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ABSTRACT
The physical properties of the WAIS Divide deep ice core record meteorological conditions
during and shortly after deposition, mean temperature during transformation to ice, deformation
within the ice, and may retain information on past surface elevations.

The WAIS Divide

(WDC06A) core was recovered from West Antarctica (79°28.058’ S, 112°05.189’ W, ~1760 m
elevation, ~3450 m ice thickness) on the Ross Sea side of the ice-divide with the Amundsen Sea
drainage. My observations of the core were supplemented by near-surface studies spanning five
consecutive austral summer seasons (2008-2012).

Near-surface processes including intense

summertime solar heating produce distinct seasonal strata. Prominent “glazed” crusts form very
near the surface during times of steep temperature gradients and subsequently develop polygonal
cracks, allowing ventilation of deeper firn. The near-surface seasonal contrasts persist to, and
beyond the bubble-trapping depth, where they have a weak effect on total trapped air. A new
record of total air content also shows that impurities may affect this important parameter,
complicating interpretation of past elevation changes. Paleoclimatic interpretation of the numberdensity of bubbles is extended successfully here through the “brittle ice” zone, providing a record
of surface temperature spanning ~5500 years. This new record reveals relatively stable values
through the first half of the interval, with a very-slight warming early, followed by a slight
cooling over the most recent two millennia. Bubbles were found to be preferentially elongated
parallel to the basal planes of enclosing grains, with less overall elongation of bubbles in grains
with lower resolved shear stresses on their basal planes, as expected if grain deformation occurs
primarily on basal planes and proportional to the stress.
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Chapter 1

Introduction

1-1: Concerning the physical properties of polar ice cores
Understanding and studying both the physical properties of polar ice, and the physical
processes that occur within that ice, can yield a great wealth of useful glaciological and
climatological knowledge. The continual accumulation of ice, year-after-year in polar regions,
generates both an annual depositional history as well as a record of how environmental conditions
have changed over time. This holds especially true for regions found deep within the cold
interior of polar ice sheets where the records are undisturbed by the effects of melt.
Through the examination of ice cores drilled from deep within an ice sheet, the past
behavior and flow of the ice, as well as details of Earth’s climate history, can be better quantified.
Data obtained from these cores are remarkably valuable in providing information on crucial
variables in this regard as they record variability over vast intervals of time, and at high resolution.
The relationship between the properties of ice-core ice and the different environmental variables
they record is complex, however.
The most commonly measured ice-core data include concentrations of specific gases
enclosed in trapped air bubbles, and stable-isotope ratios of the ice linked to temperature at the
time of deposition (e.g., Herron and Langway, 1980; Johnsen and others, 1972; Fudge and others,
2013; Sowers and others, 2003). Many additional parameters may be measured, including the
physical properties of ice cores (e.g. bubble number-density, bubble elongations, or c-axis
fabrics), which can provide independent estimates of paleoclimatic variables, allowing for morerobust and confident overall reconstructions (e.g., Fegyveresi and others, 2011; Fitzpatrick and
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others, 2014). In many cases, using comprehensive ice-core data obtained from multiple drilling
locations, larger regional- and even global-scale paleo-environmental histories can be
reconstructed, and used to inform modeling (e.g., Steig and others, 2009; Pollard and DeConto,
2009).
When interpreting ice-core proxy data, many complications or biases can arise. These
complications can include the false interpretation of signal artifacts (Huybers and Wunsch, 2003),
technique calibration issues (Cuffey and others, 1994), or the uneven recording, timing, or
magnitude of seasonal influences and effects (e.g., Hutterli and Sime, 2009; Cuffey and Paterson,
2010). In addition, paleo-elevation changes of ice sheets can be falsely recorded as temperature
changes in the data, and interpreted as such (Steig and others, 2001; Vinther and others, 2009).
Furthermore, since climate proxies such as stable isotopes record temperature only when it
snows, the seasonal timing of accumulation can skew reconstructions based on the occurrence of
depositional events (Alley and others, 1993; Fawcett and others, 1997; Cuffey and Paterson,
2010; Severinghaus and others, 1998). Lastly, post-depositional alterations at the surface may
affect recorded isotope values as well (Hutterli and Sime, 2009; Neumann and Waddington,
2004). All of these examples further augment the need and importance for independent estimates
for the reconstruction of past environments on ice sheets.

1-2: Concerning polar depositional environments
The transformation of snow into firn and ultimately into ice in polar regions is primarily
controlled by temperature and the weight of accumulated overlying snow (Gow, 1968).
Eventually, when the bulk density of polar firn reaches ~90% that of air-free ice, the
interconnected air passages between grains are pinched off to form bubbles, trapping and
isolating the enclosed gases from the surface (Herron and Langway, 1980). In higher-
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accumulation environments, this process is achieved more rapidly due to the faster increase in
overburden pressure.
Polar firn is characteristically anisotropic and irregularly stratified (Alley, 1988a). Its
nature is governed not simply by the frequency and volume of depositional events, but also by
diagenetic processes such as meteorologically forced in-situ alterations at the near-surface (Alley
and others, 1982; Palais and others, 1982; Albert and others, 2000). This non-uniformity results
in numerous challenges when interpreting various ice-core proxy data.
At high-accumulation rate sites with a large number of depositional events, like areas
found in West Antarctica (Banta and others, 2008; Fudge and others, 2013), complications can
clearly arise due to the significant and uneven layering of the near-surface firn (Rick and Albert,
2004; Alley and others, 1990)(see also Figs. 1-1 and 1-2). Diurnal and seasonal variations at the
site can produce layers with distinct physical and chemical properties, which remain identifiable
during burial through the firn and into the ice beneath. Effects of such processes on bubbles are
of particular interest in this thesis, including the number-density and volume of trapped bubbles,
as well as the bubble trapping of air at pore close-off (Rick and Albert, 2004; Mitchell and others,
2014).
Highly layered polar firn can also record individual occurrences of surface
metamorphism of different snow types, over numerous times scales, and under varying degrees of
wind and radiative exposure and penetration (Hörhold and others, 2009; Albert and others, 2004).
Changes in the intensity of solar radiation or turbulent fluxes received at the surface may result in
greater metamorphism, evaporation, sublimation, convection in the snow pack, surface crusting,
and more pronounced grain growth, all of which may be preserved at depth. Any of these
processes can alter the gas lock-in depth, gas exclusion at pore close off, and introduce a bias in
various ice-core data and proxies (Severinghaus and Battle, 2006; Fisher and others, 1983).
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Because of these known complications, utilizing multiple independent ice-core proxies is
essential for generating the most confident reconstructions of past conditions in polar regions.

1-3: The WAIS Divide deep ice core and drilling site
The West Antarctic Ice Sheet (WAIS) Divide Deep Core drilling site (Figs. 1-3 and 1-4),
located at 79°28.058’ S, 112°05.189’ W, is just ~24 km from the current West Antarctic ice-flow
divide, between the Amundsen Sea and Ross drainage basins. It was chosen because it is an ideal
candidate for studying an undisturbed, high-time-resolution history of the ice sheet as well as
providing a faithful southern hemisphere analogue to the GISP2 ice core from Greenland.
Because of the proximity to the divide, correction of climatic records for the effects of ice flow is
minimized, and internal layers are more likely to be smooth and undisturbed. The documented
high historical ice-accumulation rate (~22 cmice a-1) also means that the gas-age ice-age difference
is relatively small (~200 years today, and less than ~500 years through the full record) (Banta and
others, 2008; Fudge and others, 2013, Buizert and others, 2014). The high accumulation rate also
helps produce and preserve a clear annual signal back through ~40 ka. This study addresses the
primary WDC06A core, which was drilled over 5 concurrent field seasons at the site beginning in
2007-08. The drilling campaign was led and operated by the IDPO/IDDO group out of the
University of Wisconsin utilizing the Deep Ice-Sheet Coring drill (DISC). The DISC drill,
designed specifically for deep ice-coring projects, produced excellent quality, ~12.2 cm diameter
cores, from the surface down to a final depth of 3405 meters at WAIS Divide. This includes
cores from the sensitive “brittle-ice” zone between ~650 and ~1300 meters (see also Chapter 2
and Fitzpatrick and others, 2014). The overall estimated depth-to-bed at the site is approximately
3450 m, meaning that a ~50 meter stewardship buffer of ice was left above the bed of the ice
sheet to prevent possible contamination of the basal hydrological network by any drilling fluids.
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The deepest samples from the WDC06A core have since been dated at ~67 ka using electrical
conductivity, chemical measurements, and methane synchronization (Fudge and others, 2013,
Buizert and others, 2014)
The nearby region of West Antarctica toward the Amundsen Sea has shown not only a
recent and notable increase in mass-loss and thinning, but may have a historically higher
sensitivity to climate changes (Steig and others, 2001; 2009; Conway and Rasmussen, 2009;
Joughin and others, 2014). Knowing how the West Antarctic Ice Sheet responded to climate
variability, including interstadial events, through past millennia could help us to predict how it
may respond in the future. The WAIS Divide ice core site offers a pristine and high-resolution
repository of preserved paleo-data from near an ice-flow divide in this region of Antarctica. It
thus is an especially important site for a thorough investigation of the physical properties of both
the ice core and the near surface, as well as an examination of the effects of seasonality at a highaccumulation site.
Here I evaluate various physical properties of ice-core ice from the WAIS Divide site in
West Antarctica. More specifically, I investigate the physical properties of the trapped ice-core
bubbles and how those properties may have been affected by the seasonally influenced, highly
layered, and irregularly-stratified firn. This includes a detailed investigation of changes in the
near-surface snow at the site measured over five consecutive seasons, as well an investigation
into the recorded orientations of bubbles as possible indicators of strain within the ice sheet.
Lastly, I investigate the complete total air content history of the WAIS Divide site recorded in the
ice core, and how that record may provide both an elevation history and a means to further
elucidate other possible influences on the bubble trapping process in ice cores.
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1-4: Summary of chapters
Each of the chapters presented here involves research related to the primary WAIS
Divide deep ice core (WDC06A) and drilling site, with a focus on investigations of physical
properties and processes, and the possible seasonal and impurity-driven influences on those
properties. Chapters 2, 3, and 5 are ice-core specific studies that involve the preparation and
investigation of samples taken from the WAIS Divide (WDC06A) deep core, while Chapter 4
highlights observations and measurements made of the near-surface snow at the drilling site.
Chapter 2 is an in-depth focus on the evolution of the size, shape, arrangement, and
number-density of trapped bubbles within the core, specifically through the known “brittle-ice”
zone. Chapter 3 is a peripheral study of the use of observed bubble elongations in ice core
samples as possible measures of strain within specific ice grains. Chapter 4 presents a focus on
seasonal near-surface features observed and measured at the drilling site over the course of 5
seasons, and the potential for preservation of those features within the ice core. Lastly, chapter 5
highlights a synthesis of a new total air content record for the site, and the implications and
challenges of using that record as a reconstruction tool for past ice-sheet elevations.

Chapter 2
Using new samples from the primary WAIS Divide (WDC06A) ice core that were cut
and prepared during the Spring and Summer of 2011 at the National Ice Core Lab (NICL), I
measured the bubble number-density record and collected bubble shape, size, and arrangement
characterization data for new depths ranging from ~580 m to ~1600 m. Bubble number-density
data from the core record relatively stable temperatures during the mid-Holocene followed by
late-Holocene cooling; improved techniques allow successful application of the paleoclimate
reconstruction technique (Spencer and others, 2006) through the brittle-ice zone above the depth
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of clathrate formation. An accumulation-rate history and interpretation, as well as a detailed
investigation of the evolution of average bubble size, shape, and arrangement through depth in the
ice core are also presented in this chapter. Lastly, I present a detailed high-resolution analysis of
specific samples indicating a potential influence of layering and impurity content on bubble
trapping and number-density.
Partial material from Chapter 2 is included in a larger group paper that is currently in
review in the Journal of Glaciology. The manuscript highlights the comprehensive physical
properties of WAIS Divide ice core with co-authors Joan J. Fitzpatrick, Donald E. Voigt, Nathan
T. Stevens, Matthew K. Spencer, Jihong Cole-Dai, Richard B. Alley, Gabriella Jardine, Eric
Cravens, Lawrence Wilen, T.J. Fudge, and Joseph McConnell. The remaining material from
Chapter 2 is in preparation to be submitted as a second publication in the Journal of Glaciology.

Chapter 3
The deformation of a grain is proportional to the resolved shear stress on its basal plane
(Alley, 1988b). For a single crystal in a testing apparatus subjected to uniaxial vertical
compression, the resolved shear stress on the basal plane for a vertical or horizontal c-axis is zero,
increasing to a maximum at 45°. The deformation of the grains, and therefore of the bubbles, is
proportional to the product of the cosine and the sine of the angle of the c-axis from vertical (the
Schmid factor). This would yield a curve that has a maximum at 45°, and minima at 0° and 90°
(Alley, 1988b). In this short chapter, I present evidence of such a relationship from highresolution analysis of a sample from a depth of 580 meters in the WDC06A ice core, using a
newly developed technique. I show that the deformation within the grains is recorded in the
bubbles by way of the preferred orientation of their elongations. Bubbles are preferentially
elongated in the basal plane, as expected for glide on the basal plane, with evidence that
elongations do depend upon the Schmid factor . Elongations are small for grains with c-axes
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nearly parallel or perpendicular to the vertical, as expected if deformation depends on the Schmid
factor. Elongations are similar for a broad range of intermediate angles, possibly because the
deformation depends on Schmid factors of neighboring grains as well as the grain under
consideration.
This chapter is in preparation to be submitted for publication with co-authors Richard B.
Alley, Joan J. Fitzpatrick, Donald E. Voigt, and Lawrence Wilen.

Chapter 4
Summertime field observations at the WAIS Divide site, West Antarctica, indicate a very
active surface. Over five consecutive seasons (2008-2013), I recorded daily surface
measurements along with photography of the surface and of back-lit snow pits, where various
density and accumulation measurements were made. Prominent features, including glazed crusts,
wind crusts, and depth hoar, occur frequently. Surface and pit observations show that glazed
crusts form in summertime during relative low-wind, low-humidity, clear-sky episodes. Each
documented case of formation occurred during sunny days with maximum diurnal variability of
incoming solar energy. Shallow firn temperature measurements indicate strong inversions during
crust formation that likely led to increased upward vapor transport. Furthermore, distinct surface
hoar growth was observed on crusts that were exposed to multiple clear-sky days, likely as a
result of either increased humidity, or vertical vapor transport in the near-surface snow. There
was no obvious indication of melt associated with glazed features during on-site inspections
despite their often bubble-free appearance.
Follow-up examination of the WDC06A ice core indicates that numerous crusts are
present throughout the core and in all seasons. Crusts are up to ~40% more abundant in
summertime deposits than in wintertime deposits, however, likely due to the formation of the
noted glazed surfaces documented at the surface; formation mechanisms of the less-common
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wintertime crusts have not been observed and are not known, but are likely wind-driven. Over
the ice-core record, there is little change in frequency of occurrence of wintertime crusts, but
some changes in summertime, perhaps indicating changes in occurrence frequency of those sunny
conditions that lead to crust formation.
This chapter is in preparation to be submitted for publication with co-authors Richard B.
Alley, Anaïs J. Orsi, Matthew K. Spencer, and T.J. Fudge.

Chapter 5
In Chapter 5, I present an investigation of the long-term air content history at the WAIS
Divide site, which includes both an elevation-history interpretation and the possible influences of
seasonality and impurity content on the overall record. Using samples from the WDC06A ice
core, I measured total air content along the entire length of the core beginning just below pore
close-off (~115 – 3300 meters), in ice of ages ~0.35 – 57 kyrs bf 1950 based on the most current
WDC06A-7 and WD2014 depth-age scales (Fudge and others, 2013, Buizert and others, 2014).
These measurements were then used to reconstruct various possible elevation histories for the site
based on models and methods previously published (see e.g., Delmotte and others, 1999;
Martinerie and others, 1994; Raynaud and Lebel, 1979). In addition, a comparison between total
air content and impurity content as well as an argument for a seasonal imprint on the record are
presented.
This chapter is in preparation to be submitted for publication with co-authors Todd
Sowers, and Richard B. Alley, as well as collaborators at Oregon State University: Jon Edwards,
and Ed Brook.
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WAIS Divide (WDC)
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Figure 1-1: Backlit wall of 2-meter covered snow pit dug during the 2008-9 WAIS Divide field
season. Partial interpretation of annual signals is identified revealing some of the irregular
stratification seen at the WAIS Divide site (a). Closer inspection reveals the complexities and
detail of individual depositional events and preserved features (b).
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Figure 1-2: Example pit map from 2008-9-A site at WAIS Divide, illustrating the high degree of
layering and density contrast in the near-surface. Fine- to medium- grained, higher-density
snow/firn layers are shown with darker grey coloring, whereas coarse-grained and low-density
layers (e.g., depth hoar) are shown in white. Noteworthy crusts are indicated with solid lines,
while dotted lines are used to represent cross-bedding of sastrugi at depth. The pit wall surface
trends in parallel with the prevailing wind direction at WAIS Divide (approximately north-south,
with north to the right).
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Figure 1-3: Map of West Antarctica showing the WAIS Divide (WDC), Byrd, and Siple Dome
ice-core drilling locations. Ice shelves are shown in grey; Siple Coast and Amundsen Sea ice
streams are shown by blue shading. Contours represent surface elevation with an intervals of 500
m. Figure modified from Fudge and others (2013).
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WAIS Divide Deep Field Camp
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Processing Facility

Figure 1-4: The WAIS Divide field camp layout with various buildings and areas identified. The
Ice-core drilling facility and generators were isolated at approximately ¼ mile from the primary
camp in order to keep generator noise to a minimum, as well as to limit the impact of day-to-day
camp-life on the 24-hour drilling operations. All WAIS Divide operations, communications,
cargo, and maintenance took place in the primary camp.
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Chapter 2

Bubble size, shape, arrangement, and number-density evolution through the
WAIS Divide (WDC06A) brittle-ice zone

Abstract
Bubble number-density data from the WDC06A core record relatively stable
temperatures during the mid-Holocene followed by late-Holocene cooling; improved techniques
allow successful application of the technique through the brittle-ice zone above the depth of
clathrate formation. Using new samples from the primary WAIS Divide (WDC06A) ice core that
were cut and prepared during the Spring and Summer of 2011 at the National Ice Core Lab
(NICL), I measured the bubble number-density record and collected bubble shape, size, and
arrangement characterization data for new depths ranging from ~580 m to ~1600 m. These
measurements were made using a new and improved imaging stage and digital camera
equipment. I show that the developed bubble number-density paleoclimatic technique (Spencer
and others, 2006; Fegyveresi and others, 2011) remains useful through the “brittle-ice” zone,
found here to exist between depths of ~650 m and ~1300 m. Careful reexamination shows that
the techniques that provide accurate bubble counts in non-brittle ice mis-identify some brittle-ice
cracks as bubbles, producing overcounts by up to ~5%; a small correction was therefore made to
samples within this zone. A site-specific bubble-per-grain ratio of G=1.66 ± 0.02 was established
for WAIS Divide using specific sample measurements and then used here in combination with
published modeling methods by Spencer and others (2006). The resulting temperature
reconstruction agrees closely with independent estimates based on stable isotopic ratios of ice and
inverted borehole temperature measurements taken at the site. This reconstruction shows a
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cooling over the measured interval (~5.5 – 0.3 kyrs bf 1950) of ~0.6°C if taken linearly, or a
more-stable mid-Holocene followed by late-Holocene cooling.

Accumulation rate and

temperature changed together; however, a simple regression indicates an increase of ~12%°C-1,
somewhat stronger than for thermodynamic control alone, suggesting dynamic processes. Total
air content increases with temperature; one interpretation is that the warming results from icesheet thinning, although the small total-gas changes might be explained in other ways. A detailed
investigation is also presented here of the evolution of average bubble size, shape, and
arrangement through depth in the ice core. Lastly, a detailed high-resolution investigation is
presented of specific samples indicating a potential influence of layering and impurity content on
bubble trapping and number-density.

2-1: Introduction
Data from ice cores are remarkably valuable as they provide numerous independent
records of past conditions in polar regions. Many of these records contain a wealth of knowledge
related to the past behavior of ice sheets, as well as stress and deformational indicators, and
accumulation-rate and paleoclimate histories. Bubbles trapped in ice cores are often of particular
importance as the air which they enclose preserves a unique archive of various ancient
atmospheric conditions. Just as important as the direct record of past environments found in the
trapped gas concentrations, are the preserved physical properties of the bubbles themselves,
which contain a memory of the firnification and ice-flow histories at the site of deposition.
Detailed investigation of the evolution of bubble characteristics through depth in ice cores can
also help to elucidate the effect of seasonality and layering on the transition of firn into ice.
In this chapter, I present results from a suite of investigations into the behavior and
significance of bubbles in the WAIS Divide Deep Ice Core (WDC06A). Using new bubble-
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sections (also known as thick sections) prepared from the core in combination with existing
sections prepared in 2008, I measured the bubble number-density as well as bubble shape, size,
clustering, and other characteristics for depths ranging from ~120 to ~1600 meters. This range
begins at just ~45 meters below pore close-off depth and extends through the entire brittle-ice
zone and into the clathrate-dominated ice. Clathrates were observed in thin-section samples to
exist in small numbers as shallow as ~700 m but only began to dominate at a transition depth of
~1250 m (see also Fitzpatrick and others, 2014). Mostly importantly, I show that the developed
bubble number-density method provides useful paleoclimate reconstructions (Spencer and others,
2006) through the brittle-ice zone despite a slight measured over-counting of bubbles due to
relaxation-induced fracturing. Thus, the paleoclimatic technique derived from bubble numberdensity is capable of providing close estimates with a small bias of known sign. I also show that
the brittle-ice zone has a measureable effect on various physical properties of the ice-core
bubbles, particularly shape and size distribution.
In total, I present here a three-fold investigation that includes primary observations and
results on selected portions of ~10-cm-long samples spaced at ~20-meter intervals over the entire
depth range (~120 – 1600 m), as well as additional high-resolution observations of the full 10-cm
lengths of samples measured at ~100-meter intervals. Furthermore, a full one-meter section of
the core was measured continuously from a depth of 502-503 meters. Evidence from the
progressive scans of the high-resolution samples, as well as the continuous-meter sampling,
indicate possible seasonal and impurity-driven influences on the number, size, shape, and
arrangement of bubbles in the WDC06A core.
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2-2: Bubble formation and evolution in ice-sheet ice
The physical properties, including the distribution of bubbles, in polar ice sheets can be
influenced by many factors, most notably temperature and accumulation rate (Spencer and others,
2006). It has been recently shown for the WAIS Divide site that with the accumulation-rate
history reconstructed from accurate annual-layer thicknesses corrected for ice flow,
paleotemperature can be calculated from measured bubble number-density (Fegyveresi and
others, 2011). Agreement between this paleotemperature history and independent estimates from
borehole thermometry and stable isotopic ratios suggests that any influence of impurities or other
factors on bubble number-density is small, but some influence remains possible as suggested by
others (Bendel and others, 2013; Freitag and others, 2013).
It is known that at the pore close-off depth in ice-sheet ice, the interconnected air
passages and pore spaces between grains are pinched off to form bubbles, and the trapped gases
become isolated from the surface atmosphere (Herron and Langway, 1980; Gow, 1968). This
occurs at a bulk density of about 823 kg m-3, or about 90% that of the density of air-free ice for
WAIS Divide (Herron and Langway, 1980; Fegyveresi and others, 2011). The number, size,
arrangement, and distribution of the bubbles trapped during this close-off process are conserved
and can be used as an indicator of paleo-conditions at the site (Alley and Fitzpatrick, 1999). The
close-off process depends on crystal size at the depth of bubble trapping, which is controlled by
the time to the transformation (a function of accumulation rate), and by the crystal growth rate,
which is primarily controlled by temperature (Gow, 1969). The integrated effects of
accumulation rate and temperature are therefore recorded in the number-density of bubbles in the
ice.
The number and relative size distribution of the bubbles trapped during the firn close-off
process are conserved above the depth of clathrate formation, and preserve information on certain
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paleo-conditions at the site, except under extreme deformation (Alley and Fitzpatrick, 1999;
Weertman, 1968). Following bubble closure, ice deformation quickly squeezes the bubbles,
raising and then maintaining air pressure near the overburden level (Gow, 1968). When the
pressure is high enough (often in the range 5.5 – 11.4 Mpa), release of external pressure during
core recovery can allow the internal stresses to exceed the fracture strength of the ice when
brought to the surface. This zone, known as the “brittle-zone”, varies significantly based on site
properties (see Appendix Fig. A-1), with accumulation rate and temperature likely important
(Uchida and others, 1994; Herron and Langway, 1980; Morse and others, 2002). It is possible
that intra-grain bubble alignment, as well as preferred orientation of bubble cracking, may also
play a role in brittle-ice behavior (personal communication from R. Alley). An additional
detailed investigation is currently underway to explore and test these hypotheses. Cracking and
fracture of the ice cores from within this zone can introduce many significant problems with the
measurement of numerous data sets. The WAIS Divide site was chosen in part to ensure that the
brittle ice (initially predicted as roughly 400-1600 meters depths and ages of ~ 1.8-9.4 kyrs bf
1950, based upon the average accumulation and an assumed realistic basal melt rate of approx 1
mm a-1) would remain in the Holocene (Morse and others, 2002).
During field logging of the WAIS Divide core, the quality of each section was quantified
and logged by science technicians based on a metric for the number of visible fractures, breaks,
and spalls logged in each meter of ice. The results indicate that the actual brittle-ice zone is
narrower than expected, ranging from approximately ~650-1300 meters depth (Fig. 2-1), perhaps
reflecting in part, advances in core-handling that reduced non-bubble stresses on the ice (e.g.,
bending during removal from the drill barrel). These depths equate to ~2.7 – 6.1 kyrs bf 1950
based on the published WDC06A-7 depth/age scale (Fudge and others, 2013). The lowest
average quality observed in the core, indicating the peak of the brittle-ice zone, occurred at a
depth of approximately 1100 m.
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2-3: Methods and sample preparation
New ice-core samples ranging from depths of 580 to 1600m in the WDC06A core were
cut and prepared during the spring and summer of 2011 at the US National Ice Core Laboratory
(NICL) in Denver, Colorado (samples from 120-560 m were prepared previously, as described by
Fegyveresi and others (2011)). In total, 47 new vertically-oriented sections approximately
10x8x2 cm (Table 2-1) were cut at ~20 m depth intervals in the core. Some samples within the
studied interval could not be prepared due to brittle-ice complications, and were therefore
omitted. In addition, one of the samples prepared, from 1500m depth, was from a horizontallyoriented section. Each ~10 cm long, 2 cm thick sample, was cut from the side-wall of its parent
core, mounted on a glass plate, split to produce a thin section as well as a thick bubble section.
This thick/bubble section was then planed to a thickness of approximately 1.5 mm with a
microtome, and imaged, all following the procedures documented by Fegyveresi and others
(2011), with a few improvements as noted next.
Here, I digitally photographed all samples using a Nikon D80 D-SLR camera with a
Nikkor AF 105 mm Micro lens, on a new side-lit, vertically-adjustable, mounted stage (Fig. 2-2).
The camera assembly was designed and built at the USGS by Dr. Joan Fitzpatrick and is
controlled through direct computer interface and Nikon’s Camera Control Pro software. An
ideal stage height was set that allowed for the best illumination of bubbles within each sample.
This stage was also equipped with two side-adjustment wheels that allowed the fixed sample to
be shifted at precise centimeter intervals in a horizontal x-y plane underneath the digital camera.
This configuration made it possible to collect over a dozen high-resolution digital images of each
new prepared bubble-section, ensuring that all areas of the sample were photographed at the
highest possible resolution and clarity. All imaging was done with the ambient room-lighting
turned off so that bubbles were illuminated via side-mounted Volpi light blades only. Each suite
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of photos was corrected for any lens distortion using integrated functions within Adobe
Photoshop 6.0 software. Finally, using a “collage” template, the photos were combined to
achieve best fits using built-in auto-merge algorithms (e.g., Fig. 2-3). The resultant merged
images are the most accurate representations of sample sections I have thus far achieved, with the
highest quality and least amount of feature error. Ice densities were assumed to be 915 kg m-3
throughout the sample set, and no further corrections were made, as changes due to bubble
compression are estimated to be sufficiently small below 260 m (Gow, 1968). Corrections for
density changes at shallower depths are described by Fegyveresi and others, (2011).
Primary bubble analyses were completed on two unique, non-overlapping 400 mm2 (20 x
20 mm) sub-sections of each sample (Fig. 2-4) that were most free of cracks and other nonbubble markings. Methods for optimizing, binarizing, and error-checking all measured sections
are described in Fegyveresi and others (2011). Principal measurements were made of bubble
sizes, shapes, and number-densities. For bubble number-density measurements, which reflect
bubble centers that fall within a specified ice volume, corrections were made to account for cuts
to sample surfaces (Underwood, 1970; Fegyveresi and others, 2011). As with the previous study,
the two square sub-sections in each sample were measured twice, by different analysts, to
establish reproducibility error, and resultant data sets were averaged to obtain final results.
Full-section high-resolution analyses were also conducted on 17 prepared bubble sections
at approximate 100-meter intervals over the entire sample set. This larger spacing was chosen
due to the sizeable increase in processing time involved with full-sized images, and the limited
availability of complete usable samples clean of brittle-ice cracking (e.g. Fig. 2-5). Identical
methods were used for the optimization, binarizing, and error-checking of these sections;
however, in each case, measurements were taken of the entire sample and not limited to 400 mm2
sub-sections. Again, binarized images were measured by a second analyst for reproducibility.
Average total usable sample sizes ranged from 60 to 100 cm2 depending on their initial cut
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dimensions and edge quality. I performed these secondary analyses to obtain higher-resolution
data specifically on bubble number and size distribution, as well as nearest-neighbor and
clustering statistics. Some preliminary high-level results from these scans are discussed in
Fitzpatrick and others (2014), with more-detailed specifics discussed here. Additionally, I
prepared these full-sized images in order to carry out lengthwise progressive scans of samples
from discrete depths to measure changes in bubble numbers and sizes in high resolution with
depth, for later comparison to site seasonality and ice impurity content (e.g. Fig. 2-6). Sampling
at this resolution served as a means to check variance across additional data sets, extending the
results from the 400 mm2 sampling analyses.
Progressive scans of full-sized images were completed by creating a series of automated
and repeatable procedures within the Adobe Photoshop framework using its built-in “actions”
menu. For each scan, a ~5mm high x 80mm wide box with area of approximately 400 mm2 was
first highlighted for measurement on the full image. Then, the pre-recorded and scripted actions
were executed on an automated loop by moving the highlighted box at ~0.25 mm increments
across the image from top to bottom of the sample, and taking bubble number and average size
measurements at each break. These looped actions ran until the measurement box swept the full
height of the sample, taking approximately 30 minutes to complete. Depths were assigned to
moving box centers. As a result, nominal depths run from 2.5 mm below the top of a sample to
2.5 mm above the bottom. The resultant data sets include several hundred measurements for each
original full-size sample, with a large amount of overlap between each measurement.
In addition to the samples measured at ~100 meter intervals, this progressive scanning
method was also used to evaluate a single one-meter continuous sample that was cut and prepared
from a depth of 502-503 meters. This one-meter vertical slab of ice was cut from the identical
side-wall as the smaller measured samples and further cut into ten smaller ~10 cm long pieces.
Each of these ~10 cm pieces was measured progressively as described above, with obvious small
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gaps in the continuous measurements as a result of ice lost to saw cuts. Additional gaps are also
present at the tops and bottoms of each sub-sample due to the centering of measurement boxes.
The depth was chosen as it fell within bubbly (non-brittle) ice, and was sufficiently deep that the
average grain size had become stable, likely because normal grain growth is balanced by
production of new grains, primarily through polygonization (e.g. Alley and others, 1995). A
standard suite of ion and dust proxy concentrations were also measured within this meter at the
Desert Research Institute, in order to resolve possible impurity-driven and seasonal influences on
bubble concentrations and characteristics.

2-4: Bubble characterization data

2-4-1: Bubble radii and size distribution
Average equivalent radii were measured for bubbles within both 400 mm2 sub-sections,
at each sample depth of the primary study data set (see Table 2-3), as well as within the higherresolution samples taken at 100-meter intervals from the secondary study (see also Table 2-4).
This measurement returns a radius value for each feature (bubble) assuming an approximation of
spherically-shaped bubbles with equal two-dimensional area (equal pixel count) as the measured
two-dimensional feature. Based on the observations made at the sample depths used in this study,
this is a reasonably accurate assumption. The reported data include the largest samples; thus, the
10-cm samples at 100 m spacing, and the intervening sub-samples at 20 m spacing.
The analyses here followed Lipenkov (2000) and Ueltzhoffer and others (2010) in
identifying and then excluding “microbubbles”. Microbubbles are the subset of observed bubbles
in ice-core ice that have an obviously smaller second size mode with little or no overlap of the
distribution of “normal” bubbles; microbubbles are also typically smoother and more spherical
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(Lipenkov, 2000; Ueltzhoffer and others, 2010). Microbubbles are preferentially observed in ice
crystal interiors in shallower ice, although they can be traced in very small numbers down to the
clathrate-transition zone. At cold sites, microbubbles can account for up to 20% of total observed
bubbles (Lipenkov, 2000).
Bubbles form with atmospheric pressure, are compressed relatively rapidly until the
bubble pressure approaches the overburden pressure (“pressure equalization”), and then are
compressed more slowly thereafter until bubble loss by clathrate formation. Density
measurements indicate that pressure equalization occurs near 180 m depth and ~1.28 Mpa
(Fitzpatrick and others, 2014). The closest measured sample to that depth here was from 220 m.
This sample exhibits a small second mode of microbubbles, as well as the main bubble mode, and
these are separated with no overlap at a bubble radius of 0.025 mm. Hence, all bubbles smaller
than this were eliminated from further analyses (Appendix Fig. A-2). For deeper samples, this
cut-off size was applied after being adjusted to account for compression to maintain bubble
pressure equal to overburden pressure (assuming hydrostatic pressure and the ideal gas law),
using the following formula,
1

⎛ 220 ⎞ 3
rc = ⎜
⎟ ⋅ (0.025)
⎝ z ⎠

(2-1)

where rc is the cut-off radius for each sample at depth z (see also Appendix Fig. A-3). Exclusion
from the data sets was achieved
through implementation of a size filter within the Fovea Pro
€
imaging software. Equation 2-1 proved effective for separating the “micro” and “normal”
populations, although a little overlap of the distributions occurred at some depths. The highest
concentration of micro-bubbles eliminated in any sample was less than ~2% of the total bubble
count, and errors in identification are a very small fraction of that; for the purpose of using bubble
number-density as a climate indicator, this small concentration was negligible (see Table 2-4 for
cut-off values).
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The mean bubble radius of the normal bubble populations decreases with increasing
depth, from ~0.17 mm at 120 m depth, to ~0.07 mm at 1600 m depth (Fig. 2-7). The dominant
process responsible for the observed trend is a reduction in bubble volume due to the pressure
increase with increasing depth. Errors are reported as the standard deviation of measurements
between sub-sections and from both analysts for each sample, or just between analyst reads
within the higher-resolution ~100-meter spaced samples.
Between about 650 and 1100 m, bubbles commonly developed small cracks extending
outward, fracturing in response to unloading and relaxation in this brittle-ice zone. Additional
measurements indicate that these cracks are in the basal plane (normal to the c-axis) of crystals
(See Chapter 3). A bubble-and-crack looks vaguely like the Solar System’s sixth planet and its
rings, so these are sometimes colloquially referred to as “Saturn cracks”. The imaging software
includes these cracks in bubble size if they are not first edited out during manual cleaning.
Hence, the measured rate of bubble-size decrease with increasing depth is less than would be
expected from bubble compression under rising overburden pressure in this depth interval.
Below 1100 m, the rate of bubble-size decrease accelerated due to termination of brittle-ice
cracking, and from air loss to clathrate formation.
Bubble-size distributions were examined in detail within the high-resolution, 100-meter,
secondary sample set over the entire depth range of 120 – 1600 meters. Within the brittle-ice
zone, greater variation was observed in bubble-size distributions, likely due to the increased
frequency of cracks originating from bubbles. This variation is shown in Fig. 2-8, which displays
the distributions across the data set as interquartile range whisker plots. Brittle-ice depths are
shaded for identification. The relatively long distribution tail into larger sizes at 120 m compared
to all other depths suggests that a few of the large elongated and dumbbell-shaped bubbles are
split below this depth. The distributions in Fig. 2-9 are shown with kernel density estimates using
a smoothing bandwidth of 0.002 mm. Here the bimodal characteristics recently described by
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Bendel and others (2013) and Ueltzhoffer and others (2010) are not seen due to the bubble cut-off
filter being implemented. Even without this filter, however, the noted incidence of microbubbles
was less than 2%, as noted above. Below 580 m, the distributions become more evenly spaced
and monodispersed through the brittle-ice zone, and below 1100 m average bubble sizes become
preferentially smaller due to bubble compression and loss to enclathratization. The observed long
distribution tail towards larger bubbles in the deepest samples may be due to the decomposition
of some clathrates back to bubbles during post core-recovery relaxation. Bendel and others
(2013) discussed that Ostwald ripening likely occurs to some very small extent amongst the
bubbles within ice-core ice; however, the dominant process influencing the bubble diameters with
depth is still the volume reduction due to pressure increase. Moreover, while there are
uncertainties about the quantitative influence of Ostwald ripening on bubble size distribution,
bubble number-density is not significantly affected. As a way to test this hypothesis, all bubble
sizes at each sample depth were normalized to an equivalent depth of 220 meters using the
following relationship, based again on the hydrostatic pressure equation and ideal gas law,
1

⎛ z ⎞ 3
rz _ 220 = ⎜
⎟ ⋅ r
⎝ 220 ⎠ z

(2-2)

where rz is the measured radius of a bubble at depth z, and rz_220 is the radius adjusted to a depth
of 220 m. When plotted as adjusted distributions (Appendix Fig. A-4), smaller bubbles do not
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seem to be disappearing at the expense of larger bubbles as the lower distribution limits remain
stable. In addition, the growth of larger bubbles and expansion of the higher size distribution tail
is most likely a direct result of brittle-ice fractures contributing to bubble size measurements.
Also, as discussed below, a slight excess of bubbles is observed in the smaller-size classes within
the brittle-ice zone. The size-distribution curves are concave-up or linear on the small-size end
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above and below the brittle ice, but convex-up within the brittle ice, likely reflecting the nonbubble features caused by cracks in the brittle ice.
Bubble volumes (Vb) were also calculated at each sample depth, for all features, using
measured equivalent radius data (re). Assuming spherical bubbles, this calculation was simply,

Vb =

4 3
πr
3 e

(2-3)

The average bubble volume ( V ) for each full sample set was then,

€

€

1 n
V = ∑ (Vb )
n i=1
i

(2-4)

where i was the feature number measured, and n the total number of features in the sample.
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2-4-2: Bubble shape data
Average bubble shapes (see Table 2-3) were calculated using size and form factor
measurements that were taken of all features at each sample depth. A small correction for the
effect of non-smooth, feature pixelization within the Fovea Pro software was calculated by fitting
a polynomial curve to a series of artificially generated, round bubbles of varying sizes (Appendix
Fig. A-5). The correction was most prominent in smaller bubbles (r < 0.1 mm) as pixels imposed
a more notable edge-effect. In all cases, the correction was no higher than 8%, and as low as
2.5% in the largest bubbles (with range shown by shaded area in figure). In the shallowest
samples, average bubble shapes range from subrounded and equant to elongated and dumbbellshaped, reflecting the inherited shapes of the pores from which they formed. Bubbles with
inherited pore-shape aspects are still in evidence at the pore-pressure equalization depth
(approximately 180 meters and 1.28 Mpa) but, with increasing depth and load, bubble shapes
evolve towards circular in cross-section, and by 400 meters the observed global mean aspect ratio
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of bubbles reaches a near-circular value of 1.15 (Fig. 2-10). Here, the bubble aspect ratio is a
measurement of long-Feret-axis divided by short-Feret-axis, where the Feret-axes are defined as
the maximum caliper dimensions that represent the longest straight-line distance between two
points along the short- and long-axes (even if the line connecting them passes outside of the
feature area). Due to the aforementioned effects of non-smooth pixelization of features within the
Fovea Pro imaging software, a circular feature returns an aspect ratio slightly over 1 (between
~1.025 and ~1.080) as compared to a theoretical value of 1.
Average roundness is also shown in Fig. 2-10. As used here, roundness R for a single
bubble was calculated using,

R=

4A
πL2

(2-5)

where A is the 2-D measured bubble area, and L is the bubble length (long-Feret-axis). A
perfectly round bubble would yield R=1; however, due to pixilation effects, round bubbles of

€

observed sizes and applied imaging resolution yield R~0.92 to ~0.99, depending on the average
bubble sizes.
No instances of highly-elongated bubbles, such as those seen in the Taylor Dome core
(Alley and Fitzpatrick, 1999), were observed in the deeper ice at WAIS Divide. This indicates
that the ice deformation is slow enough to be balanced by diffusive processes within the bubbles,
as is expected for near an ice divide.
The most notable trend, however, was observed below 400 meters where both the aspect
ratio and roundness measurements indicated a return to less spherical shapes. Based on visual
inspection of the bubbles, this trend back toward subround and non-round shapes is not primarily
due to faster ice deformation, but rather due to formation of relaxation-induced cracks from
existing bubbles. The least-round shapes roughly correspond to the peak of logged brittle-ice at
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~1100 m. Below 1100 m, as bubbles begin to be lost to clathrate formation, the average bubble
shape and aspect ratio recover and become more round, although this recovery is likely slowed
and slightly biased by the presence of irregularly-shaped, decomposed-clathrate bubbles
(Kipfstuhl and others, 2001; Pauer and others, 2007). At 1600 m depth, the average form factor
of the few remaining bubbles is similar to that observed in samples just above the brittle-ice zone.
Observations of the deepest samples indicate that cracks diminish with increasing depth
near the end of the brittle zone, but before bubbles disappear completely, despite the higher
pressure in bubbles recovered from greater depths. The downward decrease in cracking may
reflect the role of bubble size in crack opening; the stress opening a crack in a recovered ice core
increases with the cross-sectional area and thus the square of the bubble radius, but the length of
the crack to be opened and so the ice strength opposing the crack, increases with the bubble
perimeter and thus the bubble radius. Hence, smaller bubbles are less likely to crack, especially
as bubbles shrink rapidly with formation of clathrates, which may also stabilize them against
cracking. Clathrate formation next to such bubbles may also affect cracking, depending on its
distribution and fracture properties; careful examination immediately after core recovery would
be required to fully characterize any effect on cracking.
The slight remaining elongation of the bubbles below 400 m and above the brittle-ice
transition is preferentially oriented. I investigated in detail one section from 580 m, and found
that the bubbles in each grain were elongated in, or very close to, the basal plane of that grain,
and thus perpendicular to the c-axis. Details of this investigation, and more specific results, can
be found in Chapter 3. Because the strongest orientation of the c-axes is toward the vertical
(Fitzpatrick and others, 2014), this means that the strongest preferred orientation of the bubbles is
horizontal. This tendency for preferred horizontal orientation of the elongation increases with
depth in the bubbly ice, consistent with increasingly strong c-axis fabrics. Several processes
may contribute to elongations in the basal plane, including crystallographically controlled
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cracks initiated from bubbles during or following core recovery, crystallographic influence on
surface energies affecting vapor pressure and thus diffusion in bubbles, or preferential glide on
the basal plane during deformation. The orientations begin shallower than I see any evidence of
post-recovery cracking, so I do not believe that is the sole explanation. Additional work will be
required to test the other hypotheses.

2-4-3: Bubble clustering and nearest-neighbor statistics
An analysis of the clustering behavior of the bubbles was also completed on ice-core
samples from 120 m through 1600 m. To assess clustering, the Fovea Pro software reports
statistics on the mean nearest-neighbor distance between feature (bubble) centroids. The
distribution of distances is compared to distributions for clustered, random, and spaced (selfavoiding) feature arrangements in a 2-D space. I measured nearest-neighbor distances for all
bubbles at each sample depth, and plotted their distributions as interquartile whisker plots (Fig. 211-a).
Thicker core samples include more bubbles, giving a smaller 2-D nearest-neighbor
distance measured in a photograph (a sufficiently thick sample of bubbly ice will have a bubble
beneath every point on the upper surface). Statistics are most typically developed for single
planes of section, but often can be applied to sufficiently thin sections with little error (e.g.,
Underwood, 1970). However, a correction should be made when comparing data from samples
of different thickness. In the case here, some samples were slightly thicker than others. I follow
Bansal and Ardell (1972) in making the small correction for this variability, shifting all data from
the prepared thickness, T, to a nominal thickness of 1.5 mm (Fig. 2-11-b). The correction was
applied to entire distributions (Figs. 2-11-c and 2-12) and to calculated average values (shown in
Eq. 2-6 and Fig. 2-13). Here for example, N c represents the corrected average nearest-neighbor
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value for a specific depth,

r

is the average bubble radius for that depth, and t, the measured

sample thickness (see also Table 4).

€

−1

(2r (2r + T )) 2
Nc =
−1
(2r (2r +1.5)) 2

(2-6)

To characterize the clustering behavior of the bubbles, the Fovea Pro software compares
the distribution of measured
€ mean nearest-neighbor distances for a sample to a Poisson random
distribution and other possible distributions (Fig. 2-13). The calculated ratios indicate that the
bubbles shift from a self-avoiding (spaced) configuration in the shallow ice (ratio of ~1.38), to a
nearly random configuration in the deeper ice (ratio of ~1.01) (a linear trend of ratio against depth
gives R2 = 0.9376).
Note that these are fairly simple measures of distributions, providing 1-D information
(nearest-neighbor distances) on 2-D samples. The correction for sample thickness has largely
removed 3-D effects. The “self-avoiding” configuration means that the bubbles are more evenly
spaced in 2-D than would occur if they were randomly placed, but does not necessarily imply
ongoing interactions among the bubbles.
The self-avoiding configuration at shallow depths may reflect firn processes. Because
pores bear no load, stresses immediately adjacent to pores are higher than stresses farther away,
which would promote closure of channels or other pores that are too close, thus tending to
produce fewer pairs of bubbles in very close proximity than would occur for randomly positioned
bubbles. The evolution to a nearly Poisson-random distribution may arise from the actions of
grain boundaries in dragging bubbles; interactions clearly occur, as discussed above, and physical
understanding indicates that bubbles are somewhat mobile and so will be displaced by migrating
boundaries, even though those boundaries ultimately detach from the bubbles (e.g., Alley and

34
others, 1986). With typical bubble spacings of a few tenths of a millimeter, a standard bubble
displacement of at least order 0.1 mm would be sufficient to change the distribution significantly.
Inspection of the bubble sections suggests that in reducing the 2-D positioning of bubbles
to the distribution of 1-D nearest-neighbor distances, important information may be lost. In
particular, bubbles tend to form on grain boundaries, and even after bubbles are dragged and
displaced, retain some memory of that original grain structure. Additional 2-D measures, perhaps
involving a spherical contact distribution or “empty-space” function analysis, may be informative
(see e.g., Lieshout and Baddeley, 1996).

2-4-4: Bubble number-density
Bubble number-densities were measured (Tables 2-1 and 2-2) through the entire new
primary sample set (580 – 1600 m) at the 20-meter intervals, and appended to the existing and
published shallow-depth data set (120 – 560 m) from Fegyveresi and others (2011) (Fig. 2-14).
Values within the brittle-ice zone (shaded grey) fall between 400 and 500 bubbles cm-3, with a
significant and rapid decline below ~1250 m brought on by the onset of clathrate formation.
However, as discussed next, the bubble number-densities in the brittle ice are slightly elevated by
artifacts of relaxation-induced fracturing, so a small correction is required before accurate
paleoclimatic calculations can be made.
Careful reexamination of multiple sub-sections of the brittle-ice samples showed that
small numbers of crack-related and crack-induced features were erroneously identified as bubbles
by the Fovea Pro software. These erroneous identifications ranged from 1% of bubbles in
shallow brittle samples to as high as 7% of bubbles, with 5% typical for the bulk of the brittle ice.
Individually reexamining all of the samples for all of these features proved too labor-intensive to
be practical, but the consistency of the misidentification allowed a quantitatively useful
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correction. Bubble counts were reduced for this 1% overcount beginning with the first brittle-ice
sample (660 m), and increased linearly by 1% increments per sample until the 5% correction was
achieved at 740 m. The 5% correction was then maintained through the remaining brittle-ice
samples.
It is unknown whether or not bubble number-density can be estimated in deeper samples
from clathrate number-density as bubbles are lost below ~1250 m. This transformation
mechanism is not fully understood, nor is a clear and quantifiable relationship between clathrate
and bubble number-density documented (Pauer and others, 1999; Shoji and Langway, 1982;
Lipenkov, 2000). The observed decline in bubble number-density into the clathrate ice
progressed relatively smoothly and linearly through to the final sample at 1600 m. It is unknown
how many of the measured bubbles in these deeper samples evolved from the decomposition of
clathrates during relaxation, although there were some observed bubbles in related WDC06A
samples as deep as ~2500 meters (see also, Fitzpatrick and others, 2014). This observation
suggests that the decomposition process occurs deep into clathrate ice, well past the brittle-ice
transition.
All methods for sample preparation and bubble number-density data estimation followed
the techniques and procedures described by Fegyveresi and others (2011; 2010), with the imaging
and sample-preparation improvements mentioned in previous sections. Here, independent error
bars were calculated for each sample using the standard deviation measured between sample subsections, and between analysts. All subsequent conversions of sample depths to equivalent ages
were done using the WDC06A-7 timescale (Fudge and others, 2013).
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2-5: Results and discussion

2-5-1: Bubble number-density paleoclimatology
The ice-core bubble number-density paleoclimatic indicator developed by Spencer and
others (2006) was recently used to reconstruct a temperature history for the ~two millennia prior
to ~1700 CE at the WAIS Divide site (Fegyveresi and others, 2011). Here, I again followed the
same pseudo-steady-state approach, using the accumulation–temperature–bubble model to
determine paleotemperatures at each sample depth and reconstruct a climate history for the past
~5.5 millennia. This includes small updates to the previously published temperatures based on a
modification to the model parameters, which is discussed in detail later in this section.
I again estimated accumulation rates averaged over 57 m (ice) thickness, the approximate
modern value for the depth to pore close-off, assumed constant over time, and corrected for
thinning from ice flow. Accumulation rates can be estimated from ice-flow correction of an
accurate depth–age scale, in this case the WDC06A-7 time-scale. Annual layers in the WAIS
Divide ice core were counted using various techniques including dielectric and chemical analyses
(Fudge and others, 2013; e.g., Taylor and others, 2004). At the shallow depths investigated in the
2011 study, the uncertainties in the flow correction were small (e.g., Cuffey and Paterson, 2010).
Raw annual-layer thicknesses from the chemistry-based depth–age scale were corrected first for
density, and second for deformation at a constant strain-rate with depth (Nye, 1963)(Fig. 2-15).
This simple correction is inadequate for determining paleo-accumulation rates in deeper ice,
where a more detailed, variable strain-rate model is required. Fudge and others (2013) published
three different accumulation histories using a depth-variable strain rate Dansgaard-Johnsen
correction (Dansgaard and Johnsen, 1969), assuming different degrees of sliding (Fig. 2-15). In
addition, a separate accumulation history was independently calculated using a combination of a
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best-fit Dansgaard-Johnsen thinning function and measured δ15N2 (a metric for firn thickness)
values from the core (personal communication from K. Cuffey, e.g., Buizert and others, 2012). In
all cases, these accumulation-rate histories agree closely (± 2 cmice yr-1) back to ~10 ka (~1800 m
depth)(see Fig. 2-15-a).
The bubble number-density technique is applicable down to ~1250 m, which equates to
~5.6 kyrs bf 1950; bubble loss to clathrate formation below that would cause erroneous
temperature estimates. The different accumulation-rate estimates produce temperature estimates
that differ by at most ~0.25°C at 1250 m, decreasing monotonically to zero in the youngest
samples, with Nye-based temperatures slightly higher than Dansgaard-Johnsen. The stableisotope-based temperature history is closer to the Nye-based temperature history than the
Dansgaard-Johnsen, but the differences are quite small. Assuming that the modern-day close-off
thickness of ~57 m applied in the past, equivalent firnification times ranged from approximately
200 to 252 years across the sample set with a mean value of ~217 years, and with little
dependence on the thinning function used.
For each sample in the study, a paleotemperature was determined using measured bubble
number-density, average accumulation rate for firnification time of the sample, and steady-state
model values of Spencer and others (2006), modified as described below. This process was
automated through the use of new Matlab scripts (see Appendix A for code). Samples that fell
below the clathrate transition depth of ~1250 m were still run through the paleoclimate
reconstruction model, but were obviously not representative of true recorded paleotemperatures
as their lack of bubbles translated into falsely inflated temperatures.
The published model (Spencer and others, 2006) uses a bubble-per-grain ratio at close-off
of G = 2.02 ± 0.08, as determined by analyzing a suite of 15 data sets from sites with different
temperatures and accumulation rates in Greenland and Antarctica (see their Fig. 2 for graphical
representation). However, the observed variability between sites suggests that a site-specific
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calibration would be more useful locally. Consequently, I conducted a detailed study of two
samples across the WAIS Divide pore close-off depth (~75 m) to determine a site-specific
bubble-per-grain ratio. These averaged G = 1.66 ± 0.02, which was used with the new data and to
recalculate modeled temperatures for the samples measured in the 2011 WAIS Divide study
(Fegyveresi and others, 2011). This change has only a small effect on the calculated magnitude
of temperature changes during the late Holocene, but shifts the mean temperature of the
reconstruction to more closely match the estimated modern temperature at the site.
All modeled temperatures, including those re-calculated from 2011 samples, are shown in
Fig. 2-16 with the calculated data points below the clathrate transition shaded in grey. Model
error for determination of absolute temperature is only ± 0.2°C due to the smaller error bars on
the calculation of G. The average counting reproducibility in bubble number-density, and
therefore the average measurement error contributing to uncertainty in temperature, is ± 0.55°C
(σ = 0.42). Linear regression of the results over the entire interval of ~5.5 – 0.3 kyrs bf 1950,
yields a cooling of 0.6°C with a 5% uncertainty. Splitting the entire history into those data from
the 2011 paper, and the new data, yields a relatively stable temperature over ~3300 years
followed by cooling of ~1.66oC (~257 BCE to ~1686 CE). Applying a 1st-order LOESS
(Cleveland, 1979; Cleveland and Devlin, 1988) non-analytic weighted least-squares fit smoothing
curve with bandwidth interval of 700 years (or ~8 samples) to the whole data set yields the
smooth curve shown in Fig. 2-16.

2-5-2: Paleoclimate reconstruction and trends
For comparison with bubble number-density temperature estimates, I again compare to
18

O/16O ratios of the ice over 50 cm contiguous intervals from the WDC06A core. Measurements

were made at the University of Washington using equilibration at 35°C with CO2 (e.g., Craig,
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1961) with a Micromass Isoprime mass spectrometer with ‘Aquaprep’ sample preparation system.
Values are referenced to working standards calibrated to the International Atomic Energy Agency
standards GISP (Greenland Ice Sheet Precipitation), SLAP (Standard Light Antarctic
Precipitation) and VSMOW (Vienna Standard Mean Ocean Water), and reported using standard
δ18O notation, expressed as a deviation (%) from VSMOW. External accuracy of the
measurements is < 0.1%. The δ18O data are shown overlain with the bubble number-density data
in Fig. 2-17, and are converted to approximate temperatures using the current average annual
surface temperature for WAIS Divide of -30.25°C, an approximation for the modern δ18O average
value of –33.6% (with “modern” being the present-day firnification time of 225 years), and an
assumed δ18O proxy calibration value of ± 1.0 ‰ representing ± 1.0°C (Morgan, 1982). An
equivalent 700-yr bandwidth, 1st-order LOESS non-analytic weighted least-squares fit smoothing
curve is shown for comparison. Agreement between the isotopic and bubble-number-density
temperature trends is exceptional over the interval of interest, ~5.5 – 0.3 kyrs bf 1950. The
average annual surface temperature of WAIS Divide used here was adjusted from the -31.1°C
temperature used in the 2011 study (Fegyveresi and others, 2011), based upon updated published
results and findings (Orsi and others, 2012; Fudge and others, 2013, personal communication
from K. Cuffey). Similarly, the δ18O proxy calibration value of ± 1.0 ‰ was also updated from
the ± 0.8 ‰ previously used.
An additional comparison was made between the modeled bubble number-density
temperature history, and temperatures modeled from logged borehole measurements (personal
communication from G. Clow and K. Cuffey). At the beginning of the 2011-12 field season, after
the primary drilling campaign was completed but before any new replicate drilling was
undertaken, temperatures were measured within the primary WDC06A ice-core borehole. This
ensured that the drilling fluid was undisturbed and that the off-season temperature equilibration
within the fluid was preserved. The logging was carried out in situ through the deployment of a
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thermistor string that was incrementally lowered through drilling fluid of the finished borehole.
Measurements were made at 20-meter intervals through depth, to the bottom (3405 m). Measured
temperatures were inverted into surface temperatures using a 1-D forward model, and are shown
in Fig. 2-18. (Personal communication from K. Cuffey, see also Cuffey and others, 1994; Orsi
and others, 2012). An equivalent 700-yr bandwidth, 1st-order LOESS non-analytic weighted
least-squares fit smoothing curve is again shown for comparison. Here, the agreement between
the temperature trends is not as close as with the modeled δ18O reconstruction, although still
excellent overall back to ~3 kyrs bf 1950. The two reconstructions diverge by up to 0.5°C before
~3 kyrs bf 1950, but do re-converge at ~5.5 kyrs bf 1950.
This high level of agreement between these two independent temperature reconstructions
and the bubble number-density temperature reconstruction helps to further bolster the efficacy of
the technique as a useful tool for paleoclimate reconstruction within bubbly ice-core ice. In
addition, it validates the effectiveness of the model within a known brittle-ice zone.
Relatively stable accumulation rates from ~5.5 to ~2.5 kyrs bf 1950 coincide with
similarly stable bubble number-densities and temperatures. The decrease in accumulation rate
over the past 2 millenia favored formation of fewer, larger bubbles, but was counteracted by a
synchronous decrease in temperature. Net changes in accumulation rate often result from
associated like-sign changes in temperature based upon a dependence on saturation vapor
pressure at approximately 7%°C-1 (Denton and others, 2005). Fegyveresi and others (2011)
found for the shorter ~2000-year interval from ~257 BCE to ~1686 CE that this relationship was
~ 9%°C-1 (Fegyveresi and others, 2011). When extended over the full interval of this study, with
the new calibrations, accumulation increases ~12%°C-1 (Fig. 2-19). This dependence is stronger
than for thermodynamic control alone and suggests dynamic processes. One possibility is that
stronger atmospheric circulation from the coast brings both warmer temperatures and greater
accumulation.
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2-5-3: Influences on paleoclimatic trends
The isotopic data are most directly related to condensation temperatures in the clouds
from which the snow fell, whereas borehole temperatures record near-surface firn temperature,
and bubble number-densities record a weighted temperature through the firn thickness. Elevation
changes through the atmospheric lapse rate would be recorded in borehole and bubble
temperatures, and perhaps in the isotopic ratios if cloud elevations shifted with the surface, and
this effect must be removed to obtain climate histories at constant elevation. The possibility of
elevation changes influencing the paleoclimate record cannot be entirely dismissed here (i.e.,
Steig and others, 2001)
The total air content (V) of ice decreases as surface elevation of an ice sheet increases
because of the dependence of air pressure and density on elevation in the free atmosphere (e.g.,
Raynaud and Lorius, 1973). New high-resolution total air content measurements were made at
regular intervals in the WDC06A core (see Chapter 5 for full methods, data, and results of this
investigation) using the Penn State automatic gas-extraction device (a.k.a “The Spider”). The
resultant total air content history was converted to an equivalent surface pressure history, and
subsequent elevation history (see Fig. 2-20 and also Chapter 5) using published methods and
equations (Raynaud and Lorius, 1973; Raynaud and Lebel, 1979; Martinerie and others, 1988;
Stone, 2000).
The relationship between total air content in ice cores and the elevation history at the drill
site is not well understood, however, and research into better defining and quantifying this
relationship has been ongoing for decades. It has been shown that there are many other factors
(e.g. impurity content, firn layering, and grain properties) that may influence bubble trapping and
preserved total air content at close-off (Martinerie and others, 1992; Martinerie and others, 1988;
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Mitchell and others, 2014). Total-air content thus is often better at generating hypotheses than at
answering them.
Over the time interval of interest, ~5.5 – 0.3 kyrs bf 1950, temperature changes are
correlated to modeled elevation changes at WAIS Divide. Both data sets are shown in Fig. 2-20
with equivalent 700-yr bandwidth, 1st-order LOESS non-analytic weighted least-squares fit
smoothing curves. This relatively long smoothing interval was chosen because temperature data
represent averages over the time that a sample was in the firn, ~250 years. If the total-air
variations are assumed to result entirely from elevation change, then the correlation between
reconstructed elevation and temperature indicates a lapse rate for WAIS Divide of 0.75°C (100
m)–1. This is quite close to expectations for a “warm”, high-accumulation West Antarctic
location (Magand and others, 2004).
Thus, one hypothesis is that the elevation at which the WAIS Divide core samples were
deposited has shifted through the atmospheric lapse rate by ~150 m over the Holocene. This
would imply changes in ice-sheet thickness, as the samples over the last 2.4 ka show more than
100 m in elevation change but the modern flow field with the modern ice-sheet profile can
account for only ~10 m of this (Conway and Rasmussen, 2009; Fegyveresi and others, 2011).
Note, however, that this hypothesis attributing all of the temperature change to elevation change
would require that there has been no net temperature change due to other forcings such as the
effect of decreasing obliquity on summer duration (Fegyveresi and others, 2011; Huybers and
Denton, 2008). An alternate hypothesis is that the changing temperature and accumulation rate
(or something correlated to them) have controlled total air content. Clearly, some combination of
influences including site climate, impurities, and elevation may be responsible for the full signal.
Lastly, the modeled paleo-accumulation rates used here, as well as recent elevation histories
estimated by D. Pollard (personal communication) and Pollard and DeConto (2009), do further
corroborate this proposition (assuming a lapse rate of 1°C (100 m)–1 or slightly less). These
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recent modeling results indicate overall elevation changes of less than ~25 meters near the WAIS
Divide site through the Holocene, bolstering the hypothesis that elevation changes alone are
likely not responsible for the measured climate history at the WAIS Divide site.

2-5-4: Other controls on bubble number-density (high-resolution analyses)
Although the bubble data used in the paleoclimate reconstruction represent smoothed and
averaged values taken over each sample depth, it is clear from looking at the full data from the
high-resolution progressive scans (methods described earlier) that average bubble number-density
and size can vary significantly and frequently over much smaller millimeter- and centimeter-scale
intervals (Fig. 2-21). Similar to results found by Bendel and others (2013), these fluctuations
indicate a strong inverse correlation at most depths between number-density and mean bubble
size, in that the larger the average bubble number-density, the smaller the average bubble size,
and vice-versa. This relationship in general agrees with Gow’s contention that firn is self-similar
at close-off, with properties governed by accumulation and temperature at the site (Gow, 1969).
There are however, several depths where this correlation is weak, and even locally reversed
(shaded grey in figure sub-plots). Bendel and others (2013) argued that these areas of interest are
a direct result of both preserved layering in the firn and changes in impurity content of the ice
affecting size and quantity of trapped bubbles. It is known that the firn at WAIS Divide is also
highly layered and irregularly stratified based upon visual observations in the core and within
several surface snow pits (see Chapter 4 for full detail on surface studies), and therefore likely a
primary cause of the small-scale fluctuations in bubble numbers and sizes seen here.
Furthermore, dust and impurity content measured within the WDC06A core also appears to show
significant fluctuations based on new measurements made at the Desert Research Institute
(personal communication from J. McConnell). Recently published studies also corroborate the
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influence of layering and impurity content on the bubble close-off and trapping processes
(Hörhold and others, 2012).
To investigate the influence of impurities on bubble number and size further, I completed
a very-high-resolution analysis on one continuous full meter of ice from a depth of 502-503. This
analysis involved prepping and measuring ten, 10-cm long samples using methods previously
described here, including the high-resolution progressive scanning technique. Average bubble
number-density values over sampled windows along the entire meter are shown in Fig. 2-22, with
a red line indicating the average value over the entire meter and blue dots indicating average
values for each 10-cm discrete sample. These data clearly show several large spikes in numberdensity over very short equivalent time intervals in the core, and likely represent single preserved
layers within the firn. This same full meter of ice was also analyzed using a continuous-melter
system at the Desert Research Institute and several common soluble and insoluble dust proxy and
impurity content indicators were measured (Fig. 2-23). The largest noted increase in bubble
number-density at an approximate depth of 502.6 m (~2037 yrs bf 1950) correlates well to a
notable spike in all four of the plotted impurity-content indicators. Although this high level of
agreement is seen for only this one specific spike in bubble number-density, it further
corroborates the hypothesis that impurity content can affect bubble trapping at pore close-off.
Furthermore, this influence can also be seen in thin-section imagery of the specific sub-section,
by way of a notable decrease in average grain size driven by that increase in impurity content
(Fig. 2-24). Lastly, the measured total air content across this same meter of ice also highlights a
possible correlation between impurity loading and bubble trapping processes as well as possible
seasonality trends in bubble trapping and number-density (see Appendix Fig. A-6). This potential
relationship is discussed further in Chapter 5.
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2-6: Conclusions
Air bubbles in the WDC06A ice core provide extensive new information regarding
climate history and ice processes at the WAIS Divide site. New samples measured in
combination with those previously published (Fegyveresi and others, 2011) complete the bubble
number-density record for the entire bubbly-ice section of the core. The “brittle-ice” zone,
between ~650 and ~1300 m, presented additional challenges but produced reliable data for
paleoclimatic reconstructions. Notable bubble loss to clathrate formation began at ~1250 m, and
therefore samples below this depth were excluded from any paleoclimate reconstruction. Bubble
number-density paleoclimate reconstruction through the brittle-ice zone agrees closely with
independent reconstructions based on stable isotopic ratios of ice and inverted borehole
temperature measurements taken at the site. This reconstruction shows a cooling over the
measured interval (~5.5 – 0.3 kyrs bf 1950) of ~0.6°C if taken linearly.
Improved imagery techniques, including camera and lens equipment, mounting and
preparation stages, and digital collaging and photo-merging procedures, were used successfully
here. High-resolution progressive scanning techniques were also implemented to measure smallscale changes across individual samples for comparison with chemical and impurity content data
sets.
Average size, shape, and nearest neighbor statistics were measured across the entire data
set. Trends can be separated into those arising from ice-sheet processes, and those from brittleice cracking following core recovery. The observed decrease in average bubble size with
increasing depth is primarily due to the volume reduction caused by pressure increase. Although
there are uncertainties about the quantitative influence of Ostwald ripening on bubble size
distribution, bubble number-density is not significantly affected. Microbubbles are scarce, and
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any uncertainties associated with their measurement did not significantly affect bubble-size or
nearest neighbor-distributions.
Accumulation rate and temperature changed together over the last 5500 years. The
correlation indicates slightly larger change in accumulation per degree C than can be explained by
thermodynamic control alone, suggesting dynamic processes. Total air content also correlates
closely with temperature. If total air is primarily recording elevation, then the temperature
changes may be almost entirely explained by ice-sheet thickness changes. However, temperature,
accumulation rate or some other factor also may have controlled total air content, or both
elevation change and climate change may have contributed.
High-resolution image processing of specific samples suggests that layering and impurity
content may be influencing the bubble-trapping processes at WAIS Divide and therefore
measured bubble number-density. Further investigation into this possibility is warranted.
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Figure 2-1: Core “quality” logged on-site during field core processing. The “quality” metric was
an assigned whole number indicator (between 1 and 6) based on number of visual fractures.
Fractures were first observed at ~650 m and became more frequent through ~1100 m, where their
highest frequency was observed. Smoothing curve is a 1st-order LOESS non-analytic weighted
least squares fit with bandwidth interval of 75 m (Cleveland, 1979, Cleveland and Devlin, 1988).
Core quality improved quickly as clathrates began to dominate at ~1250 m, with completely
unbroken core below ~1300 m. Brittle-ice zone is indicated by the 650 – 1300 m shaded interval.
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Nikkor AF 105mm
micro Lens
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Figure 2-2: Nikon D-80 bubble stage used for sample photography designed and built at the
USGS by Dr. Joan Fitzpatrick. This stage configuration had two adjustment wheels for precise
motion along X and Y-axes, and a vertical adjustment lever for movement along the Z-axis.
Illumination is by four custom-made side-illuminating Volpi light blades. Camera assembly is
top-mounted and operated automatically via a direct computer interface and Nikon’s Camera
Control Pro software.
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Up

1.0 cm

Figure 2-3: An auto-merged composite image from sample depth of 901 m, shown here fitted and
merged using the built-in “collage” software algorithm. Scale: From “170” to “180” is 1 cm (also
shown with measurement bar). Stratigraphic up-core is to the left as indicated.
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Figure 2-4: Sample from 760 m with two identified and measured, 400 mm2 sub-sections (a,b).
Scale: From “150” to “160” is 1 cm (also shown with measurement bar). Stratigraphic up-core is
to the left as indicated.
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Figure 2-5: High-resolution, binarized, and colored sample image from 720 m depth. This full
8x8 cm sample was analyzed in its entirety to obtain bubble number, size, shape, and nearestneighbor distribution and characterization data. Scale is shown with measurement bar, and
stratigraphic up-core is to the left as indicated.
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Figure 2-6: Sketch illustrating a progressive scan of the sample from 920 m. This scan was
performed by measuring all features within a ~400 mm2 bin, which is moved across the sample at
~0.25 mm intervals. Red lines and dots in the grey sample boxes indicate center depths assigned
during each measurement. Scale is shown with measurement bar, and stratigraphic up-core is to
the left as indicated.
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Figure 2-7: Mean equivalent bubble radius as a function of depth, shown with a 1st-order LOESS
non-analytic weighted least squares fit smoothing curve with bandwidth interval of 150 m. The error
bars are the standard deviation across measured sub-sections and between various analyst reads.
Shaded area indicates the brittle-ice zone of ~650-1300 m.
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Figure 2-8: Interquartile range whisker distributions of mean equivalent bubble radii from the highresolution, 100-meter-spacing, secondary sample set, plotted against depth 120 – 1600 meters.
Shaded distributions indicate brittle-ice zone. Insets (a) and (c) highlight variation in distributions
between shallowest and deepest samples (120 and 1600 meters). Inset (b) shows mean bubble radii
(and linear trend) measured in ~100-meter interval high-resolution samples only (see also Fig 2-7).
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Figure 2-9: Distributions of mean equivalent bubble radii shown as kernel density estimates using
smoothing bandwidths of 0.002 mm (2 microns). The bimodal distributions seen at some sites, with
“normal” bubbles and microbubbles, are not observed here. The longer tail to large sizes in the
sample from 120 m, but not deeper, suggests that a few of the large elongated and dumbbell-shaped
bubbles at 120 m are split below this depth.
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Figure 2-10: Mean bubble shape and core quality plotted against depth (see also Fig. 2-1). The
brittle-ice zone is shaded, with the darker vertical bar showing the approximate peak of brittle ice at
~1100 m. Mean bubble shapes are represented here via measurements of “aspect ratio” and
“roundness” as described in the text. Both variables return values of 1 for bubbles that appear
circular in sample images. The trend toward rounder, more-equant bubbles with increasing depth is
reversed in the brittle ice, likely because of fractures emanating from the bubbles. Shapes recover
toward circular with increasing depth below the peak in brittle-ice properties at ~1100 m. A small
correction for the effect of pixilation in the Fovea Pro software was applied, as described in the text
(see also Appendix Fig. A-5).
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Figure 2-11: Distributions of nearest-neighbor distances measured for all bubbles at each sample
depth, shown as interquartile whisker distributions. Raw data are shown in (a). Sample thickness is
shown in (b). Small corrections (shown as point labels in subplot (b), and an equation in subplot (c))
for this variability were calculated and applied following Bansal and Ardell (1972), shifting all data
from the prepared thickness, T, to a nominal thickness of 1.5 mm, yielding the data shown in (c).
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Figure 2-12: Distributions of thickness-corrected nearest neighbor distances from Fig. 2-11-c.
Distances are shown as kernel density estimates using smoothing bandwidths of 0.01 mm (10
microns).
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Figure 2-13: Distributions of thickness-corrected nearest neighbor distances from Figs. 2-11 and 212, compared to Poisson random distributions. The ratio of the mean nearest-neighbor distance to the
mean for a Poisson distribution is shown in inset (a). Distributions shift from a self-avoiding (spaced)
configuration in the shallow ice (ratio of ~1.38), to a nearly random configuration in the deeper ice
(ratio of ~1.01). A linear trend of ratio against depth yields R2 = 0.9376.
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Figure 2-14: Bubble number-density as a function of depth shown with a 1st-order LOESS nonanalytic weighted least squares fit smoothing curve with bandwidth interval of 150 m. These values
represent raw data, uncorrected for the effects of the brittle ice. The error bars are 1σ uncertainty of
reproducibility across samples.
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Figure 2-15: Various accumulation-rate histories determined for WAIS Divide site. All data are
shown as a 1st-order LOESS non-analytic weighted least squares fit smoothing curve with bandwidth
interval of 150 m. Accumulation-rate histories shown on the bottom are Dansgaard-Johnsen
reconstructions taken from Fudge and others (2013); higher-resolution (10-yr) histories are also
shown overlain (Dansgaard-Johnsen, 1969). Here a simple uniform strain-rate Nye correction was
used for paleoclimate reconstruction model (shown with green curve on top). Accumulation history
shown with orange curve was derived using a combination of a best-fit Dansgaard-Johnsen
reconstruction, with δ15N2 isotope measurements (a metric for firn thickness). Shaded bars indicate
approximate full time interval of reconstruction (~5.6 kyrs bf 1950). Inset (a) shows detailed
comparison of all 5 accumulation-rate histories over 10k time-interval.
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Figure 2-16: Past temperatures at the WAIS Divide site, calculated from measured bubble numberdensity and accumulation rates, showing results from this study and new results updated from the
2011 study (Fegyveresi and others, 2011). The red line is the least-squares linear regression; also
shown is a 1st-order LOESS non-analytic weighted least squares fit smoothing curve with bandwidth
interval of 700 years. Samples from clathrate ice are shown “greyed-out”, and not included in the
smoothed curves.
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Figure 2-17: Modeled bubble number-density paleoclimate reconstruction shown with modeled δ18Oderived paleoclimate reconstruction. Both data sets are shown with a 1st-order LOESS non-analytic
weighted least squares fit smoothing curve with bandwidth interval of 700 years. Samples from
clathrate ice are shown for reference, but are “greyed-out”.
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Figure 2-18: Modeled bubble number-density paleoclimate reconstruction shown with modeled
borehole-derived paleoclimate reconstruction. Both data sets are shown with a 1st-order LOESS nonanalytic weighted least squares fit smoothing curve with bandwidth interval of 700 years. Samples
from clathrate ice are shown for reference, but are “greyed-out”.
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Figure 2-19: Reconstructed average temperatures plotted against accumulation rates calculated from
the annual-layer dating with Nye flow correction. The linear regression line yields a ~12% increase
in accumulation rate per °C warming. This dependence is stronger than for thermodynamic control
alone and suggests dynamic processes, possibly that stronger atmospheric circulation from the coast
brings both warmer temperatures and greater accumulation. Error bars for temperature are derived
from the bubble number-density standard deviation errors.
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Figure 2-20: Temperature history derived from bubble number-density, together with the history of
surface elevation assuming that all variation in total air content arises from elevation change. Both
data sets are shown with a 1st-order LOESS non-analytic weighted least squares fit smoothing curve
with bandwidth interval of 700 years. The curves correlate well. One possible explanation is that
changes in elevation controlled temperatures at the WAIS Divide site. Inset (a) shows close-up of
recent 1500 years to highlight that changes in elevation indicate a ~ 0.75°C per 100 m lapse rate.
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Figure 2-21: Mean bubble number and equivalent radius measurements from high-resolution
progressive sample scans of ~10 cm long sections (see Fig 2-6 for example sketch). A progressive
scan interval of 0.25 mm was used here. Comparisons between sites, or over long times at a site,
generally show a negative correlation between bubble number and size, and such behavior is also
shown at high resolution here. However, some sites (shown shaded) have weak or negative
correlation. These areas of interest may be indicative of both preserved layering in the firn and
changes in impurity content of the ice affecting size and quantity of trapped bubbles.
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Figure 2-22: Mean bubble number-density measurements for one-meter continuous scan of sample
from depth of 502-503 meters. Blue dots are mean bubble number-density values for each 10-cm
sub-sample; red line represents overall average value across entire meter. A progressive scan interval
of 0.3 mm was used.
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Figure 2-23: Mean bubble number-density (see Fig. 2-22), measured impurity data, and measured
total air content for one-meter continuous scan of sample from depth of 502-503 meters. Data are
also shown plotted vs. age on secondary x-axis (calculated using published depth-age scale of Fudge
and others (2013)). Grey box shows an area in which high bubble-number density correlates well
with high impurity concentrations (particles, the terrestrial indicators non-sea-salt calcium and
cerium, and non-sea-salt sulfur). The correlation suggests that impurities are affecting bubbleformation processes, although other, slightly smaller peaks in bubble number-density and impurity
loading do not correlate well. Total air content is shown here, as there may also be a relationship
between impurity loading and bubble trapping processes (see also Chapter 5). See Fig. A-6 for moredetailed seasonal comparison.
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Figure 2-24: Mean bubble number-density data and thin-section imagery for sub-section 502.51502.61. Shaded box shows a region of elevated bubble number-density and small mean grain size.
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Table 2-1: Bubble number-density and modeled temperature data for 47 new samples (580 – 1600m).
Sample ID

VBS580A-B
VBS600A-B
VBS620A-B
VBS640A-B
VBS660A-B
VBS680A-B
VBS700A-B
VBS720A-B
VBS740A-B
VBS760A-B
VBS780A-B
VBS800A-B
VBS820A-B
VBS840A-B
VBS860A-B
VBS880A-B
VBS900A-B
VBS920A-B
VBS940A-B
VBS960A-B
VBS980A-B
VBS1000A-B
VBS1020A-B
VBS1040A-B
VBS1060A-B
VBS1080A-B
VBS1100A-B
VBS1120A-B
VBS1140A-B
VBS1160A-B
VBS1180A-B
VBS1200A-B
VBS1220A-B
VBS1240A-B
VBS1260A-B
VBS1280A-B
VBS1300A-B
VBS1320A-B
VBS1340A-B
VBS1360A-B
VBS1380A-B
VBS1400A-B
VBS1440A-B
VBS1460A-B
VBS1480A-B
HZBS1500A-B
VBS1600A-B

Sample
Depth

Bubble
NumberDensity

Bubble
NumberDensity

(m)

Centered
Sample Age
(WDC06A-7
Scale)
(yr bf 1950 ±
½ close-off
sample
integration
time)

(bubbles cm-3)
– Raw

(bubbles cm-3)
– Reduced

579.100
603.583
623.240
643.108
662.755
682.050
701.758
721.753
741.765
761.780
782.776
801.807
822.058
842.000
863.050
883.082
901.944
922.088
943.110
962.610
982.576
1003.585
1023.750
1042.575
1062.155
1082.395
1102.050
1123.560
1142.120
1164.000
1184.145
1203.255
1224.045
1244.000
1263.735
1283.535
1303.945
1323.675
1342.605
1362.464
1382.000
1400.820
1442.784
1462.805
1482.750
1500.000
1600.000

2265.5 ± 100.50
2371.5 ± 102.50
2459.0 ± 104.00
2545.5 ± 103.50
2635.5 ± 101.50
2723.0 ± 104.00
2815.0 ± 106.00
2909.0 ± 106.00
3003.5 ± 106.50
3101.5 ± 106.50
3201.0 ± 106.00
3293.0 ± 104.00
3390.0 ± 104.00
3485.5 ± 102.50
3587.0 ± 100.00
3683.0 ± 101.00
3782.0 ± 101.00
3870.5 ± 100.50
3973.0 ± 101.00
4069.0 ± 102.00
4169.5 ± 102.50
4280.0 ± 105.00
4382.5 ± 104.50
4483.0 ± 104.00
4590.0 ± 107.00
4697.5 ± 107.50
4807.0 ± 106.50
4927.0 ± 107.00
5028.0 ± 104.00
5151.0 ± 103.00
5261.0 ± 106.00
5369.0 ± 104.00
5491.5 ± 105.50
5605.0 ± 107.00
5722.5 ± 107.50
5845.5 ± 110.50
5973.5 ± 113.50
6102.0 ± 115.00
6224.0 ± 114.00
6355.5 ± 110.50
6481.5 ± 110.50
6606.0 ± 112.00
6887.0 ± 115.00
7030.0 ± 115.00
7187.0 ± 120.00
7306.0 ± 126.00
8117.5 ± 124.50

432.660 ± 17.84
430.768 ± 18.53
450.429 ± 18.19
460.907 ± 18.16
468.930 ± 18.32
438.421 ± 20.36
409.001 ± 19.18
420.329 ± 17.72
472.817 ± 19.87
477.388 ± 17.76
439.454 ± 18.99
455.871 ± 19.68
456.718 ± 18.58
488.350 ± 18.17
486.897 ± 19.26
475.385 ± 18.60
488.206 ± 18.66
453.854 ± 17.96
481.936 ± 18.78
458.377 ± 18.17
442.439 ± 18.03
474.933 ± 18.11
484.063 ± 18.86
440.812 ± 18.63
476.792 ± 18.23
475.730 ± 17.97
479.959 ± 18.03
448.802 ± 19.26
478.334 ± 18.25
443.061 ± 20.72
445.838 ± 18.11
479.343 ± 19.04
423.340 ± 19.14
440.717 ± 18.06
423.340 ± 19.63
391.395 ± 18.23
369.425 ± 18.60
348.267 ± 18.26
324.143 ± 18.13
318.010 ± 18.79
295.655 ± 20.85
259.349 ± 18.60
240.442 ± 19.30
222.836 ± 18.34
192.294 ± 17.76
139.532 ± 19.87
73.835 ± 17.84

432.660 ± 17.84
430.768 ± 18.53
450.429 ± 18.19
460.907 ± 18.16
464.241 ± 18.32
429.653 ± 20.36
396.731 ± 19.18
403.516 ± 17.72
449.176 ± 19.87
453.519 ± 17.76
417.481 ± 18.99
433.077 ± 19.68
433.882 ± 18.58
463.933 ± 18.17
462.552 ± 19.26
451.616 ± 18.60
463.796 ± 18.66
431.161 ± 17.96
457.839 ± 18.78
435.458 ± 18.17
420.317 ± 18.03
451.186 ± 18.11
459.860 ± 18.86
418.771 ± 18.63
452.952 ± 18.23
451.944 ± 17.97
455.961 ± 18.03
426.362 ± 19.26
454.417 ± 18.25
420.908 ± 20.72
423.546 ± 18.11
455.376 ± 19.04
402.173 ± 19.14
418.681 ± 18.06
402.518 ± 19.63
371.825 ± 18.23
350.954 ± 18.60
330.854 ± 18.26
307.936 ± 18.13
302.110 ± 18.79
280.872 ± 20.85
246.382 ± 18.60
228.420 ± 19.30
211.694 ± 18.34
182.679 ± 17.76
132.555 ± 19.87
70.143 ± 17.84

Notes

counted
counted
counted
counted
redu. 1%
redu. 2%
redu. 3%
redu. 4%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
redu 5%
redu. 5%
redu. 5%
redu. 5%
redu. 5%
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate

Calc.
Accu.
Rates

Modeled
Equivalent
Temps.

(mm ice
yr-1)

(°C)

282
277
273
275
279
272
268
267
267
266
268
273
273
277
283
280
281
282
281
278
277
270
271
273
265
264
266
266
273
275
268
273
269
266
264
257
249
247
249
256
257
254
246
247
237
226
228

-29.171 ± 0.575
-29.304 ± 0.598
-30.131 ± 0.606
-30.359 ± 0.550
-30.421 ± 0.555
-29.776 ± 0.657
-28.936 ± 0.685
-29.361 ± 0.591
-30.162 ± 0.621
-30.360 ± 0.522
-29.083 ± 0.633
-29.403 ± 0.596
-29.429 ± 0.563
-30.210 ± 0.551
-29.924 ± 0.584
-29.665 ± 0.564
-30.023 ± 0.549
-28.971 ± 0.579
-29.834 ± 0.552
-29.241 ± 0.586
-28.804 ± 0.582
-30.131 ± 0.566
-30.359 ± 0.555
-28.923 ± 0.621
-30.374 ± 0.536
-30.405 ± 0.529
-30.436 ± 0.530
-29.479 ± 0.602
-30.104 ± 0.553
-28.893 ± 0.691
-29.285 ± 0.566
-30.133 ± 0.577
-28.542 ± 0.638
-29.223 ± 0.602
-28.769 ± 0.654
-27.993 ± 0.675
-27.558 ± 0.689
-26.863 ± 0.730
-25.724 ± 0.788
-25.096 ± 0.854
-24.089 ± 0.993
-22.355 ± 0.979
-21.776 ± 1.135
-20.646 ± 1.146
-19.191 ± 1.269
-15.356 ± 1.987
-6.229 ± 3.568

Model
Notes

modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
modeled
excluded
excluded
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
clathrate
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Table 2-2: Bubble number-density and new modeled temperature data for 23 original samples
(120 – 562 m); see also (Fegyveresi and others, 2011).
Sample ID

VBS120A-B
VBS140A-B
VBS160A-B
VBS180A-B
VBS200A-B
VBS220A-B
VBS240A-B
VBS260A-B
VBS280A-B
VBS300A-B
VBS320A-B
VBS340A-B
VBS360A-B
VBS380A-B
VBS400A-B
VBS420A-B
VBS440A-B
VBS460A-B
VBS480A-B
VBS500A-B
VBS520A-B
VBS540A-B
VBS562A-B

Sample
Depth

(m)

Centered
Sample Age
WDC06A-7
Scale
(yr bf 1950 ±
½ close-off
sample
integration
time)

Bubble
Number
Density

(bubbles cm-3)

120.000
140.000
160.000
180.000
200.000
220.000
240.000
260.000
280.000
300.000
320.000
340.000
360.000
380.000
400.000
420.000
440.000
460.000
480.000
500.000
520.000
540.000
562.000

264.0 ± 125.00
355.0 ± 121.00
445.0 ± 120.00
534.0 ± 120.00
623.0 ± 118.00
710.0 ± 118.00
800.5 ± 115.50
886.5 ± 113.50
971.5 ± 111.50
1060.0 ± 112.00
1144.5 ± 111.50
1231.0 ± 109.00
1317.0 ± 108.00
1401.5 ± 107.50
1487.5 ± 106.50
1573.0 ± 107.00
1662.0 ± 110.00
1751.0 ± 112.00
1841.0 ± 110.00
1933.0 ± 110.00
2023.0 ± 110.00
2112.5 ± 107.50
2209.5 ± 102.50

409.219 ± 15.26
415.518 ± 15.26
403.534 ± 15.26
400.722 ± 15.26
435.876 ± 15.26
447.341 ± 15.26
448.178 ± 15.26
408.620 ± 15.26
440.187 ± 15.26
439.949 ± 15.26
415.033 ± 15.26
381.115 ± 15.26
418.862 ± 15.26
442.690 ± 15.26
422.709 ± 15.26
423.484 ± 15.26
491.352 ± 15.26
410.687 ± 15.26
442.290 ± 15.26
411.695 ± 15.26
419.533 ± 15.26
399.612 ± 15.26
395.947 ± 15.26

Notes

As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011
As published in 2011

Calc.
Accu.
Rates

Modeled
Equivalent
Temperature

(mmice
yr-1)

(°C)

227
235
237
236
240
241
246
250
255
253
254
261
262
264
266
265
258
253
257
258
258
264
276

-30.801 ± 0.526
-30.617 ± 0.509
-30.039 ± 0.509
-30.059 ± 0.526
-31.018 ± 0.477
-31.323 ± 0.477
-31.073 ± 0.462
-29.637 ± 0.526
-30.425 ± 0.492
-30.514 ± 0.492
-29.629 ± 0.526
-28.110 ± 0.545
-29.429 ± 0.509
-30.112 ± 0.477
-29.338 ± 0.509
-29.396 ± 0.509
-31.890 ± 0.449
-29.520 ± 0.526
-30.430 ± 0.477
-29.369 ± 0.526
-29.635 ± 0.526
-28.616 ± 0.545
-27.992 ± 0.565

Notes
(*Updated
from 2011)

modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
modeled*
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Table 2-3: Bubble size and shape data for entire sample set (120 – 1600 m). Bolded
entries indicate data from high-resolution samples (see also Table 2-4).
Sample ID

VBS120A-B
VBS140A-B
VBS160A-B
VBS180A-B
VBS200A-B
VBS220A-B
VBS240A-B
VBS260A-B
VBS280A-B
VBS300A-B
VBS320A-B
VBS340A-B
VBS360A-B
VBS380A-B
VBS400A-B
VBS420A-B
VBS440A-B
VBS460A-B
VBS480A-B
VBS500A-B
VBS520A-B
VBS540A-B
VBS562A-B
VBS580A-B
VBS600A-B
VBS620A-B
VBS640A-B
VBS660A-B
VBS680A-B
VBS700A-B
VBS720A-B
VBS740A-B
VBS760A-B
VBS780A-B
VBS800A-B
VBS820A-B
VBS840A-B
VBS860A-B
VBS880A-B
VBS900A-B

Sample
Depth

Average
Bubble
Radius

Average Aspect
Ratio of Bubble
Axes

Average
Bubble
Volume

(mm)

Average
Bubble
Roundness
(4•Area) /
(π•Length2)

(m)

(Length/Breadth)

(mm3)

120.000
140.000
160.000
180.000
200.000
220.000
240.000
260.000
280.000
300.000
320.000
340.000
360.000
380.000
400.000
420.000
440.000
460.000
480.000
500.000
520.000
540.000
562.000
579.100
603.583
623.240
643.108
662.755
682.050
701.758
721.753
741.765
761.780
782.776
801.807
822.058
842.000
863.050
883.082
901.944

0.1711 ± 0.0083
0.1625 ± 0.0036
0.1581 ± 0.0028
0.1545 ± 0.0071
0.1511 ± 0.0047
0.1476 ± 0.0041
0.1431 ± 0.0038
0.1424 ± 0.0029
0.1401 ± 0.0051
0.1353 ± 0.0035
0.1329 ± 0.0023
0.1321 ± 0.0043
0.1265 ± 0.0043
0.1255 ± 0.0025
0.1226 ± 0.0037
0.1208 ± 0.0034
0.1204 ± 0.0038
0.1187 ± 0.0044
0.1154 ± 0.0058
0.1165 ± 0.0030
0.1139 ± 0.0039
0.1133 ± 0.0021
0.1127 ± 0.0038
0.1133 ± 0.0041
0.1082 ± 0.0028
0.1104 ± 0.0017
0.1094 ± 0.0040
0.1114 ± 0.0034
0.1123 ± 0.0052
0.1118 ± 0.0038
0.1096 ± 0.0041
0.1092 ± 0.0034
0.1052 ± 0.0032
0.1053 ± 0.0024
0.1085 ± 0.0044
0.1055 ± 0.0052
0.1076 ± 0.0037
0.1094 ± 0.0029
0.1105 ± 0.0028
0.1098 ± 0.0044

0.7049
0.7632
0.7778
0.7718
0.7783
0.7950
0.7798
0.8122
0.7811
0.7908
0.8036
0.8065
0.7614
0.8079
0.7986
0.7384
0.7830
0.7403
0.7929
0.7802
0.7721
0.7774
0.7653
0.6811
0.7062
0.7073
0.6740
0.7052
0.6832
0.6702
0.6720
0.6871
0.6220
0.6840
0.6543
0.6853
0.6622
0.6322
0.6754
0.6578

1.4132
1.2652
1.2429
1.2362
1.2295
1.2085
1.2304
1.1933
1.2496
1.2176
1.2236
1.1929
1.2778
1.1901
1.2097
1.3476
1.2518
1.2956
1.2631
1.2348
1.2500
1.2377
1.2495
1.4292
1.3752
1.3756
1.4439
1.3858
1.4093
1.4742
1.4425
1.4200
1.5305
1.4168
1.4705
1.4147
1.4561
1.5175
1.4429
1.4699

0.02098
0.01798
0.01654
0.01544
0.01444
0.01348
0.01229
0.01209
0.01153
0.01039
0.00984
0.00966
0.00848
0.00829
0.00771
0.00738
0.00731
0.00701
0.00643
0.00663
0.00620
0.00609
0.00599
0.00608
0.00531
0.00564
0.00548
0.00579
0.00593
0.00586
0.00551
0.00546
0.00488
0.00489
0.00536
0.00492
0.00521
0.00549
0.00565
0.00554
Continued…
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Table 2-3 (continued): Bubble size and shape data for entire sample set (120 – 1600 m).
Bolded entries indicate data from high-resolution samples (see also Table 2-4).
Sample ID

VBS920A-B
VBS940A-B
VBS960A-B
VBS980A-B
VBS1000A-B
VBS1020A-B
VBS1040A-B
VBS1060A-B
VBS1080A-B
VBS1100A-B
VBS1120A-B
VBS1140A-B
VBS1160A-B
VBS1180A-B
VBS1200A-B
VBS1220A-B
VBS1240A-B
VBS1260A-B
VBS1280A-B
VBS1300A-B
VBS1320A-B
VBS1340A-B
VBS1360A-B
VBS1380A-B
VBS1400A-B
VBS1440A-B
VBS1460A-B
VBS1480A-B
HZBS1500A-B
VBS1600A-B

Sample
Depth

Average
Bubble
Radius

Average Aspect
Ratio of Bubble
Axes

Average
Bubble
Volume

(mm)

Average
Bubble
Roundness
(4•Area) /
(π•Length2)

(m)

(Length/Breadth)

(mm3)

922.088
943.110
962.610
982.576
1003.585
1023.750
1042.575
1062.155
1082.395
1102.050
1123.560
1142.120
1164.000
1184.145
1203.255
1224.045
1244.000
1263.735
1283.535
1303.945
1323.675
1342.605
1362.464
1382.000
1400.820
1442.784
1462.805
1482.750
1500.000
1600.000

0.1082 ± 0.0052
0.1037 ± 0.0032
0.1033 ± 0.0037
0.1056 ± 0.0065
0.1068 ± 0.0056
0.1080 ± 0.0037
0.1064 ± 0.0036
0.1041 ± 0.0055
0.1021 ± 0.0042
0.1005 ± 0.0066
0.1019 ± 0.0053
0.0974 ± 0.0032
0.0996 ± 0.0052
0.0989 ± 0.0041
0.1013 ± 0.0050
0.0978 ± 0.0041
0.0962 ± 0.0041
0.0944 ± 0.0065
0.0924 ± 0.0028
0.0931 ± 0.0030
0.0868 ± 0.0071
0.0900 ± 0.0041
0.0902 ± 0.0064
0.0874 ± 0.0031
0.0843 ± 0.0036
0.0838 ± 0.0026
0.0821 ± 0.0033
0.0829 ± 0.0042
0.0807 ± 0.0054
0.0738 ± 0.0042

0.6250
0.6439
0.6508
0.6617
0.6306
0.6221
0.6246
0.6238
0.6016
0.6119
0.5872
0.5955
0.6315
0.6464
0.6340
0.6228
0.6310
0.6572
0.6263
0.6197
0.6372
0.6606
0.6768
0.6508
0.6385
0.6492
0.6597
0.6929
0.6801
0.7110

1.5517
1.5153
1.4935
1.4658
1.5123
1.5366
1.5640
1.5475
1.5950
1.5739
1.6702
1.6312
1.5524
1.4999
1.5233
1.5796
1.5428
1.4800
1.5843
1.5731
1.5542
1.4778
1.4348
1.4933
1.5410
1.4978
1.4804
1.4074
1.4443
1.3738

0.00531
0.00467
0.00461
0.00493
0.00510
0.00527
0.00504
0.00472
0.00446
0.00425
0.00444
0.00387
0.00414
0.00405
0.00435
0.00392
0.00373
0.00352
0.00331
0.00338
0.00274
0.00306
0.00307
0.00280
0.00251
0.00247
0.00232
0.00239
0.00220
0.00168
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Table 2-4: High-resolution, secondary sampling data (approximate 100-meter spacing).
Sample ID

VBS120A
VBS220A
VBS300A
VBS400A
VBS500B
VBS580A-B
VBS640A-B
VBS720A-B
VBS820A-B
VBS920A-B
VBS1040A-B
VBS1120A-B
VBS1220A-B
VBS1320A-B
VBS1400A-B
HZBS1500A-B
VBS1600A-B

Sample
Depth

Sample
Thicknesses

(m)

Centered
Sample Age
WDC06A-7
Scale
(yr bf 1950 ±
close-off sample
integration
time)

Average
Bubble
Radius

“Micro”
-Bubble
Cut-off
Radius

(mm)

(mm)

(mm)

Mean
Nearest
Neighbor
Distance
(mm) –
Corrected
for Sample
Thickness

120.000
220.000
300.000
400.000
500.000
579.100
643.108
721.753
822.058
922.088
1042.575
1123.560
1224.045
1323.675
1400.820
1500.000
1600.000

264.0 ± 125.00
710.0 ± 118.00
1060.0 ± 112.00
1487.5 ± 106.50
1933.0 ± 110.00
2265.5 ± 100.50
2545.5 ± 103.50
2909.0 ± 106.00
3390.0 ± 104.00
3870.5 ± 100.50
4483.0 ± 104.00
4927.0 ± 107.00
5491.5 ± 105.50
6102.0 ± 115.00
6606.0 ± 112.00
7306.0 ± 126.00
8117.5 ± 124.50

1.418
1.335
1.308
1.400
1.138
1.488
1.350
1.530
1.720
1.750
1.370
1.670
1.160
0.670
2.390
1.770
3.140

0.1711 ± 0.0083
0.1476 ± 0.0041
0.1353 ± 0.0035
0.1226 ± 0.0037
0.1165 ± 0.0030
0.1127 ± 0.0038
0.1094 ± 0.0040
0.1096 ± 0.0041
0.1055 ± 0.0052
0.1082 ± 0.0052
0.1064 ± 0.0036
0.1019 ± 0.0053
0.0978 ± 0.0041
0.0868 ± 0.0071
0.0843 ± 0.0036
0.0807 ± 0.0054
0.0738 ± 0.0042

0.03060
0.02500
0.02254
0.02048
0.01902
0.01811
0.01748
0.01683
0.01611
0.01551
0.01488
0.01452
0.01411
0.01375
0.01349
0.01318
0.01290

0.8233
0.7943
0.7532
0.7453
0.7685
0.7165
0.6811
0.7509
0.6843
0.6750
0.6817
0.6522
0.6540
0.5856
0.8649
1.0293
1.2930

Poisson
Random
Dist.
(mm) –
Corrected
for
Sample
Thickness
0.6026
0.5749
0.5718
0.5731
0.5867
0.5482
0.5477
0.5789
0.5642
0.5680
0.5800
0.5361
0.5806
0.5465
0.7848
0.9907
1.2776

Table 2-5: Continuous 502-503-meter sampling data.
Sample ID

VBS502-1
VBS502-2
VBS502-3
VBS502-4
VBS502-5
VBS502-6
VBS502-7
VBS502-8
VBS502-9
VBS502-10

Mean
Nearest
Neighbor
Ratio

Sample
MidDepth
(m)

Sample
MidDepth
(m)

Sample
MidDepth
(m)

Sample
Thicknesses

Average
Bubble Radius

(mm)

(mm)

Bubble
Number
Density
(bubbles cm-3)

502.0100
502.1015
502.2018
502.3033
502.4056
502.5074
502.6098
502.7118
502.8129
502.9156

502.0975
502.1985
502.2998
502.4031
502.5040
502.6077
502.7095
502.8106
502.9093
502.9968

502.0538
502.1500
502.2508
502.3532
502.4548
502.5576
502.6596
502.7612
502.8611
502.9562

1.400
1.393
1.420
1.470
1.593
1.390
1.660
1.418
1.370
1.653

0.1187 ± 0.0063
0.1165 ± 0.0054
0.1175 ± 0.0043
0.1159 ± 0.0049
0.1168 ± 0.0035
0.1197 ± 0.0047
0.1188 ± 0.0048
0.1186 ± 0.0038
0.1186 ± 0.0070
0.1190 ± 0.0067

409.4234 ± 17.29
410.9282 ± 15.08
417.6836 ± 12.04
419.9382 ± 13.37
418.6889 ± 8.880
432.1168 ± 13.82
412.4872 ± 11.47
412.7663 ± 10.53
418.1954 ± 20.02
414.5435 ± 15.93

1.3663
1.3816
1.3173
1.3003
1.3098
1.3070
1.2436
1.2972
1.2128
1.1884
1.1755
1.2167
1.1264
1.0715
1.1021
1.0389
1.0121
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Chapter 3

Bubble elongations as indicators of shear strain in the WAIS Divide
(WDC06A) ice core: a new hybrid-sample imaging technique

Abstract
Physical properties measurements taken of a new ice sample prepared from a depth of
580 meters in the WAIS Divide (WDC06A) ice core reveal that bubbles preferentially elongate
parallel to the basal plane of their parent grain, as expected for glide behavior on basal planes,
suggesting that additional methodological development using bubbles as strain gauges could
provide important insights to the grain-scale physics of ice deformation. A new hybrid-analysis
technique was developed here to cross-compare grain and bubble statistics using a combination of
thick-/thin-section sample preparation and imagery. The technique allows for the separation of
measured bubbles from sample ice into two distinct groups: those located entirely within a parent
grain (“intra-grain”), and those located on or along grain boundaries (“inter-grain”). Here, intragrain bubble elongations were investigated, because they are easier to interpret as indicators of
strain. At 580 meters, the c-axis fabric showed a slight clustering toward the vertical. Bubble
aspect ratios (elongations) were generally small (< 2.0), but sufficient to allow accurate
determination of bubble orientation. Direct comparison of the crystallographic orientations of
148 individual grains and the shape orientations of their 2377 intra-grain bubbles reveals a strong
preferred elongation of bubbles in the grain basal planes (R2 = 0.96). Secondary analysis of a
sub-set of 86 grains with c-axes located close to the plane of the sample (θ ≥ ~65°) reveals
minimum average bubble elongation magnitudes in grains with c-axes oriented along (φ = 0°) and
across (φ = 90°) core, as expected if grain deformation increases with the resolved shear stress on
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the basal plane as measured by the Schmid factor. Significant scatter exists for intermediate
angles in this comparison, suggesting complex histories and interactions amongst the measured
grains. More sampling from multiple depths and orientations would be necessary to better
explore this complexity. Additional sampling would also further elucidate observation biases in
apparent elongations due to the measurement of 2-D stereological projections of bubbles.

3-1: Introduction
Observations of ice cores often reveal the presence of elongated bubbles, particularly in
cores containing highly deformed ice-sheet ice (e.g., Hudleston, 1977; Alley and Bentley, 1988;
Alley and Fitzpatrick, 1999; Fitzpatrick, 1994). Deformation of the ice results in an overall
elongation of bubbles that reflects the strain of the surrounding ice. Because bubbles do not
transmit stresses, stresses are enhanced in immediately adjacent ice, causing the strain rate of
bubble elongation to be approximately 5/3 that of the bulk ice, with the direction of elongation
being indicative of net extensional strain (Alley and Fitzpatrick, 1999).
Bubble elongation is naturally opposed by diffusive processes in the ice, however. Mass
transfer of molecules through lattice, surface, and vapor diffusion acts to restore elongated, nonspherical bubbles back toward a spherical geometry as a result of the curvature and surface
tension of those bubbles (Alley and Fitzpatrick, 1999)(see also Appendix F for numerical model).
The rate of diffusion increases monotonically with bubble elongation, but asymptotically
approaches a maximum rate. Thus, either the bubble will evolve to a steady form in which
deformation balances diffusion, or, if the deformational elongation rate exceeds the maximum
diffusion rate, the bubble will continue to elongate without limit. Greater bubble elongation is
favored by larger initial bubble sizes, lower temperatures, and more rapid ice deformation (Alley
and Fitzpatrick, 1999; Gow, 1968a; Gow, 1968b).
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Elongated bubbles are seen in rapidly shearing layers in ice cores (Hudleston, 1977;
Russel-Head and Budd, 1979), with the direction of greatest bubble elongation expected to
approach the basal shear plane under simple shear (Alley and Fitzpatrick, 1999; Azuma and
Higashi, 1985). Simple-shear deformation (Fig. 3-1) describes a condition of pure shear
(orthogonal uniaxial compression and tension) combined with rigid-body rotation (Alley and
Fitzpatrick, 1999; Gay, 1968; Azuma and Higashi, 1985; Einstein, 1906).
Ice behavior is mechanically anisotropic, with a crystal much “softer” for shearing along
basal planes (perpendicular to the c-axis) than in other directions. Deformation and slip along
soft basal planes in ice is ~100 or more times easier than for hard orientation due to dislocation
glide (Weertman, 1983; Alley, 1992). It is thus generally found that in a polycrystalline
aggregate, deformation of a crystal is proportional to the resolved shear stress along the basal
plane of that crystal (Alley, 1988; Cuffey and Paterson, 2010). Incompatibility of deformations
and interference among neighboring grains is then accommodated (at least in part) by bulk grain
rotation to avoid overlaps, which also will rotate bubbles within grains. This combination results
in grain deformation on basal planes, along with grain elongation, and rotation of the c-axes
towards compressional and away from tensional axes (Alley, 1992)(see also Appendix Fig. B-1).
With the accumulation of bulk strain, these processes will lead to a preferred c-axis fabric
orientation and a bulk strain that is equal to the strain of the individual grains averaged over the
complete sample (Alley, 1992).
When a single crystal is subjected to uniaxial vertical compression in a testing apparatus
(Azuma and Higashi, 1985; Alley, 1988; Bouchez and Duval, 1982; Jacka and Maccagnan,
1984), the resolved shear stress on the basal plane is proportional to the Schmid factor (S), which
is a function of the angle (φ) between the c-axis and the stress axis:
(3-1)
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This Schmid factor has a maximum at 45°, and minima at both 0° and 90° (Alley, 1988). In a
polycrystal, the local stress state may differ somewhat from the mean for the whole sample
because of interactions among neighboring grains, so some “noise” is likely in relating bulk stress
to local strain, with corresponding variability in bubble elongation. In addition, some bubbles
may have complex histories, as grain growth shifts them from one grain to another over time, and
as the Schmid factor for a grain changes in response to its rotation.
Here, using a newly developed technique to analyze a “hybrid” thick-/thin-section, I
present the results of a detailed study of bubbles and grains in a sample prepared from a depth of
580 meters in the WDC06A ice core (sample id: VHS-580). I show that the bubbles display a
slight elongation, preferentially oriented in the basal plane of the enclosing grain, with greater
elongation for grains with a larger Schmid factor. For this study, bubble “elongation” is
measured on the normal projection of a bubble onto the plane of the section for any bubble, or
part of a bubble, intersected by the sample section. This is clarified further in section 3-3.

3-2: Methods and sample preparation

3-2-1: Thick-section preparation for bubble analysis
A new technique was developed here for the simultaneous processing of both a bubble
“thick-section” and a grain “thin-section” using a single sample of ice from the WDC06A core, in
order to compare the two. A standard bubble thick-section in practice here, as described
previously in detail in Chapter 2 and in Fegyveresi and others (2011), is approximately 1.5 mm in
thickness and digitally photographed while illuminated on a side-lit stage. Typical ice thinsections prepared for grain analyses are on the order of 0.3 – 0.5 mm in thickness (see also
Fitzpatrick and others, 2014). The preparation and digital photography of these two sections has
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traditionally been done on opposite halves of a larger prepared sample of ice, with the bubble
thick-section being tacked to a glass slide with water alone, and the thin section being tacked to a
glass slide with a rapid-curing cyanoacrylate adhesive (Pacer Tech E-6)(Fegyveresi and others,
2011; Fitzpatrick and others, 2014). The samples are thus mirror images of each other, but
separated by the thickness of the saw cut plus the material microtomed from the surfaces of the
two sections, which may total one to several millimeters.
Here, with the assistance of Dr. Joan Fitzpatrick at the U.S. Geological Survey, and using
the facilities at the National Ice Core Laboratory, I prepared a bubble thick-section of ice from a
depth of 580 m in the WDC06A core. This sample (VHS-580), which measured ~10 cm long by
~6 cm wide, was initially prepared as a thin-section and tacked to a glass slide using the rapidcuring cyanoacrylate adhesive. This ensured it would be pre-glued for its eventual secondary role
as a thin-section. The sample was microtomed to ~1.5 mm overall thickness following the
procedures described in Fegyveresi and others (2011), and then imaged following the identical
procedures outlined previously in Chapter 2, to produce a standard high-resolution bubble section
(see also Appendix Fig. B-2). The final high-resolution bubble image was again created as a
composite of auto-merged smaller subsections as described in detail in Chapter 2 (see also Fig. 23). Methods for optimizing, binarizing, and error-checking this final image are also described in
Fegyveresi and others (2011) and in Chapter 2. Principal measurements were made of all bubble
sizes and shapes using the Fovea Pro software in order achieve overall sample-wide statistics for
later comparison.
Analyses on this section were especially focused on obtaining quantitatively accurate
measures of the extent and direction of bubble elongation, by measuring the moment angle and
maximum chord of each bubble as described below. This was achieved through a new four-step
process to visually clean, binarize, and color-label each bubble in the section (Fig. 3-2).
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Moment angle, (ψ), is defined in the image processing software used (Fovea Pro) as the
angle of the axis (measured counterclockwise from the horizontal) about which the pixels in the
feature (bubble) have the smallest moment. This would equate to the approximate orientation
angle of each bubble’s elongation with respect to the horizontal, ranging from 0° to 180°. As
implemented in the processing software (Russ, 2010), this measurement has a built-in systematic
error of approximately ± 3% due to the effects of pixelization.
The maximum chord is simply the longest single-pixel, straight-line path across each
bubble, which is also an excellent approximation of the longer semi-axis of an elongated
ellipsoid-shaped bubble. It is important to note that only numerical moment angle values were
used in related calculations; chords were simply measured and drawn for visual representation.
In the subsequent analyses, all bubbles were treated as approximate ellipsoids (prolate spheroids)
once processed (e.g., Alley and Fitzpatrick, 1999), so the maximum chord measurement was a
good line approximation of the measured moment angle (ψ). For visualization in figures (e.g.,
Fig. 3-2, and Appendix Fig. B-3), bubbles were color-coded based upon their moment angle, and
the maximum chords were drawn on each bubble as a secondary visual reference. Only
numerical moment angle values were used in related calculations, however.
To verify the use of moment angle (and chord) as appropriate measurements for
elongation angle, a collection of artificially generated “bubbles” was first created and tested
within a false image (see also Appendix Fig. B-3). In this case, each “bubble” was colored based
upon its measured moment angle, and labeled with both the angle value and maximum chord.
Each “bubble” angle value and chord was then checked to ensure that the numbers agreed, and
the color was correct. Additionally, to estimate errors in moment-angle measurements, I isolated
four different bubbles of varying elongations and irregularity from the VHS-580 image (see e.g.,
Appendix Fig. B-3-c), rotated each about its geometric center at five degree increments from 0 to
90 degrees, and then compared the change in angle measured by my analysis techniques to the
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change in angle imposed. The overall error of 0.75° ± 0.35° is too small to plot legibly in
subsequent figures. Experiments with ellipses plotted at exactly known angles confirm the ability
of my analyses to measure orientations with very small errors. Once the technique was
successfully validated using the test bubbles, the entire prepared bubble image from the VHS-580
sample was cleaned, binarized, colored, and labeled based on the bubble orientations, using the
four step process previously discussed (see also Fig 3-2). This series of procedures resulted in a
fully cleaned image, with 5245 total identified bubbles from the sample.
For bubble elongations to be used as possible identifiers of strain in single ice crystals,
however, all bubbles located on grain boundaries had to be excluded, leaving only intra-grain
bubbles (bubbles located entirely within single grains). Bubbles found along grain boundaries are
affected by strain in all grains they touch, and any rotation or sliding between grains, as well as
the persistent effects of surface tension. Thus the resulting elongation cannot be interpreted
easily. The process of separating the bubbles into two groups, “inter-grain” and “intra-grain”
bubbles, required the grain-boundary tracing (or mesh), which is normally created during thinsection analysis and is discussed in the following sections.

3-2-2: Thin-section preparation for grain analysis
Following the digital imaging and processing of the bubble thick-section, the identical
sample was then further microtomed to a thickness of ~0.5 mm and digitally imaged under crosspolarized transmitted light, following the procedures described in Fitzpatrick and others
(2014)(Appendix Fig. B-4). Mean grain size is much larger than the thickness lost in this
microtoming, so it is expected (and visual inspection shows) that the bubble section and thin
section are sampling essentially the same ice. The final mesh identified over 700 individual
grains (Fig. 3-3). Due to the destructive nature of this processes, once the sample was thinned for
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grain analysis, most of the original imaged bubbles were lost, making any follow-up imagery of
the bubble thick-section impossible. Similar to the bubble thick-section, the final high-resolution
grain thin-section image was also created as a composite of auto-merged smaller subsections, as
described in detail in Chapter 2 and in Fitzpatrick and others (2014)(see also Fig. 2-3).

3-2-3: Grain-mesh overlay and bubble reduction
The final grain-mesh was captured and saved as an independent layer within the
Photoshop imaging software (i.e., Fig. 3-3). This layered mesh was then combined with the highresolution bubble image from the already processed bubble thick-section. With these two parent
layers merged, bubbles were separated into inter-grain and intra-grain sub-layers based upon their
location. Bubbles were identified as inter-grain if any part of the bubble was on or touching the
identified grain-boundary mesh. It is important to note that the grain mesh was set to a width of 5
pixels within the software, and binarized bubbles themselves were also represented in pixelized
form. This meant some bubbles may have been recognized as touching the pixelized mesh (even
if by only a single pixel), that may not have been actually touching the true grain boundary within
the ice. Because it was difficult to visually isolate and identify bubbles that matched this
scenario, any bubble determined to be touching any grain boundary by the software was treated as
an inter-grain bubble, and therefore not counted, or measured among the intra-grain bubbles in
this study.
After this correction, the 5245 bubbles produced two finalized hybrid grain-bubble mesh
maps (see also Appendix Figs. B-5 and B-6), with 3943 total intra-grain bubbles, and 1302 intergrain bubbles respectively. As a final step for display purposes, using only the identified hybrid
grain-bubble mesh map, all intra-grain bubbles were colored based upon their elongationorientation moment angle (ψ) using Fovea Pro (Fig. 3-4). Maximum chords were also drawn
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over the colored bubbles for ease of identification and as a means to visually double-check for
any misinterpreted bubbles or features (Fig. 3-5). The orientations of inter-grain bubbles may
also hold valuable information on grain deformation and grain-boundary sliding (see also Fig. B7), but they were not analyzed in detail as a part of this study.

3-2-4: C-axis overlay and conventions
C-axis orientations for each grain are needed next for inter-comparison to bubbleelongation orientations. Once all digital imagery was completed on the thin-section, it was
measured on the automatic c-axis analyzer designed and built by Dr. Larry Wilen, and now
maintained at Penn State (Fitzpatrick and others, 2014; Wilen, 2000; Hansen and Wilen, 2002).
The c-axis analyzer returns theta (θ) and phi (φ) angle values for each identified crystal based on
the fabric conventions shown in Fig 3-6. The theta angle (θ) represents how far out of the plane
of the sample the c-axis of the grain is pointing. In this case, a theta value of 90° indicates a caxis that lies on the plane of the thin-section, and a theta value of 0° indicates a c-axis that lies
perpendicular to the plane of the thin-section. The phi angle (φ) represents the angle at which the
c-axis lies around the horizontal plane of the section, ranging from 0° to 360°. In this case, a phi
value of 0° indicates a c-axis pointing stratigraphic down-core and a phi value of 180° indicates a
c-axis pointing stratigraphic up-core. Phi values of 90° and 270° indicate a c-axis that was
horizontal in the ice sheet (see also Appendix Fig. B-8).
The automatic c-axis analyzer has a practical sample-size limit of approximately 6 cm x 6
cm (Fitzpatrick and others, 2014; Wilen, 2000; Hansen and Wilen, 2002), slightly smaller than
the original VHS-580 m thin-section. The c-axis analyzer also has slightly coarser spatial
resolution than the digital imagery used to create the grain-boundary mesh described above, and
occasionally may recognize a grain but fail to return a c-axis orientation for reasons such as a
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grain boundary nearly parallel to the section surface that prevents accurate measurement. Of the
700 grains originally mapped in the sample, 583 were recognized by the c-axis analyzer, and 472
were measured and returned valid numbers. A c-axis overlay was created using the previous thinsection grain-boundary layer, and colored for display based on theta (θ) angle values. Fig. 3-7
shows the final c-axis overlay, with all of the grains that were measured by the analyzer and
subsequently used in this study. Any grains that fell outside the processing window of the
analyzer are shown in greyscale colors along the edges, still delineated by the orange grain mesh.
Black arrows representing c-axis phi (φ) angles and color-coding for c-axis theta (θ) angles are
also shown for each measured grain.

3-2-5: Individual grain-bubble processing
To compare bubble orientations to the c-axis orientation for a single grain, its boundary
was first selected using edge-detection tools in the Photoshop software. The grain and bubble
layers for the grain were then selected together, copied, merged, and duplicated into a new layer.
All of the bubbles in this new layer were then counted (n = bubble count) and processed
independently using the built-in Fovea Pro measurement utilities, resulting in an output table of
all shape and moment angle data (see also Fegyveresi and others, 2011). This process was
conducted for each of the 472 grains with full data. Bubble elongation was quantified using the
“Aspect Ratio” metric (which is a direct comparison of long-Feret axis divided by short-Feretaxis; see Chapter 2, Section 2-4-2 for a more detailed explanation). This metric is subject to
slight effects of feature pixelization as described in Chapter 2, although those effects are very
minor and essentially uniform across the full bubble data set due to the consistent and similar size
of bubbles. Fig. 3-8 shows an example of how four grains were isolated and measured along with
the intra-grain bubbles they contain. Black arrows representing c-axis phi (φ) angles, and red
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angles representing mean calculated bubble-orientation moment angles (ψ), are also shown for
reference, revealing that (φ) and (ψ) are indeed approximately orthogonal within each grain.

3-3: Results and discussion
At the WAIS Divide site, 580 m depth is still in the upper quarter of the ice sheet, where
basal shear is expected to be very minor and vertical compression important (e.g., Cuffey and
Paterson, 2010). Measured surface velocities indicate along-flow extension and weak transverse
compression (i.e., flow-lines converge as flow accelerates along-flow and layers thin). C-axis
fabrics are nearly random with slight vertical clustering near the base of the firn; with increasing
depth, the axes rotate towards a vertical plane transverse to flow, with strongest clustering near
the vertical axis (Fitzpatrick and others, 2014). The Schmidt plot of the c-axes of the 472 grains
analyzed from the VHS-580 sample (Fig. 3-9) falls along the trend identified by Fitzpatrick and
others (2014), with relatively weak but clear clustering.
Bubble elongations (measured as aspect ratios) in the VHS-580 sample were generally
small (< 2.0). A histogram of the aspect ratios of all 3943 intra-grain bubbles shows a rightskewed distribution with a mode of 1.3 and a positive skew of 2.8 (Fig. 3-10). The long tail of
the distribution may indicate formation of stress-release cracks (“Saturn cracks”), as described in
Chapter 2. To account for this, and to ensure no subsequent measurement complications, grains
containing bubbles with easily-identifiable “Saturn-cracks” were excluded from final hybrid
comparisons. In addition, to improve statistics and minimize influence of outliers for average
bubble orientation elongation angles (ψ) calculated for each grain, only grains with a bubble
count of five or greater (n ≥ 5) were used in the final hybrid comparisons. Of the total 472
measured grains, 148 met the threshold criteria of n ≥ 5 and were free of identifiable “Saturn
cracks”. These 148 grains made up the final sample sub-set (SH) used in the bubble/grain hybrid
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analysis, and resulted in a measured sample size of 2377 intra-grain bubbles (from the original
complete 3943 measured intra-grain bubble population). The Schmidt plot for the smaller 148grain sample sub-set (SH) is shown in Appendix Fig. B-9 for reference. The c-axis fabric for this
sub-set (SH) matches the fabric for the full data set (Fig. 3-9) closely, indicating that it is an
adequate sub-set representation of the overall sample fabric.
The moment angle (ψ) for each of the 2377 bubbles was compared to its parent grain’s
crystallographic orientation by calculating the acute angle between the bubble long-axis and the
perpendicular to the c-axis (Fig. 3-11). The mean of the moment-angles of all bubbles in each
grain was also calculated, and is shown in Fig. 3-11. Data are listed in Table 3-1 for reference.
The figure shows that bubbles in a grain are strongly aligned with or near the basal plane
of that grain. There is some scatter evident within bubbles of each grain as seen by the individual
data points in Fig. 3-11 (and also Appendix Fig. B-10), however the mean bubble elongation
values for each grain are on, or very near to, the basal planes. This result is consistent with
rotation towards the basal plane rather than crystallographic control. A linear regression (R2 =
0.96) shows a slight positive offset (~5°-7°) from a true linear basal plane behavior, suggesting
that bubbles are still rotating towards, and are not on average, elongated entirely on the basal
planes. An analysis of all 2377 individual bubbles, revealed that ~75% (1771 bubbles) were
elongated within 20° of the basal plane. The right-skewed (skewness of 1.9) distribution of angle
differences between bubble elongation-orientation and basal planes shown in the Fig 3-11
histogram inset, further yields a mode of ~3°, a median of ~9.7°, a 1-sigma standard deviation of
~18.7°, and an average of ~16.6°.
As noted previously, the bubble “elongations” measured here are in fact the elongations
of normal projections of bubbles onto the plane of section, and represent the true elongation only
for bubbles with the proper 3-D orientation. Appendix Fig. B-11 shows the difficulty; a prolatespheroid bubble with a theta angle (θ) value of 90° and a 2:1 aspect ratio is rotated at various
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angles, yielding elongations that are in general less than 2:1. To quantitatively estimate
elongations properly, fully 3-D information would be required.
Theta values of 0°, indicating a c-axis orientation out of the observational plane, would
return true elongation magnitudes for all bubble orientations around the basal plane. Inversely,
theta values of 90°, indicating a c-axis orientation within (parallel to) the observational plane,
would return a wide distribution of aspect ratios ranging from true, down to observed spherical at
1:1 (see example in Appendix Fig. B-11). For theta angles values between 0° and 90°, the
distribution width of observed aspect ratios would vary, with larger distributions as theta
approaches 90°. A horizontal sample would give additional insight, but a fully three-dimensional
technique such as individual measurement of each bubble on a universal stage, would be needed
to obtain complete information.
Despite these limitations and observational biases, some comparisons can still be made
between elongation distributions. In addition, average values for all bubbles within a grain likely
still reflect an overall preferred aspect ratio bias. Note that if the dominantly vertical compression
is causing strain in individual grains proportional to their Schmid factor, this dependence will be
seen most clearly in grains with c-axes oriented in or near the plane of section (θ ≥ ~65°), because
these would show the true bubble elongation whereas other grains would show less elongation.
Consequently, this subset of 86 grains (SH_planar) was isolated for further study (see Table 3-2).
As expected, the bubble elongations in this subset of grains are larger than in the grains
excluded from this subset (Appendix Fig. B-12). The magnitude of these elongations suggests
that both ice deformation and diffusion are affecting bubble shape significantly, because more
strain has occurred in most grains than is recorded in the bubble shapes, as demonstrated in the
simple calculation that follows. The sample from 580 m has an approximate age of 2366 yr
before 1950; removing time in firn, and adding time from 1950 to core recovery, gives ~2265 yr.
The vertical strain rate at WAIS Divide is about 7x10-5 a-1 (modern accumulation rate of ~0.22
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mice a-1, divided by ice thickness of ~3450 m), so thinning of about 16% has occurred in the ice.
Additional strain associated with the ~10% compaction of trapped bubbles above the sample
depth may need to be added, but exactly how this strain appears has not been worked out in this
study. Because bubbles elongate about 5/3 as fast as the surrounding ice, 16% layer thinning
assuming pure shear would convert an initially spherical bubble of unit diameter to a length of
1.27 and width of 1/1.27, and thus an elongation of 1.27/(1/1.27)=1.6, and with a larger value if
the strain from compaction is important. The modal elongation is about 1.3 even in the
maximum-strain subset of grains, suggesting that diffusion is sufficiently counteracting strain in
the bubbles.
The elongation distributions of bubbles from within this smaller sub-set of grains are
shown in Fig. 3-12, plotted against their respective phi (φ) angles expressed from 0° - 90°, with 0°
equating to stratigraphic up-core (identified as φA) and 90° horizontal. If deformation of the
grains, and therefore the bubbles, is proportional to the Schmid factor as hypothesized, the
resulting plot should yield minimum elongation at 0° and 90°, with a maximum near 45°. There
is a significant amount of scatter among the individual bubbles with elongations similar for a
broad range of intermediate angles; and although there is only a weak maximum evident at 45°,
bubbles showing large elongations are not observed near both 0° and 90°, as expected if the
Schmid factor is important in deformation. To show this more clearly, bubble elongation is
plotted against Schmid factor in Fig 3-13. Elongation does increase with Schmid factor, although
much variability is present that is not explained by the Schmid factor.
As discussed by, for example, Van der Veen and Whillans (1994), many models have
been proposed for deformation in ice and other materials, including equal strain in grains and
equal stress on grains. Laboratory data (Azuma and Higashi, 1985) support the view that
deformation in a grain depends on its Schmid factor, and models based on this are successful in
simulating many aspects of c-axis-fabric development (e.g., Alley, 1988). However, the tests do
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not uniquely validate the model, and deviations from the assumptions could influence estimates
of ice hardness, the significance of observed fabrics, or other aspects of physical-properties
studies.
Bubble elongation increases with the recent rate of deformation of the surrounding ice, so
bubbles can be used as strain indicators, providing information on the deformation history of
individual grains in an ice sample. Challenges exist both in observing and interpreting the
elongations, as discussed more below, but the preliminary work here shows that there are patterns
in bubble elongation reflecting grain deformation. In particular, the increase in elongation with
Schmid factor (Fig 3-13) suggests that the strain rate in a grain increases with the resolved shear
stress on its basal plane, but the large amount of variance that is not explained by this model
suggests that a complete model of ice deformation will involve additional considerations.

3-4: Future work and considerations
As discussed previously, to more accurately analyze elongation and orientation statistics,
measurements of individual bubbles would also need to be carried out three-dimensionally, most
directly via manual u-stage investigation. These measurements would need to be done on the
bubble thick-section, before the sample is thinned for polarized grain imagery. Having discrete
measurements for each bubble’s orientation in 3-D space would eliminate observational biases
from the projection of the follow-up 2-D images. For future studies, it may also be possible to
measure orientations of bubbles in 3-D space using Light Field Camera technology, although this
type of digital imaging has thus far not been researched nor tested rigorously for this type of
application.
Measurements of this type would be time-intensive, but could be made on a smaller
number of grains; here, the data from some grains were not used in the final analysis because of
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observational biases. Using a similar approach to the bubble number-density sampling (see
chapter 2), two separate 4 cm2 sub-sections could be analyzed from each sample depth to
establish more-representative error bars and reproducibility (and to reduce processing time).
Observations would be easier on samples prepared horizontally from the ice core. Multiple
sampling depths would be required to track evolution of elongation, with at least one sample in
shallow ice (200 – 500 m), one from the peak of the brittle-ice zone (~1000-1100 m), and one
possibly just below pore close-off depth (80 – 100 m). Issues arise with stress-release cracking of
bubbles in brittle ice, and with elongations inherited from interconnected porosity in firn. In
shallower ice, relatively larger bubbles and smaller grains mean that fewer bubbles are fully
contained within grains, and those are more subject to grain-switching during grain-growth. A
depth of 580 meters was initially chosen for this study as it provided a bubble sample from ice
that has undergone sufficient strain, but was still shallow enough to be above the brittle-ice zone
(Fitzpatrick and others, 2014). Below 650 m, bubble cracking becomes more prominent, making
the measurement of elongation orientation and magnitudes more problematic and uncertain.
Below the brittle-ice zone, difficulty arises in identifying bubbles that formed during relaxation
following core recovery (Kipfstuhl and others, 2001; Pauer and others, 2007). Nucleation and
polygonization of new crystals in deeper ice further complicates the relationship between intragrain bubbles and grains, because bubble shape may change as the boundaries of the new grains
sweep past, or the bubble may retain its old shape in a new grain.
For this study, aspect ratio was the sole parameter used to identify and measure bubble
elongations. In future work, however, it would be useful to also investigate other form-factor
shape statistics. Additionally, to further test the observed bubble elongation bias, a series of
models could be run for various ranges of theta values based upon calculated trigonometric
corrections. Large sets of randomly-oriented bubbles for each value of theta could be generated
and binned based on their calculated aspect ratio correction, providing a set of predictions.
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Actual grain-bubble observations could then be compared to these established predictions to
better establish minimum bubble-per-grain thresholds that are representative of various theta
angles.

3-5: Conclusions
Using a new hybrid-analysis, image-overlay technique developed here, measured intragrain bubble elongations were compared with parent crystal orientations in a sample taken from a
depth of 580 meters in the WDC06A ice-core. C-axes were found to be slightly clustered
towards the vertical compression axis. Measured bubble aspect ratios were generally low, as
much of the strain-induced bubble elongation in WAIS Divide ice is balanced by opposing
diffusion processes. Bubbles were found to preferentially elongate on, or near to, basal planes as
expected if deformation occurs primarily by glide on basal planes. Additionally, the lowest
average elongations in planar crystals (c-axes within the observational sampling plane), were
noted in those with c-axis orientations nearly parallel or perpendicular to the vertical, as expected
if deformation depends on the Schmid factor. Assumptions related to bubble shapes and cutbubble effects were necessarily made here due to the stereological limitations. Additional
sampling is warranted to better quantify accurate error bars, overall bubble behavior statistics,
and corrections for observational biasing.

96
3-6: References
Alley, R. 1988. Fabrics in polar ice sheets: development and prediction. Science, 240(4851): 493495
Alley, R. 1992. Flow-law hypotheses for ice-sheet modeling. J. of Glaciology, 38(129): 245-256
Alley, R.B. and C.R. Bentley 1988. Ice-core analysis on the Siple Coast of West Antarctica. Ann.
Glaciology, 11: 1-7
Alley, R.B. and J.J. Fitzpatrick 1999. Conditions for bubble elongation in cold ice-sheet ice. J. of
Glaciology, 45(149): 147-153
Azuma, N. and A. Higashi 1985. Formation Processes of Ice Fabric Pattern in Ice Sheets. Ann. of
Glaciology, 6: 130-134
Bouchez, J.L. and P. Duval 1982. The Fabric of Polycrystalline Ice Deformed in Simple Shear Experiments in Torsion, Natural Deformation and Geometrical Interpretation. Textures
and Microstructures, 5(3): 171-190
Cuffey, K.M. and W.S.B. Paterson 2010. The Physics of Glaciers. Fourth edition. Oxford,
Butterworth-Heinemann
Einstein, A. 1906. Eine neue bestimmung der moleküldimensionen. Annalen der Physik, 324(2):
289-306
Fegyveresi, J.M., R.B. Alley, M.K. Spencer, J.J. Fitzpatrick, E.J. Steig, J.W.C. White, J.R.
McConnell and K.C. Taylor 2011. Late-Holocene climate evolution at the WAIS Divide
site, West Antarctica: bubble number-density estimates. J. of Glaciology, 57(204): 629638
Fitzpatrick, J.J. 1994. Preliminary report on the physical and stratigraphic properties of the Taylor
Dome ice core. Antarctic Journal of the United States, 29(5): 84-85
Fitzpatrick, J.J., D.E. Voigt, J.M. Fegyveresi, N.T. Stevens, M.K. Spencer, J. Cole-Dai, R.B.
Alley, G. Jardine, E. Cravens, L. Wilen, T.J. Fudge and J.R. McConnell 2014. Physical
Properties of the WAIS Divide Ice Core. J. of Glaciology, in review
Gay, N.C. 1968. Pure Shear and Simple Shear Deformation of Inhomogeneous Viscous Fluids .1.
Theory. Tectonophysics, 5(3): 211-234
Gow, A.J. 1968a. Bubbles and bubble pressures in Antarctic glacier ice. J. of Glaciology, 7(50):
167-182
Gow, A.J. 1968b. Deep core studies of the accumulation and densification of snow at Byrd
Station and Little America V, Antarctica. USACE Cold Regions Research and
Engineering Laboratory Res., Rep 197
Hansen, D.P. and L.A. Wilen 2002. Performance and applications of an automated c-axis icefabric analyzer. J. of Glaciology, 48(160): 159-170
Hudleston, P.J. 1977. Progressive deformation and development of fabric across zones of shear in
glacial ice. Energetics of Geological Processes, (Springer Berlin Heidelberg): pp. 121150
Jacka, T. and M. Maccagnan 1984. Ice crystallographic and strain rate changes with strain in
compression and extension. Cold Regions Science and Technology, 8(3): 269-286
Kipfstuhl, S., F. Pauer, W. Kuhs and H. Shoji 2001. Air bubbles and clathrate hydrates in the
transition zone of the NGRIP deep ice core. Geophysical Research Letters, 28(4): 591594
Pauer, F., S. Kipfstuhl, W. Kuhs and H. Shoji 2007. Classification of Air Clathrates Found in
Polar Ice Sheets. Polarforschung: 1-8
Russ, J.C. 2010. The Image Processing and Analysis Cookbook. 5th Edition. Reindeer Graphics,
Inc.

97
Russel-Head, D.S. and W.F. Budd 1979. Ice-sheet flow properties derived from bore-hole shear
measurements combined with ice-core studies. J. of Glaciology, 24(90): 117-130
Van der Veen, C.J. and I.M. Whillans 1994. Development of Fabric in Ice. Cold Regions Science
and Technology, 22(2): 171-195
Weertman, J. 1983. Creep Deformation of Ice. Annual Review of Earth and Planetary Sciences,
11: 215-240
Wilen, L.A. 2000. A new technique for ice-fabric analysis. J. of Glaciology, 46(152): 129-139

98

A

<¡

B

Y

<¡ Y
a!
3h

"

3h

¡
X

3h



¡
b

q


3h

X

Figure 3-1: Diagrams showing pure shear (A) and simple shear (B) applied to a circular particle.
Here, = pure shear natural strain; γS = unit of simple shear; δ = angle of shear; λ1 , λ2 =
major and minor semi-axes of the strain ellipse, and φ = orientation of the major semi-axis of the
ellipse with respect to the X-Y ordinate of the simple shear. The symbols λ1 and λ2 represent the
principal quadratic elongations of the strain. Dotted circles represent initial unstrained state.
€
Axial ratio of the strain ellipse is given by 2ε = ln λ1 λ2 . Figure adapted from Gay (1968).
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Figure 3-2: Four-step process used to clean, colorize, and label the VHS-580 bubble thicksection sample, shown here for a sub-section of the larger sample. In this example, the raw
bubble image (a) was first manually cleaned (b), then binarized (c), and finally colored based on
each bubble’s moment angle (ψ) (d). Additionally, longest-chord lines were drawn. Color scale
in d is the same as in Fig. 3-4.
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Figure 3-3: Final grain-boundary tracing mesh of thin-section prepared from VHS-580 sample. Over
700 unique grains were identified (see also Appendix Fig. B-4 for thin-section viewed through crosspolarizers). Stratigraphic up-core is to the left as indicated.
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#VCCMF&MPOHBUJPO

Figure 3-4: Hybrid grain-bubble mesh map showing all intra-grain bubbles from the VHS-580
sample, colored based on the orientation of the bubble moment angle (ψ) as shown in the lower right.
Stratigraphic up-core is to the left as indicated.
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Figure 3-5: As in Fig. 3-4, but with additional 3 pixel-wide chord lines drawn over each bubble for
ease of angle identification.
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Figure 3-6: Stereonet illustration of fabric conventions used in this study. The plane of the
sample is the plane of the page, and thus the circumference of the stereonet, with stratigraphic upcore to the left as indicated. The theta angle (θ) represents how far out of the plane of the sample
the c-axis of the grain is pointing. A theta value of 90° indicates a c-axis that lies on the plane of
the thin-section, while a theta value of 0° indicates a c-axis that lies perpendicular to the plane of
the sample. The phi angle (φ) represents the angle at which the c-axis lies around the horizontal
plane of the section, measured from 0 to 180 degrees. In this case, a phi value of 0° indicates a caxis pointing stratigraphic down-core, with a phi value of 180° indicating a c-axis pointing
stratigraphic up-core. Stratigraphic up-core is to the left as indicated. See also Appendix Fig. B8 for 3-dimensional representation of fabric conventions. Figure adapted from Fitzpatrick and
others (2014).
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Figure 3-7: Final c-axis overlay of VHS-580 showing the 472 measured grains used in this study.
Black arrows indicate horizontal projection angle (φ) in plane of sample for each grain. Grain colors
indicate theta (θ) angle of each grain. A value of θ = 90º indicates a c-axis lying in or parallel to the
plane of the sample. Stratigraphic up-core is to the left as indicated. The ice-flow direction for this
sample at WAIS Divide was measured to be approximately out of the plane of the section (± 5°).
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Figure 3-8: Four grains and their bubbles, hybrid bubble/grains that were individually measured.
Bubbles are colored based on their elongation-orientation moment angle (ψ), and grains are shaded
based on their c-axis theta (θ) values. Black arrows indicate c-axis horizontal rotation angle (φ), and
red arrows the calculated mean elongation-orientation moment angle for all bubbles within a grain.
Total bubble counts for each bubble are given as (n). Visual inspection shows an approximate
orthogonal relationship between (φ) and (ψ) within each grain, indicating that average bubble
elongation is along the basal plane of the grains. Here, (Δorth) represents the angle difference between
the plane normal to (φ) and the elongation-orientation moment angle (ψ); or precisely how many
degrees from orthogonal (90°) the relationship is. Stratigraphic up-core is to the left as indicated.
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Figure 3-9: Schmidt plot of c-axis data from 472 measured grains in VHS-580 sample. Plot (a)
shows the raw data using the fabric convention from Fig. 3-6, with stratigraphic up-core to the left
indicated with black arrow and red dot. Plot (b) shows the data rotated to represent a view downcore. Here, stratigraphic up-core is coming out of the page (red dot). In this view, the effects of
grain rotation are apparent in the weak clustering toward the center; as described in Fitzpatrick and
others (2014), fewer c-axes plot near (φ)=0 (the direction of ice flow) than near (φ)=90 because of
slight lateral convergence of flow.
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Figure 3-10: Histogram of measured aspect ratios (elongation) for all 3943 intra-grain bubbles (n);
bin width = 0.1. Distribution is a classic positive, right-skewed result, heavily clustered towards
lower values. The mode is approximately 1.3. The legend shows visual representations of aspect
ratios assuming all bubbles appeared as ellipses in the bubble section. Intensity of red-shading
correlates with bin bubble counts.
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Figure 3-11: Plot of adjusted bubble-orientation angle (ψA) vs. c-axis horizontal rotation angle (φ) for
148 measured sample sub-set (SH) of VHS-580. Small data points indicate all 2377 individual
bubbles measured; larger, colored data points indicate average values per measured grain. Fill colors
reflect associated theta (θ) values for each grain. The error bars are measured standard deviation (1σ)
for all bubbles within each grain. Linear regression (black solid line) yields an R2 of ~0.955 and falls
slightly above the line indicating a true basal plane correlation (red dotted line). This offset indicates
that bubbles aren’t fully rotated yet at this depth, and have not entirely elongated along basal planes.
Histogram inset (bin width = 2°) shows right-skewed distribution of the (ψA- φ) offset angles for each
bubble (shown as absolute values), which confirms that over 75% of all bubbles are elongated within
20° of the basal plane. Effects of pixelization and cut-bubbles were ignored. (See Appendix Fig. B10 for raw-data equivalent plot).
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Figure 3-12: Bubble elongation (aspect ratio) distributions plotted against their respective adjusted phi
(φA) angles for all 86 grains identified as being within 25° of the visual plane (SH_planar) of the sample
(θ ≥ 65°). All phi angles were normalized to adjusted values between 0° - 90°, with 0° equating to
stratigraphic up-core as indicated. Minor data points (blue) indicate individually measured bubbles,
while major data points (orange) indicate mean values. The error bars are measured standard deviation
(1σ) for all bubbles within each grain. Large scatter exists across the data set and elongations are
similar for a broad range of intermediate angles, however minima in overall elongation distributions
do appear evident at 0° and 90° as predicted. A distinct maximum is not present at 45°; however, there
appear to be two less prominent maxima at both ~15° and ~65°.
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Figure 3-13: Bubble elongation (aspect ratio) distributions plotted against their respective adjusted
Schmid factor for all 86 grains identified as being within 25° of the visual plane (SH_planar) of the
sample (θ ≥ 65°). As with Fig. 3-12, all phi angles were normalized to adjusted values between 0° 90°, with 0° equating to stratigraphic up-core as indicated, and then converted to respective Schmid
factor using Eq. 3-1. Plotted in this view, a minimum is apparent at 0 (which equates to phi angles
near 0° and 90°). A more distinct maximum and distribution is also now present at Schmid factors
near 0.50 (which equates to phi angles near 45°). The linear trend reveals positive increasing slope of
0.25.
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Table 3-1: Data for 148 measured sample sub-set (SH) from sample VHS-580.
Grain
Number
(#)
1
3
11
18
22
24
26
31
33
37
43
48
50
52
53
56
58
62
64
65
66
70
71
73
77
82
91
97
100
105
107
115
119
120
122
129
130
131
133
135
138
140
145
152
154
155
159
180
181
191
196
197
199
203

Mean Adjusted
Bubble Orientation
Moment Angle (±
90°)
(ψA°) – (0° - 180°)
292.91 ± 15.63
47.62 ± 21.06
258.27 ± 16.86
306.45 ± 15.45
321.6 ± 33.35
323.51 ± 19.29
11.96 ± 5.05
301.87 ± 14.88
206.96 ± 7.97
184.16 ± 37.77
127.73 ± 51.99
208.76 ± 15.36
351.1 ± 6.57
286.1 ± 37.24
161.12 ± 39.31
29.52 ± 20.72
168.63 ± 13.48
102.66 ± 20.56
329.09 ± 19.28
44.25 ± 12.36
205.11 ± 22.77
143.63 ± 34.68
251.39 ± 6.82
333.52 ± 15.05
41.65 ± 12.86
178.04 ± 14.28
364.91 ± 20.74
174.9 ± 32.78
190.93 ± 15.61
69.25 ± 6.02
180.16 ± 28.41
349.61 ± 6.86
347.03 ± 20.46
221.21 ± 11.04
69.66 ± 17.79
208.89 ± 22.19
25.86 ± 17.53
311.21 ± 32.22
296.64 ± 28.15
21.87 ± 27.5
329.33 ± 28.63
44.37 ± 9.17
237.39 ± 20.74
152.85 ± 28.22
286.7 ± 12.68
326.77 ± 24.69
77.41 ± 21.13
174.3 ± 40.43
12.74 ± 38.75
129.56 ± 18.93
377.54 ± 19.27
113.07 ± 31.76
101.12 ± 25.75
341.52 ± 19.1

C-axis
Horizontal
Rotation Angle

C-axis Vertical
Orientation
Angle

Average
Aspect Ratio

(φ°) – (0-360°)

(θ°) – (0-90°)

(L/B)

286.15
28.83
255.62
303.55
298.13
313.12
12.13
294.30
202.70
184.21
120.20
200.72
345.01
278.26
138.09
22.73
170.58
82.01
295.54
40.73
200.55
112.22
253.34
327.68
25.96
162.19
350.14
168.39
193.72
66.38
166.05
346.55
340.82
219.17
60.42
234.93
11.10
307.35
297.61
7.38
321.22
47.73
226.20
139.51
272.39
309.25
84.98
168.50
19.03
124.10
356.32
118.03
96.00
349.95

61.44
70.70
60.96
70.53
73.67
84.14
90.12
69.03
85.90
88.63
85.05
65.02
72.20
61.92
50.27
53.64
85.48
64.01
71.23
62.76
57.80
45.30
87.20
63.12
31.15
38.37
76.27
54.80
80.20
88.98
68.67
72.76
51.07
75.70
76.83
72.22
68.67
44.78
49.75
88.26
61.82
62.86
59.61
52.16
61.68
76.05
45.04
90.56
39.32
68.74
86.36
60.02
77.19
62.10

1.366 ± 0.167
1.544 ± 0.327
1.545 ± 0.374
1.427 ± 0.171
1.331 ± 0.127
1.323 ± 0.199
1.464 ± 0.202
1.807 ± 0.454
1.432 ± 0.256
1.373 ± 0.214
1.397 ± 0.237
1.404 ± 0.232
1.745 ± 0.539
1.496 ± 0.332
1.562 ± 0.423
1.471 ± 0.226
1.533 ± 0.191
1.566 ± 0.247
1.453 ± 0.417
1.774 ± 0.266
1.387 ± 0.311
1.373 ± 0.289
1.371 ± 0.164
1.356 ± 0.113
1.364 ± 0.157
1.357 ± 0.219
1.372 ± 0.312
1.526 ± 0.511
1.709 ± 0.272
1.512 ± 0.341
1.556 ± 0.306
1.670 ± 0.387
1.425 ± 0.245
1.526 ± 0.263
1.751 ± 0.437
1.476 ± 0.178
1.731 ± 0.415
1.387 ± 0.202
1.562 ± 0.277
1.510 ± 0.306
1.498 ± 0.296
1.783 ± 0.467
1.613 ± 0.475
1.485 ± 0.167
1.380 ± 0.237
1.597 ± 0.438
1.393 ± 0.210
1.458 ± 0.251
1.459 ± 0.217
1.382 ± 0.158
1.544 ± 0.330
1.480 ± 0.516
1.389 ± 0.143
1.635 ± 0.331
Continued…
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Table 3-1 (continued): Data for 148 measured sample sub-set (SH) from sample VHS-580.
Grain
Number
(#)
205
206
210
214
219
222
227
233
235
244
245
254
261
262
263
267
274
289
290
294
299
301
305
312
313
317
318
320
323
327
330
334
335
337
339
341
343
344
345
346
347
348
349
362
366
368
374
378
382
384
391
401
403
406

Mean Adjusted
Bubble Orientation
Moment Angle (±
90°)
(ψA°) – (0° - 180°)
62.55 ± 33.93
236.84 ± 35.25
133.14 ± 5.7
171.5 ± 22.96
357.41 ± 32.31
369.95 ± 17.06
300.48 ± 24.94
209.14 ± 10.85
188.16 ± 31.24
196.18 ± 25.85
211.69 ± 14.41
31.36 ± 52.16
71.19 ± 16.86
27.77 ± 22.09
81.08 ± 34.8
276.49 ± 22.88
233.8 ± 21.3
313.68 ± 10.29
354.69 ± 38.5
29.09 ± 19.75
169.65 ± 9.48
202.76 ± 26.25
359.09 ± 24.1
50.92 ± 12.36
363.72 ± 34.4
121.98 ± 5.05
176.69 ± 6.87
289.91 ± 8.75
38.13 ± 40.55
160.16 ± 15.75
288.49 ± 7.54
257.09 ± 58.41
220.82 ± 13.48
46.45 ± 27.71
375.61 ± 22.52
262.49 ± 31.02
266.23 ± 29.47
221.08 ± 58.01
279.52 ± 58.51
100.69 ± 11.09
138.09 ± 27.46
173.38 ± 56.72
28.55 ± 33.68
312.95 ± 31.03
156.15 ± 22.87
180.06 ± 9.5
124.1 ± 35.98
19.16 ± 8.18
150.16 ± 30.26
107.57 ± 9.21
112.23 ± 44.13
139.92 ± 14.9
339.95 ± 21.33
285.36 ± 7.96

C-axis
Horizontal
Rotation Angle

C-axis Vertical
Orientation
Angle

Average
Aspect Ratio

(φ°) – (0-360°)

(θ°) – (0-90°)

(L/B)

54.91
246.53
129.25
176.28
364.35
356.32
293.22
214.39
163.41
177.49
207.80
43.05
87.52
27.42
80.22
277.21
241.97
312.12
355.79
19.55
168.37
205.97
339.57
43.46
356.40
121.34
173.04
287.84
51.65
146.90
281.27
266.22
217.51
42.88
359.70
270.38
275.11
218.42
261.65
88.59
135.25
166.64
7.02
277.55
147.25
174.97
148.68
15.29
145.82
99.81
146.24
148.03
320.49
273.95

48.51
63.49
89.05
87.95
61.34
84.05
72.16
45.90
41.74
32.26
78.42
67.15
36.67
61.10
36.04
84.40
62.06
65.87
83.19
77.57
82.13
58.77
88.94
57.49
87.59
70.39
87.07
66.81
47.59
69.55
81.89
21.68
86.11
88.35
83.21
65.20
75.89
86.07
69.20
49.74
45.94
73.87
46.83
45.01
60.45
89.24
77.54
80.91
44.59
62.75
29.31
71.97
70.01
49.16

1.515 ± 0.306
1.856 ± 0.471
1.450 ± 0.212
1.468 ± 0.289
1.243 ± 0.169
1.547 ± 0.464
1.611 ± 0.394
1.480 ± 0.168
1.661 ± 0.620
1.569 ± 0.271
1.705 ± 0.317
1.333 ± 0.146
1.494 ± 0.292
1.623 ± 0.548
1.423 ± 0.154
1.64 ± 0.4260
1.509 ± 0.205
1.765 ± 0.531
1.315 ± 0.123
1.497 ± 0.299
1.677 ± 0.543
1.412 ± 0.229
1.559 ± 0.464
1.475 ± 0.309
1.423 ± 0.217
1.471 ± 0.168
1.436 ± 0.115
1.639 ± 0.485
1.251 ± 0.082
1.673 ± 0.486
1.378 ± 0.131
1.265 ± 0.119
1.527 ± 0.356
1.479 ± 0.182
1.521 ± 0.267
1.557 ± 0.308
1.451 ± 0.299
1.369 ± 0.178
1.345 ± 0.171
1.515 ± 0.231
1.345 ± 0.171
1.355 ± 0.171
1.368 ± 0.190
1.618 ± 0.539
1.431 ± 0.200
1.537 ± 0.325
1.561 ± 0.365
1.448 ± 0.169
1.429 ± 0.375
1.560 ± 0.419
1.377 ± 0.190
1.491 ± 0.127
1.628 ± 0.345
1.799 ± 0.330
Continued…
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Table 3-1 (continued): Data for 148 measured sample sub-set (SH) from sample VHS-580.
Grain
Number
(#)
417
419
420
422
424
426
427
431
433
435
437
447
458
459
467
478
484
486
489
493
494
496
499
501
504
505
508
513
517
524
526
534
535
536
553
554
555
558
559
560

Mean Adjusted
Bubble Orientation
Moment Angle (±
90°)
(ψA°) – (0° - 180°)
54.39 ± 41.52
15.54 ± 10.83
22.72 ± 9.14
11.66 ± 10.97
337.96 ± 13.25
231.66 ± 56.48
273.78 ± 30.36
120.45 ± 20.56
57.45 ± 10.92
192.89 ± 16.55
50.22 ± 15.96
97.08 ± 11.92
71.1 ± 5.3
138.18 ± 36.65
357.65 ± 10.64
364.35 ± 14.05
214.55 ± 18.95
101.76 ± 16.95
30.61 ± 9.04
292.47 ± 24.04
178.15 ± 11.11
139.2 ± 15.25
168.94 ± 14.02
196.61 ± 15.97
178.06 ± 8.65
327.01 ± 21.78
342.47 ± 12.48
191.56 ± 9.24
135.1 ± 9.33
138.7 ± 9.96
17.03 ± 14.51
141.8 ± 12.94
343.38 ± 7.89
70 ± 9.34
281.47 ± 10.08
73.05 ± 6.19
29.98 ± 29.58
12.01 ± 14.68
328.36 ± 17.47
311.67 ± 17.75

C-axis
Horizontal
Rotation Angle

C-axis Vertical
Orientation
Angle

Average
Aspect Ratio

(φ°) – (0-360°)

(θ°) – (0-90°)

(L/B)

56.76
13.02
20.43
7.82
335.40
222.04
267.12
131.83
57.80
184.25
67.41
92.36
69.21
139.25
358.70
356.44
222.85
91.66
24.65
282.07
176.87
117.92
159.72
192.35
158.41
313.85
347.44
183.66
128.87
127.86
25.22
123.76
340.84
67.38
269.25
65.39
32.94
9.65
311.99
293.70

80.68
88.26
89.49
40.46
72.39
62.54
62.56
49.53
89.55
85.32
53.87
76.88
88.60
56.40
63.64
82.79
79.09
70.93
76.85
70.15
87.97
81.41
74.95
53.20
59.46
63.38
49.94
76.62
77.31
84.21
85.55
67.35
83.43
83.25
86.97
34.04
81.52
51.06
53.20
80.82

1.406 ± 0.313
1.578 ± 0.429
1.534 ± 0.268
1.577 ± 0.493
1.761 ± 0.497
1.639 ± 0.406
1.494 ± 0.287
1.472 ± 0.267
1.409 ± 0.271
1.521 ± 0.338
1.356 ± 0.256
1.347 ± 0.197
1.612 ± 0.290
1.452 ± 0.364
1.417 ± 0.167
1.555 ± 0.254
1.592 ± 0.290
1.583 ± 0.572
1.444 ± 0.154
1.466 ± 0.371
1.466 ± 0.195
1.338 ± 0.164
1.503 ± 0.230
1.457 ± 0.282
1.448 ± 0.353
1.393 ± 0.231
1.801 ± 0.356
1.383 ± 0.215
1.515 ± 0.313
1.565 ± 0.316
1.400 ± 0.109
1.717 ± 0.381
1.747 ± 0.470
1.556 ± 0.371
1.426 ± 0.197
1.402 ± 0.128
1.532 ± 0.262
1.413 ± 0.147
1.611 ± 0.256
1.497 ± 0.325
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Table 3-2: Data for 86 measured sample sub-set (SH_planar) from sample VHS-580.
Grain
Number

Adjusted C-axis
Horizontal
Rotation Angle

Aspect Ratio

Grain
Number

Adjusted C-axis
Horizontal
Rotation Angle

Aspect Ratio

(#)

(φA°) – (0-90°)

(L/B)

(#)

(φA°) – (0-90°)

(L/B)

3
18
22
24
26
31
33
37
43
48
50
58
64
71
91
100
105
107
115
120
122
129
130
135
155
180
191
196
199
210
214
222
227
245
254
267
289
290
294
299
305
313
317

28.83
56.45
61.87
46.88
12.13
65.70
22.70
4.21
59.80
20.72
14.99
9.42
64.46
73.34
9.86
13.72
66.38
13.95
13.45
39.17
60.42
54.93
11.10
7.38
50.75
11.50
55.90
3.68
84.00
50.75
3.72
3.68
66.78
27.80
43.05
82.79
47.88
4.21
19.55
11.63
20.43
3.60
58.66

1.544 ± 0.327
1.427 ± 0.171
1.331 ± 0.127
1.323 ± 0.199
1.464 ± 0.202
1.807 ± 0.454
1.432 ± 0.256
1.373 ± 0.214
1.397 ± 0.237
1.404 ± 0.232
1.745 ± 0.539
1.533 ± 0.191
1.453 ± 0.417
1.371 ± 0.164
1.372 ± 0.312
1.709 ± 0.272
1.512 ± 0.341
1.556 ± 0.306
1.670 ± 0.387
1.526 ± 0.263
1.751 ± 0.437
1.476 ± 0.178
1.731 ± 0.415
1.510 ± 0.306
1.597 ± 0.438
1.458 ± 0.251
1.382 ± 0.158
1.544 ± 0.330
1.389 ± 0.143
1.450 ± 0.212
1.468 ± 0.289
1.547 ± 0.464
1.611 ± 0.394
1.705 ± 0.317
1.333 ± 0.146
1.640 ± 0.426
1.765 ± 0.531
1.315 ± 0.123
1.497 ± 0.299
1.677 ± 0.543
1.559 ± 0.464
1.423 ± 0.217
1.471 ± 0.168

318
320
327
330
335
337
339
341
343
344
345
348
368
374
378
401
403
417
419
420
424
433
435
447
458
478
484
486
489
493
494
496
499
513
517
524
526
534
535
536
553
555
560

6.96
72.16
33.10
78.73
37.51
42.88
0.30
89.62
84.89
38.42
81.65
13.36
5.03
31.32
15.29
31.97
39.51
56.76
13.02
20.43
24.60
57.80
4.25
87.64
69.21
3.56
42.85
88.34
24.65
77.93
3.13
62.08
20.28
3.66
51.13
52.14
25.22
56.24
19.16
67.38
89.25
32.94
66.30

1.436 ± 0.115
1.639 ± 0.485
1.673 ± 0.486
1.378 ± 0.131
1.527 ± 0.356
1.479 ± 0.182
1.521 ± 0.267
1.557 ± 0.308
1.451 ± 0.299
1.369 ± 0.178
1.345 ± 0.171
1.355 ± 0.171
1.537 ± 0.325
1.561 ± 0.365
1.448 ± 0.169
1.491 ± 0.127
1.628 ± 0.345
1.406 ± 0.313
1.578 ± 0.429
1.534 ± 0.268
1.761 ± 0.497
1.409 ± 0.271
1.521 ± 0.338
1.347 ± 0.197
1.612 ± 0.290
1.555 ± 0.254
1.592 ± 0.290
1.583 ± 0.572
1.444 ± 0.154
1.466 ± 0.371
1.466 ± 0.195
1.338 ± 0.164
1.503 ± 0.230
1.383 ± 0.215
1.515 ± 0.313
1.565 ± 0.316
1.400 ± 0.109
1.717 ± 0.381
1.747 ± 0.470
1.556 ± 0.371
1.426 ± 0.197
1.532 ± 0.262
1.497 ± 0.325
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Chapter 4

Surface feature formation, evolution, and preservation at the WAIS Divide
site, West Antarctica: an integrated surface, snow pit, and ice core study

Abstract
Observations at the WAIS Divide site show that near-surface snow is strongly altered by
weather-related processes, such as strong winds and temperature fluctuations, producing features
that are recognizable in the ice core. Prominent reflective “glazed” surface crusts develop quite
frequently at the WAIS Divide site during summer seasons. Summertime surface observations
made in this study from 2008-2013, supplemented by Automated Weather Station (AWS) data
with insolation sensors, revealed that such crusts formed during relative low-wind, low-humidity,
clear-sky periods with intense daytime sunshine. After formation, such glazed surfaces typically
developed cracks in a polygonal pattern with few-meter spacing, likely from thermal contraction
at night. Cracking was commonest when several clear days occurred in succession, and was
generally followed by surface hoar growth. Vapor escaping through the cracks during sunny days
may have contributed to the high humidity that favored nighttime formation of surface hoar;
temperature and radiation observations showed that solar heating often warmed the near-surface
snow above the air temperature, contributing to mass transfer favoring crust formation and then
surface hoar formation. Subsequent investigation of the WDC06A deep ice core revealed that
preserved surface crusts (often “bubble-free”) were seen in the core at an average rate of ~4.3 ± 2
yr-1. They are about 40% more common in layers deposited during summers than during winters.
Although no one has been on-site to observe crust formation during winter, it may be favored by
greater wintertime wind-packing from stronger peak winds, large meteorologically-forced
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temperature changes reaching as high as -15°C in midwinter, and perhaps longer intervals of
surface stability.

Snow-pit observations reveal, regular and evenly-distributed accumulation

throughout the year, with rates (~0.22 m a-1ice) consistent with those measured in the core. Recent
Special Sensor Microwave/Imager (SSM/I) brightness data were also evaluated for the site, and
were determined to be a viable proxy for surface temperatures at WAIS Divide using a modeled
emissivity curve as well as a valid method for roughly approximating the existence of surface
hoar (despite coarse resolution).

4-1: Introduction and background
Summertime field observations at the WAIS Divide site in West Antarctica reveal an
active surface. Here, I carried out an in-depth investigation on-site, over five consecutive austral
summer field seasons (from 2008 through 2013), which showed that the formation of distinct
glazed crusts and surface hoar crystals was quite common (see Fig. 4-1). My overall site
investigation involved daily observations of surface evolution, shallow snow-pit studies with a 2m pit at least once/year, insolation energy measurements, and near-surface temperature profiling.
Observations and measurements were also supplemented with on-site automated weather station
(AWS) and passive SSM/I microwave satellite data, as well as physical properties observations
made of the WDC06A ice core during primary core processing at the National Ice Core
Laboratory (NICL) in Denver.
The ice-air interface in polar environments is constantly evolving (Gow, 1965; Gow,
1969; Weller, 1969; Gallet and others, 2014). This surface metamorphism (Colbeck, 1982;
Colbeck, 1983; Cuffey and Paterson, 2010) affects the size, shape and arrangement of
crystals/grains and pores, and bulk firn properties such as density, thermal conductivity and
albedo (e.g., Fukuzawa and Akitaya, 1993; Raynaud and others, 2007; Sommerfeld, 1983). The
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observed changes are influenced by air temperature, wind, radiation, and other meteorological
variables (e.g., Severinghaus and Battle, 2006; Colbeck, 1989a; Clarke and Waddington, 1991).
Properties obtained at the near-surface, including layering, are often at least partially preserved
through the bubble-trapping process (e.g., Alley and others, 1997), and so impact bubble
characteristics and trapped-gas records
The “standard model” of firn stratification (Sorge, 1935; Benson, 1962; Gow, 1965;
Alley, 1988) asserts that coarse-grained, low-density hoar layers form near the snow surface
during late summer and autumn when colder air overlies a warmer surface, causing upward vapor
transport from the near-surface firn. Then, during the winter, fine-grained, high-density “wind
slabs” are deposited above hoar layers in strong winds. This couplet of late-summer hoar and
winter wind-slab is then generally interpreted as a single year.
The role of crusts in this general picture has long been unclear; they are sometimes highly
useful in identifying annual layers (e.g., Palais and others, 1982; Gow, 1968), but other times not
so easily applicable (Alley, 1988). Crusts pose special problems at the WAIS Divide site because
they are so common, and although they are more common in summertime deposits, they are
found in firn that accumulated during all seasons.
Following earlier work and findings by Colbeck (1989b) and Alley and others (1990),
Gallet and others (2014) recently described several possible regimes for water vapor exchange as
a function of environmental conditions. Their measurements and modeling of surface evolution
at the Dome C site in East Antarctica show clearly that water vapor exchanges between the snow
surface and the atmosphere take place in both directions, and that the air-surface interface is
dynamic. This is especially true at night, when radiative cooling causes the air to become
supersaturated, the surface cools more than the air, and downward water vapor fluxes often lead
to the formation of “depositional hoar crystals”; at other times including during the day and cool
evenings when the near-surface snow (0-50 cm depth) is warmer than the air above, condensation
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at the surface from upward vapor fluxes leads to the growth of “sublimation hoar crystals”. A
large vertical temperature gradient is essential for this type of hoar formation, as it drives the
movement of molecules from warmer layers below, up to the cold surface, where the vapor
deposits from below as hoar crystals (Benson, 1962; Alley and others, 1990).
From observations alone, it is unlikely that there is a large measureable difference in
appearance between these two hoar “types” as described by Gallet and others (2014), and they
almost surely overlap in some, and probably most cases. Observations and inspection of
temperature profiles at WAIS Divide indicates that the site shares the complexity of having times
with mass loss from snow to air, mass gain to snow from air, and times when a surface hoar gains
mass from a layer beneath (see also Alley and others, 1997). Because of the likelihood that hoar
layers include elements of “depositional hoar crystals” and “sublimation hoar crystals” as defined
by Gallet and others (2014), no distinction is drawn in the subsequent discussion (see also Gow,
1965; Weller, 1969; Orheim, 1966). To avoid further confusion, I also avoid the use of the
general term “frost”. Similarly, the term “glaze” refers only to reflective crusts observed on the
surface during summertime observations.
The primary motivation for this study was to investigate conditions surrounding the
formation of various surface and ice-core features at WAIS Divide, with a focus on the observed
glazed crusts and their relationship to the documented crusts that were regularly observed
throughout the bubbly-ice zone (120 – 560 m) of the WDC06A ice core. I hypothesize that the
multi-directional flux of vapor discussed above can also lead to the formation of these observed
summertime glazed crusts depending on the additional input from solar energy and changes in
ambient humidity. During conditions of decreasing downward vapor flux, the surface likely
switches from net growth to net loss, which in turn may lead to conditions conducive to forming
these observed glazed crusts (discussed further in section 4-3). An additional focus of this study
was to map snow-pit walls in detail to investigate annual and seasonal stratigraphy, in order to
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evaluate trends in near-surface snow density, analyze accumulation rates and patterns, and verify
the efficacy of various SSM/I dating techniques.

4-2: Methods, observations, and data

4-2-1: Snow-pit observations and data
Shallow snow-pit mapping an analysis has historically been a useful and relatively easy
way to study the near-surface firn in polar environments (e.g., Alley, 1988; Alley and others,
1990; Shuman and others, 1993; Das and others, 2002; Benson, 1962). Most commonly, shallow
snow pits are constructed in order to study very-recent climatological or accumulation changes at
a site, or to better quantify annual and seasonal stratification, and the preservation of various
surface features such as crusts or hoar layers, as well as to provide samples for isotopic and
chemical studies of air-snow interactions and ice-core calibrations.
During each austral summer field campaign at the WAIS Divide site from the 2008-09
through the 2012-13 seasons, 2-meter back-lit snow pits were dug within a 1 km radius of the
primary ice-core drilling facility, sited to avoid regions disturbed by camp operations or the “drift
tail” of enhanced accumulation downwind of the camp. These pits were prepared using the lightpit method pioneered by Benson (1962) and Koerner (1971) and then expanded upon by Alley
(1988). Each pit consisted of a front sampling and observation pit, as well as a rear “back-lit” pit,
separated by a thin (~0.5 meter thick) wall. Once excavated, plywood sheets were used to cover
the observation pit only, leaving the rear back-lit pit open. This allowed for illumination of the
separating wall within the darkened observation pit, through the transmission of ambient light
(see Appendix Fig. C-1 for pit schematic). Overall layer stratigraphy and preserved features (e.g.
crusts and hoar layers) were easily identifiable and map-able once inside the covered observation
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pit (e.g., Fig. 4-2 and Introduction Fig. 1-1). In addition, high-resolution supplemental
photography was possible using a stationary tripod setup and high (> ¼ s) exposure time settings.
All documented pit wall thin-surfaces were prepared in parallel with the prevailing wind direction
at WAIS Divide (approximately north-south) such that the primary wind direction went from
right-to-left along the pit wall.
Strong layering and density contrast were observed in all pits, as well as many instances
of crusting, hoar, and cross-bedding. Annual signals were identifiable, but subannual and
interannual variations were also prominent. Similar to the observations made by Alley (1988) at
other sites in Antarctica, sequences of strata at WAIS Divide here typically showed lateral
continuity over 2 m scales, although with some variation. Many graded beds were also present,
likely indicative of changes during a specific storm event or primarily before the next storm. This
was later confirmed on-site with accumulation stakes and measurements following specific large
storm events (see also Koffman and others, 2014; Criscitiello and others, 2014).
The snow pits from the 2008-09, 2009-10, and 2010-11 seasons at WAIS Divide were
mapped here in greatest detail, and their complete pit-wall maps are shown in Fig. 4-3. Complex
stratigraphy and density variations are clearly discernible, and illustrate the variability within 1
km of each other at WAIS Divide in contiguous years. This is likely indicative of the influence
of complex processes of deposition and diagenesis, with frequent occurrences of depositional and
erosional features (sastrugi, whalebacks, wind scoops, hollows, etc.). I chose annual layers in the
pit maps based upon visual inspection in the field, subsequent examination of photographs of the
pits, and overall trends in measured densities (see Introduction Fig. 1-1), as well as oxygen
isotope ratios (δ18O) and passive-microwave data in specific cases (discussed later).
I measured pit bulk densities using 100 cm3 stainless-steel, box-type cutters (e.g., Conger
and McClung, 2009) and a digital scale accurate to 1 gram. Density samples were taken in all
five concurrent seasons’ pits in duplicate, at ~5 cm intervals, from the pit side-wall (so as not to
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disturb the back-lit wall). These duplicates were then averaged together for final values (Table 41). Samples measured in the 2008-09 pit were taken with regards to marked strata, and therefore
at a slightly higher frequency. Density measurements from pits of all five seasons yielded an
average density of 386.6 ± 3.2 kg m-3 for the upper 2 meters of firn (Fig. 4-4), all with a nearly
identical linear trend-line slope of ~0.4 kg m-3 cm-1 with depth.
Seasonal interpretations of all five pits indicated an average of ~3.75 years of
accumulation recorded over the 2 meter depths, which yields an average of ~0.53 m a-1 of
accumulation at the average pit snow-density. Converted to water-equivalent, this becomes ~0.20
m a-1w.e. (or ~0.22 m a-1ice). These values agree closely with recently published values (Fudge and
others, 2013; Banta and others, 2008; Burgener and others, 2013)
I documented obvious crusts and hoar layers for each snow pit. Average crust prevalence
across the five pits, for the full 2 meter depths, was ~18.8 ± 2.5 (±1σ)(or approximately 5 crusts
per year). Measured overall crust thicknesses ranged from 1 – 5 mm, but with most appearing
either very thin (1-grain thick; ~1 mm), or very thick (≥ 4 mm). There were no evident
observable differences in crust appearance or physical properties within the pit walls, other than
thickness, although thin sections were not prepared or analyzed. All crusts had densities
estimated over 400 kg m-3. From visual inspection alone within the 2-meter pits, crusts formed
preferentially during summer and fall months (see also Fig. 4-5). Due to the shallow pit depths
and small sample sizes, however, this was essentially a qualitative observation and further
motivated an investigation of crust prevalence within the full WDC06A deep core (see next
section).
I noted hoar layers in all pits, occurring preferentially in summer and fall layers, although
a few appeared to be within identified winter layers. In many cases these layers were seen
immediately below a visible crust. Together, these observations agree at least in part with the
“standard model” of firn stratification (Sorge, 1935; Benson, 1962; Gow, 1965). They also
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support the additional findings of Alley (1988), that crust/hoar couplets aren’t necessarily
indicative of summer-to-winter transitions, and more than likely develop in low-density layers
formed during low-wind snowfall or from a preservation of a surface-hoar. This is especially true
at high-accumulation sites such as WAIS Divide or GISP2 in Greenland where multiple
depositional events occur during a season. The greater frequency of occurrence of hoar
complexes in summer also corroborates the finding that late-summer and autumn snow undergoes
more diagenetic mass loss than winter snow (Alley, 1988; Palais and others, 1982; Colbeck,
1989b). Lastly, some hoar layers were observed without crusts, and some crusts without hoar
layers, even during winter months.
One pit (2008-09-A) was studied here in even greater detail than the others, to better
quantify its annual stratigraphy, and to test the efficacy of using Special Sensor
Microwave/Imager (SSM/I) passive-microwave data in combination with δ18O stable isotope
ratios to estimate the timing of accumulation during the year. Snow-pit stable δ18O isotope ratios
record temperature when snow falls. Matching subannual features of this isotopic temperature
record to the same features as recorded in the SSM/I 37GHz brightness temperature data places
time-lines in the firn, providing estimates of the distribution of accumulation through the year at
dry firn sites (Shuman and others, 1995b; Shuman and others, 1998). Calibrating the SSM/I data
to the AWS at the site provides an estimate of the emissivity cycle, which can be used with
SSM/I data from before the AWS was installed to extend the record of site temperatures. See
Table 4-2 for full 2008-09-A pit data.
Here, stable isotope samples were taken from the pit front-wall with regards to strata
once mapping was completed, at an average resolution of ~4 cm. Samples were taken using the
100 cm3 box cutter and then melted and analyzed via standard CO2 equilibration techniques with
a Micromass Multiprep device, coupled to a stable isotope ratio analysis (SIRA) mass
spectrometer (± 0.05‰) at the University of Maine’s Climate Change Institute (Osterberg and
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others, 2006). Data are reported in delta (δ) notation relative to standard mean ocean water
(SMOW).
The passive-microwave data used here were an acquired sub-set from the U.S. National
Snow and Ice Data Center’s (NSIDC) publicly available FTP site. Polar stereo SSM/I brightness
temperatures (TB) were compiled from the daily-averaged 37GHz (0.81 cm wavelength),
vertically-polarized data (V). Due to the bracketed dates represented by the 2008-09 snow pit,
data from both the F13 and F17 SSM/I satellite platforms were used in this analysis (Maslanik
and Stroeve, 2012). Grid-cell resolution for the 37 GHz data is 25 x 25 km, and the pixel used
here was 343 x 318 (row x column). Data used had undergone quality control to remove null
values, and measurement accuracy of brightness temperatures for the SSM/I channels is ± 2 K
(Hollinger and others, 1990).
Direct visual comparisons were made between the isotope, SSM/I brightnesstemperature, density, and visual stratigraphy records from the approximate equivalent depth
interval for the 2008-09-A pit (see Fig. 4-5). Subannual fluctuations observed in the SSM/I
temperature history are also evident in the δ18O stable isotope record. Nine match points were
identified based on obvious peaks, troughs, and inflection points. These show that accumulation
occurs frequently and regularly throughout the entire year. The SSM/I data also confirm that both
crusts and hoar layers form preferentially in the summers but also form more rarely during the
winter. To assess the role of summertime solar heating of the surface for the higher incidence of
hoar and crust formation, near-surface firn temperatures as well as solar energy fluxes were later
measured with instruments deployed on-site; this is discussed in detail in subsequent sections 4-23 and 4-2-4.
In Fig. 4-5, note that depths were not converted to water-equivalent. This was done so
that a direct and uncorrected visual comparison of the isotope record to the mapped pit wall could
be shown. The SSM/I data are shown on an independent linear time axis with a date of
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December 31, 2008 linked to the surface. Thus, due to the slight compaction of the firn in the
upper 2 meters, identified match-point trend-lines slightly skew with depth as expected. Due to
the high vertical resolution of the method, many sub-annual “anomalous” isotopic and brightness
events were also revealed. Most notably, these occurred in late-winter and early-summer and are
observed as “warm bumps” within both temperature records. Specifically, these features are
noted in Fig. 4-5 by match points 2, 4, 7, and 9. The timing of these events is markedly different
from the secondary warm periods observed by Shuman and others (1995b) in Greenland that
occurred in late-summer and early-winter. In this study, the late-winter “warm” periods seem to
agree with findings from Steig and others (2009) and Das and others (2002), and may indicate
changes in atmospheric circulation and cyclonic flow patterns, and winter sea-ice anomalies off
of the coast in the area of the Amundsen-Bellingshausen sea.
Further work was also done here following the technique developed by Shuman and
others (1995a; 1998) to validate the use of SSM/I vertical brightness temperatures (TB) as
independent estimates of local surface temperatures at WAIS Divide. Using a Rayleigh-Jeans
approximation (Zwally, 1977; Hall and Martinec, 1985), I calculated emissivity values using the
SSM/I 37GHz F17 vertical brightness temperatures (TB) and the following equation:
(4-1)
where known near-surface air temperatures (TS) were measured at WAIS Divide by the
Kominko-Slade Automated Weather Station (Lazzara and others, 2012). The AWS instrument
specifics and errors are listed in Appendix Table C-1. A continuous 17-month interval of data
was used in the above calculation (1-Feb-2009 : 1-Jul-2010), and a sinusoidal curve was fitted to
the resultant emissivity curve, with a period of 365.25 days, using the fitting tool in Simulink’s
Matlab software. The results are shown in Fig. 4-6. To validate this technique, and the use of
SSM/I brightness data as an independent indicator of surface temperature, the calculated

125
emissivity values obtained were then used (based on day of the year) in Eq. 4-1, with additional
SSM/I 37GHz F17 vertical brightness temperature data intervals, to estimate values of TS. This
was done for a 7 month interval spanning (1-Feb-2008 : 1-Sep-2008) and a 9 month interval
spanning (1-Jul-2010 : 1-Apr-2011). For both intervals, estimated values for TS matched closely
the equivalent smoothed values measured by the Kominko-Slade AWS (see Fig. 4-7), validating
the empirical use of SSM/I brightness temperatures (TB) to estimate past surface temperatures at
WAIS Divide, and supplement site AWS data. More detailed comparisons over longer time
intervals were inhibited by intermittent and/or unavailable AWS data due to station power
outages and other instrument failures.
Through the suite of these pit studies, I was thus able to map accumulation stratigraphy in
high detail; reconstruct recent temperature histories; identify annual layering (which was also
further supplemented by isotope and SSM/I passive-microwave data); reveal that surface crusts
and hoar both preferentially form during summers; and validate that SSM/I brightness data can be
used to estimate surface temperatures at WAIS Divide using a modeled emissivity curve.

4-2-2: Ice-core observations and data
Surface features in polar regions are often preserved in ice cores, and have proven to be
valuable in identifying annual stratigraphy, seasonality trends, and paleo-environmental
conditions at ice-coring sites (Langway, 1967; Gow, 1968; Gow and others, 2004; Alley and
Anandakrishnan, 1995). In addition, the relationship between crust and hoar layers can better
constrain the validity of the standard “couplet” model of firn densification (Palais and others,
1982; Gow, 1968).
Visual inspection of the WAIS Divide WDC06A core was carried out each year by Dr.
Matthew Spencer and myself during core processing at the National Ice Core Laboratory, upon
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return of the cores from the previous Antarctic field season. Each meter-long core was examined
in detail in a back-lit tray within a dedicated dark booth. All distinguishable features and density
variations were noted and recorded. During the 2008-09 core-processing line, core depths of 120
– 560 m were analyzed. These depths represent the “bubbly-ice” zone, notably above the start of
the brittle-ice zone (see Chapter 2 for more detail on the brittle-ice zone). Preserved features and
density variations were most identifiable within this zone, and therefore were used in the
following analysis. Below 560 m, the brittle nature of the ice made interpretation of preserved
features problematic, and deeper in the clathrate-ice zone, individual features could no longer be
isolated.
Overall visual interpretation of annual stratigraphy proved difficult in the WDC06A core.
Dust concentrations at the WAIS Divide site are low enough that visible annual dusty or cloudy
layers are not evident (personal communication from M. Spencer, Fudge and others, 2013). The
contrast between summer layers with abundant hoar, and winter layers with wind-packed layers,
is evident in pits but quite difficult to identify consistently in deeper ice. This was quite different
from what was observed in ice cores drilled at sites with equivalent temperature and
accumulation-rate histories in Greenland (Alley and Anandakrishnan, 1995; Alley and Koci,
1988; Kipfstuhl and others, 2001). Many hypotheses could be advanced for this difference in
seasonal contrast in bubbly ice between WAIS Divide and central Greenland. One possibility is
that the higher elevations of Greenland sites contribute to greater nighttime radiative cooling, thus
larger diurnal temperature swings, greater surface-hoar growth from nighttime deposition, and
steeper temperature gradients in the near-surface driving larger mass fluxes.
Despite these interpretation difficulties, very distinct crust layers were preserved and
easily identifiable within the bubbly-ice. In many cases these crusts (which were typically 1 mm
/ 1-grain thick) appeared to be clear and “bubble-free” (Fig. 4-8), characteristics shared with the
thicker, more-irregular melt-layers seen in other cores (e.g., Das and Alley, 2005). It is important
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to note that not all crusts in WAIS Divide appeared completely bubble-free. In total, 10,268
crusts were identified in the bubbly-ice zone (120 – 560 m), an average of over 20 per meter of
ice.
The annually counted WDC06A-7 depth-age scale for WAIS Divide was derived by
others from electrical conductivity (ECM, which is primarily controlled by ice chemistry) and
direct chemical measurements of species with more-or-less sinusoidal annual cycles of known
phasing (Fudge and others, 2013). One point (assigned as “peak mid-summer”) was picked per
year, but the more-or-less regular and evenly-distributed accumulation of snow during the year at
WAIS Divide (see above) allows linear interpolation between these points to estimate the time of
deposition during the year of crusts or other features. Over the entire bubbly ice range, which
represented a total of ~2438 years, crusts occurred at an average rate of 4.3 ± 2 per year (±1σ).
The 20-year moving average results are shown in Fig. 4-9 with a 2nd-order LOESS smoothing
curve (50-year bin width).
To resolve crust seasonality, I developed an algorithm here using the depth-age scale with
an assigned Jan 1st peak mid-summer date, which split each identified year into 12 equal-sized
bins representing the approximate months. The depth of each crust in a year was assigned to its
equivalent month, as shown in Fig. 4-10 (see Table 4-3 for data). The results reveal that crusts
occur year-round, but at an increased frequency during summer months (defined as the ~6 months
with most daylight, or approximately October-March). Peak crusts were observed during monthbins 12 and 1 (equivalent to December and January), with a maximum of ~1100 total crusts
documented in January over the 2438-year period. The wintertime months (May, June, July and
August) each had about 750 crusts over the 2438-year period.
These data show that each of the designated summer months experienced more crusts in
total than any designated winter month, and that their frequencies correlated well with total solar
intensity (i.e., more crusts closer to the summer solstice). In addition, during these peak summer
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months of December and January, there was up to a 40% greater frequency of crust formation.
The physical processes that may contribute to both wintertime crust formation and more-frequent
summertime crust formation, are discussed in detail in section 4-3.
I also analyzed the ice-core crust data on a combined per-century and per-season basis to
further analyze their seasonality and centennial variations. All crusts were binned into either a 4month “dark winter” (May-August; no sunlight at all) bin or an 8-month “summer/fall/spring”
(September-August; at least some sunlight during each day) larger bin. These seasonal bins were
then bracketed further into 24 hundred-year bins. This was done to evaluate overall trends in the
seasonal crust behavior over each century. The results in Fig. 4-11 show less relative change over
time for winter crust occurrence than for summer, but with both increasing slightly over the early
part of the record and decreasing slightly more recently. This is similar to the long-term trend in
temperature, although not identical (see Fig. 2-17), with more crusts during warmer periods.
I observed obvious features formed from refrozen meltwater in the deep core. It remains
possible that some of the crusts and/or glazes may contain trace amounts of melt, or at least
refrozen thick pseudo-liquid layers (Das and Alley, 2005; Das and Alley, 2008). To assess this
possibility, I cut two samples each consisting of several nearly-bubble-free crusts from the core
and had them analyzed at the Scripps Institution of Oceanography for evidence of melt by
measuring Kr/Ar and Xe/Ar ratios; because the heavier gases are more soluble in water, if enough
of the air in a sample came from melt that refroze too rapidly to exclude most of the gas, the
heavier gases would be present at ratios above their atmospheric abundance (personal
communication from A. Orsi, Headly and Severinghaus, 2007). Early results reveal ratios
indistinguishable from atmospheric, and thus no clear evidence of melt, although trace amounts
of melt may lie beyond the detection capabilities of the measurement instruments. Further
analysis is planned on additional samples to bolster these preliminary results.
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Although there is no evidence of refrozen meltwater in the deep core, one melt layer may
have formed near the drill site during the field campaign. A 5-meter shallow firn core was drilled
~5 km from the site (representing the past 20-25 years) during the 2011-12 field season, as part of
an auxiliary accumulation study, but the data were made available for this study (personal
communication from G. Wong). I discovered one remarkably thick (5+ mm) crust (see Appendix
Fig. C-2) that met all of the criteria for a melt layer (Das and Alley, 2008). This layer was
observed at a depth of 91 cm below the surface and was approximately dated to the previous
summer (2010-2011) peak. The nearby Kominko-Slade AWS station recorded a three day period
(31-Dec-2010 : 2-Jan-2011) with peak temperatures of ~-3.0°C, and a maximum of -2.8°C (see
Appendix Fig. C-3). Because the snow temperature can be several degrees above the air
temperature on sunny days, this is consistent with conditions that would produce melt. The 201112 summer was anomalously warm compared to data from four other summers, averaging -14°C
between Dec. 1st and Feb. 1st (with over 10 total hours above -5°C).

4-2-3: Surface observations and data
In an effort to isolate and better understand the processes responsible for the features
noted in snow-pit and ice-core observations, and to further evaluate the influence of the
summertime solar input at WAIS Divide on hypothesized glazed crust formation, I completed a
detailed on-site study of the surface over multiple seasons. Many previous surface studies have
been carried out to constrain crust and hoar growth at various polar sites (e.g., Alley and others,
1990; Shuman and others, 1993; Scambos and others, 2012; Champollion and others, 2013;
Gallet and others, 2014). Surface glazes that form slowly under extreme metamorphism, and
often associated with “mega-dunes” (Albert and others, 2004; Frezzotti and others, 2002), are
typically observed in conjunction with very-low-accumulation sites where surface energy balance
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and mass budget play an important role (Albert and others, 2004; Scambos and others, 2012). At
WAIS Divide, a site with a high accumulation rate of ~22 cmice yr-1 however, similar glazed-type
crusts were observed here to form rapidly over a few days under very specific meteorological
conditions (e.g., humidity, insolation, and cloud-cover). This observation implies that the surface
energy budget at WAIS Divide also plays a primary role in surface evolution.
During the 2008-09 field season at WAIS Divide, I carried out an informal examination
of the surrounding surface snow over the length of the campaign (~ 2 months). I observed many
glassy crust features on the surface around the camp (within 5 km radius). Based on their highly
reflective nature, I dubbed them “glazed” crusts (see also Fig 4-1). Note that, when examined
carefully (e.g., Appendix Fig. C-4), very-low-porosity single-grain-thick features that would
produce the crusts observed in the deep core, were present in or at the top of these thicker crusts.
Much of the overall thickness observed in the thicker crusts, was often lower porosity than typical
firn, but higher porosity than these single-grain solid crusts. In each instance, the features
generally formed on the few-meter scale, but some were observed to cover hundreds of square
meters. Often, upon closer inspection, these features would reveal polygonal cracking (Fig. 412). Additionally, I noted that these features were relatively ephemeral, lasting only a few days.
In almost all documented cases, a surface hoar layer was typically seen growing on the smooth
surface within 2-3 days. When blocks of snow containing glazed crust were excavated, and
examined via hand lens, hoar layers were also often observed underneath the crust (see Appendix
Fig. C-4). With these observations and insights, as well as the high number of crusts observed
within the WDC06A ice core the following summer during core processing, I determined that a
more detailed surface study was warranted for subsequent field campaigns.
During the following 2009-10 season, between December 21st and January 30th, I took
detailed surface observations and notes, with a focus on surface hoar and crust formation (see
Table 4-4 for detailed field notes). These observations were supplemented with extensive digital
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photography and AWS data from the nearby Kominko-Slade station (when operational). Two
specific areas were isolated for observation; one approximately parallel to the aircraft ski-way,
and the other several hundred meters beyond the winter-over storage berms (see Appendix Fig.
C-5). These areas were chosen because they represented clean surfaces, not at risk of being
disturbed by daily camp activity. Additionally, their distances from the primary camp buildings
ensured that they would not be affected by wind drifting. These same sites were also used for
study during subsequent field seasons to maintain consistency.
I observed the formation of prominent glazed crusts specifically on two occasions during
the monitoring window: one beginning on January 2nd, and one on January 17th. Each formation
began during calm and sunny days, with strong diurnal solar energy fluctuations (see Table 4-4
field notes). In addition, it was noted in the Kominko-Slade AWS data that ambient relative
humidity was also low (< 75%) during the initial formation of these crusts, confirming that they
were likely not a result of condensed and/or deposited atmospheric moisture. All observations
are shown in Fig. 4-13 along with accompanying photography, as well as wind, temperature, and
humidity AWS data (all dates and times are GMT). Throughout this study, all AWS relative
humidity values are expressed in terms of saturation vapor pressure over ice. In both documented
cases of glazed crust formation at WAIS Divide, several calm, sunny days, with continual strong
diurnal energy variations then followed the initial formation (as was also confirmed in the AWS
data). Both glazed features began displaying noteworthy polygonal cracking within 2-3 days of
their first appearance. It is likely that these cracks formed during cool evenings from thermal
contraction, that was driven by the large temperature swings in the firn experienced during the
clear-sky, sunny days. Cracks that were measured continued down for an average of ~20-30 cm
below the surface.
In both cases, within 24 hours of the onset of cracking in each glazed crust, a pronounced
hoar began forming on its surface, which persisted for 2-4 additional days. The initial formation

132
in both instances may have involved some combination of vapor transport from below, and
deposition from above. Measured relative humidity was notably higher during hoar formation,
and in the case of the January 7th surface hoar, a fog developed early in the time of formation,
providing a source of vapor from above. A third surface hoar was also observed to form quickly
on December 30th during a very warm (> -10°) fog episode, independent of any surface glaze. It
was evident from the high relative humidity (> 90%), obvious fog, low visibility (i.e. low diurnal
variability), and large faceted crystal growth, that this hoar was developed via downward vapor
flux that deposited out of the nearly-saturated air.
Hoar layers that I observed during this field season were subsequently either buried,
destroyed by wind, or gradually disappeared through sublimation over 2-3 additional days. Wind
appeared to destroy surface hoar crystals only if it exceeded ~7 m/s, or came from a source
direction approximately orthogonal to the prevailing wind direction, similar to what Champollion
and others (2013) discovered at the Dome C site in East Antarctica. This is illustrated in
Appendix Fig. C-6.
I also analyzed passive microwave SSM/I 37GHz, F17 brightness temperatures here as a
means to verify the existence and timing of documented surface hoar at WAIS Divide using
methods pioneered and discussed by Shuman and others (1993). They showed that surface
roughness is recorded in the SSM/I data. When the snow surface is smooth, upwelling
horizontally-polarized microwaves are preferentially reflected relative to the vertically-polarized
microwaves, giving a high V/H ratio. When the snow surface is rougher, as with a hoar
formation, the V/H ratio is then reduced due to multiple scattering in the respective reflections.
Despite the coarse resolution of these data here (both spatially and temporally), notable
drops in the V/H brightness ratios were seen during the onset and throughout the existence of
surface hoar events, indicating that the rougher surface caused by hoar growth were being
detected in the SSM/I data. Additionally, V/H brightness ratios increased during the formation of
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surface glazes, indicating that more-reflective, smoother surfaces were also being detected in the
SSM/I data.
The fundamental “takeaway” from the 2009-10 field surface-observation campaign was
that warm, still, sunny days with low humidity produce a glazed crust. Polygonal cracks then
may form during nighttime cooling, increasing vapor flux to the atmosphere to raise humidity and
promote hoar growth during continued calm, sunny conditions.
During the 2011-12 season, I again recorded daily field observations, although over a
much shorter 20-day interval (Dec. 20th 2011 – Jan 8th 2012). Beginning early on the morning of
December 25th, the field camp began experiencing very clear-sky, sunny days, accompanied by
low relative humidity (Fig 4-14 and Table 4-4), similar to conditions that existed during the
documented glaze formations in the 2009-10 season. By the morning of Dec 26th, an extremely
reflective glaze had already formed that covered several hundred square meters around the
winter-berm observation area. This was the largest glaze that I observed and photographed to
date at WAIS Divide. For over 40 hours, the glaze remained intact with its surface glassy and
smooth. Late in the evening of the 2nd day (Dec. 27th), polygonal cracks began forming. By the
following morning on the 28th, a significant surface hoar had already started forming. This hoar
lasted undisturbed for two days. On Dec. 30th, a large storm with strong winds and heavy
accumulation moved through camp, destroying and/or burying these features. No other glazes
formed during the following week.
To supplement the standard meteorological data from the Kominko-Slade AWS, two
sensors were also installed on-site to directly measure the incoming and outgoing short-wave
radiation (Appendix Fig C-7-a)(e.g., Bliss and others, 2011; Shea and others, 2005). This was
done so that I could quantitatively test the hypothesis that a strong diurnal solar signal on sunny
summer days was the driving force behind glaze formation. Each of these sensors, a Li-Cor
LI200 pyranometer, had a spectral response of 0.4 – 1.1 µm (i.e., short-wave only). They were
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mounted 1 meter above the surface, with one sensor oriented directly upward to measure
incoming radiation, and one directly downward to measure reflected or outgoing radiation. Both
sensors were newly calibrated and mounted in a cosine-corrected head (for solar angles up to
80°), with typical operational errors in daylight of ± 3% (max ± 5%). Clean, sinusoidal signals
were measured during the sunny days when surface glaze and hoar formed between Dec 26th and
Dec 30th. The largest net-energy differences between incoming and outgoing short-wave
radiation (up to 100 W m-2) were also observed during these periods confirming that significantly
more solar energy was being received at the surface than was being reflected. Once the storm
event began on Dec 30th, the short-wave measurements became sporadic, but also with smaller
net differences between incoming and outgoing solar radiation. This observation additionally
confirmed that there were much weaker energy fluxes between the snow skin surface and the
overlying boundary layer air during overcast and/or stormy days than during clear-sky, sunny
days. Despite frequent changes in cloud-cover and net solar energy-balance at WAIS Divide, the
average surface albedo was still quite high, as expected for a high, dry-firn site. Over the 20-day
measurement-interval the average measured albedo (±1σ) was 0.91 ± 0.03.
Following these observations, I concluded that additional insolation measurements,
particularly involving a long-wave radiation instrument, would be helpful, and these were made
the following year as described just below. At long-wave infrared wavelengths, snow, ice and
water are near-perfect radiators. Warm, humid atmospheric conditions increase incoming longwave radiation, and heat the surface in periods of minimal cloud cover. Cold, dry atmospheric
conditions reduce incoming long-wave radiation, and allow the surface to cool significantly
(Cuffey and Paterson, 2010). Net-negative values for long-wave radiation indicate a loss of
infrared energy from the surface. Negative fluxes from the surface can reach maxima
approaching 100 W m-2 on clear summer days. Measuring daily long-wave radiation trends at
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WAIS Divide during calm, sunny-day periods, could then further confirm that surface energy
losses are greater during such conditions.
During the following, shorter 2012-13 season, I recorded observations over the 2-week
period from Dec 18th through Jan 1st. After a strong storm that occurred from Dec 20th – Dec
22nd, a calm, clear-sky, sunny period began. By mid-day on Dec 23rd, a highly-reflective glazed
surface appeared covering most of the two observation areas (Fig. 4-15 and Table 4-4). This
wide-spread formation was again coincident with a notable decrease in relative humidity (below
75%). By afternoon the following day (Dec 24th), polygonal cracks had already formed. By the
following morning of the 25th, along with a gradual increase in humidity, a light surface hoar had
begun to appear. Throughout the entirety of this ~3-day period, calm, clear-sky, sunny conditions
prevailed. Beginning on Dec 26th, another storm moved through camp destroying and/or burying
the surface hoar and glaze. These were the only observed instances of significant crust and hoar
formation during the 2-week observation period.
I installed a new net-radiometer on-site during the 12-13 season, in order to measure both
net short- and long-wave radiation at WAIS Divide. I installed the radiometer, a Kipp-Zonen
CNR2, on the mounting arm connected to the Kominko-Slade AWS (see Appendix Fig. C-7-b).
The CNR2 sensor contains both upward- and downward-facing pyranometers and pyrgeometers
to measure both incoming and outgoing short- and long-wave radiation, and returns net values
(incoming values minus outgoing values). The pyranometers operated with a spectral response of
0.3 – 2.8 µm and operational errors of ± 3.5 %, while the pyrgeometers operated with a spectral
response of 4.5 – 45 µm and operational errors of ± 5.6 %. The pyranometers and pyrgeometers
operated with sensitivities of 15.21 µV W-1 m-2 and 12.52 µV W-1 m-2 respectively, with typical
impedances of ~7 ohms. Data from these sensors are also shown in Fig. 4-15. During the ~3-day
period when both the glaze and surface hoar formed, the net radiometer recorded smooth diurnal
variations for both short- and long-wave radiation streams. Large net differences up to 100 W m-2
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were again seen in the short-wave data during the peak of the day. Net long-wave radiation was
most negative during this same period, confirming that infrared energy losses from the surface are
enhanced during clear-sky conditions at WAIS Divide. Large energy losses such as these should
develop strong temperature inversions in the near-surface snow necessary for directional vapor
transport. To test this, I installed several new thermistor-sensor strings at the start of the season
to profile the temperature evolution during periods conducive to glaze and hoar formation. These
sensor strings, and their results, are discussed in the following section (4-2-4).

4-2-4: Near-surface temperature profiling
On-site during the 2012-13 field season, I calibrated and installed five platinumthermistor strings to obtain season-long, near-surface temperature profiles over a two kilometer
survey line. The purpose of this sensor-array deployment was to better quantify the temperature
fluctuations in the upper 5 meters of firn, and to verify the existence of temperature inversions
necessary to explain the proposed upward-vapor and net-energy fluxes in the near-surface firn at
WAIS Divide. The survey line was laid out in an approximate upwind (grid-west, true-north)
direction starting ~50 meters from the on-site AWS (Kominko-Slade), which also housed the
solar net-radiometer discussed in the previous section. The thermistor strings were designed and
built with the help and guidance of Atsuhiro Muto at Penn State University, and according to his
published designs, specifications, and procedures (Muto, 2010). Each sensor string was 5-meters
long and consisted of 16 individual thermistors (thin film platinum RTDs, HEL-700 series) that
were irregularly spaced such that there was tighter clustering in the upper 2 meters (see Table 4-5
for specific depths). Platinum thermistors were used as they allow for higher accuracy
measurements (± 0.3°C accuracy with ± 0.18°C total combined error, including data-logger error)
at temperatures typical for WAIS Divide summers (-20°C), and respond to temperature changes
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more linearly than standard thermistors (Muto, 2010). Functional behavior equations and
constants for the HEL-700 thermistors are shown in Appendix Eq. and Table C-2. Sensor
calibration took place over a 60-minute period using a constantly-stirred ice-bath method (Muto,
2010), and then the newly calibrated sensors were deployed incrementally over a 10-day period
starting Dec. 15th. Deployment boreholes were drilled using a hand-auger, and then back-filled
once strings were installed. Batteries and logging equipment were housed in a foam-insulated
wooden box beside each borehole and just below the surface (see also Appendix Fig. C-8). I
spaced the sensor strings at 10, 100, 1000, and 2000 meters intervals from the origin string at the
AWS, and took measurements every minute over the survey interval (see Appendix Table C-3 for
installation specifics). Each 12-V battery was swapped out periodically to ensure that the sensor
strings were continually recording. During each site visit, I took photographs, and noted local
meteorological and surface conditions.
Each sensor string took approximately 24 hours to equilibrate with the surrounding snow
due to the backfilling of the open boreholes with surface snow. Measurements of the upper-most
three thermistors (surface down to 40 cm), from the first four stations, are shown in Fig. 4-16,
with the period of glaze and hoar formation highlighted in grey. These results are also shown
with the ambient air temperature measured at the nearby Kominko-Slade AWS. It is important to
note that the “surface sensor” on each string was actually covered by snow approximately 1 cm
below the air-snow interface (skin), to minimize potential solar heating. In addition, Station 4
was not installed until Dec 22nd, and did not fully equilibrate until the 23rd. Station 5 was not
installed until Dec 25th, and therefore is not shown.
During the three evenings of the 23rd, 24th, and 25th, all four stations recorded temperature
inversions in the upper 20-40 cm of firn (here, “inversion” is used informally to refer to a colder
upper surface over warmer snow). Each night, the measured temperature of the surface sensors
dipped by up to 2°C below that of the sensor buried at 20 cm (and in some cases the sensor buried
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at 40 cm). The ambient air temperature measured by the Kominko-Slade AWS during the peak
of each inversion was typically 4-5°C lower than the temperatures measured by the near-surface
snow sensor. A snapshot of the full 5-meter thermistor-string data from all four stations, taken
during the peak of the Dec 24th inversion (12:30 PM GMT), is shown in Fig. 4-17. There is
excellent agreement between the four sensors within known errors, and they show smooth
temperature profiles down through 5 meters. Some slight inter-string differences were expected
due to minor variations in their deployment depths and the specific surface roughness at each site.
The distinct temperature inversion is apparent in all four sensors shown. The average inversion
temperature between sensor 0 (surface) and sensor 1 (20 cm depth) across the four stations was
0.68 ± 0.38°C (see Fig. 4-17 inset). The greater variability recorded between the individual
surface sensors of each thermistor string was likely due to slight differences in the amount of
wind-blown snow accumulating on the surface (and on sensor 0) at each station site. The
recorded ambient air temperature from the AWS is also shown for reference. The average
temperature difference between the ambient air and sensor 1 (20 cm depth) across the four
stations was 2.77 ± 0.14°C. These data indeed confirm strong inversions during clear-sky
evenings at WAIS Divide over the interval when surface glazes and sublimation hoars formed.
Thermistor-string stations 1 through 4 ran as designed until I removed them on Jan 15th.
Station 5 was left in place to record surface temperatures over-winter, and on Jan 20th at 12:30
GMT, after surface observations had ceased, it recorded the largest inversion of the entire season
(see Appendix Fig. C-9). During this event, a temperature difference of 3.1°C was recorded
between sensor 2 (40 cm depth) and the surface sensor (0). The surface sensor (0) was at
approximately the same temperature as a depth of 110 cm below the surface. Additionally, the
average temperature difference between the ambient air recorded at the AWS and sensor 2 (40 cm
depth) was over 5°C. Although surface observations were not carried out on Jan 20th, field notes
and photographs do indicate it was an extremely sunny and clear day of the type conducive to
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glaze formation. SSM/I brightness data for this period may corroborate the existence of a surface
glaze once they become available.

4-3: Discussion
Here, I provide a qualitative synthesis of the implications of the data collected, and
suggest hypotheses that can be tested through quantitative modeling and additional fieldwork in
future studies. As noted above, pit observations show both few-millimeter “crusts” and ~1-mmthick, one-grain-thick crusts. These thin crusts give rise to the glassy, low-bubble-density
features that are readily identified and counted in the deep core. Both thick and thin crusts are
characterized by high density, but with much higher density in the thin crusts. It is likely that
similar processes contribute to both: wind packing, followed by mass addition in response to
temperature-gradient effects, with the thin crusts experiencing additional lateral mass transfer to
fill pore spaces. Glazed surfaces involve formation of a thin crust, or sometimes multiple thin
crusts, usually on or in a thicker crust.
The sequence of events observed over several summers typically proceeds as follows. A
storm, with strong winds and snow accumulation, is followed by an interval of clear skies, greatly
reduced winds, and strong diurnal variations in sunshine and air temperature. During this sunny
interval, peak sunshine and temperature reach high values, but temperature remains subfreezing,
and relative humidity starts out low but then increases. The initially wind-packed surface is
modified first to form a glaze with one or more thin crusts, often in a thicker crust. This crust
complex then develops polygonal cracks overnight, relative humidity increases, and surface hoar
begins to form, especially at night. A subsequent storm then buries the surface hoar, or blows it
away. None of the events (i.e., glaze or crust formation, cracking, hoar formation, and hoar burial
or removal) requires more than a few hours, but meteorological conditions usually change over

140
few-day timescales, allowing more-prominent crusts and hoars to form in the longer time
available.
Thick crusts require mass addition or rapid densification; mass addition is especially
implicated because some relatively warm times were cloudy and did not form prominent thick
crusts. The near total loss of pores through thin crusts likely indicates mass flux into pore spaces
as well, achieved without bulk melting based on my observations and the limited trace-gas
measurements noted above.
The relative humidity data indicate that mass additions to growing near-surface crusts
occur when the air above is undersaturated. Furthermore, crust formation occurs without surfacehoar formation, but dendritic hoar crystals form when mass is added rapidly to the surface from
the air, because of the usual instability that crystals that extend farther into the air, have access to
more vapor, which therefore drives more-rapid growth. Hence, the mass added to crusts comes
from below the snow surface.
The data here show that strong temperature inversions develop in the upper 20-40 cm,
and will drive upward mass flux. I lack here subcentimetric resolution in thermometry, but
physical understanding indicates that very strong gradients likely develop on the centimeter scale
just below the upper surface during the rapid cooling accompanying sunset or low sun angle
when the sun does not set. Physical understanding, the data here, and data from previously
published studies indicate that snow just below the surface (order of 1 cm) is heated above the
surface temperature by mid-day sunshine (e.g., Alley and others, 1990), also contributing to
upward vapor transport. Hence, mass transport into the upper few millimeters from below is
expected to notably exceed transport down from the upper few millimeters of snow. Windy
conditions would drive undersaturated air into and out of pore spaces, removing mass, but crusts
form during relatively still times.
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High temperatures favor sintering of the ice grains to strengthen the upper layer of snow,
as does mass addition, and the low temperatures reached during nighttime cause contraction and
also make the upper layer more brittle, favoring the cracking that is observed. I do not know
quantitatively how much mass is released to the air during the next day by the high-permeability
paths introduced by cracking, but such mass loss must contribute to the increase in humidity that
leads to surface hoar growth. The relatively still-air conditions suggest that the mass is not mixed
away from the local surface efficiently, favoring redeposition at night. Hoar growth in turn shifts
the glaze complex deeper, where mass gain is slowed or mass loss initiated during subsequent
days. However, the relatively active meteorology of this high-accumulation site typically brings
another weather system before subsurface changes of the crust become large.
Heat conduction tends to smooth out curvature in temperature profiles. However,
because vapor pressure, diffusivity, and pre-melted films increase exponentially with
temperature, a linear temperature gradient will tend to deposit mass at all points colder than the
warmest in the system. Curvature that steepens temperature gradients toward the cold end will
enhance deposition. Strong nighttime cooling following a warm day gives such curvature as well
as the cooling-upward gradient. Warming in the morning starts at a lower mean temperature, and
thus slower vapor transport, and is then shifted from a purely conductive heating to deeper
warming by radiation penetration, switching the direction of the gradient.
I hypothesize here that the mechanism for glaze formation producing single-grain-thick
very-low-porosity thin crusts (i.e. “glazes”), involves additional in-filling of open pores. The
thermal conductivity of ice greatly exceeds that of air, so heat transport in firn is primarily
conductive. Ordinarily, the grain curvature adjacent to pores tends to cause diffusive mass loss,
enlarging pores. However, because heat flow is primarily through the grain structure, for a
temperature inversion (colder upper surface) beneath a growing thin crust at the upper surface,
pores will be colder than interconnected grains, favoring mass transport to pores as shown in Fig.
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4-18. Transport may occur by vapor, surface, or volume diffusion; following Alley and
Fitzpatrick (1999), vapor diffusion and surface transport in premelted films are likely to
dominate. Mass loss from warm grain bonds beneath a growing thin surface crust will also tend
to lower the crust, increasing the likelihood that a pore will move downward to be filled by a preexisting grain beneath.
Although summertime crusts dominate in the ice core, many wintertime crusts were
identified, raising additional questions. I lack direct observations in winter, and so can only
speculate on mechanisms active then. However, the basic picture drawn above for summertime
crusts may also apply in winter. The lower temperatures, and lack of intense solar heating, make
crust formation less likely. However, the stronger wintertime winds would allow greater windpacking of the upper surface, producing fewer and smaller pores to be filled to make a thin crust,
and thus making crust formation easier. Although accumulation is more-or-less evenly
distributed through the year, I speculate (based upon some recent AWS data) that there may be
extended intervals up to weeks in length during the winter when the surface is relatively stable,
partially or completely offsetting the slower mass transport from colder temperatures.
Furthermore, the AWS data show that mid-winter temperatures have been as high as -15°C in
strong warming events likely linked to transport of air masses from the coast, giving relatively
high vapor pressures and also causing strong near-surface temperature gradients. The
temperature string (station #5) that was left in place overwinter, should document whether this
indeed occurred; however, retrieval was not possible during the most recent austral summer
because of curtailment of activities linked to the U.S. government shutdown. If strong
temperature gradients at warm temperatures develop in winter, this site may be more prone to
wintertime crust formation than sites farther removed from such coastal influences.
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4-4: Conclusions
Through an integrated suite of surface and snow-pit observations I carried out during
multiple field campaigns, supplemented with measurements made on the WDC06A ice core at the
National Ice Core Laboratory (NICL), I measured and characterized the evolution and
preservation of various surface features that form at the WAIS Divide site. I observed distinct
crusts in the core at an average rate of ~4.3 ± 2 yr-1, which formed preferentially during
summertime months. My pit studies corroborated these findings. In this chapter, I propose
possible mechanisms of near-surface (upper 5 meters) and grain-scale mass fluxes and transport
of water vapor, to explain their formation. The on-site deployment of five temperature
thermistor-strings confirmed the presence of near-surface temperature inversions of sufficient
magnitude (up to 5°C) for the upward vapor-transport required by these proposed mechanisms.
Meteorological measurements, field-observations and sensor data supplement and help to further
constrain the full scale of surface evolution. Long-term trends in surface evolution, over multiple
seasons also gave evidence to explain observed growth of specific hoar layers and polygonal
cracking. I fully mapped and analyzed snow pits to establish independent estimates for the timing
and frequency of accumulation, as well as the timing of recent climate trends. Recent passive
microwave SSM/I brightness data were also evaluated for the site here, in combination with both
the snow-pit and surface observations. I determined that these data were not only a viable proxy
for surface temperatures at WAIS Divide, but also a valid method for approximating the existence
of surface hoar. There are many questions remaining about surface evolution at the WAIS Divide
site, most notably the growth and prevalence of wintertime crusting.
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Figure 4-1: Surface “glaze” (a) that formed on a calm, sunny day (23-Dec-2012) at WAIS
Divide, and the subsequent surface hoar layer (b) that later formed on its surface after several
calm days.

149

a

b

c

d

Figure 4-2: The author within the 2-meter snow pits prepared at WAIS Divide, crusts (a, b),
preserved sastrugi with cross-bedding, and hoar layers (d) were all easily identifiable. Here,
examples of all three are shown from pit 2010-11-A.
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Figure 4-3: Complete wall maps of back-lit snow pits prepared during 2008-09, 2009-10, and 201011 WAIS Divide field seasons. In each profile, layering and density contrast are noted and identified
by degree of shading. Fine- to medium- grained, higher-density snow/firn layers are shown with
darker grey coloring, whereas coarse-grained and low-density layers (e.g., depth hoar) are shown in
white. Crusts are indicated with solid lines, while dotted lines are used to represent cross-bedding at
depth. Years were identified based on approximate depths of peak summers and the average
measured densities. The pit wall surfaces trend in parallel with the prevailing wind direction at WAIS
Divide (approximately north-south, with north to the right). Density data for all three pits are listed in
Table 4-1 (see also Fig. 1-2).
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Figure 4-4: Density profiles measured in snow pits from all five concurrent seasons at WAIS Divide
(2008-2012)(see also Fig. 4-3). Each pit showed a high degree of sample-to-sample variability as
measured densities were widely-spaced within the upper 2 meters of firn; estimated annual signals
were still identifiable, however. Density measurements yielded an overall average density of 386.6
± 3.2 kg m-3 for the upper 2 meters of firn across all 5 pits, with nearly identical linear trend-line
slopes of ~0.4 kg m-3cm-1 with depth. Density data for all pits are listed in Table 4-1.
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Figure 4-5: A comparison of snow-pit data for pit 2008-09-A, including wall map, density profile,
δ18O stable-isotope profile, and passive microwave SSM/I 37GHz vertical brightness temperatures.
Density, layering, and feature preservation are again noted as in Fig. 4-3. Individual crusts are also
identified with a labeled “c” along the vertical axis. Seasonal accumulation layers “picked” visually
in the pit (shown with red and blue arrows) are compared to density and stable-isotope data. These
observations indicate a somewhat regular pattern of equally-distributed yearly accumulation at WAIS
Divide. Very clear annual signals are observed across all data sets. Nine highly-correlated match
points between the SSM/I and stable-isotope data, are indicated with arrows and numbered
sequentially. Small, early-summer temperature “warm bumps” were noted at points 2, 4, 7, and 9.
All data are listed in Table 4-2.
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Figure 4-6: WAIS Divide surface temperatures (Ts) measured on-site by Kominko-Slade (black),
compared with passive-microwave SSM/I vertical brightness temperatures (red). Data are shown
over a 17-month measurement interval between 1-Feb-2009 and 1-Jul-2010. Measurement window
in upper inset, shows emissivity calculation using Rayleigh-Jeans approximation with a sinusoidal fit
(using 365.25 day fit-period).
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Figure 4-7: Surface temperatures calculated for WAIS Divide using Eq. 4-1 over two distinct
measurement windows: a seven-month interval spanning 1-Feb-2008 through 1-Sep-2008 (a), and a
nine-month interval spanning 1-Jul-2010 through 1-Apr-2011 (b). Here, air temperatures (red) were
estimated using known SSM/I 37GHz vertical brightness temperatures (black) and the emissivity
curve determined from the calculations shown in Fig. 4-6. There is excellent agreement between the
curves validating the empirical use of SSM/I vertical brightness temperatures to estimate past surface
temperatures at WAIS Divide, and supplement site AWS data.
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Sample ID: WDC05A - 77.260

10 mm

Figure 4-8: A thick-section image of a sample prepared from a depth of ~77.260 meters, showing
two preserved crusts. Both layers are ~1 mm thick and appear mostly bubble-free. All bubbles
here appear in white, with the surrounding ice, black. The general elongated shape of the bubbles
is due the proximity of this sample to the bubble close-off depth at WAIS Divide of ~75 meters).
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Figure 4-9: Total crust prevalence observed throughout the bubbly-ice zone of the WDC06A core
(120 – 560 m depth and ~2438 yrs bf 1950, using current WDC06A-7 depth-age scale). 10,268
unique crusts were documented in the core and appeared at an average rate of 4.3 ± 2 per year
(dashed-line). Data are shown as 20-yr moving averages for ease of view, with an added 2nd-order
LOESS smoothing tend-curve (50-yr bin-width). Recent drop in crust prevalence maybe an artifact
due to observational biasing in shallow ice.
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Figure 4-10: Distribution of all 10,268 measured ice-core crusts, shown bracketed into 12 equivalent
bins representing months. Crust placement and bin widths for each year were calculated using the
published depth-age scale (using Jan 1st as peak mid-summer). Regular and uniform yearly
accumulation is thus assumed here. Crusts appear throughout the year at WAIS Divide but at a much
greater frequency during summertime months (up to ~40% higher). In addition, a stable “baseline”
trend is seen most prominently throughout the dark wintertime months. A sharp decline is noted
during the transition from month 2 (February) to month 3 (March). This is coincident with the first
yearly sunsets on-site, marking a large decrease in the surface solar-energy budget. All data are listed
in Table 4-3.

158

600

Total Crusts
Summer/Spring/Fall Crusts (Sep - Apr)
Winter Crusts Only (May - Aug)

550
500
450
400

Crusts

350
300
250
200
150
100
50
0
25

24

23

22

21

20

19

18

17

16

15

14
13
12
11
10
Centuries Before Present

9

8

7

6

5

4

3

2

1

0

Figure 4-11: Crust data (see Fig. 4-10) shown over longer century-intervals (orange). Here, once all
crusts were binned by century, they were further binned into either a 4-month “dark winter” (MayAug) group, or an 8-month “summer/fall/spring” (Sep-Aug) larger group. As with Fig. 4-10, crust
frequency across wintertime remained consistent and steady across each of the past 25 centuries (in
the absence of incoming sunlight at WAIS Divide). Changes in the curve shape of total crust
frequency mimics that of summer/spring/fall crusts behavior closely, reflecting times when WAIS
Divide is exposed sunlight. Major changes and inflections in the primary trend/curve therefore
appear to be governed primarily by changes to the input and influence of insolation at the site.
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a

b

c

30 cm

5 cm

Figure 4-12: Surface “glaze” seen at the WAIS Divide site. These features generally form on the
few-meter scale, but I have also observed them to exceed 100 meters (a). A zoomed-in view
shows the polygonal cracking that initiates at the surface from thermal contraction, following
several sunny, clear-sky days (b). Closer inspection reveals greater detail and scale of a crack
triple-junction (c).
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Figure 4-13: Surface study from 2009-10 season showing ~1 month of observations and data (see Table
4-4 for notes). Temperature, wind, and humidity data are from automated weather station (KominkoSlade) located on site at WAIS Divide (Lazzara and others, 2012). Passive-microwave SSM/I 37GHz
vertical brightness temperatures were available from Maslanik and others (2012). Episodes of surface
hoar, glazes, and polygons are shaded as indicated based upon their duration. Storm events are also
shown. Photographs of specific features or events are shown and labeled above the plot for reference.
Threshold values for temperature, wind, and humidity are shown as solid lines. Each value represents an
estimate required for the initiation of an observed surface alteration. All dates and times are GMT (-12
WAIS local time). The errors for all AWS instruments are listed in Table C-1.
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Figure 4-14: Surface study from 2011-12 season showing 10 days of observations and data (see Table 44 for notes). Temperature, wind, and humidity data are from automated weather station (Kominko-Slade)
located on site at WAIS Divide (Lazzara and others, 2012). Insolation data are from pyranometer sensor
array installed on-site (see also Fig. C-7-a). Episodes of surface hoar, glazes, and polygons are shaded as
indicated based upon their duration. Storm events are also shown. Photographs of specific features or
events are shown and labeled above the plot for reference. Threshold values for temperature, wind, and
humidity are shown as solid lines. Each value represents an estimate required for the initiation of an
observed surface alteration. All dates and times are GMT (-12 WAIS local time). The errors for all AWS
instruments are listed in Table C-1.
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Figure 4-15: Surface study from 2012-13 season showing 12 days of observations and data (see Table 44 for notes). Temperature, wind, and humidity data are from automated weather station (Kominko-Slade)
located on site at WAIS Divide (Lazzara and others, 2012). Insolation data are from Kipp-Zonen CNR2
net-radiometer sensor installed on the AWS (see also Fig. C-7-b). Episodes of surface hoar, glazes, and
polygons are shaded as indicated based upon their duration. Storm events are also shown. Photographs
of specific features or events are shown and labeled above the plot for reference. Threshold values for
temperature, wind, and humidity are shown as solid lines. Each value represents an estimate required for
the initiation of an observed surface alteration. All dates and times are GMT (-12 WAIS local time). The
errors for all AWS instruments are listed in Table C-1.
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Figure 4-16: Measurements from the upper-most three thermistors (surface down to 40 cm) taken from
the first four sensor stations installed during the 2012-13 season. The shaded area corresponds to an
episode of glaze and hoar growth (see Fig. 4-15). Distinct near-surface temperature inversions occurred
each night during this 3-day period. Inversion specifics are shown in Fig. 4-17. Sensor #4 was not
installed until Dec 22nd, and therefore did not equilibrate until early on the 23rd as indicated. Air
temperature is also shown as recorded by the Kominko-Slade AWS (errors listed in Table C-1). The
Kominko-Slade temperature sensor is located ~1 meter off of the snow surface. All dates and times are
GMT (-12 WAIS local time). Thermistor data were recorded at 1-minute intervals and are therefore too
large to include in tables, or to show individual error bars (sensors operate with a ± 0.3°C accuracy and a
± 0.18°C total combined error). All data will be made available on the NSIDC website.
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Figure 4-17: Snap-shot temperature readings for thermistor-string stations #1-4, taken on 24-Dec2012 at 12:30 GMT, showing the magnitudes of the corresponding near-surface inversion that was
recorded (see Fig. 4-16). The average inversion temperature between sensor 0 (surface) and sensor 1
(20 cm depth) across the four stations was 0.68 ± 0.38°C. The local Kominko-Slade AWS air
temperature is also shown for reference (average temperature difference between the ambient air, and
sensor 1 (20 cm depth) for the four stations was 2.77 ± 0.14°C). Thermistor sensors operate with a ±
0.3°C accuracy and a ± 0.18°C total combined error. All specific data here are listed in Table 4-5.
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Figure 4-18: Schematic illustrating the mechanism for heat and mass flow during glaze
formation on the surface. Here, heat flow is primarily through the grain structure, and for a
temperature inversion as shown, will move vertically from the warmer sub-surface to the cold
surface. Beneath a growing thin crust at the upper surface, pores will be colder than
interconnected grains (blue circles), favoring mass transport from the grains to those pores,
through lateral transfer.
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Table 4-1: Depth and density snow-pit data for WAIS Divide (2008-2012).
Depth
(2008)

Density
(2008)

Depth
(2009)

Density
(2009)

Depth
(2010)

Density
(2010)

Depth
(2011)

Density
(2011)

Depth
(2012)

Density
(2012)

(cm)

(kg m-3)

(cm)

(kg m-3)

(cm)

(kg m-3)

(cm)

(kg m-3)

(cm)

(kg m-3)

1.50
5.00
9.00
12.50
15.00
17.50
18.50
22.00
27.50
31.25
35.00
39.25
41.25
43.00
45.50
47.75
51.50
55.50
58.25
61.10
64.60
68.00
73.00
78.25
80.50
86.25
94.50
99.75
102.75
104.50
108.25
114.00
119.00
123.75
129.50
133.25
142.00
151.00
154.75
159.25
164.25
170.00
174.50
177.00
179.25
181.50
183.75
185.50
187.75
190.00
192.25
199.00

369
347
347
348
369
315
342
378
396
378
378
340
324
324
324
324
318
309
309
369
425
395
415
416
373
472
368
372
380
320
330
405
424
462
407
391
490
429
414
345
358
382
402
400
435
453
393
469
394
438
391
477

2.50
7.50
12.50
17.50
22.50
27.50
32.50
37.50
42.50
47.50
52.50
57.50
62.50
67.50
72.50
77.50
82.50
87.50
92.50
97.50
102.50
107.50
112.50
117.50
122.50
127.50
132.50
137.50
142.50
147.50
152.50
157.50
172.50
177.50
182.50
187.50
192.50
197.50
---------------

323
352
342
352
366
389
383
366
355
367
352
351
347
356
372
361
371
399
390
380
371
375
418
437
390
380
385
394
413
399
442
442
405
390
395
413
408
460
---------------

2.50
7.50
12.50
17.50
22.50
27.50
32.50
37.50
42.50
47.50
52.50
57.50
62.50
67.50
72.50
77.50
82.50
87.50
92.50
97.50
102.50
107.50
112.50
117.50
122.50
127.50
132.50
137.50
142.50
147.50
152.50
157.50
162.50
167.50
172.50
177.50
182.50
187.50
192.50
197.50
-------------

370
365
350
365
365
365
380
350
330
380
375
355
340
355
375
370
385
395
385
345
420
390
385
375
390
400
405
410
385
390
430
435
395
410
410
380
450
425
435
425
-------------

2.50
7.00
11.00
17.50
25.00
30.50
34.50
42.00
51.75
59.75
69.50
78.00
83.00
88.50
95.00
101.50
107.50
113.00
118.50
124.00
129.50
135.00
144.00
154.00
162.00
170.50
177.50
185.00
195.00
------------------------

315
348
377
308
376
320
453
411
268
395
415
440
374
396
430
403
342
407
373
419
417
432
382
425
424
390
385
436
438
------------------------

2.50
7.50
12.50
17.50
22.50
27.50
32.50
37.50
42.50
47.50
52.50
57.50
62.50
67.50
72.50
77.50
82.50
87.50
92.50
97.50
102.50
107.50
112.50
117.50
122.50
127.50
132.50
137.50
142.50
147.50
152.50
157.50
162.50
167.50
172.50
177.50
182.50
187.50
192.50
197.50
-------------

247
354
453
381
368
359
385
390
390
318
421
354
336
403
417
363
341
363
390
408
385
403
394
444
426
412
394
354
336
390
368
341
363
444
453
430
448
430
457
493
-------------
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Table 4-2: Complete 2008-09-A snow-pit data (SSM/I data are available from NSIDC).
Depth
(2008)

Density
(2008)

δ 18O
Depth
(2008)

δ 18O
(2008)

Crust
Depths
(2008)

Approx.
Crust
Thickness

(cm)

(kg m-3)

(cm)

(‰)

(cm)

1.50
5.00
9.00
12.50
15.00
17.50
18.50
22.00
27.50
31.25
35.00
39.25
41.25
43.00
45.50
47.75
51.50
55.50
58.25
61.10
64.60
68.00
73.00
78.25
80.50
86.25
94.50
99.75
102.75
104.50
108.25
114.00
119.00
123.75
129.50
133.25
142.00
151.00
154.75
159.25
164.25
170.00
174.50
177.00
179.25
181.50
183.75
185.50
187.75
190.00
192.25
199.00

369
347
347
348
369
315
342
378
396
378
378
340
324
324
324
324
318
309
309
369
425
395
415
416
373
472
368
372
380
320
330
405
424
462
407
391
490
429
414
345
358
382
402
400
435
453
393
469
394
438
391
477

9.5
13
17
20.5
23
25.5
26.5
30
35.5
39.25
39.75
43
47.25
49.25
51
53.5
55.75
59.5
63.5
66.25
69.1
72.6
76
86.25
88.5
94.25
102.5
107.75
110.75
112.5
113.75
116.25
122
127
131.75
137.5
141.25
150
159
162.75
167.25
172.25
178
182.5
185
187.25
189.5
191.75
193.5
195.75
198
200.25

-31.7
-32.6
-34.8
-33.3
-33.3
-34.8
-36.5
-36.5
-35.9
-35.1
-36.9
-33.9
-32.5
-31.1
-29.7
-28.8
-30.6
-34.1
-36.8
-39.2
-38.1
-39.5
-41.6
-36.3
-34.6
-30.6
-29.3
-30.2
-31.3
-32.2
-33.1
-34.2
-33.1
-33.4
-32.7
-31.2
-28.9
-27.1
-30.5
-31.5
-32.4
-32.3
-33.6
-35.1
-35
-36
-35.8
-35.8
-35.5
-35.4
-34.9
-34.2

11.0
16.0
24.0
32.0
33.0
40.0
41.0
42.0
49.0
69.0
70.0
81.0
101.0
103.0
105.0
106.0
110.0
118.0
128.0
135.0
153.0
156.0
174.0
------------------------------

(mm)

SSM/I Date
(F17 and
F13)
(2008)
(date)

SSM/I
Brightness
Temperature
(2008)
(k)

1
1
1
4
4
2
5
2
4
1
5
2
4
4
4
4
5
4
1
5
2
2
4
------------------------------

Full Data
Available
From
NSIDC
-------------------------------------------------

Full Data
Available
From
NSIDC
-------------------------------------------------
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Table 4-3: Observed crust frequency and seasonality measured in WDC06A core.
Century
Number

Total
Crusts

Wintertime
Crusts
(4 month Interval,
May-Aug)
(#)

Month Bin

Seasonal Crusts
(crusts per month
bin)

(#)

Summer/Spring/Fall
Crusts
(8 month Interval,
Sep – Apr)
(#)

(bf present)

(month #)

(#)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

282
367
462
473
441
384
449
446
412
426
490
419
483
454
484
496
449
458
416
376
404
369
347

196
237
329
338
311
277
330
314
298
291
359
296
358
338
341
355
322
327
305
265
297
270
258

86
130
133
135
130
107
119
132
114
135
131
123
125
116
143
141
127
131
111
111
107
99
89

1
2
3
4
5
6
7
8
9
10
11
12
------------

1093
1047
900
800
741
746
716
751
774
836
900
964
------------

X

(01-20-10) (01-22-10) X

H

Appx. Dates
Feature Observed
Hoar
(12-19-12) A
(12-22-12) n/a
(12-23-12) B
(12-24-12)
(12-24-12) C
(12-25-12)
(12-25-12) D
(12-26-12) X
(12-26-12) E
(12-29-12) n/a

2012-2013 Season

Appx. Dates
Feature Observed
Hoar
(12-25-11) A
(12-27-11)
(12-27-11) B
(12-28-11)
(12-28-11) C
(12-30-11) X
(12-30-11) D
(01-02-12) n/a

2011-2012 Season

n/a

X

X

n/a

Crust/Glaze

n/a

X

X

Crust/Glaze

X

n/a

X

F

E

D

X

X

X

G

(12-30-09) (12-31-09) X
(01-02-10) (01-05-10)
(01-05-10) (01-06-10)

(01-07-10) (01-10-10) X
(01-12-10) (01-17-10) n/a
(01-17-10) (01-19-10)
(01-19-10) (01-20-10)

C

B

A

Appx. Dates
Feature Observed
Hoar Crust/Glaze

2009-2010 Season

Minor w/medium crystals

Medium crystal size, formed
on top of glaze
Major storm and
accumulation
5+ cm
Glazed crust, mildly
reflective (2-3mm thick)
mildly reflective with minor
cracking (2-3 mm thick)

Polygons Obs. Notes
Snow/Accum Humidity
Major storm and
n/a
accumulation
2-4 cm
High
Glazed crust, very reflective
(~3 mm thick)
Low
mildly reflective with Major
X
cracking (2-3 mm thick)
Low
medium crystal size, formed
on top of glaze
Variable
Major storm and
n/a
accumulation
3-5 cm
High
High (7-11 m/s)

Low (1-6 m/s)

Low (1-4 m/s)

Low (1-4 m/s)

Very High (7-15 m/s)

Wind

High (7-12 m/s)

Low (1-4 m/s)
Low during day, high at
night

Low (1-4 m/s)

Wind

Low at first (2-4 m/s),
Variable then windy (~10 m/s)

Low

Low

High

High

Low

Low

High

Avg Temp
Mild (~-15,10C)
Var Cool (~18C)
Var Cool (~18C)
Var Cool (~18C)
Mild (~-15,10C)

Weak

Overcast

Weak

Clear - Sunny Strong
Mostly Clear Sunny
Strong

Buried/destroyed any remaining features

Buried/destroyed any remaining features
Formed fairly rapidly with sunny, dry, calm days, and
strong diurnal variability (vapor induced/inversion)
Formed after several sunny, dry, calm days
(diurnal/inversion thermal cracking)
Formed fairly quickly on glaze and increasing humidity
(vapor induced/inversion)

Diurnal Temp
Signal
Formation Notes

Clear - Sunny Strong

Overcast

Cloud Cover

Cloud Cover

Formed fairly quickly on glaze over several sunny days
and variable humidity (vapor induced/inversion)

Diurnal Temp
Signal
Formation Notes
Formed fairly rapidly with sunny, dry, calm days, and
Clear - Sunny Strong
strong diurnal variability (vapor induced/inversion)
Formed after several sunny, dry, calm days
Clear - Sunny Strong
(diurnal/inversion thermal cracking)
Formed fairly quickly on glaze over several sunny days
Clear - Sunny Strong
and variable humidity (vapor induced/inversion)
Mostly
Cool (~-18C) Overcast
Weak
Buried/destroyed any remaining features

Avg Temp
Var Mild(~15,-10C)
Var Mild(~15,-10C)
Var Mild(~15,-10C)

Var Cool/Cold Mostly Clear (~-20C)
Sunny
Strong

Avg Temp

Diurnal Temp
Cloud Cover Signal
Formation Notes
Mostly Cloudy
Very Warm
- Low Vis
Condensed-deposited quickly during a very warm, calm,
Decreasing (7 -> 2 ms)
(Up to -7C) w/fog
Weak
humid day w/ large fog episode (condensed-deposited)
Variable at first (2-6 m/s), Var Mild (~Formed slowly over three days (wind polished at first,
then calming (2 m/s)
15C)
Clear - Sunny Strong
then vapor induced/inversion)
Var Mild (~Formed after several sunny, dry, calm days
Low (2-4 m/s)
15C)
Clear - Sunny Strong
(diurnal/inversion thermal cracking)
Mostly Cloudy
Warm (~- Low
Formed slowly on glaze once humidity went up and it
Variable Low (0-5 m/s)
13C)
Visibility
Weak
became cloudy (condensed-deposited)
Warm (~Complete
High (7-12 m/s)
10C)
Overcast
Weak
Buried/destroyed any remaining features
Var Mild (~Formed rapidly after storm, with sunny, calm, dry days
Low (~3m/s)
15C)
Clear - Sunny Strong
and strong diurnal variability (vapor induced/inversion)
Formed after several sunny, dry, calm days
Low (~1-4 m/s)
Cool (~-18C) Clear - Sunny Strong
(diurnal/inversion thermal cracking)

Snow/Accum Humidity Wind

Polygons Obs. Notes
Snow/Accum Humidity
Glazed crust, very reflective
(~3 mm thick)
Low
mildly reflective with minor
X
cracking (2-3 mm thick)
Low
large crystal size, formed on
top of glaze
Variable
Major storm and
n/a
accumulation
3-5 cm
High

X

n/a

X

Very large faceted crystals regional in scale
Glazed crust, very reflective
(~3 mm thick)
Very reflective with major
cracking (~3-5 mm thick)

Polygons Obs. Notes

n/a

Destroyed by wind

n/a
Transitioned into
polygonated glaze
Transitioned into hoarcovered glaze

Disappearance Notes

n/a

Destroyed by wind

Disappearance Notes
Transitioned into
polygonated glaze
Transitioned into hoarcovered glaze

Partially sublimated then destroyed (wind)

n/a
Transitioned into
polygonted glaze
Transitioned into hoarcovered glaze

Sublimated - then
eventually buried

Destroyed by wind
Transitioned into
polygonated glaze
Transitioned into hoarcovered glaze

Disappearance Notes
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Table 4-4: My surface notes taken for all visual field observations (see also Figs. 4-13, 4-14, 4-15).
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Table 4-5: Sensor string data from the 24-Dec-2012, 12:30 GMT inversion event stations 14), and the 20-Jan-2013:12:30 GMT inversion event (station 5). See also Figs. 4-17 and C-9.
Sensor
Number

Sensor
Depth

Sensor
Station 1
Temp

Sensor
Station 2
Temp

Sensor
Station 3
Temp

Sensor
Station 4
Temp

Sensor
Station 5
Temp

(24-Dec-2012:

(24-Dec-2012:

(24-Dec-2012:

(24-Dec-2012:

(20-Jan-2013:

12:30 GMT)

12:30 GMT)

12:30 GMT)

12:30 GMT)

12:30 GMT)

(#)

(cm)

(°C)

(°C)

(°C)

(°C)

(°C)

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0
20
40
60
80
100
125
150
175
200
250
300
350
400
450
500

-16.24 ± 0.18
-16.02 ± 0.18
-17.46 ± 0.18
-19.27 ± 0.18
-20.96 ± 0.18
-22.53 ± 0.18
-24.12 ± 0.18
-25.39 ± 0.18
-26.39 ± 0.18
-27.28 ± 0.18
-28.53 ± 0.18
-29.45 ± 0.18
-30.06 ± 0.18
-30.40 ± 0.18
-30.46 ± 0.18
-30.51 ± 0.18

-17.29 ± 0.18
-16.19 ± 0.18
-17.05 ± 0.18
-18.82 ± 0.18
-20.53 ± 0.18
-22.21 ± 0.18
-23.75 ± 0.18
-25.12 ± 0.18
-26.16 ± 0.18
-27.13 ± 0.18
-28.50 ± 0.18
-29.46 ± 0.18
-30.06 ± 0.18
-30.35 ± 0.18
-30.51 ± 0.18
-30.49 ± 0.18

-16.81 ± 0.18
-16.25 ± 0.18
-17.48 ± 0.18
-19.25 ± 0.18
-21.14 ± 0.18
-22.86 ± 0.18
-24.35 ± 0.18
-25.52 ± 0.18
-26.39 ± 0.18
-27.19 ± 0.18
-28.56 ± 0.18
-29.41 ± 0.18
-30.05 ± 0.18
-30.31 ± 0.18
-30.54 ± 0.18
-30.54 ± 0.18

-16.81 ± 0.18
-15.96 ± 0.18
-17.14 ± 0.18
-19.03 ± 0.18
-20.75 ± 0.18
-22.38 ± 0.18
-23.99 ± 0.18
-25.21 ± 0.18
-26.20 ± 0.18
-27.10 ± 0.18
-28.47 ± 0.18
-29.43 ± 0.18
-30.01 ± 0.18
-30.43 ± 0.18
-30.58 ± 0.18
-30.58 ± 0.18

-19.62 ± 0.18
-17.18 ± 0.18
-16.53 ± 0.18
-16.92 ± 0.18
-17.82 ± 0.18
-18.97 ± 0.18
-20.50 ± 0.18
-21.97 ± 0.18
-23.18 ± 0.18
-24.35 ± 0.18
-26.08 ± 0.18
-27.43 ± 0.18
-28.39 ± 0.18
-29.08 ± 0.18
-29.54 ± 0.18
-29.87 ± 0.18
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Chapter 5

Multi-scale variability in the WAIS Divide total air content record: possible
sources and implications for paleo-elevation modeling

Abstract
I present a new high-resolution total air content (TAC) record from the WDC06A ice
core that displays a high degree of variability across multiple time-scales, and warrants many
considerations for possible paleo-elevation modeling. This record was compiled from
measurements made both at Penn State University (PSU) and at Oregon State University (OSU),
although the methods and analyses discussed in this chapter focus on those samples measured at
PSU (where OSU data are used for analyses or in figures, proper credit is noted). Each university
in this study, was responsible for ~50% of the overall TAC measurements made. Using samples
taken throughout the entire length of the WDC06A core (115 – 3300 m), a complete and highresolution (10 – 60 year sampling) total air record was measured and analyzed across labs at both
Universities. Here, I developed new calibrations for the Penn State University automatic
extraction device by calculating system line volumes (Vline(s)) and effective system temperatures
(Teff). All TAC results fall within an expected range of ~0.105 and ~0.125 cm3g-1 over the gas
ages of ~0.12 and 57 kyrs bf 1950. I adjusted all Penn State data for the effects of gas solubility
(~3.8%) and cut-bubbles (~1.7%) where applicable, using newly developed corrections. An
estimated pressure history modeled from air content data reveal a possible smoothed elevation
history of West Antarctica. Rapid and often large changes in the air content record make portions
of elevation interpretations implausible and therefore must be explained by other mechanisms or
influencing factors. An in-depth comparison analysis between the total air content data and
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multiple impurity content proxies using time-series and frequency analyses techniques, revealed
only weak positive correlations. Seasonality trends reveal that summertime TAC values were
only slightly higher (~0.002 cm3g-1) than winter samples and not significantly different. A more
advanced mathematical approach to assigning summertime indices was also developed.
Preliminary results from this approach also reveal only a slight summertime TAC preference.

5-1: Introduction
In theory, the total air content (V) trapped in polar ice can provide information on past
atmospheric pressure, and thus surface elevation. Air is trapped during the transformation of
snow to ice by firnification processes (packing and sintering). At the pore close-off depth, the air
in spaces (pores) between grains becomes isolated as those spaces are pinched-off, preventing
further pressure equilibrium with the surface atmosphere (see also Chapter 2). The bulk density
at the time of this closure of pore space, and thus the total amount of trapped air, may be
influenced by factors including content of various impurities, temperature, accumulation rate,
layering arising from seasonal changes or other causes, and more (Albert and others, 2004;
Martinerie and others, 1992; Freitag, 2008; Hörhold and others, 2012).
Efforts have been made to use ice-core total air content records as paleo-barometers, and
therefore, independent indicators of past elevations of ice sheets (e.g., Martinerie, 1990; Raynaud
and Whillans, 1982; Raynaud and Lorius, 1973; Delmotte and others, 1999; Gow and
Williamson, 1975). However, large uncertainties remain in reconstructing past elevations from
TAC measurements (e.g., Raynaud and others, 1997), motivating further research.
Understanding the elevation history and stability of the West Antarctic ice sheet is of
societal value, particularly in light of data showing recent thinning contributing to sea-level rise
(Conway and Rasmussen, 2009; Rignot and others, 2008). I present an investigation of the long-
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term air content history at the WAIS Divide site using data measured at both Penn State
University (PSU) and Oregon State University (OSU), including both an elevation-history
interpretation and the possible influences of seasonality and impurity content on the overall
record. Using samples measured from the WDC06A ice core and new calibrations that I
developed here for the Penn State sampling, I calculated total air content concentrations for
depths of 115 to ~3300 meters, equating to ice-ages of ~0.35 – 57 kyrs bf 1950 (based on the
most current WDC06A-7 and WD2014 depth-age scales (Fudge and others, 2013, Buizert and
others, 2014)).

5-2: Background and prior work
Pioneering work by Raynaud and Lorius (1973) showed that air content in ice can be
expressed simply as a function of air pressure, temperature, and firn porous volume at pore closeoff. At pore closure, the total volume of air (V) trapped depends on the pore volume (Vc), the air
pressure (Pc), and the temperature (Tc), at the site at enclosure time. This relationship can be
expressed by,

# P &# T &
"1
V (cm 3STPgice
) = Vc % c (% s (
$ Tc '$ Ps '

(5-1)

where (V) is reduced to standard temperature (Ts), standard pressure (Ps), and 1 g of ice (with Vc
in cm3g-1 of ice,!Pc in mbar, and Tc in K). This relationship can be used as a starting point to
interpret air content as a measure of past air pressure at the site of bubble closure, which in turn
depends on past elevation. Dependence of total air content on site pressure and temperature was
later validated by Martinerie and others (1992) using ice from sixteen sites, assuming that values
for (Pc) and (Tc) at the time of close-off were similar to those measured at present (Figs. 5-1 and
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5-2; young samples with recently closed bubbles were used). Linear regression for the eleven
sites in their data set where no summer melting was observed, yielded,
"1
V (cm 3STPgice
) = 1.52 #10 "4 $ Pc (mbar) " 8.33#10 "3

(5-2)

"1
V (cm 3STPgice
) = "1.68 #10 "5 $ Ec (m) + 0.141

(5-3)

!
where (Pc) and (Ec) are the published pressure and elevation values at close-off for each site

!

respectively. These equations (5-2 and 5-3), in conjunction with present-day elevation (~1760 m)
and a 5-year (2010-2014) mean surface pressure (~781 ± 11 mbar) for the WAIS Divide site
(Lazzara and others, 2012), predict total air content of 0.111 ± 0.008 cm3g-1 (see Figs. 5-1 and 52), not too different from the nearby Byrd site, which is part of the data set (Martinerie and
others, 1992).
The original relationship published by Raynaud and Lorius (1973) in Eq. 5-1 assumed a
constant (Vc). Using published data from six sites, Raynaud and Lebel (1979) showed that the
pore volume at close-off (Vc) increases slightly with increasing mean annual temperature (Tc),
with the linear regression,

Vc = 7.4 "10 #4 $ Tc (K ) # 0.057

(5-4)

Raynaud and Lebel (1979) further combined Eqs. 5-1 and 5-4 to give,

!
+
%
P (. % T (K ) (
"1
V (cm 3STPgice
) = -7.4 #10 "4 $ Pc " ' 0.057 $ c *0 $ ' s
*
Tc (K ) )/ & Ps )
&
,

(5-5)

Additional work (Raynaud and others, 1979; Martinerie and others, 1988; Martinerie and others,

!

1992; Raynaud and others, 2007) showed that temperature explains only part of the observed
variation in (Vc); other factors such as grain size or other firn characteristics may be important
(Arnaud, 1997; Arnaud and others, 2000).

175
As noted above, layering produced near the surface and modified during firnification may
affect (Vc) (Martinerie and others, 1992; Delmotte and others, 1999), and may change over time
(e.g., Alley, 1988; Raynaud and others, 2007). In one study from the BHD site at Law Dome, for
example, seasonal variations in trapped air were as large as 25% (Martinerie and others, 1992),
likely because more-dense winter layers isolated still-permeable lower-density summer layers just
below, trapping extra air in them. Other layering may have similar effects, with a high-density
crust sealing extra air in a low-density hoar layer beneath (Stauffer and others, 1985). This
sealing can affect gas mobility in the firn, and the age as well as the amount of gas trapped
(Martinerie and others, 1988; Martinerie and others, 1992). To account for this, Martinerie and
others (1992) introduced the concepts of a pore volume and temperature at “isolation”, or (Vi) and
(Ti) respectively. When writing equations relating to gas trapping, the subscript “i” is thus used
to signify isolation from the free atmosphere above, with “c” indicating local isolation from
closure of individual bubbles (Martinerie and others, 1988; Martinerie and others, 1992).
Based on available data for site characteristics and trapped gas, they proposed four
parameterizations of (Vi), as shown in Fig. 5-3: one for all sites combined, one for “warm sites”,
one for “cold sites”, and a second “cold sites” parameterization with the sparse Vostok data
excluded (Martinerie and others, 1992). The regressions for these are,
All sites:

Vi = 7.6 "10 #4 $ Ti (K ) # 0.057

(5-6)

Warm sites:

Vi = 4.5 "10 #4 $ Ti (K ) + 0.02

(5-7)

Vi = 5.2 "10 #4 $ Ti (K ) # 0.005

(5-8)

Vi = 10.3"10 #4 $ Ti (K ) # 0.119

(5-9)

!
Cold sites:

!
Cold sites (-Vostok):

!
Delmotte and others (1999) added Antarctic data for Dome Summit South and provided a new

!

single regression for Antarctic sites,
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All sites:

Vi = 6.95 "10 #4 $ Ti (K ) # 0.043

(5-10)

Lastly, Delmotte and others (1999) added newly obtained data points from the Greenland (GRIP)
site, obtaining,

!
Vi = 7.02 "10 #4 $ Ti (K ) # 0.045

All sites (+ GRIP):

(5-11)

These differ only slightly from previous parameterizations (Eqs. 5-4 and 5-6).

!

Both the studies of Martinerie and others (1992) and Delmotte and others (1999)
concluded that under present-day conditions, the (Vi/Ti) ratio experiences only small variations
compared to changes in pressures. They therefore attribute a secondary effect related to the
parameterization of (Vi), which is likely a result of changes in the density of the ice near the
isolation level from preserved layering, or the effects of bubble compression (Gow, 1968;
Martinerie and others, 1992). It should be noted from Fig. 5-3 however, that the parameterization
of (Vi) is still a work-in-progress as there is a dearth of recent site data between -37 and -50°C.
For the purposes of this study, and based on its present-day and historical site characteristics, the
WAIS Divide site best matches the conditions defined by the “warm sites” parameterization
defined above. I used the associated “warm sites” equation preferentially in subsequent
calculations.

5-3: Methods

5-3-1: Sampling
Total air content measurements (V) in the WAIS Divide (WDC06A) ice core were made
here using the automatic air extraction device (known informally as “The Spider”) at Penn State

177
University (Figs. 5-4 and 5-5). The spider device was designed specifically to measure methane
concentrations in gases extracted from ice-core samples. The TAC measurements were a
byproduct of the methane concentrations measurements. Here, I detail the calibration procedure
yielding total air content data from the pressure measurements obtained during the methane
measurements. Methods associated with total air content sampling carried out at OSU, are not
discussed in detail in this chapter. Refer to Mitchell and others (2014) for specifics.
In total, over 1200 ice-core samples were prepared (~2400 discrete subsamples, 2 per ice
sample) for this study from ~115 to 3300 meters (ice-ages of ~0.35 – 57 kyrs bf 1950), following
the procedures described by Mischler and others (2009) and T. Sowers (personal
communication). Sample were taken at fairly regular intervals (~ between 1 and 5 meters, or 10 –
60 year) along the entire core, with no major gaps. The average sampling resolution (including
both the OSU and PSU) samples was ~28 years. Each PSU ice-core sample was 11 cm in total
length. Two cylindrical subsamples, each 4 cm in diameter, ~5 cm in length, and ~60-70 grams,
were cut from each full sample as shown in Fig. 5-6. Subsample cutting occurred in the Penn
State University cold lab, using a drill-press fitted with a ~4 cm diameter hole-saw bit. The top
and bottom of the cylindrical pieces from the hole cutter were trimmed on both ends (0.5 – 1.0
cm). The prepared cylindrical samples fit snugly within the steel sampling vessels (e.g. Fig. 5-7).
This subsampling eventually resulted in two discrete samples for each primary sampling depth, an
“upper sample” and a “lower sample”, named relative to the stratigraphic up-direction in the deep
core (see also Fig. 5-6). Each “upper” and “lower” sample was measured on different days to
avoid aliasing the data with day-to-day instrumentation drift. However, pairs were later averaged
together to give a single total air content value at the midpoint of the 11 cm parent sample. As I
discuss below (section 5-4-2), this oversamples the relatively slow past elevation changes
expected at WAIS Divide, while providing insights on faster changes in total air linked to firn
properties and impurities (sections 5-4-3 and 5-4-4).
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The spider apparatus consists of 14 steel vessels used to hold ice samples, each with a
total sampling volume of ~96 ± 2 cm3. During measurements, the system performs a single meltrefreeze cycle to free the trapped air from within the ice. Initially, ice samples weighing ~68 ± 4g
are placed in the respective vessels and isolated from the ambient atmosphere using copper
gaskets. The entire system is then evacuated to 0.3 atm to remove air in each vessel’s head-space,
and various leak-checks are performed to ensure the seals are intact with no contamination from
ambient air. The ice samples are then melted, allowing the air trapped in the ice samples to
escape into the headspace of the enclosing vessels. The liquid samples are then refrozen, leaving
the liberated air separated above each of the refrozen samples. Once the temperature of the ice
reaches approximately -69°C, the air in each vessel is expanded into a vacuum manifold
containing a 10 cm3 sample loop connected to a gas chromatograph. The pressure in the vacuum
manifold with the ice-core air sample is noted (generally between 60 and 80 torr) before the loop
is switched for methane concentration measurements. A very small amount of the liberated air
dissolves in the water during the melt phases, so a correction must be made to the measured
results (see Section 5-3-3).
Over 90% of samples were processed successfully. In a few cases only one subsample
from a pair was used, primarily due to physical loss of a sample, particularly within the fragile
“brittle-ice” zone. A few sample measurements were also contaminated due to a gasket leak in
the extraction device system, and had to be excluded. Lastly, after all measurements were
completed, I determined that system line number 13 had returned inconsistent values owing to a
minor fault, so all samples (and their equivalent pairs) processed through this vessel and line were
eliminated. The final resultant data had over 2200 total individual measurements of the 2400
initial subsamples (discussed further in section 5-4).
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5-3-2: System calibration
Careful calibration is essential for accurate sample measurement. Calibration here
involved measuring the volume of the sampling lines and the effective temperature of the system
(see also Mitchell and others, 2014). Both experiments made use of the ideal gas law relating
pressure, volume, and temperature in the system (all equation variables are listed in Table 5-1).
The volume of each of the 14 individual system lines (Vline(s)) was first experimentally
determined. Steel plugs (inserts) with known volumes (~57 cm3, based on msteel and ρsteel for each
plug) chosen to approximate ice samples, were inserted into each of the empty vessels (also with
known volumes of ~96 cm3)(see Fig. 5-8). I initiated an isothermal experiment for each of the
vessels and lines individually, as follows: 1) gas pressure was measured in the vessel system line
with the vessel valves closed; 2) the system was evacuated for 30 minutes, removing all air from
the system lines (< 4x10-4 torr) while leaving air within the headspace of the vessel; 3) valves
were then opened, allowing the headspace air to expand into the system lines where the final
pressure (Pfinal) was measured. The volume of the line for each vessel (Vline) could then
determined from,

(Vvessel " Vsteel )(Pinitial " Pfinal )
Pfinal

= Vline
(5-12)

The experiment is described in greater detail in Appendix D.
Laboratory temperatures may change by a few degrees from day to day and throughout

!

the run due to excessive heat generated by the chiller unit. Because the room temperature
influences the temperature of the extraction manifold and the gas chromatograph sample loop, I
needed to determine the effective temperature of the line specifically when the air samples were
analyzed. To calibrate this, three expansion experiments were run for each vessel individually,
with the vessel held at -70°C as during sampling in each case, and with the room temperature at
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24.05, 28.45, and 31.35°C. Each of these three runs for each vessel yielded an effective
temperature (Teff),

Teffective =

Pfinal (Vhead + Vline )Tinitial
PinitialVhead

(5-13)

Substituting for Vhead thus yields,

!

Teffective =

Pfinal (Vvessel " Vsteel + Vline )Tinitial
Pinitial (Vvessel " Vsteel )

(5-14)

I calculated linear regressions for Teff versus room temperature for each vessel, and these
equations
! (Table 5-2) were then used with measured room temperature when the sample was
expanded into the manifold to reduce sample data to standard temperature and pressure (STP;
Eqs. 5-15 and 5-16) (see also Appendix D for full derivation and list of assumptions).

VSTP

" P V %" T %
final final
''$$ stp ''
= $$
# Teffective &# Pstp &
" VSTP %
TAC = $
'
# mice &

!

Additional corrections for the effects of cut bubbles and gas solubility are discussed in the
following section.

!

(5-15)

(5-16)
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5-3-3: Cut-bubble and solubility corrections
Coring and sub-coring of bubbly ice to prepare samples unavoidably cuts some bubbles,
releasing their air, so the total air from an ice sample is less than the original amount of air in the
sample volume, requiring a correction. Martinerie and others (1990) discussed two methods for
making these corrections for 3 cm cubic ice samples, which subsequently yield changes ranging
between 1 and 10% in measured air content. This correction is based on a statistical relation
among the total number and average size of bubbles in the sample, and the amount of exposed
surface area that is cut (Saltykov, 1976). Here, I modified the bubble-cut correction for the
cylindrically-shaped WAIS Divide samples,

(V " Vmeas )

V = (1/2)(N c N t )((2#r 2 + 2#rh) #r 2 h)

(5-17)

where V is the corrected total air content, Vmeas is the measured total air content, Nt is the total

!

number of bubbles (including cut-bubbles), Nc is the number of cut bubbles, and r and h are
radius and height of the cylinder. Statistically, on average, bubbles are cut in their middle, and
the amount of gas lost is related to the volume of gas in Nc/2 bubbles situated on the surface of
the right cylinder. In simplified final form, Eq. 5-17 is,

(V " Vmeas ) V = (N c

N t )((r + h) /rh)

(5-18)

Due to the cylindrical shape of the WDC06A samples, a curved surface is introduced to the
problem of determining cut-bubbles. If one considers typical spherical bubbles with average

!

diameter D (a reasonable assumption – see Chapter 2), bubbles located either partially or
completely within the cylinder must be located within the entire volume as defined by (see Fig. 59),
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2

Vcyl = " ( r + D /2) ( h + D)

(5-19)

This volume calculation for a cylinder (see also Fig. 5-9) is an approximation because the
curved surface adds an additional degree of uncertainty in determining whether or not certain

!

bubbles are counted. For example, a bubble that might normally just fall on a flat surface, may be
excluded from a similar calculation on the curved surface. Due to the small scale of the average
bubble sizes, however, and my assumption of spherical and ellipsoid bubbles of uniform size, this
effect would be negligible with regards to the bubble-cut criterion. For rare bubbles with
irregular shapes, this slight surface curvature of the samples may necessitate a slight additional
correction, but that was not quantified here. In the case of a determining the cut-bubble
correction here, the surfaces of the cylinder were simply treated as a continuous, flat, parallel
surfaces. Additionally, like with the edges and corners of cubic samples (Martinerie and others,
1990), the top and bottom edges of these cylindrical samples were ignored. I determined final
corrections for samples above 1600 meters (using Eq. 11 from Martinerie and others (1990) and
with data determined using Eqs. 5-18 and 5-19), as this marks the approximate transition depth
into completely bubble-free clathrate ice (see also Chapter 2). Final corrections ranged from
~3.1% at 115 meters, to ~0.6% at 1100 meters, dropping to 0 at 1600 m, with an average
correction of ~1.7% ± 0.2 over the entire depth-range.
An additional correction is needed to account for the residual gas trapped in the refrozen
ice in the extraction cylinder. When normal ice core samples are melted to liberate the trapped
gases, and a small amount of gas (generally < 5%) unavoidably dissolves into the melt-water (see
also Mitchell and others, 2014). Here, gas solubility depends on the partial pressure of air in the
headspace of each of the vessels, the amount of water, water temperature, and the ratio of water
surface area to volume. To calculate this correction, “residual” experiments were run following
an initial gas extraction whereby the extraction cylinder containing a previously analyzed sample

183
is isolated, warmed to liberate the residual trapped air in the ice, and then refrozen a second time.
The residual headspace air is then expanded into the line and the pressure measured (~2 torr).
With a total of 56 samples run under differing temperatures, I established a correction of 3.8 ±
0.4% of the initial gas extracted. This agrees closely with expectations from Henry’s Law
coefficients for Ar, O2, N2 and CH4 assuming the gases were at equilibrium, and also agrees with
an independent determination by K. Trinh (4 ± 0.6% Senior Thesis, Chemistry, Pennsylvania
State University).
I estimate a combined error for total air content data here of ± 0.005 cm3g-1 (± 5%). The
largest source of error in this estimation comes from changes in room temperatures associated
with the calibration of Teff, which also results in the estimated absolute accuracy of ± 5% (see also
Martinerie and others, 1994, Mitchell and others, 2014). Additionally, a pooled standard
deviation of a series of replicate V samples from the core is included in this estimation. Lastly,
numerous ice-free “standard” experiments were run to establish measurement errors across each
sampling vessel. The overall estimated uncertainty here is comparable to previous workers
(Martinerie and others, 1994; Raynaud and others, 1997; Mitchell and others, 2014).
A secondary, but independent smoothing uncertainty exists due to the averaging of paired
samples, with a standard deviation of ± 0.003 cm3g-1 (see also Section 5-4-1). This uncertainty is
not included in the overall error estimate above. Paired TAC values differ for physical reasons,
therefore this uncertainty is not a true measurement error but an effect of integrating two total air
content measurements over the 11 cm sample lengths. This is discussed further in section 5-4.
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5-4: Results and discussion

5-4-1: Total air content data
The calculated total air content values for the upper and lower subsamples from each
initial 11 cm sample (see Fig. 5-6) were averaged together to determine final values used in most
of the following analyses. These samples differ in age by a few months to at most ~3 years,
increasing with depth in the core, and so formed with similar temperature, accumulation rate,
elevation and some other conditions; thus air content should not differ significantly between
subsamples because of any of these slowly changing variables. However, air content may differ
between the two subsamples from a single 11 cm sample due to precipitation seasonality,
differences in pore volume at pore close off, chemical impurities, wind crusts, or possible melt
layers. The standard deviation for all pairs of subsamples is ± 0.003 cm3g-1. Some of the
subsequent analyses look in detail at the differences between subsamples, but this is stated
explicitly; otherwise, references in this text to the term “sample” or “sample depth” will always
refer to the average of two subsamples. (For the 3% of samples from which only one subsample
was successfully analyzed, the single sample is used in place of the average of two subsamples,
and the sample is omitted from comparisons between subsamples.)
The combined complete air content data are shown in Fig. 5-10 over the full ~57 kyr
time-interval (including the OSU data). Sample depths were assigned to their mid-points (~5.5
cm from top), converted to ages using the published WD2014 depth-age scales (Buizert and
others, 2014), and plotted with applicable gas-age/ice-age corrections (~200 – 500 years). Fig. 510 also contains an additional 870 total air content measurements made by the ice-core laboratory
at Oregon State University (OSU), thereby completing a full combined air content record. These
samples were of comparable total masses (~60-70 g) to those measured at PSU, but were 8 cm in
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total length. These additional data were also corrected for cut-bubbles and solubility, properly
calibrated, and analyzed with comparable precision and accuracy to ours (see Edwards and
others, 2014; Mitchell and others, 2014, Rhodes and others, 2013). I carried out a direct TAC
comparison of two overlapping depth ranges between the PSU and OSU labs in order to
determine an estimate of inter-lab measurement offsets. I examined two distinct depth ranges
where significant overlap between the labs occurred: 400-500 meters, and 2000-2500 meters. An
interpolated, matched comparison of the deeper range of 2000 – 2500 meters, resulted in a high
level of agreement, with a mean offset of ~0.0012 ± 0.0002 cm3g-1. An interpolated, matched
comparison of the shallow range of 400 – 500 meters, resulted in a slightly lower level of
agreement (although still high), with a mean offset of ~0.0021 ± 0.001 cm3g-1. The larger offset
in the shallower depths is very likely due to subtle differences in bubble-cut calculations (see
Section 5-3-3) between labs, related to sample shapes (cylindrical vs. cubic). Very-slight
differences in the solubility correction calculations may also be affecting the inter-lab offset.
Further inter-lab measurement evaluations are warranted using specific ice samples, however
both of these interpolated overlap comparisons do suggest with a high level of confidence that
there is good measurement agreement between labs.
The combined air content data sets are shown in Fig 5-10, with both a 1000-yr and
10,000-yr 1st-order LOESS smoothing curve. These two fits were chosen as a way to represent
changes in the total air content record over “short” and “long” time scales. Elevations of inland
ice-sheet regions almost always change rather slowly (e.g., Alley and Whillans, 1984), such that
large changes (> 100 m, for example) are unlikely to occur on submillennial timescales. Other
factors (temperature, accumulation rate, impurity content, etc.) probably varied on shorter
timescales thereby potentially contributing to short term TAC variations, a point to which I return
later. All analyses in subsequent sections were carried out using the full combined (PSU and
OSU) total air content record unless otherwise noted.
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5-4-2: Surface pressure and elevation history estimates
I first interpret the data using the “standard” relationships between total air and surface
pressure/site elevation. Some features of this record are inconsistent with physical understanding
of ice-sheet surface-elevation change, motivating additional analyses to assess influences of
impurities and seasonality.
To reconstruct a surface-pressure history for the WAIS Divide site, I had to calculate the
close-off pore volumes (Vc) for each TAC sample using the “Warm Site” regression (Eq. 5-7) of
Martinerie and others (1992) (see also Fig. 5-3) and assume the relationship was stationary
through time. Thus, for or each measure TAC value, a close-off temperature (Tc) had to first be
determined using the high-resolution published δ18O data (Fudge and others, 2013). In order to
properly reflect the integrated temperature-history of the entire firn column above each of the
samples when they were in the bubble close-off region, a mean yearly-interpolated isotope value
corresponding to the specific delta-age of each sample (Buizert and others, 2014) was used to
calculate their individual bubble-trapping δ18O values. Then, each sample’s mean-integrated
isotope value was converted to an equivalent mean-temperature (reflective of the corresponding
sample’s delta-age) by using the current average annual surface temperature for WAIS Divide of
-30.25°C, an approximation for the modern δ18O average value of –33.6% (with “modern” being
the present-day firnification time of 225 years), and an assumed δ18O proxy calibration value of ±
1.0 ‰ representing ± 1.0°C (Morgan, 1982) (Fig. 5-11 and also see Chapter 2). The pore volume
(Vc) for each mean sample close-off temperature, (Tc), was then calculated from equation 5-7.
Finally, using Eq. 5-1, along with standard temperature (273.15 K) and pressure (1014 mbar)
values, I calculated an equivalent surface pressure (Pc). The complete pressure reconstruction is
shown in Fig. 5-12 with an equivalent 1000-yr 1st-order LOESS smoothing fit added. A
reconstruction is also shown assuming a constant pore volume (Vc) of 0.129 cm3g-1 (following
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Raynaud and Lorius (1973), with the modern average WAIS Divide temperature). These curves
match closely through most of the Holocene, but diverge by as much as 15-20 mbar in response
to calculated ice-age cooling of ~8°C.
To convert surface pressure to elevation, I followed Stone (2000), who gave mean annual
surface pressure in Antarctica (PAnt) as a function of altitude z (m),

$ #z '
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(5-20)

Rearranging and solving for altitude z in meters, this equation becomes,
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This equation fits mean annual surface pressures between sea level and 3200 m with an RMS
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error of ± 3 mbar, and has been shown to work well for stations on the open ice sheets of
Antarctica (Stone, 2000). I converted both surface pressure data sets from Fig. 5-12 (constant
(Vc) and temperature-corrected (Vc)) using Eq. 5-21, and these are shown in Fig. 5-13 with 5000yr 1st-order LOESS smoothing fits to better approximate possible true elevation changes.
Rapid elevation change inland is rare or absent (e.g., Alley and Whillans, 1984). For
example, WAIS Divide accumulation rate increased by ~0.1 m yr-1 over a few millennia as the ice
age ended, the largest change in the record (Fudge and others, 2013). An instantaneous increase
of 0.1 m yr-1 would require 1000 years to accumulate 100 m of ice, and ice-flow response would
limit net thickening in that time to slightly less than 100 m of ice. Similarly slow responses are
expected due to changing temperature and coastal conditions that impact the grounding line
position (Alley and Whillans, 1984). Hence, elevation changes of hundreds of meters or more
over times of hundreds of years or less are not realistic.
I thus reconfirm earlier work that many factors including elevation changes affect total
air content (e.g., Martinerie, 1990; Martinerie and others, 1992; Raynaud and others, 2007). To
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visually filter out these high-frequency changes, a 5000-yr LOESS fit here served as a
rudimentary approximation for air content changes that may represent true elevation changes at
WAIS Divide. I also completed a more in-depth and detailed frequency analysis of the total air
content data (which included both high- and low-pass filtering) and is discussed in the following
section (5-4-3). Both curves in Fig. 5-13 show an elevation shift at about the time of the
transition from the previous ice age into the Holocene. Interpreting the 5000-yr smoothed
temperature-corrected (Vc) record as an elevation history only, shows relatively small changes (<
200 m) from ~57 – 16 kyrs bf 1950. Then, starting at approximately 15 kyrs bf 1950, a decline of
~300 meters followed over the next ~4000-5000 years. The latter portion of the Holocene
exhibits a relatively stable elevation record with a slight (10 – 20 m) increase during the past 5001000 years.
This elevation history is not consistent with the expected response to the reconstructed
forcings, based on physical understanding or ice-sheet modeling (e.g., Alley and Whillans, 1984;
Pollard and DeConto, 2009). The forcing included a coincident warming and accumulation-rate
increase (Fudge and others, 2013) that is roughly contemporaneous with the observed shift in air
content. These observations predate coastal retreat that occurs later in the Holocene (Larter and
others, 2013). Inland thinning is expected from coastal retreat and surface warming, but after
multi-millennial delays, whereas immediate onset of inland thickening is expected from the
accumulation-rate increase. Hence, the reconstructed elevation decrease in the early part of the
deglaciation is counter to what one would ordinarily expect.
As noted above, changes in seasonal contrasts, impurities, or other processes are required
to explain high-frequency variations in total air content, and can also contribute to low-frequency
changes. To provide further insight, I next present a suite of frequency analyses across multiple
data sets.
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5-4-3: Time-series and frequency analyses
To isolate the possible sources of the high-frequency variability seen in the total air
content record, I performed an array of time-series analyses on the data set. Recent work has
found strong correlations between impurity content (specifically nssCa2+) and densification rates
in polar firn (Freitag and others, 2013; Hörhold and others, 2012). I hypothesize that impurity
content could alter pore space and bubble trapping in the close-off region, thus impacting total air
content.
A suite of high-resolution chemistry measurements of the WDC06A ice core were made
by Dr. Joseph McConnell at the Desert Research Institute in Reno, Nevada, using a newlydesigned continuous ice-core melter system (see also McConnell and others, 2002). This system
returns data on a considerable array of chemical impurities at ~ 1 mm resolution (personal
communication from J. McConnell). Here, only the non-sea salt calcium (nssCa2+) and Cerium
(Ce) data were used for air content comparisons, as they are known to be good general indicators
of terrestrial impurity and/or “dust” content in polar firn (e.g., Hörhold and others, 2012). The
available nssCa2+ data from the WDC06A core are shown in Fig. 5-14, along with two other data
sets representing possible “impurity” proxies: an optical intensity record made within the
WDC06A borehole (personal communication from R. Bay), and a record of visible ash, tephra, or
cloudy layers documented in the core during core processing. This figure highlights one possible
area of high correlation that occurs between 17 – 18 kyrs bf 1950. During this interval, a sharp
decrease toward the present can be seen across all four data sets.
While the time-resolution of the TAC data set presented here is extremely high, the
physical spacing of the sampling complicates accurate time-series analysis. The most commonly
used methods for analysis require data records that are evenly-spaced in time. Some methods
exist for dealing with irregularly-spaced data (e.g. Lomb-Scargle); however, my exploratory
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analyses using these methods were not enlightening. Instead, I chose to interpolate both the total
air content data and the nssCa2+ data to one-year intervals. I then ran high- and low-pass filters
on the interpolated data with a threshold of 1000 years. This time interval represents a moderate
estimate for “long” vs. “short” air content changes. At frequencies less than 1000 years, elevation
changes are unlikely to have contributed significantly to total-gas changes, while impurities or
other controls acting through the full firnification time are probably more important (now ~225
years and < 500 years through the entire record (Buizert and others, 2014; Fudge and others,
2013)).
The results of this filtering are shown in Fig. 5-15. My initial auto-correlation analysis of
the high-pass filtered total air content data showed no apparent periodicities. I then ran crosscorrelation analyses on both the raw and the high-pass total air content data with the nssCa2+ data
for the interval when the two data sets overlap (7 – 28 kyrs bf 1950), using the ‘xcorr’ and ‘xcov’
functions within the Matlab software framework (Fig. 5-16). These overall cross-correlations
show no prominent peak or noteworthy correlation coefficients, despite the interval identified and
shaded in Fig. 5-14 and other published correlation results (Hörhold and others, 2012; Freitag and
others, 2013). This observation holds true even over the shorter ± 1000-yr lag interval (see Fig.
5-16 insets a and b). Because the subsample averaging and interpolation may have obscured very
local correlations, I next compare total air content to impurity loading and season of deposition of
the individual subsamples.
As a way to further test for possible correlations between air content and impurity proxy
data, I completed a pair-wise analysis of total air data focusing purely on net-changes. These
analyses were carried out based solely on sample depth and therefore eliminated all errors and
smoothing effects of interpolation related to depth-age conversion. In this analysis, each
individual air-content sample that was part of a paired measurement was isolated independently
from its partner. The difference in total air content, nssCa2+ concentrations, and Ce
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concentrations, were compared for each set of “upper” and “lower” paired TAC samples. The
difference between each of these constituents were calculated to isolate magnitudes of changes,
and identify whether those changes across data sets were synchronized or unsynchronized. This
method resulted in 834 total direct comparisons with nssCa2+ data, and 318 direct comparisons
with Ce data. From these 1152 pair-wise comparisons, a subset of results for samples above 2600
meters depth are shown in Fig. 5-17, with changes in total air concentrations plotted against
changes in either nssCa2+ or Ce concentration (below 2600 meters in the core, the sampling timeresolution becomes too low for reliable results). The results were normalized such that changes
representing larger total percentages of concentrations are reflected in the figure with higher
values. This normalization used the following equation,
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where CU and CL represent the various concentrations of the “upper” and “lower” subsample of
the paired samples respectively. Although both data sets reveal a slight positive-sloped linear
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regression, the data appear to reveal a mostly random distribution. These positive regressions
both return p values greater than 0.1, implying that it is unlikely any short-term net-changes in
either of these impurity proxies has a significant effect on total air content values (additionally
corroborating the earlier findings). Across all pair-wise comparisons, the sign of the net-changes
averaged across samples agreed 53% of the time, and disagreed,47% of the time, further
confirming that neither a significant positive nor a significant negative correlation is evident
between changes in impurity content and total air content concentrations. As one final check of
these comparisons, I binned pair-wise total air content results based on the magnitude of nssCa2+
concentrations in their samples. These bins were compared to determine if a correlation exists,
but only at certain impurity concentration thresholds. The results of this binned comparison are
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shown in Appendix Fig. D-2 and reveal that the total air and impurity changes were most often in
sync with one another, independent of total impurity concentration, but with generally only a 510% greater probability.

5-4-4: Estimating seasonality of total air content: a basic method
It has been suggested that seasonality plays an important role in determining the total air
content concentrations (Raynaud and others, 2007; Martinerie and others, 1992; MassonDelmotte and others, 2008). As part of a cursory investigation into seasonality here, all total air
samples were given a seasonal index based upon their averaged depths with regards to the
published depth-age scale (Buizert and others, 2014). Again, these averaged depths are integrated
over the full 11 cm of the samples, so they only represent a rough estimate of seasonal placement.
This is sufficient for basic two-season binning (winter or summer) of total air content data,
particularly within shallow samples were annual layers are still quite thick. The binning
algorithm used here to assign seasonal indices was identical to that used to identify the
seasonality of crust occurrences in Chapter 4 (code is included in Appendix D).
The results of this seasonal indexing are shown in Fig. 5-18 with 10,000 and 5,000-yr
smoothing curves. A weak seasonal preference for higher air content values during summers
exists on average when smoothed, but only by values of 0.002 cm3g-1 or less. This result is well
within the estimated combined measurement errors of ± 0.005 cm3g-1, however the trends do
persist back through 20 kyrs bf 1950. More in-depth testing of these seasonal data and their
trends is necessary to establish proper measures of statistical significance. The seasonal trends
eventually merge which is most likely due to the low annual resolution of the deeper samples.
These results illustrate the coarseness of the average total air content data for a comparison such
as this last analysis, and warrant a higher-resolution investigation in the future. In addition, due
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to the cylindrical shape of the samples, assigning a seasonal index value needs to realistically
factor in as a measure of the samples’ surface curvature. Lastly, a true seasonal index would need
to fully represent the sinusoidal behavior of the year-long seasonal trends. A proposed highresolution seasonality investigation of the cylindrical WDC06A samples is discussed in detail
below.

5-4-5: Estimating seasonality of total air content: a comprehensive method
The samples in this study had a right-circular cylindrical geometry of radius r (~2 cm)
and a length of ~5 cm. The cylinders were drilled perpendicular to the ice core, meaning they
sampled a horizontal section of the ice sheet. The samples span a finite interval of time that is
typically short compared to a year, but may be long enough compared to a season in samples
from deeper in the core, that blurring of the seasonal signal is expected. Here I present an
approach to calculate a “summertime index” value, S, that ranges from -1 to +1 (with +1
indicating peak mid-summer). When total air, G, is plotted in a suite of samples against their
respective “summertime indices”, and a linear regression drawn through those data, the yintercept will be equivalent to the mean air content value Go, and the slope equivalent to the halfamplitude of the seasonal cycle in air content, ΔG.
The center point of each measured sample falls between two known summer picks in the
current WD2014 depth-age scale (with each age-scale annual pick equating to peak summer, or
an approximate calendar data of January 1st (Buizert and others, 2014)). Samples that include a
summer pick are treated using information for the summer-to-summer year containing the
majority of that sample. In the rare circumstance that a sample center falls exactly on a summer
pick depth, one simply chooses a standard convention to either look up or down for the next pick.
In theory, there is no “barrier” to including information from the previous and subsequent
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summers for a sample that includes a summer pick, but that is beyond the scope of this approach
and is not attempted here. I assume here that ice accumulates at a uniform rate during each year
at WAIS Divide, and that total air trapped within the ice varies sinusoidally with the time of
formation, and therefore the depth in the core. Thus,
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where t is the time between summer t1 and adjacent summer t2 (1 year), and z is the depth

! z1 and adjacent summer z2, as given in the published depth-age scale. The
between summer
sample extends ± r from its center position zC, with most of the sample near zC and only a little
near zC ± r because of the circular shape of the sample. At some z within the sample, it has an
altitude h given through Pythagoras as,
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Its contribution of air to the total sample would thus be (Gh)dz for an infinitesimal dz (see
Appendix Fig. D-3 for!diagram representation). Integrating these contributions across the sample
gives the total air content of the sample, and then dividing by the cross-sectional area of the
samples circular face, gives the average total air concentration. With this stated, the average air
content in a sample, GAVG, is,
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if S is then defined as,
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then,
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So, if the summer depths z1 and z2 that bracket a specific sample depth zc are known along with
the sample radius r, and the air
!content varies sinusoidally with stable mean value Go and halfamplitude ΔG, the depths can be used to calculate a “summertime index”, S for each total air
content sample. A linear regression line through a plot of all measured air content values vs.
summertime indices would have an intercept of Go and a slope of ΔG, as predicted. I ran an early
test of this method using a sub-set containing 664 of the individual total air content samples (unpaired and un-averaged), and the equations derived above. The results of this analysis, shown in
Appendix Fig. D-4, reveal a similar seasonal preference with higher total air content values
during summertime periods but here with greater significance (p < 0.1). This third confirmation
of a slight summertime bias, may thus be a real phenomenon despite the overall low values and
weak nature of the trend.
As a last measure of possible correlation, I applied a three-way comparison between total
air content, summertime index S, and nssCa2+ concentrations. Data from Fig. D-4 were first
filtered to reflect only those samples above 2600 meters, and then the results were re-plotted in
Fig. D-5 with each data point colored according to nssCa2+ concentration. Changes in
summertime index and nssCa2+ concentrations were also calculated across each pair, with results
shown in Table 5-3. The three-way pair-wise comparisons as well as the data plotted in Fig. D-5,
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do not reveal statistically significant results (p > 0.1). Further multiple-regression analyses across
the three data sets is planned to better quantify any possible correlation or relationship.

5-5: Discussion and considerations
I measured a highly-detailed and complete total air content record for the WAIS Divide
ice core, however there are various considerations to be made. The calibration and configuration
of the automatic extraction device was successful, and the resultant data are believed to be of
high-quality, however many sources of error need to be addressed in greater detail, and further
constrained for future studies. Compounding system errors related to leak checks, vacuum lines,
sample preparation, and solubility corrections all have a measureable effect on pressures in the
extraction lines. Most of these errors are reasonably well-constrained, but some are still a product
of multiple assumptions. Additionally, more calibration experiments should be run to better-fit
regressions related to the Teff data.
In general, a greater number of comparisons need to be made, and more analyses should
be undertaken using the higher-resolution un-paired samples. The integration or averaging of
sample data over full 11-cm sample lengths is likely smoothing seasonal and impurity signals
within the data, making them difficult or impossible to discern. Analyzing individual subsamples
would also help with interpolations, particularly when regular-spaced data are required for
frequency analyses. Sample-spacing was often irregular to begin with, only adding to the
difficulties with trying to regularly space the data through these interpolation methods.
An estimated elevation history modeled from the air content data is presented here,
however it is difficult to say with certainty what is truly representative of elevation in that
reconstruction. Temperature and accumulation-rate histories only partly agreed with the
elevation reconstruction (Fudge and others, 2013), despite a fairly good agreement of the
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reconstruction with other independent modeling results (personal communication from D.
Pollard). It is likely that other processes affecting bubble trapping have a greater impact on the
overall air content record (which seems likely based upon the high-frequency variability in the
data). It is here that more inter-laboratory collaboration with Oregon State University would be
beneficial to the refinement of the air content data.
Comparisons between and across data sets also potentially pose problems due to slight
inconsistencies in depth registrations between labs. Even tiny offsets in registered sample depths
could result in years of offset when converted to time, deep in the core. This could be especially
problematic when looking at the specific seasonal timing of rapid air content changes.
Despite findings by other researchers (e.g., Fudge and others, 2013), no obvious or
significant (p < 0.05) correlation was found between impurity concentrations and total air content
in the WDC06A core. Seasonal trends presented a possible slight significance in the results (p <
0.1). It is suspected that while there was an absence of any strong correlations between these data
sets, it is still very likely that both impurity content and seasonality (as well as additional factors
not investigated here) play some role in controlling bubble trapping, and air content variability.
Further analyses and statistical testing is necessary to discern significance of these relationships.
More analyses with the individual un-paired samples may further answer this question. A
possible approach for future studies may be to identify several areas within the core that would be
good candidates for high-resolution total air studies, and request additional samples from the
National Ice Core Laboratory for simultaneous air content and impurity content measurements.
This approach would ensure that depths were accurately co-registered between labs for ice
measured from the same cores. Many of these comparisons and measurements may require that
high level of preparation, scrutiny, and sampling quality moving forward. During future
frequency analyses, it would also be prudent to investigate a wide range of various filter widths
(e.g. 400-yr, 800-yr, 225-yr, etc). A correlation may exist in the data, but simply at frequencies
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not yet studied. Lastly, recent work by Raynaud and others (2007) found that total air content data
measured in ice cores may require a correction to deal with changes in insolation. This correction
is not trivial and would have a measureable effect on data from the deeper samples presented
here. An effort to implement this correction is currently underway by J. Edwards at Oregon State
University.

5-6: Conclusions
A high-resolution total air content record from the WDC06A core reveals notable long
and short term variations over the entire depth of the core from 115 to 3300 meters (~57 kyrs bf
1950). These new measurements were made possible with recently developed effective
temperature and system calibrations of the existing Penn State University automatic extraction
device. I quantified the effects of cut bubbles and gas solubility on cylindrically-shaped samples
through modeling and isolation experiments, and developed new corrections which I then applied
successfully to resultant data.
Using published air-content equations and an interpolated δ18O stable-isotope converted
temperature profile for the site, I modeled a complete pressure-history for WAIS Divide for the
full ~57 kyrs. This pressure history was then converted into equivalent elevations using
published relationships. Elevation estimates here could not be taken directly as there were
various uncertainties and errors across the data sets that had to be accounted for. Additionally,
many of the short-term term pressure changes (< 1000-yr) were too large to be interpreted as
plausible or realistic elevations changes. For this reason I used a 7,000-yr smoothing to best
estimate possible true elevation changes on the order of other independently published
reconstruction.
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Auto-correlation of the air content data revealed no discernible periodicity to the data,
and various additional time series and comparative analyses between data sets revealed only weak
correlations between total air content, impurity concentrations, and seasonality. I also developed
a new comprehensive technique for estimating seasonality in cylindrical samples and tested it
successfully using individual (un-paired) samples, although it yielded only a weak correlation
result. Despite these findings, additional correlation experiments (over different intervals) are
warranted in the future to further constrain the sources of the high-frequency variability.
Analyzing air content variability in greater temporal detail should yield a high-pass
filtering mask that could be applied to additional total air data sets for the purpose of teasing out
the true, long-term elevation signals. Further experiments, measurements, and analyses would
also help to reduce known errors and smoothing effects.
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Figure 5-1: Total air content values shown versus surface pressure at close-off for various icecoring sites. Data points show the mean values for each site, with dotted lines representing
maximum uncertainties. Based on a modern mean value of surface pressure of ~785 mbar alone,
the WAIS Divide site falls within the given trend with an approximate air content value of 0.111
± 0.008 cm3g-1. Figure modified from Martinerie and others (1992).
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Figure 5-2: Total air content values shown versus elevation at close-off for various ice-coring
sites. Data points show the mean values for each site, with dotted lines representing maximum
uncertainties. Based on a modern mean elevation of ~1760 m alone, the WAIS Divide site falls
within the given trend with an approximate air content value of 0.111 ± 0.008 cm3g-1. Figure
modified from Martinerie and others (1992).
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Figure 5-3: Four proposed parameterizations of (Vi) versus (Ti) using data from 11 specific icecoring sites (all sites shown have no record of melt events). Figure modified from Martinerie and
others (1992).
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Figure 5-4: Schematic representation of the automatic extraction device (“The Spider”) used in
this study for the liberation of trapped gases in ice-core samples, and for the measuring of both
methane and total air concentrations.
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Figure 5-5: Photograph showing the 14 sampling vessel wells and chiller unit of the automatic
extraction device (see Fig. 5-4).
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Figure 5-6: Sampling schematic showing each pair of discrete sub-samples cut from a primary
ice-core sample. Each paired sampled was approximately equal in size and mass. The “upper
sample” was taken from a center-depth of ~ 2.75 cm down-sample, while the “lower sample” was
taken from a center-depth of ~8.75 cm down-sample. Samples were ~5 cm in length once top and
bottom surfaces were cut flush, and cleaned of imperfections to ensure a best fit within sampling
vessels. Portions labeled “Not Used” were removed during final trimming so that samples would
fit in vessels.
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1 cm

Figure 5-7: One of the 14 sampling empty sampling vessels used in this study, shown with scale
bar. Each vessel had a total sampling volume of ~96 cm3.
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Figure 5-8: Schematic diagram of total air content sampling apparatus (1 of 14 vessels) and the
associated variables and components used in calibration of the system.
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Figure 5-9: Schematic representation of total sample volume calculated for bubble-cut
corrections. Spherical bubble shapes were assumed and D represents the approximate average
bubble diameter for relevant sample depth.
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Figure 5-10: The complete total air content record (fully corrected). Data are shown with 1st-order
LOESS smoothing fits for 1000-yr and 10,000-yr bin widths. Dashed lines represent approximate ±
0.005 error brackets on 1000-yr fit for visual reference. The total air data are shown from both PSU
and OSU labs, and all data have been corrected for gas-age/ice-age offset (Buizert and others, 2014).
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Figure 5-11: The complete total air content record from Fig. 5-10 plotted below the equivalent
published δ18O record for WAIS Divide over the same interval (Fudge and others, 2013). Here,
isotopes values were converted to approximate temperatures using the current average annual surface
temperature for WAIS Divide of -30.25°C, an approximation for the modern δ18O average value of –
33.6% (with “modern” being the present-day firnification time of 225 years), and an assumed δ18O
proxy calibration value of ± 1.0 ‰ representing ± 1.0°C (Morgan, 1982)(see also Chapter 2). The
total air data are shown from both PSU and OSU labs, and all data have been corrected for gasage/ice-age offset (Buizert and others, 2014).
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Figure 5-12: Estimated surface pressure-histories for WAIS Divide using Eqs. 5-1 and 5-8 combined
with total air content and isotope-derived temperature data from Figure 5-11. The isotope data were
integrated over the thickness of the firn for each sample (as determined by recently published deltaages (Buizert and others, 2014)) to determine specific close-off temperatures (Tc). Green data and
smoothing-fit assume a constant pore close-off volume (Vc) of 0.129 cm3 g-1 based on modern average
surface temperature, while blue data utilize a “Warm Site” temperature-corrected history for (Vc)
using Eq. 5-8 (as described by Martinerie and others, 1992). Surface pressure history for WAIS
Divide over the ~60,000 year interval range between ~700 and 850 mbar. Both smoothing fits here
are equivalent 1000-yr 1st-order LOESS curves. Average total air content data error of ± 0.005 cm3 g1
converted here to surface pressure equates to approximately ± 35 mbar. The total air data are shown
from both PSU and OSU labs (combined here for ease of viewing and calculations), and all data have
been corrected for gas-age/ice-age offset (Buizert and others, 2014).
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Figure 5-13: Estimated elevation histories for WAIS Divide determined using estimated surface
pressure-history data in Fig. 5-12 and Eq. 5-23. Both data sets are shown with 5000-yr 1st-order
LOESS smoothing fits to better approximate possible true elevation changes. Average air content
data error of ± 0.005 cm3 g-1 converted here to elevations equates to approximately ± 300 m.
Elevations were determined using techniques and equations described by Stone (2000). The largest
noted change in this elevation reconstruction occurs between ~15 and 10 kyrs bf 1950, where a
decrease in ~500 meters is observed. Although both curves are shown here for reference, the data
derived from the temperature-corrected (Vc) are believed to be the best approximation (shown in
orange with solid-black curve). Dashed red line shows a specific example where changes in the total
air record, if taken as direct measures of surface pressure, imply an unrealistic elevation change (>
800 meters) over a short period with known low accumulation rates. The total air data are shown
from both PSU and OSU labs (combined here for ease of viewing and calculations), and all data have
been corrected for gas-age/ice-age offset (Buizert and others, 2014).
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Figure 5-14: A data comparison illustrating several possible sources of the high-frequency variability
within overall total air content record. Here, total air data are shown with various traditional “impurity”
and “dust” indicators from the WDC06A core. Measurements of nssCa2+ were made at the Desert
Research Institute using a continuous-melter system. Optical intensity measurements were taken with
an open-borehole logging instrument on-site at WAIS Divide, and visible layers were counted manually
by science technicians during core-logging in the field (personal communications from J. McConnell,
R. Bay, and N. Dunbar). Shaded band was added for ease of viewing a possibly interesting and
noteworthy decreasing trend across all four data sets. All smoothing line are 1st-order LOESS fits set
with bin widths of 300 years in order to represent a short time interval approximately equal to the
average close-off time of years (Buizert and others, 2014). The total air data are shown from both PSU
and OSU labs, and all data have been corrected for gas-age/ice-age offset (Buizert and others, 2014).
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Figure 5-15: Complete total air content record from Fig. 5-10 (blue), shown with both 1000-yr lowpass (black) and 1000-yr high-pass (red) filtering applied. Filtering was done using Digital Signal
Processing toolbox with the built-in ‘fdesign’ filter specification object within the Matlab software
framework. Once interpolated over single-year intervals, these two curves provided source data for
comparison with various impurity data sets (e.g. nssCa2+). The total air data are shown from both
PSU and OSU labs, and all data have been corrected for gas-age/ice-age offset (Buizert and others,
2014).
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Figure 5-16: Cross-correlation plots between yearly-interpolated total air content data and nssCa2+
chemistry data. Here the time-overlap between data sets was from ~7 – 28 kyrs bf 1950 (~21 total
kyrs). The upper plot shows the overall cross-correlation results between the full total air content
record and the nssCa2+ record, while the lower plot shows the overall cross-correlation results
between the 1000-yr high pass total air content record and the nssCa2+ record. Insets (a) and (b)
bracket the ±1000-yr lag indices to better highlight possible significant short-term correlations. In
both comparisons here however, the overall cross-correlations shows no prominent peak or
noteworthy correlation coefficients. Correlations were determined using the ‘xcorr’ and ‘xcov’
functions within the Matlab software framework.
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Figure 5-17: Normalized comparisons of all paired total air content sub-samples above 2600 meters
depth, with nssCa2+ and Ce impurity proxy-data. Both nssCa2+ and Ce data sets do reveal a veryslight positive regression, but with mostly random distributions. This result implies that it is unlikely
any short-term net-changes in either of these impurity proxies have a significant (p < 0.05) effect on
total air content values. Normalization was optimized to highlight changes of higher overall
concentration percentages (see Eq. 5-22).
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Figure 5-18: Total air content data shown separated by the winter and summer seasonal indices of
measured samples. The record through the Holocene, and back to ~20 kyrs bf 1950, shows a weak
seasonal preference for higher air content values during summers on average when smoothed, but
only by values of 0.002 cm3g-1 or less. These differences are well within known measurement and
instrument errors. It is notable however, that the trend for higher summer concentrations does persist
throughout the entire 20 kyr period. The eventual merging of seasonal trends may not be physical,
but simply due to the low sample-depth resolution. Plots are shown with 10,000-yr (a) and 5,000-yr
(b) 1st-order LOESS fits for comparison. The total air data used here are from both PSU and OSU
labs (combined here for ease of viewing and calculations), and all data have been corrected for gasage/ice-age offset (Buizert and others, 2014).
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Table 5-1: Defined variables and constants.
Variable/Constant
Vvessel = Volume of vessel ≅ 96 cm3
	
  
Vhead = Volume of headspace (cm3)
Vline = Volume of gas in line (cm3)
Vinitial = Initial volume gas measurement (cm3)
Vfinal = Final volume gas measurement after valve opened : After Expansion (cm3)
Pinitial = Initial measured gas pressure (torr)
Pfinal = Final measured gas pressure (torr) : After Expansion
Tinitial = Initial measured temperature (K)
Tfinal = Final measured temperature (K) : After Expansion
mice = Mass of ice sample (g) : measured at beginning or run for each sample
ρice = Density of ice (g⋅cm-3) : function of temperature based on (Bader, 1964)
Vice = Volume of ice (cm3) = (mass of ice/density of ice) = (mice/ρice)
Vsteel = Volume of steel plug (cm3) = (mass of steel/density of steel) = (msteel/ρsteel)
msteel = Mass of steel plug (g) – weighed for all 14 plugs (about 458.5g each)
ρsteel = Density of steel plug (g⋅cm-3) : value for low carbon 304L steel (8.03 g⋅cm-3)

Table 5-2: Experimentally-determined equations
for system lines (Vline(s)) using (Teff ).
Vessel Number

Linear Equations for Teff(s)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

y = 0.835x + 9.7770
y = 1.071x – 62.0140
y = 1.248x – 118.283
y = 1.272x – 125.326
y = 1.334x – 144.132
y = 1.335x – 144.816
y = 1.257x - 121.148
y = 1.394x – 164.083
y = 1.374x – 157.299
y = 1.276x – 127.077
y = 1.375x – 156.359
y = 1.372x – 153.835
y = 1.376x – 157.915
y = 1.165x – 91.3890
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Table 5-3: Three-way comparison of net changes in total air, nssCa2+, and summertime
index between 552 paired total air content samples (see also Figs. D-4 and D-5).

Gas Indicator
Upper Sample =
Higher TAC
Lower Sample =
Higher TAC
Overall Higher
TAC Sample

High
nssCa2+
High “S”

High nssCa2+
Low “S”

Low nssCa2+
High “S”

Low nssCa2+
Low “S”

34

32

33

29

38

35

35

40

72

67

68

69
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Figure A-1: Identified brittle-ice zones that were logged at various ice-coring locations. WAIS
Divide is shown here in red, with Greenland, West Antarctic, and East Antarctic sites all colored
according to region.
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Figure A-2: Histogram represention of micro-bubble cut-off base calculation that was
determined at 220 m for bubbles smaller than 0.25 mm.
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Figure A-3: Visual representation of micro-bubble cut-off function originally derived from
sample at 220 m depth (see also Fig. A-2), and subsequently applied at all sample depths. The
equation is shown for reference.
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Figure A-4: Distributions of mean equivalent bubble radii (see also Fig. 2-9), all normalized to an
equal depth of 220 meters, shown as kernel density estimates using smoothing bandwidths of 0.002
mm (2 microns). Smaller bubbles do not appear to be disappearing at the expense of larger bubbles
as the lower distribution limits remain stable. A slight excess of bubbles is observed in the smaller
size classes within the brittle-ice zone as the shape of the distribution is concave-up or linear on the
small-size end above and below the brittle ice, but convex-up within the brittle ice.
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Figure A-5: Visual representation of bubble shape correction functions applied at each sample
depth. Here, a small correction for the effect of non-smooth, feature pixelization within the
Fovea Pro software was calculated by fitting the polynomial curves above to a series of
artificially generated, round bubbles of varying sizes. Percentages shown indicate value of
correction, which was most prominent in the smallest bubbles (r < 0.1 mm). Shaded area
indicates range full range of mean bubble sizes measured in this study to which correction was
applied.
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Figure A-6: A slightly modified version of Fig. 2-23 shown here with additional ECM conductance
data added. The ECM data were measured on-site at WAIS Divide during core processing, and were
then used in combination with various chemical indicators to determine “peak” summer indices, and
therefore the resultant depth-age scale (higher conductance values are measured during summer
seasons). Here the ECM curve reveals more of the variability present in the seasonal signal.
Additionally, the ECM data further highlights the possible correlation between impurity loading and
total air content during summertime periods (see also Chapter 5).
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Matlab Code – Bubble number-density model
*** code to run paleoclimate model – input accumulation and model, output temperature. G = 1.66
*** accumbnd = accumulation, model = model matrix
i=0;
ii=0;
iii=0;
iiii=0;
rownum = 2;
for I = 1:length(accumbnd);
for ii = 1length(model)-1);
if accumbnd(I,1) >= model(ii,1) && accumbnd(I,1)<= model(ii+1,1);
if abs(accumbnd(I,1)-model(ii,1)) < abs(accumbnd(I,1)-model(ii+1,1));
for iii = 2:72;
if accumbnd(I,rownum) >= model(ii,iii) && accumbnd(I,rownum) <= model(ii,iii-1);
row2 = iii;
test(I,1) = model(1,iii-1)+((model(ii,iii-1) – accumbnd(I,rownum))/(model(ii,iii-1)-model(ii,iii)));
errspace(I,1) = (model(ii,iii-1)-model(ii,iii));
end;
end;
end;
if abs(accumbnd(I,1)-model(ii,1)) > abs(accumbnd(I,1)-model(ii+1,1));
for iiii = 2:72;
if accumbnd(I,rownum) >= model(ii+1,iiii) && accumbnd(I,rownum) <= model(ii+1,iiii-1);
row2 = iiii;
test(I,1) = model(1,iiii-1)+((model(ii+1,iiii-1) – accumbnd(I,rownum))/(model(ii+1,iiii-1)model(ii+1,iiii)));
errspace(I,1) = (model(ii+1,iiii-1)-model(ii+1,iiii));
end;
end;
end;
end;
end;
end;
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Figure B-1: Sketch showing grain rotation from deformation of polycrystalline ice. In (a),
tension σX causes resolved shear stresses on the basal planes (bp) of the two grains, which then
deform by basal glide. Interference between the two grains then results in c-axis rotation away
from the axis of tension (b). In (c), compression causes similar shear stresses on the basal planes,
however resultant c-axis rotation is towards the axis of compression (d). Grain-boundary sliding
also occurs between the grains as well as elongations of the grains themselves. Figure adapted
from Alley (1992).
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Figure B-2: Thick-section of ice sample VHS-580, shown here thinned to ~1.5 mm, and imaged as a
bubble section. Overall section measures approximately 10 cm by 6 cm. This image does represent a
composite auto-merge image, fitted and merged using the built-in “collage” functions as described in
Chapter 2. Stratigraphic up-core is to the left as indicated.
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Figure B-3: A series of elongated “bubble features” artificially generated in order to test and
verify moment angle and chord measurements. Bubbles are colored in (A) based on their
moment angle (ψ) with the maximum straight chord lines also drawn. Panel (B) shows each
bubble labeled with its numerical moment angle. Angles are only expressed from 0° to 180° as
shown by axis and colorbar. Numerical moment angels closely agree with marked chords.
Drawn chords are simply for identification, whereas numerical moment angle colors and values
were used in pertinent image processing calculations. Panel (C) shows one of many calculations
used to determine an overall average moment angle measurement error. In this panel, an actual
bubble of equivalent radius size 0.11 mm and aspect ratio of 1.4 from the VHS-580 sample was
rotated at 5° increments from 0° to 90°. The labeled value indicates measured moment angle (ψ).
The average error for this one typical bubble was 0.85° ± 0.4°.
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Figure B-4: Thin-section of ice sample VHS-580, shown here thinned to ~0.5 mm, and imaged as a
grain-analysis section (see also Fitzpatrick and others, 2014). Section was digitally imaged under
cross-polarized transmitted light in order to more easily delineate grain boundaries. Resultant grainboundary tracing is shown as an orange skeletonized mesh between the grains. Stratigraphic up-core
is to the left as indicated.
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Figure B-5: Hybrid grain-bubble mesh map of all identified intra-grain bubbles from sample VHS580. This map combines the grain-boundary mesh (orange), with the all of the identified bubbles
(purple) that are contained entirely within grains, and clear of any grain boundary. Stratigraphic upcore is to the left as indicated.
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Figure B-6: Hybrid grain-bubble mesh map of all identified inter-grain bubbles from sample VHS580. This map combines the grain-boundary mesh (orange), with the all of the identified bubbles
(purple) that are either on, or touching any of the grain boundaries. Stratigraphic up-core is to the left
as indicated.
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#VCCMF&MPOHBUJPO

Figure B-7: Hybrid grain-bubble mesh map showing all inter-grain bubbles from the VHS-580
sample, colored based on the orientation of the bubble moment angle (ψ) as shown in the lower right.
The black arrows indicate horizontal projection angle (φ) for each of the 472 measured grains used in
this study (see also Fig. 3-7). Stratigraphic up-core is to the left as indicated.
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Figure B-8: 3-dimensional representation of fabric conventions used with plane of sample shown
in dark grey. The c-axis theta (θ) and phi (φ) angles are indicated. An example c-axis projection
is shown as a red dot, combining both angles for reference. Stratigraphic up-core is to the lowerleft (φ = 180°) as indicated. See also Fig. 3-6 for stereonet representation of fabric conventions.
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Figure B-9: Schmidt plot of c-axis data from final 148 measured sample subset (SH) of grains in
sample VHS-580. Plot (a) shows the data plotted raw using the fabric convention shown in Fig. 3-6
with stratigraphic up-core to the left (red dot). Plot (b) shows the data rotated and converted to
represent a view down-core. Here, stratigraphic up-core is coming out of the page. In this view,
nascent grain rotation is apparent as there minor clustering about the center, combined with a faint
outline of a weak girdle pattern. No grains were measured along the horizontal plane of the core also
confirming that crystals have undergone rotation.
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Figure B-10: Plot of raw bubble-orientation angle (ψ) vs. c-axis horizontal rotation angle (φ) for
sample VHS-580. Data points indicate all 2377 individual bubbles measured without ±90° offset.
This figure is shows the unadjusted data set from Fig. 3-11. Here the linear regression (solid black
line) again yields an R2 of ~0.95 and true basal planes (±90° from φ) are indicated by red dotted lines.
The data clearly cluster on or near the ±90° lines, indicating elongation on or near the basal planes.
Histogram inset (bin width = 2°) shows left-skewed distribution of the (ψ- φ) offset angles for each
bubble (shown as absolute values), which confirms that over 75% of all bubbles are elongated within
20° of the basal plane (90°). Effects of pixelization and cut bubbles were ignored here. See Fig. 3-11
for adjusted-data equivalent plot.
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*View Into Page

Figure B-11: Example of 2-D projection of an elongated bubble with a theta (θ) value of 90°,
illustrating various possible observation biases in total elongation (aspect ratio). Rotating the
bubble on the axis of the basal plane Y – Y’ (i.e. around the c-axis orientation axis X, as indicated
with arrow), the axis about which the bubble is viewed in section shifts. This alters the apparent
aspect ratio of the bubble (red and blue dotted lines), driving it lower than the true aspect ratio
assuming a relative ellipsoid bubble shape (prolate spheroid). As the theta value decreases from
90°, the overall bias is less pronounced, but becomes a result of the product of both rotational
observation angle offsets.
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Figure B-12: Comparison between the overall bubble aspect ratio distributions and those of just the
sample planar bubble sub-set (SH_planar), shown as bin percentages (bin width 0.1). Exposed tan colors
indicate greater distributions percentages in the overall set, while exposed blue colors indicate greater
distribution percentages for the planar sub-set. Dark grey color indicates overlap of the two sets.
While the percentages vary only slightly, it is clear that the planar sub-set (SH_planar) does show slightly
higher average elongations than the overall bubble set as expected based upon full elongations being
more observable in their entirety for bubbles oriented in the plane of the sample.
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Matlab Code – Crust seasonal binning algorithm
tic; clc; clear;
numbins = 12;
crustdata = csvread(‘crustdata.csv’);
seasonbins = zeros(numbins,1);
looplength = length(crustdata);
interval = 1;
incrementcrust = 0;
crustdata(1:looplength,4) = 0;
centurycrust = zeros(25,1);
centurycrustcount = 1;
centuryseasonal = zeros(12,25);
centuryseasonal2 = zeros(12,25);
centuryseasonaltally = zeros(2,25);
incrementcent = 0;
for mainloop = 1:looplength-1;
x = [0,numbins]’;
y = crustdata(mainloopmainloop+1),1);
xi = [0:interval:numbins]’;
yi = interp1(x,y,xi);
for innerloop = 1:looplength;
crust = crustdata(innerloop,3);
if (crust >= y(1,1)) && (crust <= y(2,1))
for lastloop = 1:numbins;
if (crust >= yi(lastloop,1)) && (crust < yi((lastloop+1),1));
seasonbins(lastloop,1)= (seasonbins(lastloop,1)+1);
crustdata(mainloop,4) = (crustdata(mainloop,4)+1);
if incrementcent < 100;
centurycrust(centurycrustcount,1) =(centurycrust(centurycrustcount,1) + 1);
centuryseasonal(1:12,centurycrustcount) = seasonbins(1:12,1);
else
incrementcent = 0;
centurycrustcount = centurycrustcount + 1;
end;
end; end; end; end;
incrementcent = incrementcent + 1;
end;
for i=2:centurycrustcount;
centuryseasonal2(1:12,i)= (centuryseasonal(1:12,i)-centuryseasonal(1:12,i-1));
end;
centuryseasonal2(1:12,1)= centuryseasonal(1:12,1);
for ii=1:centurycrustcount;
%4month winter / 4 months summer
centuryseasonaltally2(1,ii) = centuryseasonal2(1,ii) + centuryseasonal2(2,ii) + centuryseasonal2(11,ii) +
centuryseasonal2(12,ii);
centuryseasonaltally2(2,ii) = centuryseasonal2(5,ii) + centuryseasonal2(6,ii) + centuryseasonal2(7,ii) +
centuryseasonal2(8,ii);
%springs/fall
centuryseasonaltally3(1,ii) = centuryseasonal2(3,ii) + centuryseasonal2(4,ii) + centuryseasonal2(9,ii) +
centuryseasonal2(10,ii);
end; toc;
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Figure C-1: Preparation of back-lit snow pit “2008-9-A” (a). Snow pits for each subsequent field
season were prepared similarly. Primary observation pit was dug to a depth of 2 meters, with a
~0.5 meter wall separating it from the back-lit secondary pit. Once covered with plywood, annual
stratigraphy, hoar, and preserved surface crusts were easily identifiable. In photo (b), the author
is identifying two wind crusts found within a dense winter layer. (See also Fig. 4-2).
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Figure C-2: A 5+ mm crust layer discovered preserved within a shallow firn core drilled during
the 2011-12 WAIS Divide field season. Based upon its depth below the surface (~91 cm) and
known accumulation rates for the area, this crust developed during the peak of the previous
summer season (2010-2011). Corresponding data from the on-site AWS reveal several
abnormally warm days and the possibility that this may be a genuine melt layer (see data in Fig.
C-3).
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Figure C-3: Automated weather station (Kominko-Slade) temperature data for WAIS Divide
measured during the 2010-11 season. Temperature data are shown for the peak summertime period
of Dec 16th – Jan 15. Several anomalously-warm days occurred between Dec 31st and Jan 2nd, with a
high recorded of -2.8°C. These temperatures are suffient to explain the possible melt-layer seen the
following seen (see Fig. C-2).
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Figure C-4: A sample of firn excavated from a glazed area at WAIS Divide showing a couplet of
an evolved high-density ~3 mm surface crust overlying a lower-density hoar layer. Here, this
sample was removed before the onset of polygonal cracking, but after an initial glaze had time to
thicken from below. This is apparent by the faintly-visible laminations, which are likely a result
of successive upward vapor deposition episodes from below.
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WAIS DIVIDE CAMP
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Figure C-5: Photograph of the WAIS Divide camp taken from a low-flying aircraft. Shaded
areas indicate the two approximate regions used for daily surface observations over the the course
of the 5 field campaigns.
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Figure C-6: Wind roses showing all wind data for the 2009-10 summer season (a), and wind data
immediately following the wind-destruction of two of the documented surface hoars (b) (see also
Fig. 4-13 and Table 4-4). Cardinal direction indicates origin of wind. These results to agree with
similar observations made at the Dome C site, East Antarctica (Champollion and others, 2013).
All data were recorded at the Kominko-Slade AWS. The errors for all AWS wind instruments
are listed in Table C-1.
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Figure C-7: Two different solar-sensor configurations implemented at WAIS Divide. A handbuilt dual-pyranometer station was deployed during the 2011-12 field season to measure shortwave radiation (a) (see also Fig. 4-14). During the 2012-13 season, a more sophisticated KippZonen net-radiometer was installed on the boom-arm of the nearby Kominko-Slade AWS to
measure both short- and long-wave radiation (b) (see also Fig. 4-15).
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Figure C-8: Cartoon of thermistor-string sensor deployment. Strings were 5 meters long, and
individual thermistors sensors were irregularly-spaced such that there was tighter clustering in the
upper 2 meters (see Table 4-5 for specific depths). Inset a shows thermistor-string cable being
lowered into the prepared borehole before its back-filling. Batteries and logging equipment were
housed in a foam-insulated wooden “sensor box” beside the borehole, and just below the surface.
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Figure C-9: Thermistor-string data recorded at station 5, during the very-large, 20-Jan-2013
inversion event at WAIS Divide. During this event, an approximate -3.1°C temperature
difference was recorded between sensor 2 (40 cm depth) and the surface sensor (0), with the
surface being at approximately the same temperature as a depth of 110 cm. Air temperature
recorded at the Kominko-Slade AWS reveals a ~5° inversion between the temperature of the
ambient air, and that of 40 cm below the snow surface. This was the largest inversion recorded
over the entirety of the 2012-13 field season. Thermistor sensors operate with a ± 0.3°C accuracy
and a ± 0.18°C total combined error. All data are shown in Table 4-5.
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HEL-700 Thermistor Functional Behavior and and Constants

RT = R0 (1+ AT + BT 2 −100CT 3 + CT 4 )

(C-1)

Where,
RT = Resistance (Ω) at Temperature T (°C)
R0 = Resistance (Ω) at 0°C
€
T = Temperature in °C
A=α+αδ
B = −α δ
CT<0 = −α β
Table C-1: Kominko-Slade (AWS) published errors.
Sensor

Resolution

Accuracy

Temperature
Humidity
Wind Speed
Wind Direction

0.125°C
1.0%
0.20 m/s
1.5 Degrees

± 0.3
± 5.0%
± 0.5 m/s
± 3.0 Degrees

Table C-2: Thermistor constants (RTD, HEL-700 Series).
Variable

1st Level

2nd Level

Alpha (α) (°C-1)
Delta (δ) (°C)
Beta (β) (°C)
A (°C-1)
B (°C-2)
C (°C-4)

0.00375 ± 0.000029
1.605 ± 0.009
0.16
3.81 x 10-3
-6.02 x 10-7
-6.0 x 10-12

0.003850 ± 0.000010
1.4999 ± 0.007
0.10863
3.908 x 10-3
-5.775 x 10-7
-4.183 x 10-12

Table C-3: Thermistor string installation details and notes.

Station ID
Station 1 (Origin)
Station 2
Station 3
Station 4
Station 5
Kominko-Slade AWS

Distance
from
Station 1
0m
10 m
100 m
1000 m
2000 m
-50 m

Date Installed
15-Dec-2012
15-Dec-2012
19-Dec-2012
22-Dec-2012
25-Dec-2012
2008

Latitude
-79.463894°
-79.463804°
-79.463004°
-79.455013°
-79.446509°
-79.466°

Longitude
-112.110625°
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Appendix D

Accumulation (mmice yr-1)

Supplementary figures and material for chapter 5
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Figure D-1: Elevation history estimate (temperature-corrected (Vc)) for WAIS Divide from Fig.
5-13, shown with the published accumulation-rate history from Fudge and others (2013). Despite
the large increase in average accumulation rate from ~18 – 15 kyrs bf 1950, the modeled
elevation-history experiences a net-decrease of ~500 meters. This decrease could be associated
with the increase in temperature over the same interval at WAIS Divide. Total air data have been
corrected for gas-age/ice-age offset (Buizert and others, 2014) and are shown with 5000-yr 1storder LOESS smoothing fits to better approximate possible true elevation changes.
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Figure D-2: Count comparison between synchronized (red) and unsynchronized (blue) netchanges in total air and nssCa2+ concentrations. Here, total counts were binned based on
threshold concentrations for nssCa2+ in at least one of the two compared sub-samples compared.
These results reveal that total air and impurity changes are most often in sync with one another,
independent of total impurity concentration, but with generally only a slightly higher (5-10%)
probability. Lower curve (black) represents count differences (residuals of upper curves).
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Figure D-3: Schematic diagram of the WDC06A core and a specific total air sample of
cylindrical shape and radius r, taken horizontally from the core wall at a depth of zc.
Additionally, several of the variables defined in the comprehensive seasonality investigation in
section 5-4-5 are shown here for visual reference. Here, G is the total air content measurement,
ΔG the half-amplitude of the seasonal cycle (shown with an approximate sinusoidal blue line),
and Go, the average air content value across all measured data.

255

0.126
y = 0.0003812*x + 0.11584 (at x = -1.0)

Winter

Summer

0.124

0.122

0.120

Total Air Content (cm3 g-1)

0.118

0.116

0.114

0.112

0.110

0.108

0.106

0.104

0.102

Total Air Content vs. Summertime Index (S)
−1.0

−0.9

−0.8

−0.7

−0.6

−0.5

−0.4

−0.3

−0.2

−0.1
0
0.1
Summertime Index (S)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Figure D-4: Results from a comprehensive seasonal analysis of 664 (0 – 2800 meters depth) of the
individual, cylindrically-shaped, total air samples (discussion and derivations in section 5-4-5 of text).
Summertime indices were calculated for each sample based on the current published depth-age scale
(Fudge and others, 2013) and using Eqs. 5-23 through 5-28. These indices were then plotted against
air content values to elucidate any possible seasonal trends. A very-weak summertime preference is
noted in these data of just over 0.001 cm3g-1 when compared to wintertime trends (again, well within
average established error bars but possibly significant (p < 0.1)). Regression line slope (and ΔG) is
only slightly positive at 0.00038. Intercept (Go) is at the approximate avg. total air content value of
0.11584 cm3g-1.
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Figure D-5: Subset of data from Fig. D-4 showing the seasonal analysis of 552 (0 – 2600 meters
depth) of the individual, cylindrically-shaped, total air samples (discussion and derivations in section
5-4-5 of text). Here, data points are further shaded to represent nssCa2+ concentation for the purposes
of a three-way data comparison. As with Fig. D-4, A very-weak summertime preference is noted in
these data of just over 0.001 cm3g-1 when compared to wintertime trends (again, well within average
established error bars but possibly significant (p < 0.1)), however the three-way comparison including
the nssCa2+ concentation data does not reveal any significant trend (p > 0.1)). Regression line slope
(and ΔG) is only slightly positive at 0.00043. Intercept (Go) is at the approximate avg. total air
content value of 0.11577 cm3g-1. Pair-wise data comparisons of these data are shown in Table 5-3.
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Total Air Content - System Calibration Equations and Derivations
Ideal Gas Law:

PV = nRT

(D-1)

Where:
P = Absolute Pressure of Gas (torr)
V = Volume of Gas (cm3)
n = Moles of Gas (moles)
R = Universal Gas Constant (8.314 J⋅K-1 ⋅mol-1)
T = Temperature (Kelvin)

!

Empirical Derivation for Total Gas Content Measurements (from Eq. D-1):

C=

P1V1 P2V2
=
= ...
T1
T2

(D-2)

Where:
C = constant = nR (n = Moles of Gas, R = Universal Gas Constant)

€
Total Air Content - Calibration

Experiment #1: Determining Vline(s)
Assumptions (Initial for standard room temperature runs):
1. All gas is in vessel headspace: Vhead when valve closed.
a. For standard ice-free runs, Vvessel = Vheadspace
b. For standard ice-free runs with steel plug: Vhead = Vvessel – Vsteel
2. System is isothermal for all measurements: Tinitial = Tfinal
3. Density of steel (ρsteel) remains “constant” (8.03 g⋅cm-3). Thermal expansion coefficient
is small (17e-6/K) for 304L steel and so any changes due to cold temperatures are
insignificant for this study.
4. Pressure inside Vvessel does NOT increase when valve is closed.
5. Number of moles of gas, n, remains constant throughout experiment.
Step 1: Obtain Initial measurements from apparatus at room temperature (~298 K) using Steel
Plugs (Vhead = Vvessel – Vsteel), with valve closed.
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Equations for Step 1 – Measure and convert initial values:
From Fig. 5-8 (valve closed and before gas expanded : where Tinitial ≅ 298 K),

Vinitial = Vhead = (Vvessel − Vsteel )

(D-3)

PinitialVinitial = ( nR)Tinitial

(D-4)

PinitialVhead Tinitial = ( nR)

(D-5)

From Eq. D-1,

€

so, from Eqs. D-3 and D-4,

Step 2: Obtain Final€
measurements from apparatus at room temperature (~298 K) using steel
plugs, with valve open.

€

Equations for Step 2 – Measure and convert final values:
From Fig. 5-8 (after valve opened and gas expanded into Vline : where Tfinal ≅ 298 K)

V final = (Vinital + Vline ) = (Vhead + Vline ) = (Vvessel − Vsteel + Vline )

(D-6)

From Eq. D-1,

€

PfinalV final = ( nR)Tfinal

(D-7)

From Eqs. D-6 and D-7,

€

Pfinal (Vhead + Vline ) Tfinal = ( nR)

(D-8)

Step 3: Using Initial and Final measurements, solve for Vline

€ for Step 3 – Solve for Vline:
Equations
From Eqs. D-2, D-5, and D-8,

PinitialVhead Pfinal (Vhead + Vline )
=
Tinital
Tfinal

€

(D-9)
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Rearranging Eq. D-9,

PinitialVhead Tfinal
= Pfinal (Vhead + Vline )
Tinital

(D-10)

Because Tinitial = Tfinal : Eq. D-10 can be expanded and simplified,

€

PinitalVhead = PfinalVhead + PfinalVline

(D-11)

Rearranging Eq. D-11 to solve for Vline,

€

(

Vhead Pinitial − Pfinal
Pfinal

) =V

line

(D-12)

Rearranging and using Eq. D-3, Eq. D-12 can be expanded as,

€

(Vvessel −Vsteel )(Pinitial − Pfinal )
Pfinal

€

= Vline

(D-13)
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Experiment #2: Determining Teffective
Assumptions (Initial for standard room temperature run):
1. All gas is in vessel headspace: Vhead when valve closed.
a. For standard ice-free runs, Vvessel = Vheadspace
b. For standard ice-free runs with steel plug: Vhead = Vvessel – Vsteel
2. Temperature probes are recording correct temperatures of system.
3. Density of steel (ρsteel) remains “constant” (8.03 g⋅cm-3). Thermal expansion coefficient
is small (17e-6/K) for 304L steel and so any changes due to cold temperatures are
insignificant for this study.
4. Pressure inside Vvessel does NOT increase when valve is closed.
5. Number of moles of gas, n, remains constant throughout experiment.
Step 1: Obtain Initial measurements from apparatus at room temperature (~298 K) using Steel
Plugs (Vhead = Vvessel – Vsteel), with valve closed.
Equations for Step 1 – Measure and convert initial values:
(Same as in experiment #1 above)
From Fig. 5-8 (valve closed and before gas expanded : where Tinitial ≅ 298 K),

Vinitial = Vhead = (Vvessel − Vsteel )

(D-14)

PinitialVinitial = ( nR)Tinitial

(D-15)

PinitialVhead Tinitial = ( nR)

(D-16)

From Eq. D-1,

€
so, from Eqs. D-14 and D-15,

€

Step 2: Obtain Final measurements from apparatus after cooling the system with chiller, using
steel plugs, and with valve open. Want to solve for Teffective which is equal to Tfinal

€
Equations for Step 2 – Measure and convert final values:
From Fig. 5-8 (after valve opened and gas expanded into Vline, w/ system chilled)

V final = (Vinital + Vline ) = (Vhead + Vline ) = (Vvessel − Vsteel + Vline )

€

(D-17)
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From Eq. D-1,

PfinalV final = ( nR)Tfinal

(D-18)

From Eqs. D-17 and D-18,

Pfinal (Vhead + Vline ) Tfinal = ( nR)

€

(D-19)

Tfinal = Teff, so, from Eq. D-19,

Pfinal (Vhead + Vline ) Teffective = ( nR)

€

(D-20)

Step 3: Using Initial and Final measurements, solve for Teffective
From Eqs. D-2,
€ D-16, and D-20,

PinitialVhead Pfinal (Vhead + Vline )
=
Tinital
Teffective

(D-21)

Rearranging Eq. D-21,

€

Teffective =

Pfinal (Vhead + Vline )Tinitial
PinitialVhead

(D-22)

OR substituting for Vhead, represented by – Final Equation:

€

Teffective =

€

Pfinal (Vvessel − Vsteel + Vline )Tinitial
Pinitial (Vvessel − Vsteel )

(D-23)
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Experiment #3: Determining Total Gas Content for Samples
From Eqs. D-1 and D-23, and using appropriate Teffective based on run temperature

PfinalV final = ( nR)Teffective

(D-24)

PfinalV final
(nR) =
Teffective

(D-25)

Rearranging Eq. D-24,

€

From Eq. D-1, for Standard Pressure and Temperature:

€

Pstd V final ( std ) = (nR)Tstd

(D-26)

Rearranging Eq. D-26,

V final(std ) =

€

(nR)Tstd
Pstd

(D-27)

Combine Eqs. D-25 and D-27,

€

VSTP

⎛ P V ⎞⎛ T ⎞
final final
⎟⎟⎜⎜ stp ⎟⎟
= ⎜⎜
⎝ Teffective ⎠⎝ Pstp ⎠

(D-28)

Solve for Total Air Content (TAC) using Eq. D-28 and original mice:

€

⎛ VSTP ⎞
TAC = ⎜
⎟
⎝ mice ⎠

€

(D-29)
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Matlab Code – Total Air Content Season Parsing
%******************************************************
%This code only bins results into 2 bins
%******************************************************
tic;clc;clear;
%Set the number of “month bins”
numbins = 2;
%read in the data
gas_season_data = csvread(‘seasongasdataNOPSU-ALL3.csv’);
%*********************************************
seasonbins = zeros(numbins,1);
looplength = length(gas_season_data);
interval = 1;
incrementcrust = 0;
%**********************************************
season_array = zeros(2000,8);
seasonstep = 1;
%**********************************************
for mainloop = 1:looplength-1;
x = [0,numbins]’;
y = gas_season_data(mainloopmainloop+1),1);
xi = [0:interval:numbins]’;
yi = interp1(x,y,xi);
%change 2094 to 2008 for NO PSU
for innerloop = 1:2008;%looplength;
tacpt = gas_season_data(innerloop,3);
if (tacpt >= y(1,1)) && (tacpt <= y(2,1))
for lastloop = 1:numbins;
if (tacpt >= yi(lastloop,1)) && (tacpt < yi((lastloop+1),1));
seasonbins(lastloop,1)= (seasonbins(lastloop,1)+1);
for seasonstep = 1:800;
if season_array(seasonstep,lastloop) == 0;
season_array(seasonstep,lastloop) = tacpt;
%plug in year
season_array(seasonstep,lastloop+4) = gas_season_data(innerloop,4);
%plug in total gas value
season_array(seasonstep,lastloop+8) = gas_season_data(innerloop,5);
break;
end;
end;
end;
end;
end;
end;
end;
toc;
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Appendix E

Numerical 2-D modeling of ice-core bubble diffusion
Introduction
Highly elongated bubbles are sometimes observed in ice-sheet ice. Elongation is favored
by rapid ice deformation, and opposed by diffusive processes. When modeling, it can be shown
that vapor transport dominates diffusion (Alley and Fitzpatrick, 1999). For this project, I chose to
model 2-D vapor diffusion in a previously deformed and elongated bubble at -10°C, at a depth of
3000 meters, and with a long radius of 2 mm and a short radius of 1 mm. Owing to curvature and
surface tension, the diffusion will tend to return the elongated bubble to a spherical shape. The
primary purpose of the model was to determine the amount of time for the bubble to return to a
completely spherical shape. As a secondary goal, I compared the numerical model results here to
analytical results derived and published by Alley and Fitzpatrick (1999).

Equations, boundary and initial conditions, and assumptions
Before any calculations were made or models were run, it was first important to represent
the control volume with a visual sketch, define any variables and/or constants, state assumptions
made, and show equations being used. Fig. E-1 below shows the control volume that was
modeled in this project.
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Figure E-1: Air bubble control volume used for model.
Due to the nature of a gridded space for the numerical model, the curved surface of the
bubble was actually represented by a staggered curve as shown in Fig E-2. Although not a
perfect curve, it still represented the general shape of the elliptical bubble well enough to run with
a realistic model.

Figure E-2: Air bubble control volume represented in gridded space for model.
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The primary governing equation for this model was a conservation of mass equation represented
for concentration as:

⎡∂ 2C ∂ 2C ⎤
∂C
= D ⋅ ⎢ 2 + 2 ⎥
∂t
∂y ⎦
⎣ ∂x

(E-1)

Where:
D = Vapor
€ Diffusivity = (8.79e-10)•T^1.81

[m2s-1]

The equation representing the analytical solution as derived by Alley and Fitzpatrick (1999),

(E-2)
Using these equations, a Matlab model was run that made use of an FTCS based solution scheme
making the following assumptions:
-

Vapor density is not a function of x or y
Vapor diffusivity is not a function of x or y
No lattice or surface diffusion
Ignore latent heat factors and/or effects
Bounded by no-flux boundaries on side and bottom

The initial conditions used in the model were difficult to assign. The concentrations along the
curved shell boundary were a function of the curvature and therefore had to be calculated at each
point. This was done by first determining an equilibrium vapor concentration, which was
calculated by taking the vapor density and dividing it by the temperature and Boltzmann’s
constant:

Ce = Pv /kT

(E-3)

Where:

Pv = €
3.59e12 ⋅ exp[−Qv /kT ]
Qv = 8.48e-20 J = equilibrium vapor press activation energy

€

(E-4)
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To then find the total concentration at any one node, a concentration change had to then be
subtracted from the equilibrium concentration in (1-3). This concentration change was calculated
by using the following equation:

ΔC = −

ρv
κγ
ρ i kT

(E-5)

Where:

€ density
ρv = vapor
ρI = ice density
2

κ = curvature term = 1/ x + y
γ = ice-air surface tension

2

The nature of the boundary€conditions made them inherently more difficult in that they moved
and new concentrations had to be calculated after each major update. In order to run a successful
model, a series of events had to be run in the following order:
Model steps:
1.
2.
3.
4.
5.
6.
7.
8.

Initially assign concentrations to boundary and bubble interior
Run model to steady state (& record the time)
Calculate fluxes along boundary
Using off-line calculation to determine how long it would take to move enough
mass in boundary cells to warrant a shift (& record the time)
Shift boundary
Recalculate boundary concentrations
Continue steps 2-6 until bubble becomes spherical
Tally up all times from steps 2 and 4, and get total age

Solution scheme:
To solve for the concentrations, an explicit FTCS solution scheme was used. This severely
limited the model to smaller time steps and larger space steps than would have been preferred, but
was the simplest to implement. The following algorithm represents the solution scheme that was
used:
n +1
n
n
n
n
T j,k
= sx T j−1,k
+ (1− 2sx − 2sy )T j,k
+ sx T jn+1,k + sy T j,k−1
+ sy T j,k
+1

€

(E-6)
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Where:

Sx = D

Δt
Δt
and Sy = D 2
2
Δy
Δx

(E-7)

Results:

€ model, a total of€seven boundary condition updates were made. This is
When running the
because it took 7 updates to return the bubble to a spherical shape using a grid spacing of 0.1 mm.
Figs. E-3 through E-9 below represent those seven stages:

Figure E-3: Stage one of model: Most elliptical bubble with highest diffusion fluxes.

269

Figure E-4: Stage two of model: A single-node updated boundary and less diffusion flux.

Figure E-5: Stage three of model: A two-node updated boundary and less diffusion flux.
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Figure E-6: Stage four of model: A three-node updated boundary and less diffusion flux.

Figure E-7: Stage five of model: A four-node updated boundary flux approaching zero.
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Figure E-8: Stage six of model: A five-node updated boundary with nearly zero flux.

Figure E-9: Stage seven (final) of model: A completely spherical bubble with zero flux.
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The model acted exactly as predicted. As the bubble returned to a spherical shape from its initial
elliptical shape, the overall fluxes went to zero.

Conclusion
Using an explicit FTCS solution scheme, diffusion in elongated ice sheet bubbles can be
numerically modeled. Results show that in a highly-elongated bubble, there is a net flux of water
molecules (via vapor-diffusion) from the area near the end of the short axis (top/bottom of
bubble) towards the area near the end of the long axis (edges of bubble). This flux is a result of
the curvature and surface tension of the bubble. As the bubble becomes more spherical, the net
flux slows. At the point when the bubble actually becomes a sphere, the net flux goes to zero.
For an elongated bubble at -10°C and at a depth of 3000 meters, it takes approximately 25003000 years for it to return to a spherical shape. Overall, the numerical model proved to be a
viable substitute for an analytical solution when inter-compared. With a more stable solution
scheme, (e.g. implicit or ADI) and smaller grid spacing, more accurate results could be
determined using this numerical model solution.

References
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Matlab Code – 2-D Bubble Diffusion
clear all; clc; tic;
%CONSTANTS and VARIABLES
ceo = 3.59e12;
%Pascals or Kg m^-1 s^-2
Qv = 8.48e-20;
%Joules or Kg m^2 S^-2
k = 1.38e-23;
%Joules/Kevlin (Boltzmann’s Constant)
T = 263;
%Temp of sample ice – 243 Kelvin
PV = ceo*exp(-Qv/(k*T)); %Pascals
ce = PV/(k*T);
%7.048236166019089e+022
Pv = .00236;
%vapor density of water at 263K (kg/m3)
molecules = Pv/2.99e-26; %number of water molecules per m^3 at 263
Pii = 920;
%ice density (kg/m3)
gamma = .109;
%ice-air surface tension (J m^-2)
rc = .0015;
%radius of curvature (m)
incount = 0;
inc =1e12;
%Main Concentration for edge
%SET INITIAL RADII A AND B (in meters)
a = .002; b = .001; aorig = a; borig = b;
area = (pi*a*b)/4; b = (4*area)/(pi*a);
%MAIN LOOP
for mainloop=1:7
Dva = (8.79e-10)*T^1.81; %m^2/s
deltat = .0001; % secs
deltax = .0001; % meters
deltay = .0001; % meters
Sx = (Dva*deltat)/((deltax)^2); Sy = (Dva*deltat)/((deltay)^2);
x(1:21)=0; y(1:21)=0;
%CREATE I CURVE OF BUBBLE USING ELIPSE FORMULA
x(1:21) = linspace(0,aorig,21);
for countit = 1:21-incount
y(1,countit) = real(b*sqrt(1-(x(countit)^2/a^2)));
end;
yr = y.*10000; yrr = round(yr);
%CREATE INITIAL GRID SPACE
bubblematrix = zeros(21,21)
%UPDATE GRID SPACE WITH CURVE & SET CONCENTRATIONS TO 1
for j = incount+1:21
%CURVATURE TERM
K = sqrt((x(22-j))^2+((yrr(22-j)))^2); %%%
%SOLVE FOR BOUNDARY CONCENTRATIONS
deltaC = (-Pv/(Pii*k*T))*gamma*(1/K); %%%
totalc = ce + deltaC;
bubblematrix(21-yrr(j-incount),(22+incount)-j)=totalc
end
bubblematrix(21-incount,1) = bubblematrix(21,1);
%SET NODES UNDER BUBBLE TO 1
for e=1:21
for ee=1:yrr(e)
bubblematrix(22-ee,22-e)=8.8e21;%1;
end; end;
%FIX VALUES AT EDGE OF BUBBLE
for fixer = 1:19
for fixer2 = 1:10
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if (bubblematrix(21-fixer,incount+fixer2) == 0) && (bubblematrix(20-fixer,incount+fixer2+1) ~=0)
bubblematrix(21-fixer,incount+fixer2) = bubblematrix(22-fixer,incount+fixer2);
end; end; end;
%FIX NO-FLUX EDGES
solmatrix(2:22,2:22) = bubblematrix;
solmatrix(23,2:22)= solmatrix(22,2:22);
solmatrix(2:22,23) = solmatrix(2:22,22);
%create loop to build matrix
for t = 1:1000;
%Solv in FTCS Explicit Scheme
for I = 2:22;
for index = 2:22;
if solmatrix(I,index)~=0 && solmatrix(i-1,index)~=0 && solmatrix(I,index-1)~=0
solmatrix(I,index) = (Sx*solmatrix(i-1,index)) + ((1 – (2*Sx) – (2*Sy))*solmatrix(I,index)) +...
(Sx*solmatrix(i+1,index)) + (Sy*solmatrix(I,index-1)) + (Sy*solmatrix(I,index+1));
end; end; end;
%FIX NO FLUX EDGES
solmatrix(23,2:22) = solmatrix(22,2:22);
solmatrix(2:22,23) = solmatrix(2:22,22);
%Plot stuff
newsolmatrix = flipud(solmatrix);
remmy = rem(t,200);
if remmy == 0
contourf(newsolmatrix(2:22,2:22));
colorbar;
set(gca, ‘Clim’, [0, 4.5e22]);
title(‘Bubble Diffusion’)
xlabel(‘Node Number – Spacing .1 mm’)
ylabel(‘Node Number – Spacing .1 mm’)
hold on;
pause(.2); end; end;
plot(21+(-x*10000),1+(y*10000),’r’,’linewidth’,5)
pause; toc;
%MATH FOR MOVING & UPDATING BOUNDARIES
a = a-deltax;
incount = incount + 1;
b = real((4*area)/(pi*a));
%CALCULATE FLUX
flux = solmatrix(19,18) – solmatrix(19,17)
molsperspace = molecules/(deltax*deltay);
timetomove(mainloop) =((molsperspace/flux)/(60*60*24*365.25));
end;
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The world is big, and I want to have a good look at it before it gets dark.
- J. Muir
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