, and the
preserved fraction in the core has gone through considerable cycling.

The low NO3 ™~ concentration during AD 1500-1900 in the DA2005
core is similar to the case detected in an ice core from DT263 (near
Dome A), where it was suggested an unusually cold period in AD
1450-1850 occurred. Isotopes of DA2005 NO3 ™~ suggest that changes in
NO, sources are probably responsible for the low NO3; ™~ concentration
during AD 1500-1900.

Volcanic SO4>~ causes unusually notable NO; ~ displacement in the
DA2005 core, in which the displacement is probably enhanced due to
the extremely low accumulation rate. And the degree of displacement is
largely determined by the volcanic signal magnitude, with large signals
leading to substantial displacement, and small signals resulting in
negligible displacement.
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