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Spatial and temporal variations in density, microstructure,

and chemical properties of near—surface firn in Dronning
Maud Land, East Antarctica
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w3 H @ Spatial and temporal variations in density, microstructure, and chemical

properties of near-surface firn in Dronning Maud Land, East Antarctica

Near-surface firn on polar ice sheets plays a crucial role in climate signal formation
within the firn column, surface albedo, and surface mass balance. Despite numerous
observations of near-surface firn properties on the Antarctic ice sheet over the past
half century, the properties remain inadequately documented, given its vast expanse
and diverse local climate conditions. This PhD study aims to better understand how
density, microstructure of ice matrix and pores, and chemical properties are
characterized at the surface and how these properties evolve with depth depending on
local climate conditions across the ice sheet, through field observations and sample
analyses.

The inquiry of this study begins with a wide-area investigation of surface firn
microstructure in east Dronning Maud Land. We measured the snow specific surface
area (SSA) of ~2150 surfaces between a coastal base near Syowa Station, located 15
km inland from the nearest coast (elevation: 615 m), and Dome Fuji, located 1066 km
inland (3800 m), during the 2021-2022 summer. The measured SSA shows no elevation
or temperature dependence between 15 and 500 km from the coast (elevation: 615-3000
m). Beyond this range, SSA increases toward the interior. SSA shows significant
variability depending on surface morphologies and meteorological events. For example,
(i) glazed surfaces formed by an accumulation hiatus in katabatic wind areas show low
SSA, decreasing the mean SSA and increasing SSA variability in the area. (ii) Freshly
deposited snow shows high SSA, but the snow deposition is inhibited by snow drifting
at wind speeds above 5 m s~1. Our analysis clarified that a combination of temperature-
dependent snow metamorphism, snowfall frequency, and wind-driven inhibition of
snow deposition play crucial roles in the spatial variation of surface snow SSA in the
Antarctic inland.

The depth evolution of SSA over the wide area was then investigated using data
from 16 pit observations extending to 1 m depth along the traverse route. Vertical SSA
profiles show an increasing trend in SSA in the top ~0.5 m toward the interior, similar
to surface snow SSA, but no significant trend or a slight decrease toward the interior
below the depth. There are also noticeable differences in mean SSAs between
neighboring sites, which correlate with surface mass balance. These results suggest
that the magnitude of SSA decrease with depth largely depends on the residence time

of snow under temperature gradients that facilitate water vapor transport through the



firn column; prolonged residence time leads to pronounced SSA decrease.

The focus of this study is then put on a low-accumulation area (23—-30 mm w.e.
yr-1), where deep ice cores are extracted. We measured density, microstructural
anisotropy of ice matrix and pore shapes, and SSA at high resolutions finer than 0.02
m on six firn cores collected within 60 km of Dome Fuji. The main findings are (i) a
lack of significant density increase in the top ~4 m, (ii) lower mean density near the
dome summit (~330 kg m~—3) than in the surrounding slope area (~355 kg m~3) in the top
1m, (iii) developments of a vertically elongated microstructure and its contrast
between layers within the top ~3 m, (iv) more pronounced vertical elongation at sites
and periods with lower accumulation rates than those with higher accumulation rates,
(v) a rapid decrease in SSA in the top ~3 m, and (vi) lower SSA at lower-accumulation
sites, but this latter trend is less pronounced than that of microstructural anisotropy.
These observations can be explained by a combination of the initial physical properties
on the surface set by wind conditions and the metamorphism driven by vertical
temperature gradients in the top few meters. The magnitude of the metamorphism
depends on the duration of firn layers under the temperature gradient, determined by
the accumulation rate.

The evolution of firn microstructure with depth around Dome Fuji was further
investigated by considering chemical properties. We conducted continuous flow
analysis of major elements and water stable isotopes on the same cores. A comparison
between chemical and physical properties reveals three types of layers; (i) High-density
layers, characterized by vertically elongated, fine microstructure, show relatively low
Na concentration and high §180. In contrast, moderate- (or low-) density layers,
characterized by relatively isotropic, coarse microstructure, show both (ii) relatively
high Na concentration and low 6§80 and (iii) vice versa. Our analysis suggests that
variations in Na concentration and 6180 primarily arise from their variability in
snowfall rather than being overwritten by post-depositional processes. Therefore, high-
density layers with vertically elongated microstructure likely originate from non-
winter seasons and are formed by pronounced snow metamorphism driven by steep
temperature gradients and high vapor pressure during sun exposure periods.

Overall, this study provides abundant observational data and detailed insights on
near-surface firn properties, which are crucial for several glaciological applications.
The initial microstructure of surface snow across Antarctica is complexly influenced by
temperature, precipitation, and wind conditions. This study also highlights the
primary role of accumulation rate in determining the magnitude of post-depositional
alternation of firn microstructure through temperature gradient metamorphism. These

conclusions are uniquely robust, supported by an extensive empirical dataset.
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