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RESULTS FROM PRIOR NSF SUPPORT 

Award Number: OPP-9526421;  Grant Amount: $707,000;  Grant Period: 6/96 to 5/03                
Title: Recovery and Science Coordination of an Ice Core from Siple Dome, Antarctica 

This project supported coordination of all logistics and science activities for the 1,004 m deep 
Siple Dome ice core program and 18 associated science projects. Responsibilities included 
selecting the exact location of the core, assisting with planning of the field camp, monitoring 
drilling operations, directing core handling in the field, organizing core sampling at the National 
Ice Core Laboratory in Denver, developing a Web site for public outreach 
(http://waiscores.dri.edu), developing a secure Web site for data exchange, organizing annual 
meetings to facilitate publications, and media interactions. The program provided an opportunity 
for approximately 15 students to participate in field operations and 40 students to participate in 
laboratory investigations. 

Publications: This award provided the basis for 39 peer-reviewed publications 
(http://waiscores.dri.edu) prepared by investigators leading the individual science projects. 
Fourteen additional manuscripts are in review, and at least 11 are in preparation. A partial list of 
peer-reviewed publications follows. 

Ahn J., M. Wahlen, B. Deck, E. Brook, P.A. Mayewski , K.C. Taylor and J.W. White, A  record 
of atmospheric CO2 during the last 40,000 years from the Siple Dome, Antarctica ice core. 
Journal of Geophysical Research, in press. 

Alley, R.B., J. Marotzke, W.D. Nordhaus, J.T. Overpeck, D.M. Peteet, R.A. Pielke, Jr., R.T. 
Pierrehumbert, P.B. Rhines, T.F. Stocker, L.D. Talley and J.M. Wallace.  Abrupt climate 
change. Science 299, 2005-2010 (2003). 

Alley, R.B. Paleoclimatic insights to future climatic challenges. Philosophical Transactions of 

the Royal Society of London, Series A, 361, 1831-1849 (2003). 

Severinghaus, J.P. and E.J. Brook, Abrupt climate change at the end of the last glacial period 
inferred from trapped air in polar ice, Science 286, 930-934 (1999). 

Taylor, K.C., J.W.C. White, J.P. Severinghaus, E.J. Brook, P.A. Mayewski, R.B. Alley, E.J. 
Steig, M.K. Spencer, E. Meyerson, D.A. Meese, G.W. Lamorey, A. Grachev, A.J. Gow and 
B.A. Barnett. Abrupt late glacial climate change in the Pacific sector of Antarctica.  
Quaternary Science Reviews 23, 7-15 (2004). 

Television documentaries and print media: The Ice Melts, BBC Horizon, 1997; Warnings from 
the Ice, Nova, 1998; The world’s most powerful wind: Katabatic, Natural History New Zealand, 
1999; Understanding Ice, The Cronkite Ward Company, 1999. Numerous articles on the project 
appeared in the print media including The Los Angeles Times and Time. 

Data developed by this project: The core logging and sample allocation database is maintained 
by the National Ice Core Laboratory (http://www.nicl.usgs.gov/ant-sd.nicl), which is also 
archiving the samples. Data from individual science projects were organized by this project and 
are maintained by the National Snow and Ice Data Center (http://www.nsidc.org/data/waiscores). 

Physical collections: This project collected 1,323 m of ice core. All of this ice has been sampled; 
but for most depths, ice is still available at the National Ice Core Laboratory. 
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INTRODUCTION 

Ice cores from polar ice sheets have been used to address many fundamental and pressing 
questions about the earth system. Highlights of research using ice cores include identification of 
abrupt changes in climate (Dansgaard et al., 1989; Alley et al., 1993; Taylor et al., 1997), the 
tight link between greenhouse gases in the atmosphere and surface temperature of the earth (Petit 
et al., 1999; Cuffey and Vimeux, 2001), history of climate modes (Dansgaard et al., 1982; 
Johnsen et al., 1992), existence of somewhat regular changes in climate on millennial timescales 
(Rahmstorf, 2003; Alley et al., 2001), identification of possibly viable biologic communities in 
deep ice and subglacial lakes (Christner et al., 2000, 2001; Priscu and Christner, 2004; NRC, 
2003), and improved modeling of past and future response of ice sheets to climate change 
(Thorsteinsson et al., 1999; Dahl-Jensen et al., 1998; Hvidberg et al., 1997). The U.S. science 
community has participated in these efforts through large, NSF-funded programs (e.g., GISP1, 
GISP2, Taylor Dome, and Siple Dome) and many smaller projects, as well as collaborated on 
research funded primarily by other nations. All of these investigations have led to new paradigms 
for understanding how the oceans, land, atmosphere, biosphere, and cryosphere interact to create 
the environment we inhabit. 

The U.S. ice coring community, represented by the Ice Core Working Group (ICWG), has 
concluded that significant advances in understanding global climate change, ice sheet dynamics, 
and biology are possible with a new, community-wide program centered on recovery of a deep 
ice core near the ice divide in West Antarctica (Figure 1) (ICWG, 1989, 1992; Taylor, 2000a,b; 
letter from ICWG chair in 2004 in the Supplementary Documentation Section). The ICWG 
proposes an integrated program, referred to as the WAIS Divide program, to develop and model 
a unique series of interrelated climate, ice dynamics, and biologic records important to a wide 
variety of scientific and socially relevant questions, all of which center on understanding 
interactions among global earth systems.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The WAIS Divide core will provide Antarctic records of environmental change with the 
highest possible time resolution for the last ~100,000 years. In addition, the WAIS Divide 
location is the best place in the world to recover a high-time-resolution record of greenhouse 
gases for the last ~100,000 years because it is an Antarctic site with rapid accumulation and thick 
stratigraphic sections for this time period. The proposed core will be the Southern Hemisphere 

Figure 1. Location of the 
proposed WAIS Divide (WD) 

core in relation to the Byrd, and 

Siple Dome (SDM) cores, shown 
with 500 m surface-elevation 

contours. 
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equivalent of the GISP2, GRIP, and North GRIP ice cores and will allow detailed comparison of 
environmental conditions between the northern and southern hemispheres. No other existing or 
planned ice core has the timescale characteristics required to address the main science themes of 
this program.  

The most significant characteristic of this program will be the ability to develop an absolute 
chronology for the most recent ~40,000 years by counting annual layers. The proposed program 
has been under discussion for 15 years (ICWG, 1989, 1992). The international community is 
conducting ice coring operations in other areas because they expect the United States will 
conduct the program proposed here (expressed during comments by international participants at 
an ICWG and NSF meeting in 2001 held at NSF headquarters).  

This proposal requests funds for management of coring operations, recovery of the core, 
recording of basic physical characteristics of the core (e.g., core quality and length), and overall 
program management and facilitation. A wide range of measurements is being proposed 
separately for the gas, ice, soluble, insoluble, and biologic material in the core. There are also 
separate proposals for glacial and subglacial investigations and an atmospheric chemistry and 
modeling program. Statements of intent by investigators who will be submitting proposals 
associated with this program are in the Supplementary Documentation Section.  

RESEARCH THEMES 

At a workshop in February 2004, the U.S. ice coring community identified five main and five 
secondary research themes. Significant advances on the five main themes critically depend on 
results only possible due to the unique characteristics of the WAIS Divide core. The secondary 
themes can be advanced with ice cores from other locations. Since records from the WAIS 
Divide location will help identify spatial variability issues related to the secondary themes, the 
WAIS Divide core will complement other investigations of the secondary themes. 

Main Research Themes 

Climate forcing by greenhouse gases: Humans are increasing the concentrations of 
greenhouse gases at a rate and to levels unprecedented during the last 450 ka (Petit et al., 1999). 
Smaller and slower changes in greenhouse gas concentrations have accompanied large climate 
changes in the past. One way to improve our ability to predict how current changes in 
greenhouse gas concentrations will influence future climate is to learn how the earth’s climate 
system responded to past changes. For example, understanding how the carbon cycle responds to 
climate change and influences climate is a major goal of biogeochemical research and is highly 
significant for future policy decisions about fossil fuel emissions.  

Glacial-interglacial and millennial-scale variations in CO2 are now recognized as 
fundamental aspects of late Quaternary climate change (e.g., Petit et al., 1999; Monnin et al., 
2001; Fischer et al., 1999), but their ultimate cause is widely debated. A key question is the 
phasing, or cause-and-effect relationship, between CO2 variations and climate change in both 
hemispheres. CO2 records can only be developed from Antarctic ice because high dust levels in 
Greenland ice produce CO2 in situ. Existing data suggest that CO2 variations are highly 
correlated with Antarctic climate (Fischer et al., 1999; Monnin et al., 2001; Petit et al., 1999) but 
are also possibly influenced by Northern Hemisphere climate variations (Monnin et al., 2001). 
The correlation of changes in atmospheric CO2 and Southern Hemisphere climate suggests the 
southern oceans have a major influence on CO2. Interpretation of existing CO2 records is limited 
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by large differences between the age of the gas and the age of the ice that holds the gas. This 
precludes firm conclusions about the relative timing of changes in atmospheric CO2 and other 
environmental conditions and forcing mechanisms. These factors include iron fertilization of the 
oceans by dust, and changes in Northern Hemisphere climate believed to be related to changes in 
deep ocean circulation, solar activity, and even the actions of early human civilization.  

The WAIS Divide core will provide an unprecedented opportunity to create the highest-
resolution, best-dated CO2 record of the last ~100,000 years and to tightly link it to records of 
other aspects of the climate system recorded in the same ice core. These records will show the 
relative timing of changes in atmospheric CO2 and environmental changes in the southern and 
northern hemispheres with significantly greater accuracy than is possible with any existing or 
anticipated ice core record. Stable carbon isotopic measurements will provide constraints on CO2 
sources and sinks (e.g., Indermüle et al., 1999). A similar need exists to understand 
biogeochemical cycling of the greenhouse gases methane and nitrous oxide, and the same 
arguments apply. 

In summary, the WAIS Divide site is the best place in the world to recover high-time-
resolution records of greenhouse gas concentrations for the last ~100,000 years because it is an 
Antarctic site with rapid ice accumulation and thick stratigraphic sections. The resulting records 
will be cornerstones for at least a generation of biogeochemical researchers and will require 
high-quality analytical procedures, replication, and a long time series of high-time-resolution 
measurements. We recommend that two laboratories collaborate on CO2 measurements to 
replicate some measurements and to allow more measurements to be made than a single 
laboratory could reasonably accomplish.  

Role of Antarctica in abrupt climate change: Abrupt climate changes are of direct societal 
relevance (NRC, 2002) and are a national security issue (Schwartz and Randal, 2004). The 
significance of abrupt climate change was convincingly demonstrated by the GISP2 and GRIP 
efforts in central Greenland (Hammer et al., 1997 and accompanying articles). Near-global 
synchrony of large and abrupt climate changes was demonstrated by Greenland ice core records 
showing local changes (temperature, accumulation; Cuffey and Clow, 1997), regional changes 
(wind-blown sea salt and Asian dust; Mayewski et al., 1997; Biscaye et al., 1997), and 
hemispheric changes (trace gases such as methane with widespread sources including the tropics; 
Brook et al., 2000). Associated abrupt changes also have been noted in ocean sediments off the 
South American, California, and Indian coasts (e.g., Hugen et al., 1998; Peteet, 1995; Voelker, 
2002). 

Existing Antarctic ice core records do not have a time resolution comparable to Arctic ice 
core records during the periods when abrupt climate changes occurred. The highest-resolution 
glacial record from Antarctica is from the Byrd core. The Byrd core has many limitations 
including (1) a lack of paired Dice and 18Oice measurements, which makes it impossible to 
assess changes in moisture-source temperature (Cuffey and Vimeux, 2001); (2) poor absolute 
dating, which precludes determining changes in ice accumulation rate and detailed comparison 
of the phase relationship to northern ice core records; (3) no chemistry records; (4) no ice 
remaining from the most significant time periods; (4) hole blockages that prevent borehole 
temperature measurements; and (6) post-drilling changes while in storage. Since the Greenland 
cores do not provide a record of atmospheric CO2 and the Southern Hemisphere records of 
atmospheric gases lack high-time resolution, a high-time-resolution record of atmospheric CO2 
during abrupt climate change events is not available.  
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Results from the Siple Dome core (Taylor et al., 2004) show that abrupt climate changes 
have occurred in Antarctica, but the spatial extent of these changes is unclear and the possibility 
remains that they are a local response to changes in ice stream dynamics. Abrupt climate changes 
recorded in the Siple Dome core may be local and of little significance, or may be the first 
evidence of a West Antarctic phenomenon that will be an essential element in our understanding 
of the causes of abrupt climate change.  

To address the issue of abrupt climate change, the National Research Council (NRC, 2002, 
Recommendation 3) called for "coordinated projects to produce especially robust, multi-
parameter, high-resolution histories of climate change and ecosystem response" with the 
"Antarctic continent...among the most critical targets." The WAIS Divide program, which will 
produce exceptionally well-dated records of many aspects of the climate system, is the best way 
to meet this recommendation. We will develop high-time-resolution records of the chemistry and 
isotopic composition of the ice, insoluble particles, and gases to infer the interaction of the 
southern oceans and atmosphere with each other and with their Northern Hemisphere 
counterparts. To understand the relationships among the components of the climate system 
during abrupt changes, it is essential that these measurements be made at the WAIS Divide site 
because it has the highest temporal resolution possible for a Southern Hemisphere glacial period 
record.  

Relationship between northern, tropical, and southern climates: Dansgaard-Oeschger 
events are well documented in Greenland ice cores and numerous ocean cores from around the 
world (Johnsen et al., 1992; Bond et al., 1997; Alley and Clark, 1999). Climate events related to 
these events also appear in chemistry and isotope records from the Taylor Dome, Vostok, Dome 
Concordia, and Byrd cores; however, expression of the smaller Dansgaard-Oeschger events is 
not clear in Antarctica (Blunier et al., 1998). To understand the role of the southern oceans in 
Dansgaard-Oeschger cycles, it is important to know how climate features associated with these 
events are reflected across Antarctica and correlate with climate changes in the Northern 
Hemisphere (Steig and Alley, 2003; Stocker, 2002; Stocker and Johnsen, 2003; Vellinga and 
Wood, 2002; Wunsch, 2002, Broecker, 1998). This can be determined by comparing ice isotope 
and chemistry measurements made at different locations. The small difference between the age 
of the ice and age of the gas trapped in the ice will provide the best opportunity to use gas 
stratigraphy methods to place northern and southern ice core records of the last glacial period on 
a common timescale (Blunier and Brook, 2001). The absolute magnitude of temperature changes 
will be determined with a combination of ice (Jouzel et al., 1997) and gas (Severinghaus et al., 
2003) isotopic methods, borehole paleothermometry (Cuffey et al., 1995), and bubble-density 
information (Alley and Fitzpatrick, 1999). The high-accumulation rate and thick ice at the WAIS 
Divide location will allow this to be accomplished with greater time resolution and precision 
than at any other Antarctic site. Understanding how these global-scale changes are expressed in 
different hemispheres will allow us to improve our understanding of the role of the Antarctic in 
climate change. 

Stability of the West Antarctic ice sheet and sea-level change: Stability of the West 
Antarctic ice sheet is important because of potential effects the ice sheet has on sea level and 
thus human society (e.g., Oppenheimer, 1998; IPCC, 2001, ch. 11). Predicting future changes of 
the West Antarctic Ice sheet and its influence on sea level requires knowledge of past 
environmental forcings and response. An ice core from the WAIS Divide site is essential to 
understanding these environmental forcings and the ice sheet response. 
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Information about past climate (surface temperature and accumulation rate) is archived in 
ice-isotope ratios (Jouzel et al., 1997), gas-isotope values (Sowers et al., 1989; Severinghaus et 

al., 1998), borehole temperatures (Cuffey et al., 1995; Cuffey and Clow, 1997), layer thickness 
(Taylor et al., in press), and bubble number density (Alley and Fitzpatrick, 1999). Interpretation 
of these proxy measurements of past climate is complicated by the cumulative effects of ice 
dynamics (Cuffey and Clow, 1997). For example, thin annual layers might be produced by low 
accumulation, ice sheet thinning, or both. In addition, the vertical velocity beneath an ice divide 
is less than on the flanks of an ice sheet, and ice flow may also be affected by fabric orientation 
(Alley, 1992; Thorsteinsson et al., 1999; Pettit, 2003). Separating the history of climate and ice 
dynamics is possible at the WAIS Divide site by measuring a full suite of properties to constrain 
the climate interpretation and using new ice-flow models that solve the complete stress equations 
for flow near divides. 

At least one good inland record and several coastal records are needed to sample WAIS 
spatial heterogeneity. The only previous deep inland West Antarctic core, Byrd Station, is not 
suitable for reasons previously mentioned. The WAIS Divide core will allow us to develop a 
coherent program integrating modern analytical and modeling methods to address how the West 
Antarctic ice sheet may influence sea level. 

Biological signals in deep ice cores: The total amount of bacterial carbon in ice and 
subglacial lakes is comparable to that in Earth’s lakes and rivers (Priscu and Christner, 2004). 
This reservoir of ancient organisms—which includes fungi, bacteria, and viruses— provides an 
unexplored frontier for the study of microbial variability. Studies of these icy systems should 
integrate biological and paleoclimatic studies, thereby allowing genomic information to be 
related to global changes recorded within the ice (NRC, 2003). Biological studies of ice cores are 
now possible to determine the identity, age, and physiological state of the organisms preserved in 
ice cores by using real-time polymerase chain reaction (PCR) and competitive PCR in concert 
with such methods as amino acid racemization and pyrolysis gas chromatography-mass 
spectroscopy. Some of the key biological questions are listed below. 

• Does biologic material preserved in ice cores provide paleoclimate information? 
• Does biological activity in ice adversely affect ice core paleoclimate records? 
• If the microorganisms present in ice caps and glaciers are metabolically active, do they 

possess novel metabolic and biochemical pathways? 
• What are the similarities and differences among microorganisms in different subzero 

environments (e.g., ice, permafrost, and subglacial lakes)? 
• How do multiple selection pressures influence evolutionary processes across a spectrum 

of ice types, from ancient glacial ice to modern sea ice? 
• Based on sequence information from ancient DNA, how rapidly has evolution occurred 

in polar organisms? 
• Are polar ice environments reservoirs of paleogenes that can accelerate the evolution of 

present-day species through lateral gene transfer? 
• What is the evolutionary origin of the organisms present in polar ice caps and glaciers? 

 

Some of these questions could be addressed equally well in ice cores from other locations, 
but biology is listed as a major science theme because no other ice coring program, past or 
planned, has an integrated biology program. This is the best opportunity in the foreseeable future 
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to integrate biology into a major ice coring program and provide a new type of information that 
can be used to decipher the paleoclimate record.  

Secondary Science Themes 

Are climate changes during the anthropogenic era unprecedented? Separating natural from 
anthropogenic change is a critical issue for climate research. Paleoclimate records, particularly 
from the Holocene, play a key role in addressing this question. Ice cores are well suited for this 
task because they record many aspects of the climate system (Hammer et al., 1997; Petit et al., 
1999). The WAIS Divide core will add to the growing network of well-dated Antarctic records 
necessary to disentangle natural and anthropogenic climate change in Antarctica. 

How has climate varied during the last 100,000 years? To understand the mechanisms that 
control climate, we need to understand patterns of past climate change. Climate varies spatially, 
and it is clear that understanding past patterns of spatial variability can constrain mechanisms of 
climate change (Blunier and Brook, 2001). Much progress has been made in gathering records 
from a variety of sites and archives, but more are needed—particularly in Antarctica. The WAIS 
Divide core will contribute significantly to answering this question by providing a well-dated 
climate record that can be compared to other Antarctic ice cores, Greenland ice cores, and 
paleoclimate records.  

To what extent do solar variability and volcanic emissions affect climate? Variations in 
solar energy reaching the earth may have been partially responsible for many climate changes 
that occurred in the past. To improve our understanding of this issue, we need additional, well-
dated, and consistently preserved climate records—such as those that can be developed from ice 
cores (Bond et al., 2001; Bard et al., 1997; Yiou et al., 1997; Rahmstorf, 2003). These records 
can be compared to variations in solar activity (inferred from the dendrochronology 14C and ice 
core 10Be records) and examined for oscillations known to be associated with solar activity. 

What was the role of the Antarctic in climate change as the last ice age was ending? 
Oceans and ice in the Antarctic undoubtedly had a significant role in the sequence of events 
responsible for climate changes during the deglacial period (Blunier and Brook, 2001; Stocker, 
2002; Alley et al., 2002). To determine what that role was, it is necessary to have a spatially 
distributed set of climate records for the deglacial period. The WAIS Divide core will provide a 
highly resolved and well-dated record of the last deglaciation.  

What are the interactions among climate change, terrestrial and southern ocean biology, 

and biogeochemical cycles? Terrestrial ecosystems force and respond to climate changes 
(Bender, 2003; Delmotte et al., 2002; Chappellaz et al., 1997). To improve our understanding of 
this interaction, we need spatially distributed, well-dated, and coregistered records of changes in 
the climate and terrestrial ecosystems. A record of the dominant terrestrial microorganisms 
responsible for important biogeochemical cycles (e.g., C, N, S) should be present within the ice 
core record (Priscu and Christner 2004). Analysis of functional gene pools within ice cores, if 
detectable, can provide an important record of  Earth’s biogeochemical past (NRC, 2003).  

CHARACTERISTICS OF THE WAIS DIVIDE SITE  

All of the science issues discussed above can be addressed with an ice core record with the 
following broad characteristics: 

• Collected from a location in West Antarctica in a place with minimal horizontal ice flow 
• Individually identifiable annual layers of at least 1 cm thickness in ice 40,000 years old 
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• Ice-accumulation rate sufficient to reduce the age difference between the gases in the ice 
and the ice itself to less than 500 years 

• Well-behaved stratigraphy to an age of at least 80,000 years 

In preparation for this program, Morse et al. (2001) conducted airborne geophysics and 
modeling studies to identify areas suitable for a deep ice core around the WAIS ice flow divide. 
Conway et al. (personal communication) conducted two seasons of surface studies to further 
investigate these areas; a preliminary depth-age relationship at the proposed core site has been 
established by tracking radar-detected layers of known age from the Byrd core (Conway et al., 
2003). The characteristics of the currently preferred site are listed in Table 1.  

Table 1. Characteristics of the likely location for the WAIS Divide core (Morse et al., 2002). 

Longitude 112 o 00’ W 

Latitude 79 o 32’ S 

Surface elevation  1,759 m 

Distance from current flow divide  30 km 
Current ice-accumulation rate  24 cm/yr 

Current average annual surface temperature  -31oC 

Age at 90% of total depth1  98–105 ka 
Age at 96% of total depth1  175–236 ka 

Age by which annual layers have thinned to a thickness of 1 cm2  45–46 ka 

Age of the ice in the depth range when the ice is brittle3  1.8–9.4 ka 
Ice thickness 3,370 m 

Ice age-gas age difference in Holocene 200 years 

Ice age-gas age difference in the glacial period 300–500 years 
1 Calculated with the expected high and low geothermal heat flux. 
2 Calculated with the expected high and low geothermal heat flux. This is approximately how far back the core can 

be dated by counting annual layers. 
3 Core quality will be lower in this age range. 

 

This site is favored because (1) bed topography is relatively smooth at km scales; (2) internal 
layers are flat and undisturbed; (3) the location is off the present ice divide but within 10 ice 
thickness of the divide, which minimizes complications from possible changes in the flow 
regime near the divide yet is close enough to reduce complications from advection of distant ice; 
(4) annual layers will be detectable (1 cm thick) to at least 40,000 years; (5) ice from the 
deglacial period will not be brittle; and (6) the gas age-ice age difference is ~200 years for the 
Holocene and ~300 to ~500 years for the last glacial period. The U.S. ITASE program has 
collected a shallow core 30 km from the proposed site that shows excellent preservation of the 
annual layers (Mayewski, personal communication; and in accompanying proposals by 
McConnell and Taylor). The site described above meets our requirements and would make an 
excellent location, but we will not make the final site selection until the surface glaciological 
studies have been fully interpreted and we are confident that this is the best location. Final site 
selection will be made by the funded investigators no later than April 2005. 

Significance of the WAIS Divide Timescale 

The most significant and unique attribute of the WAIS Divide core is a combination of a high 
ice-accumulation rate (24 cm/yr) and ice thickness (~3,300 m) resulting in 40,000-year-old ice 
with ~1 cm thick individually identifiable annual layers (Morse et al., 2001). We will date the 



 

 9

core back ~40,000 years by counting annual layers, and will make many measurements with 
yearly and decadal resolution. This is not possible in other existing or planned Antarctic ice cores 
because they do not preserve identifiable annual layers this far back in time. The small ice 
age/gas age difference in glacial period ice will be the smallest of any possible deep Antarctic ice 
core (Table 2). This will allow a level of interpretation that is impossible from any other location. 

Table 2.  Comparison of ice core properties. 

 

 

 

Core name 

Ice 

accumulation 

rate  

(cm/yr) 

Oldest 

continuously 

detected annual 

layer (yrs) 

~Modern gas 

age-ice age 

difference  

(yrs) 

~Glacial gas 

age-ice age  

difference 

 (yrs) 

      

 

 

Reference 

WAIS Divide   24 ~40,000 200 300–500 Brook, personal 
communication; 

Morse et al. (2002) 

Dronning 

Maud Land 

6.4 0 850 1,700–2,550 Schwander, personal 

communication 

Vostok  2 0 3,400 6,800 Goujon et al. (2003) 

Dome 

Concordia 

2.5 0 2,100 5,600 EPICA.website; 

Schwander, personal 

communication 

Siple Dome 13.5 8,600 200 1,000 Taylor et al., 2004; 
Brook, personal 

communication 

Byrd 10 ~11,000 270 500 Blunier et al., 1998; 
Hammer et al., 1994 

Dome Fuji 3.2 0 2,000 5,000 Kawamura et al., 2003 

Emphasis will be placed on developing the timescale, which we expect will become a 
benchmark chronology similar to the one produced from the Summit, Greenland ice cores. For 
the section of the core in which annual layers are apparent, this will be accomplished by 
integrating a variety of measurements capable of resolving annual layers and using computer-
assisted methods to identify annual layers and quantify uncertainty (Taylor et al., 2004). The 
WAIS Divide timescale will be developed independently of other timescales but will incorporate 
all available information that can provide an absolute date at a given depth (e.g., tephra in the 
core from a dated eruption, 10Be variations linked to the dendrochronology 14C record). 
Measurements of atmospheric gases will be used to determine differences between the annual-
layer-derived timescale and timescales determined from other ice cores. Below the depth where 
annual layers can be identified, we will use gas stratigraphic methods and possibly excursions in 
10Be to tie the timescale of this core to other established timescales. 

This high-time resolution and small ice age-gas age offset will allow us to study interactions 
of the atmosphere, oceans, land, and ice with a time resolution that has been possible only in 
Greenland ice cores. Understanding short timescale interactions between polar regions will 
greatly advance our knowledge of the role of the southern regions in the earth’s climate system. 
Although the Byrd ice core has some of the characteristics of the core proposed here, it is not 
adequate for our purposes because (1) there are uncertainties in the timescale, (2) deep ice in the 
core was deposited up to several hundred km from the drill site, (3) modern analytical methods 
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were not available and many measurements were not made, (4) the most significant sections of 
the core have been consumed by prior measurements, and (5) the storage history of the 
remaining core may have adversely affected core quality 

CORING OPERATIONS 

Coring operations will be conducted by a drilling contractor selected by the National Science 
Foundation (NSF). NSF funded a previous proposal by the principal investigator of this proposal 
to have a contractor (Ice Coring and Drilling Services, University of Wisconsin-Madison) build a 
drill suitable for this program. The new drill will collect a 12.2 cm diameter core and will be 
tested in Greenland in summer 2005. The new drill incorporates advanced design concepts 
including a stiff rotating outer barrel with a flexible internal sleeve, independent and powerful 
drill and pump motors, wide bandwidth drill vibration sensors, and automated control systems. 
The principal investigator of this proposal is working closely with the contractor to ensure that 
the drill meets the science requirements.  

During the first field season at the WAIS Divide site, three shallow cores (depth of ~100 m, 
10 cm in diameter, spaced a few meters apart) will be collected prior to disturbances associated 
with preparations for deep drilling. The large volume of firn samples provided by these adjacent 
cores will meet the anticipated basic science demands for larger samples from the low density 
and difficult-to-clean firn. These shallow cores also will provide samples from the upper portion 
of the firn that will be disturbed during construction of the trench in which the deep drilling will 
occur. One of these holes will be enlarged to accommodate the surface casing for the deep 
borehole. During the first season, the camp and subsurface core handling facilities will also be 
prepared for the deep drilling.  

To investigate spatial variability around the drill site and to collect firn gas samples without 
delaying construction at the main drill site, it will be necessary to recover at least two cores 
(depth 100 m) within 5 km of the main drill site. At least 6 separate science proposal will be 
requesting these cores and they should be considered to be part of the over all program. It may 
also be desirable to recover up to four cores (depth of 50 m) at sites that are up to 60 km from the 
main drill site. The need for the remote shallow cores and the exact locations will be determined 
after results from the ITASE program are available and have been discussed by the investigators 
that make up this program. Some investigators will also propose additional shallow drilling, or a 
deepening of the shallow holes described here. This work, which is proposed separately, will 
allow a more detailed investigation of the last 1,000 years than is possible on the main core. 
Investigations of basal and bedrock material are anticipated but will not occur for at least six 
years. Details of the basal investigations are not presented here because the science issues and 
technology will evolve before it is the appropriate time to submit these proposals.  

The deep drilling is anticipated to take three field seasons. After the main core is recovered, 
we will collect replicate cores from depths of special interest. This will be accomplished by 
lowering a replicate coring drill down the main hole to just above the depth of interest and using 
directional drilling techniques to drill through the side of the main borehole along a track almost 
parallel to the main borehole. These cores will be drilled at about 10 depths (25 m at each depth) 
and will allow us to repeat measurements that may have been in error, measure properties that 
were not measured on the main core due to a shortage of sample material, repeat measurements 
made on the main core with greater spatial resolution, and consider the influence of small-scale 
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spatial variations when interpreting the data. If there are core quality problems with the main 
core, replicate coring will give us a second chance to collect core from critical sections. 

SCHEDULE 

The proposed schedule for the project is in shown in Table 3. The timing of activities 
planned to occur after the deep drilling is completed in January 2009 may change depending on 
how the science and technology evolves during the first five years of this program. The drilling 
seasons are anticipated to run from ~ November 5 to ~ January 25. The long length of the drilling 
seasons should allow us to complete the deep coring in 3 field seasons. In some years the 
processing of the ice lags behind the drilling because the brittle ice must stay on site for a season 
before it can be shipped, and we can only process 1,500 m of ice each year. 

Table 3.  Program schedule. 

Start Date Activity 

May 2005 Test drill at Summit, Greenland. Choose location of WAIS Divide site. 

November 2005 Build skiway; establish camp; stage drilling and camp supplies; construct subsurface 
drilling and core handling facilities; core main hole and immediately adjacent 

shallow cores to 100 m; ream one of these to hold the surface casing; conduct 

additional shallow drilling and small on-site science projects that are proposed 

separately; ship all core to U.S. 

June 2006  Core processing at National Ice Core Laboratory for 0 to 100 m and any shallow 

cores. 

November 2006 First deep coring season. Core from 100 m to ~1,600 m; ship nonbrittle ice (100 m 
to ~400 m) to U.S.; leave brittle ice onsite; conduct more shallow coring and larger 

onsite science projects that are proposed separately. 

June 2007 Core processing for ice from 100 m to ~400 m and any shallow cores. 

November 2007 Second deep coring season. Core from ~1,600 m to ~2,600 m; ship ice from ~400 m 
to ~900 m and from ~1,600 m to ~2,600 m to U.S.; conduct more shallow coring 

and onsite science projects that are proposed separately. 

June 2008 Core processing for ice from ~400 m to ~900 m and from ~1,600 m to ~2,600 m. 

November 2008 Third deep coring season. Core from ~2,600 m to the bed at ~3,300 m; ship ice from 

~900 m to 1,600 m and from ~2,600 m to ~3,300 m to U.S.; conduct more shallow 
coring and larger onsite science projects that are proposed separately. 

June 2009 Core processing for ice from ~ 900 m to ~ 1,600 m, and from ~ 2,600 m to ~ 3,300 

m.  

November 2009 Conduct borehole logging; bedrock coring. 

June 2010 Process bedrock cores. 

November 2010 Conduct borehole logging; replicate coring; reduce site presence; stabilize hole and 

casing for long-term access. 

June 2011 Process replicate cores. 
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PROGRAM MANAGEMENT 

A Science Coordination Office will coordinate all coring and sampling efforts as well as the 
separately proposed science projects. This office will be led by the Principal Investigator of this 
proposal, who will represent the interests of the investigators in interactions with NSF and 
support organizations. An executive committee consisting of a subset of the investigators will be 
selected by all participating projects. The Science Coordination Office will work with the 
drilling, logistics, and core curation organizations to help ensure that the scientific value of the 
core is maximized while reducing program costs.  

The coring will be done by a NSF-designated drilling contractor (currently Ice Coring and 
Drilling Services, University of Wisconsin-Madison). The drilling contract will end in 2005 and 
another organization could take over before the coring is underway. The Science Coordination 
Office will provide one driller assistant per shift. In filling these positions, the first requirement 
will be that the individuals meet the needs of the drilling contractor. A second objective will be 
to incorporate scientific personnel into the drill crew. Incorporating scientists into the drill crew 
will help integrate science objectives into drilling operations, better educate the science 
community in the technical details of collecting ice cores, result in better core quality because of 
the scientists’ great desire for high quality core, provide greater continuity of knowledge for 
future projects, advance the driller’s understanding of our science, and speed development of 
new technology. Drill crews consisting of a mix of scientists and career drillers and engineers 
from different organizations have been used successfully for decades on European ice coring 
programs. Both the WAIS Divide science community and drilling contractor (see letter from 
Bentley in the Supplementary Documentation Section) look forward to adopting this approach. 
We anticipate that NSF will fund the cost of assistant drillers from the logistics budgets, not 
science budgets. 

The Science Coordination Office will provide most of the field core-handling staff. These 
positions will also be used to provide field opportunities for scientists and educators who are 
involved in outreach efforts. A few of the core handling positions will be structured so that 
members of the scientific community can spend part of the season in the field and not have to 
neglect other responsibilities for a full field season. Staff from the National Ice Core Laboratory 
will provide day-to-day management of core handling and data management in the field. The 
National Ice Core Laboratory also will be responsible for training core handlers. The National 
Ice Core Laboratory is seeking funding for these roles (see letter from Hinkley in the 
Supplementary Documentation Section). If the laboratory cannot secure this funding for this role, 
an alternate arrangement will be required. As above, we anticipate that NSF will follow the 
example of previous projects and fund the cost of core handling from logistics budgets not 
science budgets. One third of this proposal’s budget if for the assistant drillers and field core 
handlers. 

The Science Coordination Office will organize general aspects of core sampling including 
development of a sampling plan. This will be based on requests from individual investigators and 
will be reviewed and approved by the executive committee. The main sampling will be 
completed at the National Ice Core Laboratory where the laboratory staff will be responsible for 
day-to-day operations and data management of core processing as well as long-term curation of 
the core and information related to core quality and sampling. (See letter from Twickler in the 
Supplementary Documentation Section.) 
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The Science Coordination Office will have a representative in the field whenever activities 
that affect core quality are occurring. This responsibility will be met either by the Chief Scientist 
or a designated representative (e.g., Gregg Lamorey or other scientists selected after the science 
projects are funded). All drilling and core-handling procedures that influence core quality will be 
subject to approval by the Chief Scientist or his representative. This includes authority over all 
drilling and core-handling personnel as well as the authority to replace these personnel when 
necessary to facilitate the program. The lack of such authority caused problems on previous 
United States projects, and it is critical that scientists have authority over all aspects of sample 
collection and handling.  

The Science Coordination Office will coordinate field activities of science projects related to 
the WAIS Divide program to maximize scientific benefit and reduce logistics. This includes any 
shallow coring, and subsurface, surface, and atmospheric science activities, related to this 
program; but not activities of unrelated projects that might be based out of the same camp. We 
will provide a field technician for shared use by the projects. This will reduce the need for 
individual investigators to send additional staff for short duration tasks. It also will extend the 
time period over which some investigators can collect data because some measurements can be 
continued by the technician after the investigators leave. This position will be filled by a student 
who will benefit from exposure to a wide range of field methods. We will try to fill this position 
with a member of an underrepresented group. A shared science technician was used with great 
success during the Siple Dome project to minimize the logistics associated with minor science 
tasks. The appropriate level of effort for this task will be determined when the needs of the 
funded projects have been determined.  

The Science Coordination Office will facilitate data sharing by requiring all program 
participants to abide by a data-sharing protocol similar to that used during the Siple Dome 
program (http://waiscores/dri.edu/WSParticpants/WSData). A secure Web site will provide a 
convenient way to exchange data and foster communication among program participants. We 
will use teleconferencing to facilitate discussions to the extent technology allows. (DRI has 
advanced internet2-based “access grid node” teleconferencing.) The Science Coordination Office 
will organize at least one workshop per year to provide an opportunity for program participants 
to discuss findings and develop publications. 

BROADER IMPACTS 

This ice coring program will enable a major effort including about 15 science projects, 25 
investigators, and 45 graduate students. It will have a broad impact on the climate, ice dynamics, 
and cryobiology research communities. The influence of the WAIS Divide program will be 
comparable to the Summit, Greenland ice core programs. The WAIS Divide program will allow 
a new generation of scientists to become involved in ice core research. We will use the public 
interest accompanying the 2007 International Polar Year to help raise public awareness of the 
significance of polar regions. As explained in detail below, the Science Coordination Office will 
lead several outreach efforts. Additional proposals will be submitted for large outreach projects 
such as development of K-12 educational materials, public outreach Web sites, student field 
programs, and museum displays (see letters in the Supplementary Documentation Section). The 
individual science projects that make up this program also will conduct outreach efforts.  
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Mass Media Outreach  

The Siple Dome project was presented to the public in high profile, internationally televised 
documentaries (Nova, BBC Horizons) and the print media (Los Angeles Times, Time), 
demonstrating the ability of large ice coring programs to provide an opportunity to educate the 
public. Following the lead of the NSF media office, the Science Coordination Office will 
actively facilitate media coverage of the program. This will start with predeployment interactions 
with media organizations identified by NSF. To provide a balanced view of field operations, we 
will use the services of profession media staff provided by the Antarctic logistics support 
contractor to document the full range of activities occurring at the site and domestic laboratories, 
not just those activities that can be documented during short media visits. In some years, a 
journalism student will participate in field operations as a core handler and will participate in 
these recording efforts. The recordings also will be made available for journalism class projects 
(see letter in the Supplementary Documentation Section by Greer.) Involvement of journalism 
students with both science and journalism responsibilities will train and motivate future 
journalists to report on polar science.  

Recordings made by the support contractor will not replace the need for media organizations 
to visit the field but will supplement onsite media efforts. This approach has been encouraged by 
media organizations because it will allow the research to be portrayed in a more balanced and 
expanded way than is possible when all the recordings are made during a randomly selected few 
day period. Unlike recordings made by the media, video and audio documentation by the support 
contractor will be made available to anyone for the cost of duplication and will be available for 
use by the outreach projects that are being proposed separately. It is also important to be well 
prepared for media outreach opportunities associated with the International Polar Year and for 
NSF to be able to disseminate information independently of the few media organizations that 
visit the field. 

Students and Underrepresented Groups  

This program will provide many opportunities for participation by students. During each 15- 
week, deep-drilling season, two graduate students will be hired by the Science Coordination 
office as driller assistants (one per shift, two shifts per day), and four graduate students will be 
hired as core handlers (two per shift, two shifts per day). An additional graduate student will 
participate in field operations as a field technician to assist science projects for short time 
periods. We will try to minimize the need to exchange the field staff with fresh people during the 
field season. However, considering the long length of the field seasons (15 weeks away from 
home), it will likely be necessary to exchange some field staff mid season in order to engage the 
type of people we need to meet the broader impacts expectations for this project. An estimated 
six additional students will be involved in short-duration field operations as part of the individual 
science projects proposed separately (see letters of intent in the Supplementary Documentation 
Section.) Recent constraints on field operations have resulted in a dramatic decline in the number 
of researchers with field experience and have reduced incentives for students to pursue ice-core-
related research opportunities. To maintain the scientific momentum developed during this 
project, it is critical that students be involved in all aspects of field operations. Most of these 
students will come from the individual projects that are proposed separately. Some of these 
positions may be filled with people who are involved in ice core research in other nations. This is 
anticipated to lead to greater international collaboration on future ice coring projects. 
Organizations providing students would receive an overhead-free subaward from the Science 
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Coordination Office to offset the cost of providing a student to assist with field operations. To 
assure that promising students can gain field experience, it is essential that student positions not 
associated with a particular science project be under the control of the Science Coordination 
Office instead of a drilling contractor who has not yet been identified. 

This program also will provide many opportunities to involve graduate and undergraduate 
students in laboratory activities. The Science Coordination Office will provide two students 
during the summer to assist with core processing at the National Ice Core Laboratory. These 
students will work on core processing tasks that are not directly related to preparing ice samples 
for a specific project (e.g., packing and unpacking core). An estimated additional 120 students 
(15 projects each with eight students during the course of the project) will be involved in 
laboratory work associated with the individual science projects. Individual projects are expected 
to provide students to collect their samples at the National Ice Laboratory and to cover the cost 
of those students. 

All recruitment programs for core processing and field activities will seek participation by 
members of underrepresented groups. Qualified members of underrepresented groups, even if 
they are not associated with science projects related to this program, will be given some 
preference when we select core processing and field personnel. To assure that we reach out to 
these groups, we will place an advertisement in EOS.  

Web-based Outreach  

Several organization specializing in public outreach intend to submit proposals to develop 
sophisticated Web sites to explain this program and related science topics to the general public. 
For example, see the statements in the Supplementary Documentation Section by Chaisson 
(Tufts University) and Miller (San Francisco Exploritorium). We hope a separate project from an 
organization with more experience in this area will be funded, and we are committed to working 
closely with such organizations. 

CLOSING COMMENTS  

The WAIS Divide program has broad support from both the U.S. and international ice coring 
communities (see letter of endorsement from Jeff Severinghaus, Chair of the U.S. Ice Core 
Working Group, the Supplementary Documentation Section). The ice coring community 
anticipates submitting at least 33 proposals for individual science and outreach efforts related to 
this program. Brief summaries of anticipated proposals are included in the Supplementary 
Documentation Section. Many of these investigators provided comments that have been 
incorporated into this proposal. The efforts of Richard Alley, Ed Brook, Howard Conway, John 
Priscu, and Jeff Severinghaus were particularly helpful. 

This program will provide environmental records from Antarctica with the highest possible 
time resolution over the last ~100,000 years, and the information will be used to address 
societally critical issues in a way that cannot be done with records from any other location. It will 
be the first large drilling project to integrate biology and paleoclimate investigations. The idea 
for this program was first suggested 15 years ago and is proposed now because it appears likely 
that the logistics, funding, and science communities are prepared to move forward in an 
integrated effort. This program will become a cornerstone for future investigations into the 
causes of past, present, and future climate change and will have high public visibility.  
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Crystal-orientation Fabrics Deduced by Polarimetric Radar Measurements Near the 

Ross/Amundsen Sea Ice-flow Divide and at the Siple Dome Ice Core Site  

PI: Charles F. Raymond and Kenichi Matsuoka (University of Washington) 

Proposal Status: Submitted June 2004 

The alignment of crystals in ice, called crystal-orientation fabrics, has an important effect on ice 
deformation. As ice deforms, nonuniform fabrics are produced, which, in turn, influence further 

deformation. Consequently, measurements of fabric variations can help reveal the deformation history 
of the ice and indicate how the ice will deform in the future. We propose to make ground-based 

polarimetric radar measurements near the Ross/Amundsen Sea ice-flow divide to investigate spatial 

variations of fabrics. We will make radar measurements along a 300-km-long line crossing the divide 

supplemented with a smaller grid in the vicinity of the divide to cover a range of possible divide 
migration suggested by previous studies. Established theory and our previous studies in East 

Antarctica show that polarimetric radar data reveal depth-averaged azimuth of principal axes and 

strength of fabrics. Spatial variation of the ice fabrics will be useful for deducing accurate origin, path 
and age along the ice-core ice, which are critical to its paleoclimate interpretation. We will also make 

radar measurements at the Siple Dome ice-core site and model radio-wave propagation using fabric 

data measured from that ice core. This proposal will take three years to complete and require fieldwork 
in the first two years. 
 

Glaciological Characteristics of the Ross/Amundsen Sea Ice-flow Divide Deduced by a New 

Analysis of Ice-penetrating Radar Data 

PI: Charles F. Raymond and Kenichi Matsuoka (University of Washington) 
Proposal Status: Awarded for three years from May 2004 

We will use existing radio echo sounding data obtained by SOAR to investigate the spatial pattern of 
temperature anomalies under the Ross and Amundsen sea ice-flow divide near potential core sites. 

Based on preliminary studies with Japanese radar data from East Antarctica, we hypothesize that 

vertical gradient of radar echo strength from within ice is determined primarily by ice temperature and 
secondarily by crystal-orientation fabrics. We will test this hypothesis with detailed modeling of radio-

wave propagation, and map the vertical gradient and the corresponding temperature anomaly estimate 

over a 200 by 200 km area including the future ice coring site. Bed radar scattering characteristics will 
also be mapped and interpreted in light of the attenuation implied by the vertical gradient. 

Temperature anomalies, crystal-orientation fabrics, and bed conditions are essential factors to model 

ice, and this work will help effective interpretation of the future inland ice core. No new fieldwork is 
involved. 
 

Short-lived Trace Gases in the WAIS Divide Core 

PI:  Eric Saltzman (University of California, Irvine) 

Proposal Status: To be submitted June 2005 

Ice core samples from the WAIS Divide core will be extracted and analyzed for a number of trace 
gases including halocarbons (methyl chloride, methyl bromide, and methyl iodide), sulfur gases 

(carbonyl sulfide, carbon disulfide, and possibly dimethylsulfide), hydrocarbons (ethane, propane, and 

butane), and nitrogen compounds (acetonitrile, and alkyl nitrates). These gases have active 
biogeochemical cycles and are atmospherically short-lived, ranging from lifetimes of days to a few 

years. The scientific focus of this project is on assessing the natural variability of atmospheric 

composition and its relationship to climate change. The results will provide a baseline for 
understanding human impacts on the atmosphere. 
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Nitrogen, Argon, and Oxygen Isotopes in Trapped Air in the WAIS Divide Ice Core  

PI: Jeff Severinghaus (Scripps Institution of Oceanography, University of California, San Diego) 
Proposal Status: To be submitted in June 2005 

Nitrogen and oxygen gas isotopes will be measured in the entire West Antarctic WAIS Divide ice core 
at high resolution (sample spacing approximately 20 yrs) to provide constraints on past firn thickness 

and rapid climate change. Firn thickness, when combined with independent temperature data, provides 

a firm constraint on past accumulation rates.  Nitrogen isotopes also record temperature change, and 
may improve estimates of gas age-ice age difference and absolute temperature.  In combination with 

similar records from the Siple Dome and Byrd ice cores, these data sets will better define the regional 

similarities and differences between the records, and may shed additional light on the puzzling abrupt 

changes seen at Siple Dome but not in Byrd ice isotopes during the last deglaciation.  Isotopes of 
oxygen gas are obtained without additional effort from the nitrogen analysis, and will provide a 

timescale constraint through comparison with the GISP2 record.  Millennial-scale variations in oxygen 

gas isotopes promise new tie points.  High-resolution argon isotope measurements will be made in 
selected areas of rapid climate transitions, using short replicate cores taken with the planned replicate 

coring technology.  These measurements will provide a unique temperature change estimate that is 

independent of changes in firn thickness.  Sample sizes needed are 20 g for nitrogen/oxygen and 50 g 
for argon analyses. 
 

Subglacial Microbiology and Biogeochemistry of the WAIS Divide Ice Core 

PIs: Mark Skidmore, John Priscu, Brent Christner (Montana State University) 

Proposal status: To be submitted June 2008 

The proposed research will examine debris-rich and debris-poor basal ice and basal sediments and/or 
bedrock from the base of the WAIS Divide core. Microbial populations in these samples will be 

examined using a variety of techniques: a) microscopy to determine microbial biomass and the 

proportion of living cells, b) enrichment cultures at in situ temperatures to examine the types of 

microbial metabolism, and c) phylogenetic analysis of the 16SrDNA genes to determine microbial 
community (nonculturable) diversity. The results from this research will be combined with 

geochemical analyses, stable isotopic results (White), gas measurements (Brook) and flow modeling 

work (Tulacyk) to provide a holistic analysis of the development of basal ice and the nature of ice-bed 
interactions. This will be the first deep ice-core that integrates biology, geochemistry and glaciology, 

thus addressing the extent to which organisms beneath ice sheets influence the biogeochemistry of the 

sediments and basal ice. The results from the basal zone will also be compared to those a) in glacial 
ice higher in the core (Priscu) to determine whether there is an endemic sub-ice sheet microbial 

population and b) with sediments from beneath Kamb Ice Stream (Skidmore and Lanoil unpublished) 

and other subglacial environments to investigate similarities and differences among these microbial 

communities in subzero environments. 
 

A Detailed Look at the N2O Record from the WAIS Divide Site over the Last 40 kyr 

PI: Todd Sowers (Penn State University) 

Proposal Status: To be submitted June 2005 

Measurements of trace gas species in ice cores are the primary means for reconstructing the 
composition of the atmosphere. Nitrous oxide (N2O) is an especially interesting trace gas as it is 

involved in a host of biogeochemical cycles in both the marine and terrestrial biospheres. The 

proposed study is aimed at reconstructing high-resolution N2O concentration and isotopic records over 
the last 40 kyr to constrain the conceptual models involving C and N cycling within the global 

biosphere.  

A secondary interest in studying N2O in the WAIS Divide site involves the potential for 
microbiological alterations of N2O in the ice sheet. While there is ample evidence that certain trace gas 

records (e.g. CO2 and CH4) have probably not been compromised, anomalous N2O measurements from 
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the penultimate glacial termination at Vostok are consistent with in situ (N2O) production. The search 

for in situ N2O production will be facilitated by the stable isotope measurements on the N2O. 
 

Collaborative Research: Gases in Firn Air and Shallow Ice at the Proposed WAIS Divide 

Drilling Site 

PI: Todd Sowers (Pennsylvania State University), Ed Brook (Oregon State Uniersity), Eric Saltzman 
(University of California, Irvine), Jeff Severinghaus (Scripps Institution of Oceanography, University 

of California, San Diego), Jim White (University of Colorado) 

Proposal Status: Submitted June 2004 

The proposed work will involve sampling firn air from the proposed drill site to establish the physical 
processes related to bubble occlusion. Detailed density measurements and the results from the firn air 

analyses will provide fundamental information for reconstructing the ice age – gas age difference, the 

nature of gas movement in the firn, and bubble occlusion at the drill site. Additionally, we expect to 
recover two (~250 m) ice cores that will provide an ~300-year record of the composition of the 

atmosphere. We expect to use the ice core and firn air samples to construct high-resolution 

atmospheric records of numerous trace gas species (elemental and isotopic measurements) that are 

fundamental to our understanding of the complex biogeochemical cycles that are responsible for the 
recent increase in atmospheric loading. The final aspect of the proposed research involves a large 

intercalibration effort between all the U.S. “gas labs.” This will einsure that we will be able to 

accurately merge gas data from various laboratories measuring the same species on the deep ice core. 
 

Variations in Nitrate Isotope Concentrations in the West Antarctic “Inland” Core 

PI: Eric J. Steig (Meredith Hastings, University of Washington) 

Proposal Status: To be submitted June 2005 

The interpretation of measured concentrations of nitrate and other photochemically active species in 

ice cores has been problematic due to unconstrained changes in transport, source production terms, 
atmospheric oxidizing capacity, and ice-accumulation-dependent reversible deposition. Stable isotope 

measurements of nitrate offers great promise to unravel these different terms. To first order, the 
18O/16O and 17O/16O ratios reflect the relative importance of OH and O3 photochemical pathways, 
while 15N provides additional information on source variations (though these are also affected by 

photochemistry). We have developed methods using denitrifying bacteria that allows for the analysis 

of oxygen and nitrogen isotope concentrations in nitrate from samples as small as a few ml of ice, 

allowing seasonal resolution to be obtained for all three isotope ratios. We will analyze the Inland core 
at this resolution for the upper ~hundred meters of the core and at lower resolution at greater depths 

where we expect diffusion to have eliminated the seasonal cycle. In combination with sulfate isotope 

and H2O2 and HCO concentrations from other laboratories, we expect to make a significant 
contribution to our understanding of past changes in atmospheric oxidizing capacity and in the global 

terrestrial/atmospheric nitrogen cycle. 
 

Electrical Stratigraphy and Annual Layer Dating of the Inland Core 

PI: Kendrick Taylor (Desert Research Institute) 

Proposal Status: Submitted June 2004 

Direct current electrical conductivity measurements will be made on the ice core to identify annual 
layers and disturbed stratigraphy. The measurements will have a spatial resolution of a few millimeters 

and will be measured along multiple tracks down each section of core. These measurements will be 
particularly useful for identifying annual layers in ice that is too fractured to make high spatial 

resolution chemical measurements, or in ice where the annual layers are too thin to be resolved by 

high spatial resolution chemical measurements. The multiple tracks will be used to identify horizontal 

variations across the width of the core that indicate irregular stratigraphy. A computer algorithm will 
be trained to identify annual layers using all the annual layer information from this and hopefully other 
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projects. The algorithm interpretations of the annual layer information will be used to develop the best 

timescale possible for the most recent ~40,000 years of the core. 
 

Multiple Stable Isotope Ice Core Measurements of Nitrate and Sulfate in Ice Samples 

PIs: Mark Thiemens, Justin McCabe, Nicolas Patris, Greg Michalski (University of California, San 

Diego) 

Proposal Status: Submitted June 2004 

The proposed research will utilize a new analysis procedure involving mass independent isotopic 

measurements of nitrate and sulfate to uniquely delineate a variety of processes. Nitrate (NO3
-
) and 

sulfate (SO4
2-

) anions will be extracted from ice core samples, separated on an ion chromatograph, and 

measured for their isotopic composition using a multiple collector mass spectrometer. Nitrate will be 

measured for 
15

N and 
18

O and 
17

O. Sulfate will be measured for 
34

S, 
33

S and 
36

S as well as 
18

O 

and 
17

O. At least 500 μg of NO3
-
 and 300 μg of SO4

2-
 are required for isotopic analysis. This 

comprehensive isotopic analysis will allow source characterization of these chemical species to the 

snowpack, which reflects their atmospheric origin. Multiple stable isotope analysis of nitrate will 

improve the poorly understood nitrogen budget in the polar atmosphere by utilizing the added 

constraint of 
17

O -NO3
-
 that is unaffected by post-depositional processes in the firn. Sulfate isotope 

analysis can provide several clues to the oxidation capacity of the atmosphere with changing climate 

conditions. Between glacial and interglacial periods, the 
17

O of sulfate mimics the changes in 

temperature, providing insight into the role of varying formation processes. The sulfur isotopic 

composition yields source information (
34

S) and provides assessment of stratospheric volcano events 

(
33

S, 
36

S). A complete isotope analysis of sulfate and nitrate anion in the WAIS ice core can 

significantly enhance our understanding of the relationship between aerosol chemistry and climate. 
 

Collaborative Research: Histories of Accumulation, Ice Thickness and WAIS Divide Location 

from Radar Layers Using a New Inverse Approach 

PIs: Edwin D. Waddington and Howard B. Conway (University of Washington) and David L. Morse 

(University of Texas at Austin) 

Proposal Status: Submitted June 2004 

The University of Washington and University of Texas at Austin have collected ice-penetrating radar 

and ice-motion data near the WAIS divide, as site-selection work. Now we plan to extract additional 

information from these data; this work will help the ice core community, by providing information 

about the glaciological context in which the ice was deposited, and conditions that it experienced, as it 

was transported to the ice core site. As at other ice core sites, such geophysical investigations should 

help to reduce ambiguity in ice-core interpretation, and will in turn benefit from paleoclimate 

information from the ice core. In particular, we plan to extract the spatial and temporal record of snow 

accumulation across the divide over the past approximately 20 ka, by assimilating the internal layer 

data and ice-motion data into a formal geophysical inverse model. Our planned inverse-model research 

program will also recover a history of ice thickness, a history of divide migration, and information 

about the pattern of geothermal flux across the ice divide. No new field work is involved. 
 

Stable Isotopes in the WAIS Inland Divide Ice Core 

PI: Jim White (University of Colorado, Boulder) 

Proposal Status: To be submitted June 2005 

Stable isotopes on ice and on gases in the ice core will be measured. The D/H and 
18

O/
16

O ratios of ice 

provide a basic climate record for the new deep ice core, as well as a roadmap for ice sampling by 

other investigators. Deuterium excess will also be measured on this resolution to provide a record of 

ocean conditions as well as to correct the isotope record for changes in sea surface temperatures. 

Higher sample resolution will be done on select parts of the core to look for 1) any evidence of abrupt 

climate changes, 2) ENSO signals for ENSO reconstruction, and 3) times when ice isotopes or 

deuterium excess display new or unusual behavior. This work will be done as part of a stable isotope 
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team consisting of White, Eric Steig Kurt Cuffey, and Chris Shuman. 13C/12C ratios in atmospheric 

methane will also be measured. This work will be collaborative with Todd Sowers at Penn State. This 
isotope helps to distinguish between changes in biomass burning and in anaerobic sources of CH4. If 

possible, we will also measure D/H of CH4 on the main core. This can distinguish between tropical 

and high latitude sources of CH4, but it may require too much ice to be compatible with other needs 

for the main core, and it may need to wait until side-hole drilling is available. Finally, we will measure 
13C/12C on CO2 on CO2 extracted from the core. These analyses will hopefully be coordinated with Ed 

Brook, who will measure pCO2.
 13CO2 can help to distinguish between oceanic and terrestrial sources 

and sinks of CO2 in the past. 

 


