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US Army Cold Region Researach and Engineering L aboratory

We collaborated extensively with Dr Arcone (US Army CRREL) in the analysis of high-resolution density data asit relates to radar profiling of
firn stratigraphy. The collaboration included data processing and analysis. The UMaine field team (Breton, Hamilton) took the lead in field
deployment of the CRREL ground-penetrating radar, and was involved in data analysis of the GPR data, and the extraction of snow
accumulation rates. We also collaborated with Dr Arcone on the interpretation of firn stratigraphy. Dr Arcone was a member of Dan Breton's
PhD thesis committee.

Other Collaboratorsor Contacts

We collaborated with other US ITASE principal investigators in the design of field experiments, as well as the joint analysis of data collected
during the field campaigns.

Activitiesand Findings

Resear ch and Education Activities: (See PDF version submitted by PI at the end of the report)
Our principal research activities were the analyses and interpretation of high-resolution density and ground-penetrating radar data collected
during two overland field traversesin East Antarctica. The design and operational deployment of our gamma-attenuating device was published
in Journal of Glaciology. A two-part series of papers describing internal stratigraphy and pointing to the widespread occurrence of glaze
surfaces (regions of zero accumulation) was also published in Journal of Glaciology. A manuscipt describing our design, development and
operation of anovel ice-core melter system was recently submitted to Environmental Science and Technology. We also performed high
resolution density scans of the top 150 m of the Inland WAIS Divide deep core, on the basis that accumulation rates at the WAIS divide are 3-4
times larger than along our EAIS traverse routes, which allowed us to assess depth-density evolution in different accumulation regimes.

Our primary educational activity was the advising of a PhD student working fulltime on the project (Breton). An undergraduate research
assistant was also employed by the project. Hamilton incorporated | TASE research into his university-level courses, aswell asinto educational
outreach activities.

Findings: (See PDF version submitted by Pl at the end of thereport)
See attached.

Training and Development:

The project provided Dr Hamilton with new experience in nuclear measurements of geophysical processes and materials, as well as the design
and fabrication of field instrumentation. This experience included the advising of a PhD student in Physics.
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We made regular visits to local K-12 classrooms to describe our field activities and science investigations. Hamilton also gave numerous
outreach talks on polar climate change to community groups across the northeastern US, and incorporated | TASE research into climate
workshops organized for high school science teachers (hosted by the Climate Change Institute in spring semesters or 2009, 2010 and 2011, and
the School of Marine Sciencesin May 2010).
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important advances over existing instruments, namely in improved vertical measurement resolution and faster sampling speeds. We expect the
instrument will be of wide interest to polar glaciologists. Our second instrument for in situ logging is arelatively low-cost method for
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Firn density is a basic quantity used in numerous glaciological studies, such as the
calculation of accumulation rates from shallow cores, the conversion of altimeter-derived
elevation changes to volume- and mass-change rates, and understanding the physics of firn
metamorphism from snow to ice. Manual in-field measurements of firn and ice density are
notoriously difficult to make, have crude spatial (vertical) resolution, and are subject to
potentially large uncertainties. The need for high precision and high resolution density
measurements provided the motivation for our design and development of MADGE (Maine
Automated Density Gauge Experiment). MADGE is a field-deployable gamma-ray density gauge,
capable of operating on 2- or 3-inch firn/ice cores. It uses a relatively low energy gamma-ray
from Americium-241 and operates in pulse mode (instead of current mode) which allows for
better counting statistics. 241-Am is an ideal source because it is easily shielded, enabling safe
operation, and relatively easily transported, meaning it can be shipped to/from the field. We
deployed MADGE during two field seasons in East Antarctica, and have also operated it in our
cold room at the University of Maine.
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Figure 1. Cartoon schematic of a gamma-ray density gauge such as MADGE.

Gamma-ray profiling in a non-destructive method for sampling density (Figure 1),
meaning the same core can be used for density studies and glaciochemical analyses. The
instrument has only a few individual parts: (1) Gamma-ray source (2) Source and detector
collimators to define the gamma-ray beam and the active measurement volume (3) Gamma-ray
detector and associated electronics, and (4) Sample thickness calipers. A precise stepper motor
moves ~1 m sections of core through the collimated beam. Beer's Law predicts the number of
uncollided gamma rays which will pass through a sample of a given density and diameter,; so by
making simultaneous measurements of diameter (using the calipers) and gamma-ray counts
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(using the collimator-detector), we can solve for density (Figure 2). By optimizing the energy
source and counting statistics for a granular matrix like polar snow, we were able to achieve high-
precision throughput at a rate of ~1.5 m/hr for samples with densities of around 0.5 g/cm3. In
operational mode, vertical resolution is 3.3 mm, and each density determination has an
uncertainly of only 0.004g/cm3, far exceeding any existing instrument or method. The system is
designed in such a way that vertical resolution and uncertainty can be reduced even further if
necessary, the trade-off being slower throughput speeds.
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Figure 2. MADGE-derived density profile for a firn core collected at Taylor Dome, East Antarctica. The
left-hand panel shows the entire 25 m record. The right-hand panel shows detail of the top meter.

MADGE is fully-operational and available for use by other investigators, either in our cold
laboratory at UMaine or in the field (requires RSO concurrence from the home and temporary
host institutions in order to ship the sealed source).

MADGE was used to profile several cores recovered at sites along the US ITASE traverse
route in East Antarctica. A common feature of many density profiles was a zone of
unconsolidated, low-density firn (~0.1 g/cm3) ranging in thickness from 2-20 m. We interpret
this material as depth-hoar, where persistent vapor transport due to wind moving through firn
causes extensive post-depositional mass loss. Its occurrence in the density profiles provides
confirmation for our interpretation of ground-penetrating radar (GPR) survey data in the same
region, showing extensive echo-free (i.e., no detectable internal layering) zones in near-surface
firn over large portions of the survey line (e.g., Figure 3).

The detection of depth hoar in our radar surveys is related to a complex interaction of ice
flow over a rough bed which gives rise to a special kind of surface balance regime in East
Antarctica (Figure 4). Depth hoar is observed in radar profiles collected in regions directly
downflow of surface megadunes. These megadunes in turn are generated by subtle slope changes
caused by ice flowing over bumps in the bedrock, which serves to alter the surface wind field and
leads to preferential deposition/erosion of snow. Snow accumulates on windward sides of the
dunes, while the leeward sides become glazed (Figure 3). Because the windward sides are
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permeable, katabatic winds are able to pump air into the firn, which scavenges moisture and
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Figure 3. Ground-penetrating radar cross-section showing windward side accumulation, leeward glaze
and buried zones of metamorphism, caused by ice flow over subglacial topography (bottom panel).

leads to the formation of depth hoar beneath the glazed surfaces. Snow accumulation on the
windward slopes progrades over these recrystallized layers. The intense recrystallization
eliminates density stratification, and the altered layers appear to thicken into a connected
network. We modeled this stratigraphic formation using inferred wind and measured ice flow
speeds and directions (from GPS surveys), and were able to reproduce the observed dimensions
and morphology. However, model results require accumulation rates well above current regional
estimates. The implication of this analysis is that accumulation is restricted to spatially-limited
surfaces (windward slopes of megadunes), while much more extensive regions of East Antarctica
have zero accumulation. This interpretation is significant, because it demonstrates current mass
accumulation estimates for East Antarctica are likely to be in error. Any ice sheet mass balance
estimates produced using the flux-in/flux-out method will propagate this error, hence are likely to
be unreliable. Further analysis of our GPR and density data will help reduce this uncertainty and
improve mass balance estimate reliability.
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Designing a Gamma-Ray Density Gauge for Firn and Ice I3 THE UNIVERSITY OF

Daniel J. Breton rﬂ MAINE

Department of Physics and Astronomy & Climate Change Institute, University of Maine

Optimization of Gamma-Ray Energy Determining Source Strength
Mapual in-field measurements of firn and ice density are notoriously With Eq. 2 we have a straightforward relationship for determining the Using a 2 inch core as an example, we can determine the following:
difficult and are necessarily of crude spatial resolution. There is a need for density. Assuming that the sample size (ice core diameter) and material - Fixed geometric efficiency 4 Abeam 116 10-4
high precision and high resolution density measurements in many (water) are known, there is only one unknown parameter left, ;m, which > Variable losses associated W|th sample (19% to 62% loss)
important areas of glaciology: is determined by the gamma-ray energy. » Fixed losses in instrument structure and air (25% loss)
» Determining both long and short term accumulation rates in Antarctica Let us define the sensitivity of the gauge with respect to density as _ Combined. transmission of 3.34 « 10-5 from source to detector for
» Understanding the 'firnification’ process: the metamorphosis of snow — oC (Cumd)e—Hnrd (3) maximum density sample (0.917¢/cm’)

dp
This shows that the sensitivity

firn — ice and effects on the climate records stored therein

» Modeling electromagnetic interactions with the firn for both ground
nenetrating radar and satellite-borne remote sensing studies » Depends on p, d and upm

"his poster outlines the design of MADGE: the Maine Automated Density > Has a functional xe™* form and therefore has a maximum

Gauge Experiment which was designed and built at the University of

- (1OOmCI)(O367/d1s)(37 X 1O7Bq/mCi)(3.34 X 10_5) =447 x 1047/sec.

» This count rate is sufficient to meet our statistical needs (shown below)
but is not so high that our detection system suffers dead time losses.

If we choose C;=1.5x10°, then we can plot Ay, and count time for a

» Gives us an optimum energy for a given material and sample size | | _
representative sample density and various values of C:

Maine and subsequently tested over the course of two Antarctic field Lo R

seasons as part of the International Trans-Antarctic Scientific Expedition. oo T T 000 T st — T T T T T T Temme—]"
Introduction to Gamma-Ray Density Gauging 3 728 R A (S A S g oo V3

A gamma-ray density gauge has only a few parts: ) e — S N S il 6

> Gamma-ray source /T - FA S t o) .

» Source and detector collimators to define the gamma-ray beam and the ol | ol | o] 2
active measurement volume

» Gamma-ray detector and associated electronics MADGE was designed to operate primarily on 2 and 3 inch firn and ice At this point, we must decide on a compromise between speed and

» Sample thickness calipers cores, therefore we chose the 59.5keV gamma-ray from 241Am, the ' . B .

accuracy. MADGE typically operates at C = 1.5 x 10> which yields a

o e same radioisotope commonly used in residential smoke detectors throughput of 1.5 m/h at » = 0.5%/cn’.
Ice Core ~
Measurement Uncertaint :
____________________ 52| petector Y MADGE data from East Antarctica
| Sourcea - Al measurements ha\./e some uncertainty a.ssouated with them, and the The following figures show examples of the density profiles obtained from
etector density gauge 1> o dn‘Fe.rent. Beginning with Eq. 2, we apply standard a 2 inch diameter, 25m deep ice core recovered near Taylor Dome.
Collimator | R RS error propagation techniques: | | | |
. _ - ; e
If we count individual photons and use a monoenergetic gamma-ray, the (Ap)? (aln(c/co)) (AIn(C/Gy))2+ (92)X(Ad)? + (me)Q(Aum)2 a
uncollided number of gamma-rays C transmitted through the sample to
the deteCtOr |S g'Ven by Beer’s I_aW, p— (Nuclear erm)2 _I_( hlckness Term)2 _|_ (IumTerm)z (4) E b E
C — Coe_'“mpd (1) j 0. fo- (- UL j |
where C, is the count with no sample present, unm is the mass attenuation — [d}“z] &+ L C/CO [Ad]? 4+ 4d2 [A,um]
coefflluetnht. flc:r the rSnaltgrlaI],c g Ij thgtdenswybc?cf .the sample and d is the These relationships show that for a given sample thickness and mass b
>aMmple ThICKNESS. SOIVING TOr density, we obtain attenuation coefficient, we can minimize Ay, by making C and (; as o % oo = ? ® venem ”
_In(C/G) , large as pos§ib|e. | | :
P (2) " How long will we have to wait to collect those counts? This depends

For a complete density measurement, we must measure C and (; with on the source strength, density gauge geometry and materials and the Densit desion is based icated relationshins bet
the nuclear counting system and d with electronic calipers. The mass sample density itselt. g en5|| Y gaduge te5|gn LS 95¢ to.n omp |c|a c tree.a llor;s !psd SHVEEn 4
attenuation coefficient ., is a function of the energy of the gamma-ray, Our goals: Ap<0.004%/cw’ and a throughput of more than 1 m/h at :Emp ehant NS r_l;_metr? BEOMELTIES, SAMPIE MAterial, CEsITed precizion an
the atomic number of the sample material and the geometry of the 3.3mm measurement spacing. rotignput SpeLitications

» Optimized values of gamma ray energy can be determined to help in

density gauge itself. This value therefore must be determined in the | -
choosing a source radioisotope

calibration process.

Address: 1 Sawyer Annex, University of I\/Iaine, Orono ME 04469 Email: daniel.breton@maine.edu Website: www.climatechange.umaine.edu/glaciology/dan.html
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