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University of Washington 

Abstract 

Beryllium-10 in the Taylor Dome Ice Core: 
Applications to Antarctic Glaaology and Paleodimatology 

by Eric J. Steig 

Chairperson of the Supervisory Committee: Professor Mirue Stuiver 
Department of Geological Sciences 

A n  ice core was drilled at TayIor Dome, East Antarctica, reaching to 

bedrock at 554 meters. Oxygen-isotope measurements reved dimatic 

fluctuations through the last intergladal period. To fadlitate comparison 

of the Taylor Dome paleoctimate record with geologic data and results 

from other deep ice cores, several giaaologid issues need to be addressed. 

In particular, accumulation data are necessary as input for numerical ice- 

flow-models, for determining the flux of chemical constituents from 

measured concentrations, and for caicuIation of the offset in age between 

ice and trapped air in the core. 

The analysis of cosmogenic beryllium-10 provides a geochemical 

method for constraining the accumdation-rate history at Taylor Dome. 

High-resolution measurements were made in shallow firn cores and snow 

pits to determine the relationship among beryllium-10 concentrations, wet 

and dry deposition mechanisms, and snow-accumulation rates. 

Comparison between theoretical and measured variations in deposition 

over the last 75 years constrains the relationship between beryllium-10 

deposition and global average production rates. The resuits indicate that 



variations in geomagnetically-modulated production-rate do not strongly 

influence beryllium-10 deposition at Taylor Dome. Although solar 

modulation of production rate is important for time scales of years to 

centuries, snow-accumulation rate is the dominant control on ice-core 

beryllium-10 concentrations for longer periods. 

A continuous profile of beryllium-10 obtained for the 554-meter core is 

used to establish an accumulation-rate history at TayIor Dome, taking into 

account remaining uncertainties in production rates, deposition 

mechanisms, and atmospheric mixing processes. A prelimmay 

interpretation of the accumulation-rate record indicates that dimate 

conditions at Taylor Dome are strongly influenced by conditions in the 

Ross Sea, particularly the configuration of the Ross Ice Shelf- These results 

show that the Taylor Dome core be used to provide new constraints on 

regional dimate over the last 130,000 years, complementing the terrestrial 

and marine geo!ogic record from the Dry Vaiieys, Transantarctic 

Mountains and western Rass Sea. 
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Chapter 1 
LNTRODUCilON 

Cosmogenic isotopes-those elements produced in nature by cosmic 

radiation-have become one of the most important took in the earth 

saences in the last few decades. Applications range from the dating of 

geomorphic surfaces and the study of soil deveiopment and erosion, to the 

study of geomagnetic field variations and the relationship between solar 

activity and dimate. V i y  all of these applications require some 

knowledge of the time-dependent production rate of cosmogenic isotopes, 

which varies with changes in solar activity and geomagnetic field strength. 

Most of what we know about the variation of cosmogenic isotope 
production over time comes from the measurement of 1% concentrations 

in the atmosphere, oceans and biosphere. Though often excluded from 

discussions of cosmogenic isotopes, radiocarbon (%) was actually the &st 

such isotope to be detect& (Libby, 1946; Anderson et al., 1947), and it 

continues to be the most widely used. Of particular importance is the tree- 

ring record of atmospheric 1% variations (e.g. Pearson et d., 1986; Pearson 

and Stuiver, 1986; Stuiver and Pearson, 1986) which shows f 10 % 

variation over the last 15 ka, generally interpreted to retlect changes in 

global production rates resulting from changes in the geomagnetic dipole 

moment (Olson, 1970; Damon, 1988; Shiver et d., 1991). 

As a proxy for isotope production, the radiocarbon record is 

complicated by two factors. F i t ,  because 1% is globaily mixed in the 
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atmosphere, the 1% record contains 110 information about the latitude 

dependence of production-rate variations. The 1% record cannot be used to 

distinguish changes in geomagnetic field strength, which have the greatest 

effect at the equator, from changes in sotar activity, which have the greatest 

effect at the poles. Second, much of the atmospheric '4C record does not 

reflect changes in production, but rather indicates exchange of from 

different carbon reservoirs in response to changes in dimate. 

It was these difficulties with the use of 1% to determine production- 

rate variations which in part motivated the measurement of 1% in 

marine sediment cores and in ice cores from polar regions. Unlike '4C, 

which exists in the atmosphere primarily as W& 10% becomes attached 

to aerosol species such as sulfate and is rapidly removed from the 

atmosphere. There is no rapid exchange of %e among different reservoirs 

such as the ocean and biosphere. The record of cosmogenic isotope 

production in %e deposited at the earth's surface is therefore less 

attenuated than that of 1% in tree Mgs or similar media. 

The earliest measurements of 1°Ek in polar ice were made by 

McCorkd et al. (1967) in Greenland in the late 1960's and the first long 

records were obtained by Raisbeck et d (1981) from an ice core at the Soviet 

Antarctic station. Vostok From this work, it quickly became apparent that 

incornpiete knowledge of atmospheric circulation patterns and aerosol 

deposition mechanisms, as well as  gtaaological questions such as the 

accurate dating of icecores, preduded a simple relationship between loge 

concentrations in ice cores and production rates in the atmosphere. 
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Somewhat ironically (given the originai motivations for the research) it is 

now recognized that "the observed variations in 10% concentrations in ice 

cores are primarily due to climatic changes and not tu changes in 

production rate."' Indeed, a defensible argument can be made that at 

present our knowiedge of solar and geomagnetic variation (from, for 

example, the 1% record) is more robust than our understanding of ice-core 

chemistry. This is the point of view taken in this dissertation. My purpose 

is to explore the relationship between the concentration of cosmogenic 

isotopes in ice cores and their production in the atmosphere and, in doing 

so, to contribute not only to the disdpline of cosmogenic isotope research, 

but also to glaciology, the atmospheric saences, and paieodimatology. 

In the chapters which follow, I present data on lo& variations in a 

series of fim and ice cores Wed at Taylor Dome, East Antarctica, as part of 

a glaaology/paleodimatology prqed which began in 1990. The deep core 

to bedrock (at a depth of 554 meters), completed in January, 1994 (Grootes et 

aL, 1994), reaches through the penultimate glacial period which began 

about 125.000 year ago.2 In Chapter 2, I discuss the scientific background 

which motivated an ice-core drilling effort at Taylor Dome, and describe 

prelirmnary geophysical and geochemical results, induding relevant data 

from other researchers who have been-involved with the Taylor Dome 

prqect. Chapter 3 details the sample selection, preparation and analysis 

methods used and developed in the course of my dissertation work and 

summarizes the cosmogenic isotope data obtained. In the remaining 

chapters I seek to establish a framework for the use of 1% as tool in 
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glaciology and paleoclimate research. In Chapter 4, I develop and use a 

simpie conceptual modei to evaluate the effect of variations in production- 

rate and of atmospheric circulation on the net input of *%e to the 

Antarctic polar atmosphere. Chapter 5 addresses empirically one of the 

problems brought up in Chapter Metermining the transport of 1OBe 

from the low-latitude stratosphere to the polar tropospherAy taking 

advantage of the Iatitude-depdence of solar modulation on loBe 

production rates. In Chapter 6 , I  discuss the relationship between *oBe 

concentrations and snow accumulation rates and determine a best- 

estimate of accumulation rates at Taylor Dome over the last 130,000 years. 

Chapter 7 presents a novel approach to the determination of layer 

thickness in ice cores, using the lo& 11-year solar modulation cyde as a 

stratigraphic tool. Finally, Chapter 8 combines the resulk of the preceding 

chapters to develop a prehmary paleodimatic interpretation of the 

Taylor Dome ice core. 
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Notes to Chapter 1 

1. Lai (1987) p. 785. 

2. Because the core has turned out to be three to four times older than we 

had first anticipated (Waddington et al., 1993), many more 1°Be 

measurements were made than origmally expected and the 36Cl work 

planned in our 1994 NSF proposal in stil l  in progress. A preliminary 

discussion may be found in Steig et aL (1995); P. J. Polissar, an 

undergraduate at Hampshire College who did his senior thesis work 

(Polissar, 1995) with me deserves substantial aedit for the X U  work and 

many of the 1% analyses. 



The original impetus [of The last Cmt  Ice Skml was to present a straightforward ice- 
sheet reconstruction in three dimensions ... as input for a family of numerid modeling 
experiments of he i c w g e  atmosphere in global circulation models. However, it soon 
became evident that a unique reconstruction cannot now be made because the areal extent 
and paleoglaaology of these ice sheets is not well understood, despite more than a century 
of research.... 

--Denton and Hughes (1981, p. vii) 

Chapter 2 

GEOCHEMICAL AND GEOPHYSICAL STUDIES AT TAXOR DOME 

2.1 Introduction 

First identified by Drewry (1980; 1982), Tayior Dome3 is actually a 

narrow ridge, about 80 km long by 20 km wide, just inland of the 

Transantarctic Mountains in East Antatctica (Figure 21). The ridge lies at 

an elevation of 2400 meters, and is separated from the main East Antarctic 

ice sheet by a depression about 100 meters lower; local accumulation at 

Taylor Dome supplies ice to Taylor Giaaer to the northeast and the 

Skelton Neve to the southeast. 

The idea for drilling an ice core at Taylor Dome arose out of the 

research of Denton, Stuiver and others. who had been interpreting the 

Quaternary giaaal-stratigraphic history of McMurdo Sound and the Dry 

Valleys. Much of this work was published in the volume, The Last Great 

Ice Sheet5 (Denton and Hughes, 1981) and several papers in a special issue 

of Quatemry Research (Bockhem . et aL, 1989; Denton et al., 1989a. b). The 

radiocarbon-dated gIaaal geologic evidence showed that, during the last 

glacial maximum-prior to about 13,000 radiocarbon years before 

present-the Ross Ice Shelf expanded to EU mu& of the present-day Ross 
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Figure 2.1 Map of the Antarctic continent, showing location of 
Taylor Dome, the Dry Valleys, and other geographic 
terms referred to in the text. Stippled marks show 
Iocation of ice-free bedrock 
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Sea, grounding in McMurdo Sound as the Ross Ice Sheet and invading the 

lower portions of the Dry Valleys. At the Same time, the large outlet 

glaciers which drain the East Antarctic ice sheet through the Transantarctic 

Mountains into the Dry Valleys, as well as smail alpine glaaers, were in 

retreat. The implication of this out-of-phase relatio-whip is that, while 

lower sea level d&g the last glaad maximum (LGM, or marine isotope 

stage 2) permitted expansion of ice onto newIy-exposed continental shelf, 

the cold, dry ice-age climate also meant reduced accumulation rates, 

possibly resuiting in ice sheet thinning in the interior of the continent4 

In spite of the cold conditions, meltwater production in the Dry 

Valleys may have been greater during isotope stage 2 than it is today. From 

numerous radiocarbon dates on lake shorelines and deltas in Taylor 

ValIey, Stuiver et al. (1981) showed that G I a d  Lake Washbum (present- 

day Lake Bonney), dammed by the expanded Ross Ice Shelf ice, reached a 

higfi-stand at or near the LGM. Recent work shows that Lake Vanda (in 

Wright Valley) also expanded, with a high-stand near 10.000 radiocarbon 

years B.P. (B. HalI, persod communication), near the time of the 

northern-hemisphere Younger Dryas (Ni in ,  1961; AUey et al., 1993). 

This seeming inconsistency has been attriiuted to the insulating effect of 

fresh, high-albedo snowtall, which may limit ablation of icesurfaces in the 

Dry Valleys If greater aridity at the LGh4 led to dirty low-albedo surfaces, 

susceptibility to melting during the brief austral summer may have 

inaeased (Denton et aL, 1989a). This explanation, however, is somewhat 
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ad hoc and is representative of the kind of problem for which independent 

dimate records may be useful. 

A major advance foi Antarctic glaciology was the recovery and analysis 

of deep ice cores from the Antarctic interior. Results from these cores5 

confirmed m y  of the paleoctimate inferences made from glacial-geologic 

data, including the generally lower accumulation rates during isotope stage 

2 (Jouzel et al., 1989). These cores, however, are from w d  inland on the 

polar plateau, and relate only indirectly to pdeodimate in coastal regions. 

The complex glaaal geologic history in the Ross ice drainage system 

suggested the need for a local record of climate. Taylor Dome was a ~tura l  

choice both for its proximity to McMurdo Sound and because of the 

potentid for relating geophysical measuTements at Taylor Dome with the 

glacial-geologic record of terminal and marginal positions of Taylor Glaaer 

(Stuiver et al., 1981; Denton et aL. 1989a; Marchant et al., 1994). 

2.2 Selection of a drilling site at Taylor Dome. 

Seiecfion of the drilling site at Taylor Dome (Figure 2.2) was based on a 

variety of considerations. In our first two &Id seasons (190-91,1991-92). 

we6-set up a strain net, oriented along the 80 x 20 k m  ridge that defines the 

ice divide. The strain net provided a convenient coordinate system, within 

which we conducted icepenetrating radar profiles, snow-pit and shallow 

fim-core chemistry, and meteorological observations. The center line (C) 
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runs from the ice saddle identified by Drewry (1982) to a small nunatak in 

the Lashly Mountains. Two parallel lines, N and S respectively, run along 

the Taylor and SkeIton sides of the ice divide, at a spacing of 10 km. Four 

main cross-lines, also at 10 km spacing, nut perpendicular to these lines. 

Locations on the net are denoted by their diredon with respect to N, C and 

S, and their nominal distance from a fixed bedrock point in the Lashly 

Mountains. The Taylor Dome deep ice core was drilled near 2 K .  

2.21 ice Penetrating Raabr (iPN 

Preliminary radar work at TayIor Dome showed that the icedivide 

was centered on a bedrock high, with an average ice thickness of about 750 

meters (Drewry, 1982). Drew-ry's radar observations suggested the presence 

of subglaaal lakes within a few ice-thicknesses of the icedivide, indicating 

potential limitations to recovery of a long pdeoclimate record. Subsequent 

geophysical studies, including more detailed radar work and borehole 

thennometry, show that the ice at Taylor Dome is frozen to its bed. The 

'lakes' identified by Drewry are probably just partidary strong radar 

reflectors, possibly volcanic ash layers (Morse, pes .  c o r n .  1994). 

The IPR s w e y  was largely the responsibility of D. Morse, and is 

discussed at length in his dissertation (Morse, 1996). The results show that 

the sub-glaaal relief is significant, with the distance-to-bedrock varying 

from more than IO00 meters to less than 500 meters. In part because of the 

complex deformation apparent in radar-reflecting Layers in the thicker 

sections, we chose to drill at a relatively shalIow location. The 
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disadvantages of the more-compressed record in a shallow location shouId 

be offset by the greater simplicity of flow, simplifying caldation of the age  

depth relationship. 

2.2.2 Spatial uariability in surfnce conditions at Taylor Dome 

During six field seasons at Taylor Dome, we dug snow-pits and 

collected a series of shallow fim cores for analysis of a variety of 

parameters, including stable isotopes (Slw), %e, and soluble ions? On 

many of the cores, J. Ebb (University of New Hampshire) conducted f3 

radiation analyses to identify the 1964 and 1954 bomb-radioactivity 

horizons.8 Combined with detailed density measurements, the B profiies 
&ow us to estimate the spatial variability of accumulation rate at Taylor 

Dome. Table 21 shows preliminary results from these calculations? 

Table 2.1 Preiiminary determinations of modem accumulation rate for 
ic~ations at Taylor dome shown in Figure 2.2. 

Location Mean accumulation rate (g an-2 a-') 

2oc 6.7 
upper Taylor Glacier 2.3 
loc 3.2 
20N 12 
20s 7.9 
40s 8.2 
3oc 3.3 
30s 28 
10s 15.0 
Drill Site 7.6 
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As a comparison between Table 21 and Figure 22 indicates, there is a 

skong gradient in surface conditions at Taylor Dome, with the greatest 

accumulation on the south side, decreasing towards the upper part of 

Taylor GIaaer to the north and northeast. Stable isotope ratios (i-e. SI@) 

and soluble-ion concentrations increase towards the southeast; lower 

isotope ratios in the areas having low accumulation rates may reflect 

isotope enrichment through vapor loss, as evidenced by lower firn 

densities (Grootes and Steig, 1992). Figure 23 shows example 6180 results. 

To compIement the survey of surface conditions, we set up automatic 

weather stations (AWS) at upper Taylor Glacier, 40s. 2 K .  and west of Ms 

to establish a multi-year record of meteorological conditions at Taylor 

Dome. Except for a brief period during the coIdest months, the AWS ran 

continuously. An example of the results from 1991 at 405 is shown in 

Figure 2.4; these and more recent AWS results are presented in more detail 

by Morse (1996). In generai, wind patterns at Taylor Dome reflect two main 

components; the dominant vector is from the west to southwest, 

corresponding to katabatic winds off the East Antarctic interior. The 

secondary component is approximately south to southeast, and tends to be 

d a t e d  with clouds and higher temperatures, suggesting the influx of 

moist maritime air across the Ross Ice Shelf and along the axis of the 

Transantarctic Mountains. This general picture of air mass movement in 

the area of Taylor Dome is consistent with the large xale pattern of 

cyclonic and katabatic wind activity in Antarctica (Thompson and Mosley- 



c 
E 
Y 

5, 
Y 

-55 -50 -45 -40 -35 

61% bo) 

Figure 2.3 Stable isotope profiles at Taylor Dome for snow pi 
collected in 1991 at locations 205 (thin line), 
1ON (dashed) and 3K @old). Sample interval is 1 
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doy of year 

Figure 2 4  Automatic weather station ( A m )  data for 1991. Top 
graph shows wind direction (e-g. S = wind from south) 
and sped (m s-I). Morse and Waddington (1992). 
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Thompson, 1982; Bromwich and Steams, 1993). The dominance of marine 

air in the southeasterlies, compared with the drier continental air in the 

southwesterlies, is also consistent with the pattern of accumulation at 

Taylor Dome, with greater accumulation both expected and observed 

towards the southeast 

The survey of surface isotopes, meteorology, and chemistry showed 

that careful selection of a drilling site was essential if a useful paleociimate 

record was to be obtained at Taylor Dome. In particular, low (and even 

negative) accumulation towards Taylor Glaaer, and evidence of significant 

metamorphosis in the upper few meters of fim, suggested that we avoid 

drilling towards the northeast Fortunately, the observation of rdatively 

mdisturbed stratigraphy in a snow-pit at 20C coinaded with the 

independent observation of planar radar-reflection layers in the same 

generd area. Ultimately, we duKe to drili within 1.5 km of 2OC, siightiy 

towards the Skelton Neve side of the Taylor Dome ice divide (see Figure 

22). 

2.2.3 Results porn the deep drilling 

Stable isotope measurements wae  conducted at the Quaternary 

&tope Laboratory (QIL), University of Washington, by T. Saling under the 

direction of M- Stuiver and P. Grootes. I did sample preparation for the 

“%e analyses at QIL, and analyses at Lawrence Livermore National 

Laboratories, as desmid in more detail in Chapter 3. Analytical precision 

(la) of the 6180 analyses is fa2 %; for %e measurements it is S 96 (1 0). 
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Many other investigators have conducted analyses on the Taylor 

Dome core, which include measurements of cosmogenic 1% (D. Lal), 

methane, total gas, and SlSO of Q concentrations (u Bender, E. Brook, C. 

Sucher), visual stratigraphy 0. Fitzpatrick), soluble ions (P. Mayewski, P-Y 

Whung, E. Saltzman) electrical conductivity (K- Taylor), diatoms (D. 

Kellogg) and dust concentrations (E. Mosley-Thompson). These analyses 

are st i l l  in progress, and it is beyond the scope of this dissertation to 

include all these data. However, it is usefui to consider the general features 

of these other ice-core properties in the context of the 1% and 6 '80  

records. 

Sampling of the Taylor Dome core was conducted primarily at  the 

National Ice Core Laboratory (Ma) in Denver, Colorado. Gas analyses 

were conducted on discrete 10 an sections of the core because of the large 

amount of ice (>SO0 g) required per ady is .  Most other properties were 

measured continuously in 25 tu 100 an sections. Electrid conductivity 

(ECM) and conductance @Ep) measurements were made at 5 mm 

intervals. Figures 25 and 2.6 show several of these properties versus depth 

in the Taylor Dome core. As expected from previous ice-core analyses, al l  

properties show pardeI or inverse-paraiIei trends, with lo&, ECM and 

soluble-ion concentrations increasing as SlSO and greenhouse gas 

concentrations decrease. This familiar pattern suggests that the Taylor 

Dome core can be interpreted in the same context as other long ice cores 

from around the world; that is, low fils0 and gas conceneations generally 

reflect periods of cooling, lower accumulation rates, and increased 
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dustiness and windiness leading to higher concentrations of soluble ions, 

1% and dust. 

23 The Taylor Dome "Standard Timescale" 

The 8180 data at Tayior Dome shows several features which are directly 

comparable with features in the 6D record at Vostok (Jouzel et al., 1987). To 

obtain a preliminary timescale (Le. depth-age relationship) for the Taylor 

Dome core, I assume that dimate events recorded in both records were 

synduonous. We matched the mid-points of major shifts in isotope 

values, including what is taken to be the transition from the penultimate 

giaciation (marine isotope stage 6) to the last intergladation ( i t ope  stage 

Se), and the transition from the last glacial maximum (LGM, isotope stage 

2) to the Holocene. Table 2 2  shows the matches and the age as determined 

from the most up-to-date Vostok timescale aouzel, et al., 1993). For the 

timescale since about 14 ka, there are few features which can be wed to 

match the 6180 at Taylor Dome with the 6D at Vostok. For the Holocene 

portion of the core, I instead used a simple ice-flow modd (Dansgaard- 

Johnsen type now, with h = 220 meters; see Chapter 7), combined with "%e 

as a proxy for accumulation rates (W = 260; see Chapter 6). The resulting 

depth-age relationship is plotted in Figure 2.7 and is referred to as the 

Std-Time-9507 (July, 1995 standard timescale). 
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Table 2 2  Matches between Taylor Dome and Vostok used in constructing 
Std-Time-9507. 

Taylor Dome Depth Vostok Depth Vostok Age 
(meters) (meters) (EGT Tiescale, ka) 

374.00 
395.50 
410.87 
44a.00 
464.47 
48200 
488.94 
49289 
497.73 
507.21 
518.30 
521.28 
525.24 
531.40 

336.50 
585.50 
678.50 
830.50 
865.50 

100215 
1046.50 
1075.50 
1127.50 
1233.50 
1446.80 
1501.65 
1597.00 
1906.50 

14800 
34892 
42100 
54458 
57100 
69362 
73100 
75493 
79700 
87065 

10290 0 
107089 
115300 
135068 

Figure 2.8 shows S W  on the Std-Tie-9507 timescale, compared with 

the Vostok record. While Std-Tie-9507 is not definitive, preiiminary 

results from correlation between methane and 6180 of 9 profiles at Taylor 

Dome and Vostok, and at in centrd Greenland (E. J. Brook, personal 
communication) show that the t imesde is reasonable, and is probably not 

in error by more than 10% (assuming that the GISP2 and Vostok records 

timescales are valid). Ongoing analysis of radar data, gas analyses, and the 

use of 1% as a proxy for accumulation rate and layer thickness (see 
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Figare 27 Depth-age scale for the Taylor Dome core, as determined 
from 5% matching with the Vostok 6D record. Prior to 
14 ka, the depth-age scale combines a Dansgaard-Johnsen- 
type flow pattern (h = 220 meters) with accumulation rat€ 
determined from "'l3e concentrations. 
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Figure 2 8  Stable isotope profiles from deep ice cores in East Antarctica. 
Top: 6180 at Taylor Dome on the Std-Time-9507 timescale. 
Bottom: 6D at Vostok (Jouzel et al., 1987) on the "extended 
glaciological timescale" of J o d  et al. (1993). 
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Chapters 6 and 7) will ailow- for further refinement of the timescale. At 

present, it provides a common framework within which to compare the 

Taylor Dome data with other pdIeoclimate records. Plausible errors in the 

Std-Time-9507 timescale are not large enough to affect the condusions 

drawn in subsequent chapters of this dissertation 



Notes to Chapter 2 

3. Taylor Dome has also been referred to as McMurdo Dome (e.g. Denton et 

al., 1989a). The name Taylor Dome has now been approved by the 

Advisory Committee on Antarctic names of the U.S. Board on Geographic 

Names. 

4. The marine isotope stage numbers refer to dimatic divisions defined by 

the deep-sea 61% record. In general, even numbers refer to warm 

(interstadial or interglacial) periods and odd numbers refer to cold (stadial, 

glacial) periods (Shaddeton and Opdyke, 1973). 

5. This work is summanzed . by Lonus et al. (1989). More up-to-date 

references include those of Jouzel et al. (1993; 195) and Raisbeck et al. 

(1992)- 

6. By “we”, I mean myself and P.M Grootes from the Geology Department 

and Qua- isotope Laboratory and E.D. Waddington and D.L. Morse 

from the Geophyia Program, all at the University of Washington. 

7. The notation SlsO refers to the isotopic ratio 180/‘60 normalized with 

respect to a standard. In this dissertation, a l l  S*gO measurements have been 

normalized to V-WOW (Vienna Standard Mean Ocean Water): 
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8. According to methods described in Dibb et aL (1990). 

9. Thanks are due H.P. Marshall, Geophysics Program, University of 
Washington, for working out the details. 



Chapter 3 
EXTRACITON AND ANALYSIS OF1-E IN POLAR ICE 

3.1 Introduction 

The earliest measurements of lob in ice were conducted by the 

traditional radioactive counting method which, because of the long half- 

life of We (1.5 Ma: Middleton et aL, 1993), required several thousand kg of 

ice. Today, accelerator mass spectrometry (AMs) allows us to measure as 

few as 103 to 1Ds atoms of lo&, which t y p i d y  amounts to a required 

sample .size of only a few hundred grams of ice. Raisbeck et al. (1978) 

conducted the first such analyses at the cydotron in Oaay, France. All 

measurements discussed in this dis~ertatio~ were made at the Center for 

Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National 

Laboratory (LLNL), Livennore, California. 

In this chapter, I desaibe the techniques w d  in the preparation of 

IoEie for measurement by AMs. The methods used here build on the work 

of various other researchers, and are presented here primarily for 

completeness. L have made some refinements to optimize effiaency for the 

extraction of 10Be from polar ice. loBe data obtained during the course of 

this dissertation work are tabulated a t  the end of this chapter. 



3.2 Extraction of *OBe from polar ice 

32.1 Standard Procedure 

To prepare ice sample for lo& analysis, I began with tite standard 

cation-exchange chromatography procedure used by the CAMS group at 

L N .  (RC. Finkel, pen. COIIUIL, 1993). The chief purpose of the cation- 

exchange procedure is to isolate We from other elements that we m y  

wish to anaIyze separately and that interfere with the effiaency of 

ionization at the accelerator source, or that ace isobars of lob. The 

removal of the isobar 1% is of particular concern because it is present in 

polar ice in concentrations several orders of magnitude higher than loge, 

and is also a common element in the laboratory environment- 

Because virtually all the beryllium in polar ice is 10% and is in 

extremely low concentcabom (-104 a m m / g  ice) we use lsotope QlluUOn t0 

obtain a manageable sample. Isotope dilution consists of adding a known 

amount of "carrier" 9Be to the sample, dowing for measurement of the 

lo& / 9% ratio by AMs. From the measured ratio, normalized against a 

known standard, we calculate the original %e concentration by 

multiplying by the known amount of carrier 9Be added. To a typical 500 g 

ice sample, 0.5 mg of nearly pure 9Be (?%e/9Be - 10-14) in a 1 ml solution 

3f 0.01 M HNQ is added, along with 1 ml/liter of 1 M HNa to ensure that 

a l l  Be remains in solution The ice sample is then melted, filtered to 

remove contaminating particulates, and evaporated to dryness in a teflon 

beaker. Once dry, the sample is re-dissolved and dried again to ensue that 
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there is no loss of Be to the sides of the container, and finally redissolved 

in a 0.1 M HCI solution and transferred by pipette to a cation-exchange 

resin. 

The cation-exchange procedure uses a comerdally available synthetic 

resin (I use BioRad@ AG 5OW-X8 100-200 mesh, hydrogen form resin) and 

takes advantage of the higher affinity of w+ ions relative to B+ for the 

sdfonyl group (R-S03-) cation-exchange sites, and the even higher affinity 

of H+. By adjusting pH and total H+ abundance, we can selectively remove 

B and Be from the column. Exgeri~nentally, a 10 ml column of resin rinsed 

with ten 10 ml fractions of 1 M Ha yields a narrowly defined Be peak in 

the 4th to 6th fraction, while B is almost entirely eliminated in the first 3 

fractions. Details of the procedure are given below, and a typical example 

elution curve is s h o w n  in Figure 3.1. 

Standard 10Be sample preparation and analysis procedure 

1) Weigh dry, add-washed beaker 

2) Place ice sample in beaker of known mass; weigh 

3) Add 0500 mgof pure% in 1 mI of a 0.1 M H N a  
carrier solution to the sample. Add 1 mI of 1 M ma. 
4)  Filter sample through 0.45 
vacuum filtration. 

5) Transfer filtered sample to tenon beaker and 
evaporate to dryness. 

6) Redissdve precipitated Be(0H)z in 1 ml of 1 M HU 
Re-evapora te. 

pore-sh filters by 
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7) Redissolve precipitated Be(OH);! in 1 ml of 0.1 M 
HU and transfer to top of cation column by pipette. 

8) Rinse cation columa with 20 ml of deior\ized 
ultrapure water. 

9) Rinse cation column with ten 10 ml solutions of 1 
M HU, collecting the eluent from each fraction 
separately. 

10) Regenerate column with ten column volumes of 6 
M HU, to completely replace a i l  cation sites with Hc. 
Rinse column with 20 ml uitrapae water. 

11) Take 1 ml aliquots of each fraction and measure B 
and Be concentrations with atomic emission or 
absorption spectrometer- 

U) Combine three or four fractions centered on Be 
peak in small teflon beaker; evaporate to dryness- 
Discard other fractions. 

13) Dissolve precipitated Be(0H)z in 1 ml of 1 M HCI 
and transfer to centrifuge tube. 

14) Preapitate BE(O& with 1 ml15 % W O H ,  
centrifuge, discard supernate, redissolve in HU, and 
repeat. 

15) Rinse precipitated Be(0a in 1-2 ml of ultrapure 
water, centrifuge, and transfer to quartz aucible for 

16) Once dry, flame quartz auable or place in oven at 
900 T to Oxidize to Beo. 

17) Mix Be0 with equal amount Ag powder and load 
into meet. 

drying- 
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t 2 3 4 5 6 7 8 9 IO 

F ~ c ~ ~ o Q  # (10 ml 1 Molar HCVfiaction) 

Figure 3.1 Typical elution patterns for beryllium (Be) and boron (B). 
Ten equal fractions of 10 m l l  mol/liter HU were used in 
the elutions. Recovery is >90% of the 0.5 &g of 9Be carrier 
added to the sample. More than 33% of the B is removed 
from the solution by the second fraction 
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3.2.2 Refinements 

processing of most samples: 
Two h g e s  to the procedure described above were used in,the 

1) Elimination of evaporation step (#5). 
Because 110 other cation besides 1% was analyzed, it was found to be 
unnecessary to evaporate the samples to small volumes. Instead, the 
entire melted ice sample was poured through the column, followed by 
3 column-volumes of I M HU to eliminate B. Finally, 60 ml of 1.5 M 
HU was used to elu& Be. This procedure yields a broadened Be peak in 
the elution, but does not affect the total yield of Be. 

2)Filter size 
Samples were generally filtered through 5 pm filters (rather than 0.45 
pm) to reduce the likelihood that 1% adsorbed to particulate matter in 
the ice core caused significant loss of I%; more than 959b of the dust at 
Taylor Dome is below 2 pn in size. This potential problem was 
recogized recently by interlaboratory comparison of measurements 
made on the GRIP (central Greenland) ice core. It is probably not a 
concern for Antarctic ice, which fias an orderqf-magnitude less dust 
than Greenland ice. However, further testing of Taylor Dome samples 
is necessary to ensue this. Some samples were filtered at 0.45 pn to 
collect diatoms for D. KeUogg, and do not show any consistent offset in 
concentration from adjacent samples fiitered at 5 pm. 

3.3 Measurement of *@Be at CAMS 

The CAMS facility (Davis et al., 1990; Southon et al., 1990) is built 

around an FN tandem accelerator previously used for nudear research at 
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the University of Washington. Ionization of the target element is achieved 

through bombardment with Cs ions from an ion sputter source operating 

at -8 keV. For "%e, targets are made by mixing the prepared B e 0  powder 

with a roughly equal amount amount of Ag powder. The mixture is 

pounded into a -1 mm hole drilIed into a steel sampie holder. Aithough 

as much loB as possible has been removed by the cation-exchange 

procedure, a detectable amount will remain in the sample, and must be 

separated from l0Be in the acderator. 

In brief, analysis of 10% at the CAMS facility is as follows: 

Extraction of BeO- ions from the ion source into the accelerator is achieved 

by electrostatic acceleration between the source and a positively charged 

plate maintained at 8.3 M Y .  Both 'OB&- and %eo- are injected 

simultaneousIy into the accelerator proper, where they travei towards a 

high-voltage anode. The ion beams pass through a carbon foil where they 

are stripped of some of their electrons. Among other charge states, luBe4+ 

and %e* ions are produced, as welI as a non-negligible amount of 10B*+. 

The %e* ions are focussed through a series of magnets to reach a Faraday 

cup, where they gain elec&ons: the current generated at the Faraday cup is 

proportional to the number of 9k4+ ions. The 

travelling dong a separate trajectory from the 9 W +  beam, reaches an 

argOn-fiJled gasionization detector where the separate detection of lOBe4' 

and 'OB* is achieved by the differing energy loss properties of each 

element. A plot of total energy (E) versus energy loss (AE) between two 

detecting dwnben produces a characteristic pattern that allows 

/ log* ion beam, now 
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discrimination of the *oBe4+ and *%e*+ ion abundances. Because there is 

overlap between the Be and B fields on the AE/E plot, a 10Ek window must 

be determined empirically through comparison of dean (low B) and dirty 

(high B) blanks. 

3.4 Summary of 'OBe analyses 

Tables 3.L3.2 and 3.3 summarize all W e  analyses described in this 

dissertation AU analyses were normalited against a group of standards 

prepared at CAEULS, and corrected for sampIe bianks prepared with 

ultrapure water by the procedures described above. The combined sample 

blank plus instrument blank is generally 50 x 10-15 c0Be/9Be); a typical 

Taylor Dome ice sample has a loBe/%e ratio of 500 x 10-15. 



Table 3.1 "Be Data from the Taylor Dome 1993-1994 Deep Core (Core M3C1) 

Notes: 1) UW = University of Washington, UNH = University of New I-lampshire 
McMurdo = Crary Lab, McMurdo Station, Antarctica 

2) Samples marked UNH are "waste" melt samples from the UNH ion-cxtraction system. 
Thcsc samples were stored in acid-rinsed Nalgene contninors and processed at UW. 

I 3) Only UNH samplcs were filtered with 0.45 pin filters. 
All others were filtered at 5 pm. 

top depth bottom depth location proccsscd 111dss bpckground-corrcctcd "lit: coiiccnlrt>lion In precision 

1.17 6.17 McMurdo 117R 742.2 2 I.07 1.19 
(mctcm) (mctcn) (scc notes dbovc) (grmis) ' " U C / ~ I ~ ,  ratio (XIO ") (10' ' > l O f l i S / ~ )  

6.17 
11.17 
16.17 
21.17 
26.17 
31.17 
36.17 
41.17 
46.17 
51.00 
5h.00 
61.00 
M.(Wl 

11.17 
16.17 
21.17 
26.17 
31.17 
36.17 
41.17 
16.17 
51.00 
56.(X) 
61.W 
h6SM 
71SM 

McMiirdo 
McMurdo 
McMtirdo 
McMurdo 
McMurilo 
McMurtlo 
M cM ti rdo 
McMirrdo 
McMurclo 
McMurdo 
McMurh 
McMiirdo 
McMurilu 

1355 
I2HM 
1131 
I202 
1099 
1297 
1 I10 
1987 
1087 
2126 
I374 
1310 
13B7 

839.2 
774.6 
713.4 
75h.M 
639.H 
687.2 
652.3 

1236.0 
OH2.4 

919.3 
963.') 
97h.3 

12.1n.o 

20.72 
20.11 

2 I .05 
1947 
17.72 
19.65 
2O.HO 
w 9 9  
19.63 
22.37 
24.50 
23.55 

21 .tr) 

0.97 
1 .os 
0.94 
0.09 
0.90 
0.90 
I .06 
0.')7 
0.H6 
0.H1 
1.16 
1.21 
1.22 
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top depltr bottom depth locatioir processed mass background-corrccled "He conccnlralioi~ la precisioii , .  
(meters) (meters) (bee notes above) (Srarns) ' " I ~ C / ~ U ~  ratio ( ~ 1 0 . ~ ) )  (10'alon\s/g) 

215.32 221.30 McMurdo 1373 767.1 18.68 n.98 
227.00 
231.40 
234.60 
241.14 
242.00 
247.40 
256.20 
263.20 
271 .OO 
273.00 

285.20 
297.05 
3 10.00 
320.00 

340.50 
341.54 
343.50 
345.50 
347.50 
350.0n 
352.M 
3ZI.lK) 

282.10 

~ Z H . ( X I  

231.40 
234.M) 
241.14 
242.00 
247.40 
252.30 
263.20 
271 .OO 
273.00 

285.20 
287.05 
302.05 
320.00 
322.00 
330.00 
34 1.54 
343.50 
345.50 
347.50 
350.00 
352.00 
35400 

282.1 I) 

356.00 

UNH 
McMurdo 
McMurda 

u w  
UNH 
u w  
UNIi 
u w  
uw 
u w  
uw 
uw 
uw 
u w  
1JW 
u w  
uw 
uw 
uw 
u w  
uw 
u w  
u w  
uw 

2930 
1259 
1343 
3250 
3225 
1317 
3 0 7  
1 20 1 
2733 
1151 
1349 
1358 
13H5 
2733 
2733 
2733 
1105 

.')01 

976 
918 
896 
'I17 

no7 

984 

1595.0 
727.1 
756.9 

1h70.0 
1582.0 
603.3 
9w.n 
629.!, 

IM5.2 
455.2 
614.6 

83 I .8 
IW7.1 
1427.1 
1615, I 
785.5 
611.h 
551.0 
705.7 

5h7. I 
5!Jo.9 

578.1 

667.8 

( ~ . 7  

18.21 
19.32 
I8.M 
l7,19 
16.41 
15.33 
11.12 
Ib.33 
12.79 
13.23 
15.24 
14.24 
20.ff) 
1H.20 
17.46 
20.13 
23.77 
25.35 
20.45 
23.99 

2O.td 
22.(UI 

22.88 

25.0~ 

0.93 

0.8n 

0 90 
0.77 

O.Hh 
0.66 
0.48 
0.82 
1).60 

0.61 
0.77 
0.77 
0.97 
0.H5 
0.82 
1.05 
1.31 
1.31 
1 .Oh 
1.10 
1.02 
0!)7 
1.25 
1.07 
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top depth bottnm depth location prcxeswd nwss bdckgrounL1.corrccled “Ue concentr.itiot\ lo precision 
(10’ aloms/g) (mclcrs) (metcrs) (see notes above) (grams) ‘ “ I I ~ / ~ I ~  ratio ( ~ 1 0 “ ~ )  

407.42 411.80 uw 679 810.5 39.91 1.98 
411.00 
415.03 
425.20 
431.20 
432.80 
435.00 
435.40 
437.40 
439.20 
443.00 

452.40 
456.20 
459.80 
463.80 
4b5.M) 
467.43 
469.60 
471.51 
473.60 
474.00 
474.(X) 
475.50 
477.50 

4 4 ~ ~ 2  

4 13.40 
4 17.4(1 
431.20 

435.41) 
437.130 
437.40 
439.20 
44 1 .ol) 
448.82 
446.80 
454.20 
457.81) 
461.60 
465.64) 
467.43 
469.60 
471.40 
473.60 
474.00 
474.50 
475.50 
477.51) 
4 79,511 

432.80 

U N l i  
UNH 
UNII  
U N H  
UNH 
uw 

UNH 
UN11 
UNI I 
UNH 
UNI I 
U N H  
U N H  
UNH 
UNH 
UNI I 
U N H  
U N t I  
UNI.1 
UNI 1 
u w 
uw 
uw 
uw 

1013 
1035 
1057 
971 

1035 

1035 
967 
967 

I028 
977 
9%) 

1018 
107 1 
1013 
1029 
1W3 
1026 
1033 
895 
63 1 
515 
635 
9.10 

783 

I3 17.1) 
1646.0 
12M).O 
l(B2.0 
101 1.0 
644.7 
757.1 
795.0 

1412.1) 
754 .h 
H54.2 

150 1 .O 
I2 19.1) 
1222.0 
1625.0 
1592.0 
1331.1) 

1884.1) 
1171.8 
570.5 
62H. 1 
797.h 

844.5 

I 182.0 

. m n  
53.21 
39.88 
37.63 
32.M 
27.54 
24.46 
27.51 
29.22 
45.93 
25.M 
28.87 
49.32 
38.08 
40.34 
52.77 

43.37 
38.29 
70.40 
62.12 
37.M 
33.10 

53.09 

2n.38 

1.74 
2.64 
I .74 

I .43 
1.24 
1 . 1 1  
1.11 
1.33 
1,93 
1.18 
1.36 
2.68 
l.hO 
I .03 

2.14 
?.XI 
1.7H 
3.43 

I .79 
1.43 
I .4h 

1 .no 

2 3 2  

2 . w  



top dcpth bottom depth location prcwesscd rims backsround-corrected "Uc concentration lo precision 

479.50 481 .oO u w  582 569.0 32.70 1.62 
(meters) (meters) (sce notes above) (grams) l"lk./yuI? ratlo (XIO") (10'atoms/~)  

487.50 
4Y 1.65 
496.33 
497.73 

501.28 
502.72 
504.66 
505.63 
506.65 
508.21 
510.75 
5 12.50 

515.80 
5 17.30 
518.30 
520.28 
522.28 
522.78 
523.39 
523.78 
526.28 
527.33 

499.70 

513.30 

489.50 
493.65 
499.23 
199.29 
5(M1.80 
502.72 
505.63 

506.65 
5O&J.21 

512.50 
513.30 
5 14.80 
517.30 
518.30 
519.77 
522.88 
522.78 
523.39 

521.78 
527.33 

505.63 

510.75 

523.7n 

526.33 

uw 
uw 
uw 

U N H  
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
1IW 
uw 
u w  
uw 
uw 
uw 
u w  
uw 
uw 
IJW 
uw 
uw 

9Y4 

625 
752 
976 
62 1 

1144 
882 

1013 
795 

1177 
642 
435 
660 
620 
577 

1057 
956 

6n5 

865 
79n 
91n 
856 
hhn 
865 

897.7 

519.5 
511.4 
I185.(1 
349.') 
u44a 
531.4 
hhtl.0 
526.4 

1090.1 
638.4 
nus.3 
496.') 
505.5 
335.2 , 
nw.3 
861 II 
m2.0 
575.3 
662.3 
580.4 
41)7.7 
4Oc1.2 

sin.? 
30.20 
25.30 
2 7 . ~ 0  
22.74 
40.61 

24.h7 
20.15 
22.M 
22.14 
30,98 
33.26 
23.47 

27.27 
19.43 
26.52 
31). 12 
26.37 
24.1 1 
24.13 
22 .a  
20.4 1 
1 5 . ~ 2  

16.84 

25.1~ 

1.35 
1.11 
1.30 
1.17 
1 !)4 
0.B7 
1.21 
0.07 
0.w 
I .22 
1.39 
1.72 
1.30 
1.12 
1.19 
0.h7 
1.43 
1 .65 
1.211 
1.01 
1.25 
0.'>2 
0.91 
0.87 



top depth 

Table 3.1 Cotirbiired 

bottom dcplh locstiori pitressed nihss backgrtlund-corrected "ilc concenlralioii la precisioii . .  
(meters) (meten) (see notcs abovc) (grains) '"Be/'~k ratio (XIO ") (10' aloms/g) 
528.33 530.98 u w  985 472.0 16.03 1.32 
530.98 
532.39 
533.92 
536.15 
537.23 
53t).66 
539.39 
540.20 
5 4 1 . 1 ~  
542.18 
543.68 
545.70 
550.22 
553.12 

532.39 
533.92 
535.25 
537.23 
538.66 
539.39 
540.20 
541.18 
542.22 
542.68 
545.70 
547.20 
553.12 
55.1.12 

u w  
u w  
uw 
u w  
u w  
u w  
u w  
uw 
u w  
u w  
u w  
u w  
u w  
u w  

I234 
9 6  
436 
4 27 
672 
694 
623 
568 
665 
732 
753 
5MI 
495 
724 

750.9 
642.3 
378.7 
275.6 
440.3 
474.4 
496.0 
2MM.l 
344.5 
542.5 
451.6 
320.1 
185.4 
374.1 

20.35 
22.95 
20.05 
2 1.79 
21.91 
22.86 
2h.W 
I6.9b 
17.33 
24.79 
20.M 
1835 
12.53 
17.28 

0.98 
1.10 
1.40 
0.93 
1 . 1 1  
1.19 
1.14 
0.77 
0.71 
1.27 
1.1 1 
0.76 
0.66 
0.76 



'Table 3.2 High-resolution "'De dntn at Taylor Dome 

Core name top depth bottoni depth location i i iahb  Udckgrouiid-correctudl"Uc conccn tration lo precision . .  
and location (meters) (meters) prcresscd (Grams) %c/%e ratio (~10") (10' atoms/l;) 
Core MIQ O.(x) 0.33' u w  ma 472.6 17.95 0.96 

(40'3) 0.33 
Colllrled 0.67 

1.33 
1.67 
2.00 
2.33 
2.6'1 
3.w 
3.33 
3.67 
4.00 
4.33 
4.67 
5.0() 
5.83 
5.67 
6.00 
6.33 
6.67 
7.w 
7.33 
7.h7 
8.00 

1992 I .in) 

0.67 
1 .oo 
I .33 
1.67 
2,OO 
2.33 
2.67 
3.W 
3.33 
3.67 
4.00 
4.33 
4.67 
5.00 
5.33 
5.67 
6AX) 
6.33 
6.67 
7.N) 
7.33 
7.67 
8.00 
8.33 

uw 
u w  
u w  
uw 
u w  
uw 
uw 
u w  
u w  
u w  
u w  
u w  
u w  
u w  
u w  
uw 
u w  
u w  
IJW 
u w  
uw 
uw 
U W  
u w  

802 
8H-I 

697 
499 
525 

906 
749 
8111 
439 
795 
676 
435 

535 

640 
5M 
96') 
6M) 
66') 
61.5 

83.5 

no6 

nn4 

748 

b4in 

624.7 

475.3 
374.2 
214.0 
147.4 
410.3 
635.0 
661.2 
54 I .7 
218.3 
492.7 
177.0 
197.6 
332.9 
220.2 
446.7 
354.6 
374.2 
539.8 
295.4 
303.3 
315.3 
3N).I 

514.8 
26.04 
19.47 
19.05 
17.95 
14.34 
9.40 
17.03 
23.44 
29.52 
22.60 
16.65 
20.72 
8.76 
15.20 
12.59 
13.76 
19.97 
10.53 
22.19 
18.64 
16.47 
15.17 
17.15 
18.58 

I .2n 
0.92 
1.05 
0.73 
0.65 
0.44 
0.86 
I .32 
1.22 
1 .M 

0.89 
0.3'1 
0.65 
0.64 
0.62 
0.h4 

I .09 
0.80 
0.6H 
0.64 
0.7 1 
0.77 

0.74 

o.nq 

ti 



Table 3.2 Cutithired 

Core name top dcpth bollom depth location mass Uackgrouiid.correcIcd ‘“Ue coiiccntmtioii l o  precision 
and location (meters) (meters) processed (grams) ‘“Uc/’k ratio (x10 ”) (IO’atoms/g) 
Core M1C3 8.33 8.67 UW 925 515.9 18.65 0.93 

Deep Core 
(M3C1) 

Collcclcd 
1994 

8.67 
9.00 
9.33 
9.67 

10.25 
10.50 
10.75 
11.00 

10.00 

49.21 
49.31 
49.41 
49.51 
49.61 
49.71 
49.81 
49.91 
50.01 
50. I 1 
50.2 I 
50.3 1 
50.4 I 
50.51 

9iKl 
9.33 
9.67 

10.25 
10.50 
10.75 
11.00 
11.25 

49.31 
49A1 
49.51 
49.61 
49.71 
49.H1 
4‘J.91 

511.1 I 
50.21 
50.31 
50.41 
50.51 
50.61 

ia.w 

50.01 

u w  
u w  
u w  
uw 
u w  
u w  
uw 
uw 
u w  

u w  
u w  
u w  
u w  
uw 
uw 
u w  
uw 
u w  
uw 
uw 
u w  
uw 
uw 

885 

866 
675 
78 1 
564 
606 
498 
845 

tin9 

542 
66 I 
407 
7% 
721 
476 
473 

HI7 
676 
999 

9h5 

432 

4n 1 

n62 

435.7 
299.5 
580.1 
4M.H 
255.6 
272.1 
151.2 
263 .o 
552.3 

332.5 
414.2 

518.3 
566.3 
246. I 
218.6 
214.2 

4132,6 
602.9 
545.5 
712.2 
39.l.‘l 

272.n 

m . n  

16.47 
11.26 
22.76 
23.23 
10.95 
16.12 
8.34 

17.66 
21.86 

20.50 
20.96 
22.41 
22.94 
26.29 
17.28 
15.45 
14.89 
17.22 
21.41 
20.19 
21.16 
24.68 
30.54 

0.78 
0.60 
1.26 
1.25 
0.59 
0.73 
0.43, 

1.11 

1.14 
0.97 
0.95 
1.20 
1.17 
0.06 
1).86 

0.78 
0.Hh 

I .07 
1.01 
1.37 

0.144 

o.no 

1.4n 



Tnblc 3.2 Cotttirrrred 

Core name lop depth boltom depth localion mass Ilackgroiind-corrected'~llc concentration In precision . .  
and localion (mciers) (nielers) prcxcbsed (grain>) ' ' ~ / ' ~ k  r,itio (XIO ") (10' .Ilolns/~) 
Core M3C1 50.61 50.71 U W  932 610.4 21.91 1.04 
( l W J ! h l d  ) 511.71 

50.81 
50.91 

298.60 
298.70 
298.110 
298.90 
299.00 

299.20 
299.30 
299.40 
29.50 
299.M) 
29Y.70 
2W180 
2Y).1)0 

31W.10 
300.20 
300.30 
3(lO.40 
340.54 
340.61 

299.10 

3011.00 

50 81 
50.91 
51.01 

298.70 
298.80 
298.40 
299.00 
2w,10 
299.20 
299.30 
299.41) 
299.50 
2w.M) 
299.70 
209.80 
29930 
300.00 
3(x). 10 
300.20 
3(X, 30 
300.40 
300.50 
340.hl 
340.6H 

uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
UW 
1IW 
uw 
uw 
uw 

824 
406 
972 
850 
495 
698 
982 
58 1 
1oR 
804 
474 
512 
n9tJ 
476 
964 
437 
940 
779 
49 I 
536 

418 
561 
H4H 

854 

434.6 
189.4 
436.7 
391.') 
339.4 
346. I 
696. I 
36.7.0 
252.5 

2M.3 
395.7 
564.3 
6993 
520.H 
274.1 
471.4 
627.(1 
520.4 
353.4 
37H.7 

44 1 ..I 
671.7 

sin.(> 

ZI)J.H 

17.64 
15.60 
15.02 
15.25 
22.94 
16.58 
23.71 
20.88 
20.71 
21.56 
18.78 
25.86 
21.01 
23.98 
18.00 
17.91 
16.77 
26.91 
17.54 
22.05 
14.83 
16.38 
26.19 
25.01 

0.89 
0.66 
0.72 
0.77 
1 .I14 
0.1) 1 
1 .OH 
1 . I4 
0.85 
1.21 
0.90 
1.19 
0.'f1 
I .30 
0.h0 
I ,(HI 
0.83 
1 .In 
0.7H 
0 93 
0.63 

1.37 
1.30 

0.m 



and location (inelcrs) (meters) prrrcsscd (grams) 'Ulle/'Uc r'itio (xl0 ") (10' n t o m s l g )  
Core M3C1 340.68 340.73 UW 927 692.9 25.01 1.26 

340.88 
310.93 
340.98 
3.1 1.03 
34 1.08 
341.13 
341.18 
341.23 
341.28 
34 1.33 
341.38 
34 1.43 
34 1.48 
34 1.53 

SllOW plt 
JI deep 

corc drill 
site 

Cill lCCICd 

1994 

l).W 
0. IO 
0.20 
0.30 
0.10 
0.50 

340.78 
340.83 
340.88 
340.93 
340.98 
34 1.03 

341.13 
341.18 
341.23 
341.28 
341.33 
34 1.38 
341.43 
341.48 
34 1.53 
34 1.60 

0.10 
0.20 
0.30 
0.40 
0.5(1 
O.h(l 

341.08 

uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 

McMurdii 
McMiirdo 
McMiirdo 
McMurilu 
McMiirilii 
M c M d o  

601 
169 
820 
423 
572 
932 
687 
687 
694 
495 
787 
827 
495 
599 
44 I 

951 

11m 
021 
H29 

1313 
I tt)7 
l3Hl 

811 

262.6 
307.2 
550.~ 
27H.J 
377.0 
483.9 
406.1 
544.9 
518.8 
211.4 
4H2.7 
615.3 
294.5 
5H8.1 
264.2 
730.5 
797.6 

75I).O 
43O.'l 
437.0 
*IMl.9 
2H1.3 
542.0 

14.62 
21.92 
22.46 
22.00 
22.06 
17.37 
19.76 
26.53 

14.28 
20.51 
24.87 
19.88 
32.86 
20.05 
30.14 
28.04 

22.67 
15.56 
17.57 
11.71) 
8.47 

13.OH 

25.ao 

0.80 
1.17 
1.11 
0.94 
1.02 
0.70 

1.38 
1.11 
0.66 
0.97 
1.33 
1.03 
1.H5 
0.90 
1 .3h 
1.27 

1.26 
0.6H 

0.54 
0.43 
0.60 

o.ni 

II.H? 
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Table 3.3 Miscellaneous snow pit and core data at Taylor Dome 

Core o r  mow pit top deplh bottom deplh location I ~ I ~ I S S  Background-corrected ‘“Ue concentralion lo precision 
lucallon (meters) (meters) processed (grams) ‘“lh/vlk ratio (xiu”) (10’atomsig) 

Mlsc. Snow Pits 
(collecled 1994) 

Tuylar/fJerrar 

20N 

205 

1OC 
(collecled 19YS) 

0 

0 

0 

0 
I 0.02 

0.04 
0.06 
0.08 
0.1 

0.12 
0.14 
0.16 
0.18 
0.2 

0.22 
0.21 
0.26 

0.1 McMurdo 

10 McMurdo 

10 McMordo 

0.02 u w  
0.04 uw 
0.n6 uw 
0.08 UW 
0.1 uw 

11.12 uw 
0.11 uw 
0.16 UW 
0.18 UW 
0.2 uw 

0.22 uw 
0.24 uw 
0.26 UW 
0.2B uw 

73w 

4001 

2175 

892 
996 
876 

1uO4 
933 

1053 
1 os I 
919 

I17q 
1030 
009 

1M7 
913 
936 

2161 

9105 

1706 

1.15.2 
764 
833 
I l b  
704 

734.4 
9Htl.5 
937. I 

I 1741 
I 289 
9H5 

loo0 
I145 

982.4 

9.90 

152.20 

26.23 

3 1.69 
25.65 
3 1.80 
27.18 
25.24 
23.33 
3 1 .46 
34.10 
3.7.32 
1 I .8b 
36.24 
30.77 

35.10 
4 1 .CJ3 

0.7 

8.9 

0.5 

1.1 
2.2 
I .o 
1.4 
1 .o 
2.1 
0.7 
1 .I1 
0.4 
0.3 
1 .o 
0.7 
0.5 
3.1 



Table 3.3 Coirlirrrrd 

Core or snow pit lop depth bottom depth localion mass Background-corrected ’”Uc concentration I u precision 
ltra 1 ion (meters) (meters) processed (grams) ‘“Ue/’lle ratio ( ~ 1 0 ” )  (10’ alolns/g) 

(collected 1993) 0.1 0.2 uw 1154 594.3 17.22 1.3 
10s 0 0.1 uw a02 293.6 12.24 0.6 

0.2 0.3 u w 937 432.4 15.44 I .2 
0.3 0.4 uw 1571 (199.7 I 4  ‘)o 0.4 
0.4 0.5 UW 949 431.5 15.20 1 .0 

Upper Taylor 
C lack  

Core M3C1 
(collected 1992) 

0.00 
0.33 
0.67 
1 .oo 
1.33 
1.67 
2.00 
2.33 
2.67 
3.00 
3.33 
3.67 
4.00 
4.33 
4.67 

0.33 
0.67 
1 .W 
1.33 
1.67 
2.W 
2.33 
2.67 
3.00 
3.33 
3.67 
4.00 
4.33 
4.67 
5.(HI 

1.ivcrniorc 
livennore 
Livennore 
Livennorc 
I.ivermorc 
l.ivermorc 
Livemiore 
1,ivermorc 
1-ivcrmorc. 
I .ivcrniore 
1 .ivcrniorc 
1.iverniore 
I.ivermore 
1.ivermprc 
live mi or^' 

453 
569 
556 
57 1 
550 
559 
549 
497 
545 
46 I 
576 
456 
5lM 
513 
562 

‘450.6 
578.8 
443.1 
455.2 

405 
413.4 
647.6 

542.7 
313.7 

373 
24H.7 
S(W.2 
459.5 
425.5 

39n.7 

03.27 
34.04 
26.67 
26.68 
30.(rl 
24.74 
39.43 
26.85 
33.30 
22.73 
21.67 
1n.23 
33. I6 

25.31 
20.9~ 

2.0 
2.3 
1.3 
2.0 
0.5 
0.2 
1.9 
1.5 
2.3 
1.1 
0.3 
1.1 
2.H 
0.9 
0.3 



Transfer of chemical constituents in both directions aaoss the tropopause is dwIy 
of great importance. ._ Exactly how the transfer takes place remains unclear. 

- RP. Wayne, Chemistry of Atmospheres, 1991, pp. 64-5. 

Chapter 4 

CAN W E  USE %E TO SOLVE THE INVERSE PROBLEM IN ICE-CORE 
PALEOCUMATOLoGn 

4.1 Introduction 

The concentrations of aerosol species in polar ice ccres provide some of 

the most remarkable records availabIe of the chemical makeup of the 

anaent atmosphere. Yet, while it seems evident that ice-core data give an 

accurate qualitative view of the pal-atmosphere, a quantitative 

reconstruction requires that we f d y  understand the relationship between 

ice-core chemistry and aerosol concentrations in the atmosphere. 

A particularly promising approach is the use of cosmogenic isotopes 

such as "%e, W and 2 6 f i  as tracers of aerosol behavior. The vdue of 

cosmogenic isobpes is that their production in the atmosphere is 

independent of climate, making them fundamentally different from other 

chemical or isoiopic species. Within certain limits, we CM specrfy a priori 

the atmospheric distribution of cosmogenic isotopes. For example, Raisbeck 

and co-workers (Raisbeck et ai., 1981; Yiou et aL, 1985) suggested that the 'OBe 

flux could be considered approximately constant in Antarctica, and used 

1% to estimate pale0 snow-accumdation rates in the Vostok ice core. 

SimiIarly, ALley et aL (1996) used the assumption of a constant 10% flux as a 
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test for the validity of a simple model for aerosol deposition on the 

Greenland ice sheet. 

Essentially, the degree to which cosmogenic isotopes are useful for 

atmospheric studies depends on our ability to quanhfy their atmospheric 

distribution. A quantitative assessment of the uncertainties associated with 

this approach is lacking in the literature, making it difficult to interpret the 

significance of relevant pal-tic interpretations (e.g. Alley et al. 1996, 

Raisbeck et al., 1987). In this chapter, I discuss the current status of 

cosmogenic isotope research in the context of a simple inverse problem: the 

determination of original aerosol concentrations from measured 

concentrations in ice cores. By considering the major influences on isotope 

distributions-in particular the influence of changes in atmospheric 

circulation and production rate on the concentration of cosmogenic isotopes 

in the polar troposphere4 hope to provide a useful conceptual framework 

for the application of cosmogenic isotopes to the solution of the inverse 

problem. In general, I refer to 10% most of my comments, however, apply 

also to other less commonly measured c o s m o p c  isotopes. 

4.2 The ice core-paledimate inverse problem: why W e  is important 

In prinaple, the governing equations which describe the transfer of 

aerosols horn air to mow under modern conciitions can be determined 

empirically. In applying these transfer functions to paleodimate, however, a 
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major obstade arises: the transfer of aerosols from air to snow is dependent 

not only on conservative properties, such as snow-accumulation rate, which 

in favorable cases may be known independently, but also on such variables 

as wind speed and surface roughness. Such non-consmatine variables may 

be difficult (or impossible) to determine &om the ice core record. 

Waddington (1996) suggests that the problem should be formalized in 

terms of geophysiial inverse theory. We might express it as a system of 

linear equations: 

where d is a vector of measured variabies, m represents the atmospheric 

concentrations of interest, and F is a matrix of transfer functions. For 

example, consider the Linear inverse problem 

having the same form as Equation 1. Equation 2 states that the measured ice- 

core concentrations of SO4 and "% depend on their original concentrations 

in air (x ) ,  the snow accumulation rate (61, the wetdeposition scavenging 

ratio ( W), and the drydeposition velocity ( uJ.10 The density of ice is 
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denoted by p i e .  A unique solution for 

parameters W, u,and 6 are known 

and xso. requires that the 

Although modem values of W and u, can in principle be determined 

accurately from surface snow and atmospheric measurements, these 

parameters may have changed substantially in the past. As discussed by 

Cunningham and Waddington (1993), and as confirmed by empirical data 

(Harder et al., 1996), the dry-deposition velocity, u,, increases with wind 

speed, an effect that could be important enough to account entirely for the 

large changes in lo% and SO4 concentrations that are assodated with the 

major dimate shifts recorded in ice cores. Because windspeed is non- 

conservative, that is, not directly recoverable from ice-core analysis, even 

the simple system represented by Equation 2 cannot be solved without 

additional information 

As a working model for aerosols in the GISP;! core, central Greenland, 

M e y  et d. (1996) assume that the concenkations of various chemic& speaes 

can be described as in quation 2, where W and u, remain constant and 

where (in this particular case) 6 is known independently. They test their 

mcdd against the assumption that the %e concentration in the polar 
troposphere remains within relatively narrow bounds over the time 

interval considered (14 ka to 11 ka). Effectively, Alley et aL (1996) solve the 

inverse problem by assuming u primi knowledge of one of the unknowns 

(xle,), and treating the terms xjo., xN4 .._ x,,-~ and u, +-6 as the n 

&owns in a system of n equations. W e  Alley et ai's (1996) work 
( 3 
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~pirically, times of high solar activity (high s w p o t  numbers) a 

mtiarrdated with isotope production There is also a quasi- 

variability corresponding to the Maunder and Spiirer-type SUN 

during which production rates are generally high. Low frequen 

s in production result from the secular change in geomagnetic 

which is quasi-periodic at about 10,OOO years. In general, produ 

itions assodated with geomagnetic field changes are greatest at 

md negligible at the poles; the opposite is true as regards solar 

on The magnitude of all production-rate variations increases 

Because 1% is incompletely mixed in the atmosphere, its 

on partiy reflects the gradients in production. To calculate the I 

mduction + transport) of *We to the poiar troposphere, it is 

an over-simplification to use the giobal average production ra 

mth the temporal and spatial distribution of production must b 

o account. 

ttial distribution of 1OBe: zmai-meanll star-production rutes 

produdion of cosmogenic isotopes in the atmosphere is relativ 

,erstood from both a theoreticaI and empirical standpoint. Libbj 

ade the earfiest measurement of natural W, following 

nery’s (1939) recognition of the importance of secondary cosmic 

i in the production of radiocarbon (W), via thermal*z neutron 
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Secondary neutrons are produced by the bombadment of atoms in the 

upper atmosphere by thee high-energy protons which comprise the primary 

galactic cosmic ray flux. While these reactions create secondary protons as 

well as neutrons, the neut~ons become increasingly important with depth in 

the atmosphere as the charged protons lose energy during ionizing reactions 

with atoms in the atmosphere. Like radiocarbon, most cosmogenic isotopes 

of interest are produced by secondary neutrons, but the main production 

pathway is spallation rather than capture and much higher energy neutrons 

(rather than 'thermal' neutrons') are involved; for example: 

l4N?O +. -"Be + y + n.p,erc. (4) 

Collectively, the spallation reactions which create cosmogenic isotopes 

are referred to as 'stars' because of *heir appearance on the photographic 

plates originally used in their detection The importance of neutrons in star 

production is a consequence of the balance between the protodneutron 

ratio (which increases with altitude) and the availability of target atoms 

(which deaeases with altitude) in the atmosphere. For the lower 

atmosphere (below about 125 h) the neutron energy distribution is nearly 

invariant with latitude and altitude (Lal and Peters, 1967) and is in 

equilibrium with the star production rate. Consequently, the distribution of 
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star production in the lower atmosphere can be determined from the 

h e r d  neutron distribution, which has been measured in detail (Simpson 

and Fagot, 1953; Soberman, 1953; Mey& and Sipson,  1955). La1 and Peters 

(1967) used this approach to determine cosmogenic isotope inventones for 

the lower atmosphere as a function of latitude and altitude. It is noted that 

the neutron half-life is so short (-12 minutes) that the distribution of 

neutrons is independent of atmospheric dynamics. 

In the stratosphere, where spallation energies are higher and where the 

majority (about 70%) of cosmogenic production occurs, the neutron 

distributions alone are not adequate for determining star-production 

distributions, in part because there is neutron leakage out of the 

atmosphere. Lal and Peters (1967) used measured star-production data to 

determine the relationship between the neutron distribution in the lower 

atmosphere and star-production rates at high altitudes, allowing the low- 

altitude thermai neutron distribution to be used as an index of isotope 

production at any altitude and latitude. 

An dternative to the largely empirical approach of LA and others (Lal 

and Peters, 1962; Lal and Peters, 1967; Castagnoli and Lal, 1980; Lai, 1988) is to 

calculate the distribution of star production from 6xs.t prindples. The so- 

d e d  "hadronic cascade" calculation uses experimentally-dete&ed 

reaction cross sections for target atoms in the atmosphere, the measured 

energy spectra of the cosmic ray flu, and the known configuration of the 

earth's magnetic field to follow the propagation of high-energy partides and 

their spallation products through the atmosphere. The hadronic cascade 
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calculation essentially involves numerical solution of the Boltzmann 

equation describing the kinetic behavior of particles at low pressure. One of 

the earliest such calculations applied to cosmogenic isotopes was described 

by Benioff (1956); a more recent and complete analysis has been made by 

OBrien et aL (197'9; 1991). Although there are significant discrepanaes in the 

calculated production rates for radiocarbon. OBrien's calculations for star- 

production agree well with those of LA, bo& in terms of global averages and 

for latitudinal and vertical distribution. The accuracy of the empirical 

approach depends primarily on how representative of the spatial and 

temporal averages were the particular data used. At present we must rely on 

measurements made during the 1950's and 1960's. For the cascade 

calculations, the chief uncertainty is in the accuracy of cross-section 

measurements. The favorable comparison between the quasi-empirical and 

hadronic-cascade calcuiations suggests that in general, the distributions of 

star production are known quite well, probably to within a few percent in 

the vertical direction. For the latitudtxlependex-tce of star production, the 

discrepancy between the two approaches is somewhat larger; Lal (pas. 

comm. 1993) estimates that the meridional variation in production is 

known to a precision of about 2O%.13 The star production calculations of 

O'Brien et d. (1991) are shown in Figure 4.1. 

To caIculate 1'Jk production rates from star production rates, we need 

to know the probability distribution for spalIation as a function of the 

neutron energy spectrum, a relationship that can be determined empirically. 

Because the energy spectnrm for neutrons varies Little with altitude and 
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latitude, the probability distribution is usually expressed as a “yieId-per-star”, 
y,&, and assumed to be constant;*4 this assumption imparts an error of 

about 10% (Yasyulenis et al., 1974; O’Snen, 1979). Another source of error in 

the yield function is the dependence of the spallation cross section on the 

composition of the atmosphere, but this is negligible for isotopes such as 

“%e, which are derived fkom abundant atmospheric constituents (N, 0, Ar). 

It may be important for isotopes of z > 18 such as EKr, whose parent nuclei 

( z a )  are not distributed uniformly throughout the atmosphere. 

At present, the chief uncertainty in the yield functions for cosmogenic 

isotopes in the ahnosphere lies in the degree to which we can accurately 

measure cross sections. For the cosmic-ray energy distribution and 
atmospheric composition of the Iower atmosphere, y, ,  is known from 

experiments within about a factor of three (between 5.0 x IO5 (Silberberg and 

Tsao, 1973) and 1.4 x 10-2 (Rudstam, 1966)). Independent estimates of the 

@ob& average production rate of lo& (Somayajulu et al., 1984; Monaghan et 

ai., 1985) appear to favor an intermediate value of ylS, = 2.5 x lO-2(Lal and 

Peters, 1967; Lal, 1988), suggesting that S O %  is a conservative e s h t e  for 

the precision of yw,. 

4.32  Temporal variations in producfion rate 

For our purposes, the flux of cosmic rays outside the magnetosphere can 

be considered constant>s but the distribution of cosmic rays which reach the 

eatth‘s atmosphere depends both on the intensity and configuration of the 

magnetic field, and on the strength of solar activity. 
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altitude (km) 

Figure 4.1 Star production rates for typical solar modulation 
parameter (+ = 600 MY) and today's geomagnetic field 
strength (M = I), according to the calculations of 
O'Brien et al. (1992). 
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At present, the highfrequency periodic variations in solar activity are 

fairly well understood, and do not greatly concern us for most paleodimate 

studies, since their effect on W!.e production can be removed kom the data 

with an appropriate low-pass filter.16 The available evidence suggests that 

long-term variations (>200 years) are probably minimal, though their 

importance cannot be ruled out Of greater importance is the secular 

variation in geomagnetic field strength- 

A reasonable proxy for geomagnetic field strength as fundon of time is 

the marine-core record of remnant magnetism Although there is some 

controversy as to the validity of such records (Raisbeck et al., 1994), the 

coherence of data from several ocean basins suggests that their general 

features are reliable (Weeks et aL, 1995). I use the natural remnant 

magnetism ONRM) records of Tric et al. (1992) and Weeks et al. (EM), 

combined with OBrien et aI.3 (1991) CalcuIations of lo& production rates, 

to estimate the time-dependent variation of 10% production over the last 

140 ka. Figure 4.2 shows the calculated 1% production normalized to 

modern rates averaged over 1) the global atmosphere and 2) the polar 

atmosphere 0niy.1~ 

Figwe 4 2  shows that significant variation in the global average 

production rate of 1% can be expeaed on milIenniai timescales. 

Additionally, Figure 4 2  illustrates the importance of atmospheric mixing 

processes. The production rate in poliv regions is virtually insensitive to 

geomagnetic field variations; the sensitivity of the ice-core Io& record 
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Figure 4.2 Cosmogenic isotope production rates estimated from 
the geomagnetic data of Tric et al. (1992) and Weeks 
et d. (159s). Estimates are shown normalized k t  a 
modern value = 1 for the global average (-) and the 
polar atmosphere only (-). 
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depends, therefore, on how much of the %e in the polar troposphere is 

produced at low latitudes, where the geomagnetic influence is strong. As i 

address in Chapter 5, this fraction is poorly known, with estimates for the 

southern pofar troposphere ranging from less than 35% (Steig et al., 1996) to 

about 75% (Mazaud et aL, 1994). Note that for the last 10 ka, production rates 

almost certainly varied by less than lo%, as assumed by Alley et al. (1996). 

Prior to that time production rate variations could be important depending 

on the low-latitude fraction involved. Until that fraction can be determined 

with more certainty, the two cupves in Figure 4.2 should be treated as upper 
and Iower bounds on the variations in production rate which affect the 

polar 1oEk record. 

4.4 Atmospheric mixing 

As a consequence of the vertical and meridional gradients in *oBe 

production, atmospheric circulation patterns influence the 'OBe 

concentration in the polar troposphere. Examination of Figure 4.1 suggests 

that meridional mixing within the troposphere itself is not particulady 

important; the total gradient in production, equator to pole, is less than a 

factor of two>* so that the total variation in local concentrations that can 

result from tropospheric mixing alone is at most about SI%. Also, 'OBe 

produced in or transported to the troposphere is removed by precipitation 

scavenging within a few weeks (Raisbedr and Yiou, 1981,1985; Harder,  per^. 



comm-, 1995), substantidly more rapidly than the characteristic xnixing 

times (-months) for the troposphere. Between the stratosphere and 

troposphere, on the other hand, and within the stratosphere, the gradients 

in lo& production are strong enough that transport and mixing of 

equatorial, temperate, and polar air masses, as well as stratosphere- 

troposphere exchange processes, may be important- 

Figure 4 3  shows a conceptual mcdeI, used in subsequent sections of this 

chapter, which describes the concentration of 1oBe in the polar troposphere 

as a function of meridional mixing in the stratosphere and stratosphere- 

troposphere exchange. The modd considers only the southern hemisphere, 

and is comprised of four atmospheric reservoirs: the polar 

polar troposphere CNT) and the polar (E'S) and non-polar stratosphere (NS). 

Concentrations (atoms We/gait) in each reservoir are denoted by fm, xps 
etc  and represent a balance of ahnospheric dynamics, 1% production, and 

removal from the atmosphere by deposition at the earth's surface. The 

production rate of lo& in each reservoir is integrated over the appropriate 

ranges of longitude, latitude, and altitude. Production is denoted by PNS, P N ,  

P E  and Pur. For consistency with the production rate calculations of Lal 

(1988), I use the same standard reference atmosphere (Lal, 1988), to define 

the vertical density distribution and the height of the tropopause. Transfer 

of 10Be between reservoirs can occur via diffusion across boundaries, or by 

advective mixing. The degree of mixing is dependent on the relative 

magnitudes of the time-constants for atmospheric dynamics ( rdF) and the 

residence time of lo& in each reservoir ( rm, etc). 

and non- 
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4.3.1 Medional  mixing in the stratosphere 

 he concentration of a chemical or isotopic speaes at any given location 

in the atmosphere is desa-ibed by 

in which k is the diffusion coefficient, v is the advection coefficient, which 

describes the mean wind field, Q is the production rate, and Si is the loss 

rate by chemical or other non-dynamical processes. Lal and Peters (1967) 

discuss the application of Equation 5 to cosmogenic nuclides with relatively 

short half-lives, such as 7Be (half-life = 53 days). In that case the radioactive 

decay constant 4 is the dominant component of the sink term, Si. For lo&, 

radioactive decay is negligible (half-life = 15 x 106 years), and S,,, is 

dominated by the loss of We from the abnosphere by deposition at the 

earth's surface. 

In the stratosphere, the source term, Q, for 1% is simply the 

stratospheric production rate (Ps). The Ioss term is 

where f is the fraction (per year) of 1% lost to the troposphere. The 

coefficients k and v (Equation 5) describe diffusion and advection within the 

stratosphere; S therefore indudes both advection and diffusion aaoss the 
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tropopause. Because the residence time (racp) of %e in the troposphere is 

very short (-weeks (Raisbedc and Yiou, 2981, SS)) compared with the time 

constant (> 1 year) for air-mass exchange with the stratosphere, the source of 

tropospheric “%e to the stratosphere can be considered negligible. 

Equation 5, a threedimensional model, can be reduced to one 

dimension by averaging over longitude and altitude. Zonal averaging 

(along latitude bands) is reasonable because the time scale for the 

stratospheric zonal winds is a matter of days, compared with months to 

years for the meridionai winds. In addition, advection is much more 

important than diffusion (Garaa and Solomon, 1983); it is a reasonable as a 

fixst-order approximation to ignore k. Making these simplifications, and 

combining Equations 5 and 6 yields: 

A further simplification can be made by recognizing that, espeaally in 

the southern hemisphere, the stratospheric polar vortex (atabout 60“s) is a 

significant barrier to meridioml mixing. For example, based on ozone 

profiles during the late austral winter, Hartmann (1990) shows that the 

effective diffusivity of mass aaoss the vortex is two to three orders of 

magnitude smaller than typical estimates of the global average value (e.g- 

Garaa and Solomon, 1983). Although the breakup of the vortex during the 

spring allows for some exchange between polar and non-polar reservoirs, 
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the time-constant for complete meridional mixing is probabiy somewhat 

larger than the mean residence time of la& in the stratosphere. generally 

taken to be about one or two years. From models of stratospheric dynamics, 

air traveling from equatorial regions towards the pole reaches high 

temperate latitudes within one or two years, but may take art additional year 

or more to aoss the vortex barrier (Dunkerton, 1978; Rosenlof, 1995). This 

general picture suggests that is i: qqxcpzizte tr, represent the stratosphere as 

two separate reservoirs, each well mixed with respect to We. Empirical 

evidence for a generally well mixed stratosphere in temperate and 

equatorial regions may be found in the measurements of %r and other 

nudear bomb products reieased during weapons testing in the atmosphere 

in the 1950's and 19603, and by recent 1% measurements (Wahlen, 1994). 

In the polat stratosphere, uniform concentrations of W3e can be expected 

regardless of mixing patterns within that reservoir because the production 

rate is essentially invariant of latitude poleward of 60'. 

terms of the gradient - x" -x" where XE a m i  XNS are the average 10% 

Mixing between the two stratospheric reservoirs can be parameterized in 

L 
concentrations in the polar and non-polar Stratosphere, respectively, and L 

is the width of the vortex barriec 
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giving the steady-state concentration of We in the polar stratosphere. 

It is useful to rewrite Equation 10 in terms of time constants for 

dynamics and chemistry (see e-g. Brassew & Solomon, 1984). The 

characteristic timescale, qP for dynamicai mixing aaoss a gradient is a 

function only of the advection coeffiaent and the length scale (d HKtmru 

1990): 

L rbF =- 
U 

Defining TN5 as the residence time in the mn-polar stratosphere and 

making the substitution mNS = xm, we obtain a straightforward equatior 

for the concentration of 1% in the polar stratosphere: 

Figure 4.4 shows the two-dimensional surface defined by Equation 12, giv 

the average concentration of We in the polar stratosphere as a function a 

(the rate of loss to the poIar troposphere) and tdY. (the time constant for 
meridional mixing). In constructing Figure 4.4 I have assumed that SNS = 

9 

1 
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year. Also shown in Figure 4.4 is the average measured value for the 

concentration of lo& in the polar stratosphere (Raisbeck and Yiou, 1985). 

4.4.2 Stratosphere-froposphere exchange. 

As iliustrated in Figure 4.1, the vertical gradients in 10Be production are 

stronger than the meridional gradients, and it follows that stratosphere- 

troposphere exchange should be more important than meridional mixing in 

determining the concentration of Io& in the polar troposphere. Currently, 

both qualitative and quantitative understanding of stratosphere-troposphere 

exchange processes is undergoing considerable revision (HoIton et al., 1996). 

For example, injection of stratospheric air into the troposphere at mid- 

latitudes, known as "tropopause folding," and often taken as the dominant 

source of stratospheric lo& to the troposphere (e.g. McHargue & Damon, 

1991) may be less important than once thought Of possibly equal 

importance is role of polar stratospheric clouds (pscs) in transporting 
I 

skatospheric aerosols across the tropopause. Pscs are composed p W y  of 

nitric add (SoIomon, 1990); since beryllium forms a soluble nitrate 

compound, Be(NO3)zl deposition of PSCS at the ice-sheet surface should be 

accompanied by deposition of stratospheric At  present, knowledge is 

limited about the relative importance of this process, in part because of the 

difficulty of distinguishing advective transport from diffusive settling in the 

motion of stratospheric aerosols (e+ Iwasaka, 1986). 

Neglecting tropospheric transport for the reasons given earlier, we can 

parameterize the range of plausible variations in stratosphere-koposphere 



exchange processes in terms of the stratospheric sink term, fXE. The neglect 

of tropospheric transport is not entirely reasonable because of the possibility 

that stratospheric air may be mixed into the troposphere at mid-latitudes, 

and then mixed (meridionally) into the polar troposphere (Dibb et al., 1994). 

Nevertheless, this simple parameterization gives a first-order view of the 

influence of stratospheretroposphere exchange on the 1oBe concentration in 

the polar troposphere. From Equation 11, we have 

where Pm is the 1% production rate, TPT is the residence time, and ~m in 

the concentration in the polar troposphere. Figure 4.5 shows xm as a 

function of f and Q ~ .  

Although the full range of possible values for xm implied in Figure 4.5 

is large (about a factor of ten), it is notable that very large and probably 

unrealistic changes in atmospheric circulation are implied by the full 

domain (CKfn, O s q ~ , , , ~ ] .  Both two and three-dimensional atmospheric 

dynamics models show that increased stratospheretroposphere exchange, if 

it occurs, should be accompanied by greater meridional transport (e-g. Garaa 

and Solomon, 1983; KX. Tung, pers. c o r n ,  1995; Holton et al., 1996). As a 

consequence of the direction (increasing with altitude and latitude) of the 

production-rate gradients, the effect of amospheric &dat ion changes on 
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10% in the poIar troposphere are thus Uely to be quite small. Expressed in 

terms of our simple mixing model (Equation 12), increasing the strength of 

the general-circulation is equivalent to moving roughly parael with the f- 

7dfdyn plane in Figure 4.5. 

45  Conciusions: how we11 do we know Xs? 
From the foregoing discussion, we cannot. at present, speafy  the time- 

dependent concentration of 1% in the polar tropospheric to any great 

degree of accuracy. At best, we know absolute production rates within about 

a factor of two, and the importance of stratospheric input to the polar 

troposphere remains open to question. Changes in atmospheric circulation 

and produdion rate may account for a non-negligible fraction of the 

observed variability in ice-core concentrations. As Mazaud et al. (1994) have 

shown, it is realistic to interpret many of the fluctuations in the Vostok ice- 

core record in terms of changes in geomagnetic fieId siren& 

On the other hand, we can place specific limits on the variability of SOBe 

in the polar troposphere. The major features in the ice-core 1% record 

cannot be accounted for in terms of production rate or atmospheric mixing 

changes, suggesting that the concentration of lo& in the polar troposphere 

is not highly variable, espeaally when compared with other aerosol species 

For example, the doubling of lo& concentrations in the Vostok core 

between interglacial and glacial climate regimes might be interpreted in 
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terms of greater input from the stratosphere. Lf meridional mixing were to 

remain constant, a doubling of ice-core concentrations would imply a five- 

fold increase in the fraction of stratospheric aerosol transported to the ice- 

sheet (assuming that, as indicated in Figure 4.2, production rates were not 

substantially different). If meridional mixing were to inuease as well (lower 

up) an even larger change in f required. Unless PSC scavenging of 

stratospheric lo& increases greatly during cold periods, such a large change 

seems unlikely. For the Taylor Dome ice core, in which *%e concentrations 

increase by a factor of five during the 1st glacial maximum, only an extreme 

combination of decreased meridional mixing, greater input from the 

stratosphere, and increased production rates codd account for the observed 

changes. That explanation, of course, would be inconsistent with the Vostok 

record, since an increase in any of these factors would influence both sites 

more or less equally. A much simpler interpretation of both records is that 

they reflect local conditions, primarily snow accumulation rates (see 

Chapters 6 and 8). 

The greatest contribution to uncertainty in caldated variations in xFk 
Lies in the importance of seatospheric input. The possibility that there is 

significant input from the stratosphere (in contrast to the view of Lid and 

Peters (1967) that such input is negligible) must be seriously considered, 

especially in the light of recent evidence that PSCS may act as a sink for 

stratospheric aerosols. While it is beyond the scope of this dissertation to 

fuUy address the role of PSCS or of atmespheric dynamics, we can use 
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existing %e data to address the role of stratospheric input indirectly. This is 

the subject of the following chapter. 
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Notes to Chapter 4 

10. By definition, the 'wet' and 'dry' scavenging parameters refer to the 

deposition of an atmospheric constituent dependent on and independent 

of, respectively, the rate of precipitation (see Davidson, 1989, for a review). 

11. Because of the symmetry of the geomagnetic field, production of 

cosmogenic isotopes is independent of geomagnetic longitude. 

Furthermore, for time-averages greater than about 200 years, the 

geomagnetic and geographic latitude are essentially identical ( M e d  and 

McFJhinny, 1983). Thus, for our purposes here, cosmogenic isotope 

production is a two-dimensional, rather than three dimensional problem. 

The zonal-mean is the average in the Ionghxiimi direction. 

12. Thermal neutrons have energies below -100 MeV. 

13. An uncertainty of 20 % in the latitude scaling of star production can 

account for discrepancies between different estimates of 1% and 26Al 

production as measured in terrestrial rocks at different latitudes. 

14. The expected ''yield per star" is defined as 
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where y,.& is the yield of %e, Q is the production cross section (probability 

of producing lo& per destructive collision), cfnd is the non-elastic aoss 

section (fraction of collisions which are destructive) & is the hadron energy 

spectrum (i = n, p, etc.), and E is energy. 

15. There is some evidence for short-term variation in the galactic cosmic 

ray flux, possibly due to nearby supemovae (McHargue et al., 1995). There 

is aim a small solar component which becomes important during periods 

of intense solar h e  activity (LA and Peters, 1967). 

16. The strong 11-year cycle is, on the other hand, of some use in 

determinhig atmospheric mixing pattern, since its amplitude is 

dependent on latitude. See Chapter 5 and Steig et ai. (1996). 

17. I used the measured natural remnant magnetism (NRM) data of Tric et 

d (1992) combined with the data of Weeks et aL (1995) to extend the record 

to 140,000 years. The assumption is made that MUd is directly 

p r o p r t i o d  to geomagnetic field strength. I normalized the NRM data to 

a modern value of M = 1, where M is the strength of the magnetic field 

(arbitrary units). Multiplication by the appropriate factor as determined by 

interpolation of OBrien et al. data (1991) gives the relative star-production 

rate. For example, for a change from M = 1 to M = 0.5, the global average 

star production rate inaeases by =YO. 
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18. This is an extremely small gradient when compared with that of 

aerosol speaes such as Sod, which is produced by oxidation of biologically- 
produced dimethyl sulfide at the ocean surface. The source term for S O 4  in 

equatorial regions is about twice that in temperate and polar regions, p” 

unit area of ocean (Andreae, 1985; Charlson et al., 1987). More importantly, 

there is no source term for SO4 over the land or sea ice. As a result, even a 

small change in atmospheric circulation patterns CM greatly affect the 

concentration of S o 4  in polar regions. Mayewski et al. (1994) argue that the 

increased atmospheric loading of SO4 and many other aerosol species over 

Greenland during the last glacial maximum is primarily a reflection of 

increased meridional mixing in the troposphere. 



Chapter 5 

ESTIMATION OF THE S?RATOSPHERIC FRACTION OF 
1”BE IN THE POLAR TROPOSPHERE 

S.1 introduction 

Over the 11-year solar cyde, production variations of about %I% 

are predicted for the high-latitude stratosphere (Lingenfelter, 1963; Lal and 

Peters, 1967; OBrien, 1979; Lal, 1988), compared with variation of 4% for 

the troposphere + stratosphere at the geomagnetic equator. The 

modulation of cosmic rays by the geomagnetic field, on the other hand, is 

greatest at  the equator. Atmospheric mixing thus plays a Critical role in 

determining local atmospheric *% concentrations and the flux from 

atmosphere to surface (Raisbeck and Yiou, 1985; Lal, 1987; Dibb et ai., 1994). 

A question of particular importance is whether or not there is 

sigruficant deposition, at  polar latitudes, of 1% produced in the low- 

latitude stratosphere, where modulation by the geomagnetic field is 

greatest If so, then a strong geomagnetic signal is expected in the ice-core 

10Be record. Mazaud et aL (1994) approached this question by optimizing 

the fit between geomagnetic field variations estimated from ocean 

sediment cores (Tric et al., 1992), and We concentrations in the Vostok ice 

core (Raisbeck et al, 1987) over the last 150 ka. In this chapter, I take a 

similar approach to that of Mazaud et ai. (1994), but compare the Antarctic 
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10% flux with estimates of solar, rather than geomagnetic variability, and 

with empirical measurements of the cosmic ray flw.19 

53 W e  variations at Taylor Dome 

To obtain an estimate of the amplitude of the -11-year solar 

modulation cyde of lo& at Taylor Dome, I colIected sampies at 2 to >year 

resolution from a fim core at location 405 (see Chapter 2) and at -0.5 year 

resolution in a 4meter deep snowpit at the deepdriliing site. Dating was 

achieved by locating the 1954 and 1964 bomb-radioactivity horizons in the 

fim (Dibb et al., 1990), and assuming a constant accumulation rate corrected 

for the measured density of each sample. Independent dating control by 

seasod oxygen isotope stratigraphy indicates that the assumption of 

constant accumulation rate is reasonable; based on this comparison, I 

estimate a dating uncertainty of k1.5 years. Figure 5.1 shows the 6180 data 

and the gross radiation data used to calculate the age/depth relationship. 

In Figure 5.2, Taylor Dome %e concentrations are shown as a 

function of time- ALco shown in Figure 5.2 is the neutron counting rate at 

Deep River, eastern Canada (NRC, 1994). The Deep River counter provides 

a convenient index; variations in counting rate at Deep River are not 

sigiuficantly different than at other locations worldwide. The neutron 

counting rate is directly related to the cosmic-ray flux, and therefore to the 
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Figure 5.2 '%e concenteations at Taylor Dome from a fim core 
(lower) and a SMW pit (upper). Dashed line shows 
mean-annual neutron count at Deep River, Canada, 
for cornparisoh- 
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10% production rate at any point in the earth's atmosphere (Lingenfeiter, 

1963; Lal and Peters, 1967; OBrien and Burke, 1973; OBrien, 1979; 

Castagnoli and LaI, 1980; LaI, 1988; O'Brien et al., 1991). 

5.3 Relationship among solar variabiIity, 1cBe concentrations and 

atmospheric circulation 

Comparison of the 1% and neutron counter data shows that there is 

an -11-year periodicity common to both records. Following Beer et al. 

(1990), I attribute this periodiaty to SOIU modulation of production. The 

flux lags the neutron flux by about 1 year. This lag results from the 

one-to-two-year residence time of 1% in the atmosphere (Raisbedc and 

Yiou, 1981; Beer et aL, 1990); Limited '52 data from air samples (Hda et al., 

2991) show that cosmogenic isotope production is in phase with the cosmic 

ray flux, as expected from theory. Although correlation between 'OBe 

concentrations and neutron counting rates is relatively low (r2 = 0.32, lag 1 

year), it may be compromised by slight variations in snowfall rate (and 

associated mors in dating for the %e profiles), and by the possibility that 

the atmospheric residence time is variabIe. 

An alternate causal mechanism for the observed 11-year periodiaty of 

We is solar forcing of dimate. Soiax forcing may cause changes in 

atmospheric circulation patterns or snow deposition rates, with resultant 

changes in ice-core 10% concentrations (M, 1987). changes in 



atmospheric circulation patterns may indeed be the dominant mechanism 

for ice-core 10Be variations at some time-scales, such as the prolonged high 

concentzation of '*Be in Greenland ice during the Little Ice Age/Maunder 

minimum (LA, 1987). However, although there is evidence for an 

approximately -11-year periodicity in stable isotope (6180) data (Stuiver et 

al., 1995) from the GISPZ (Summit, Greenland) ice core, such cydes are only 

regional. At Taylor Dome, Fourier spectrum analysis of high-resolution 

6lsO and electrid conductivity data yields a dominant periodiaty at -50 

years, but nothing ne= 11 years. Thus, although long-term rneteoroiogical 

changes and high-frequency 'noise' may be superimposed on production- 

rate variations (Raisbedc et al., 1990), there is at present little evidence for a 

meteorological contribution to the 11-year periodiaty observed for lo& at 

Taylor Dome. 

5.4 Amplitude of the 11-year cycie at Taylor Dome 

To quantify tk relationship between cosmic ray flux and loge 

deposition rates, I applied a 9-13 year bandpass filter to both the *%e and 

the neutron-counter data. Taking autocorrelation into account, 

comparison of the 11-year-periodic component of each data set yields a 

correlation coeffiaent of r = 089 (M = 49, lag 1 year). I also filtered the data 

of Beer et aL (1987) using the same algorithm. Before filtering, all data were 

numerically re-sampled, using cubic splines (Rasmussen, 1991), to obtain 
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Deep River neutron counting rate.20 OBrien et al.'s (1991) calculations 

agree closely with empirical observations of the neutron-flux/altitude 

relationship (Simpson et al., 1953), and with the earlier calculations of 

Lingenfelter (1963) and Lal and Peters (1967). Because I use ratios rather 

than absolute concentrations, the absolute production rate of lo& is not 

important here, although implicit in the model is that the scavenging ratio 
(the proportion of the atmospheric concentration of lo& that is deposited 

per unit time) is constant 

Figure 5.4 compares the neutron counting rate with the relative 

variation in lo& concentration at Taylor Dome, for the years 1958-1994, 

using the filtered data shown in Figure 53. Also shown are predicted 

variations integrated over 1) the whole atmosphere, 2) stratosphere only, 

and 3) the polar stratosphere (latitude 60° - No). The uncertainty in the 

average slopes of the theoretical curves to be *IO%, based on comparison 

among different calculations of cosmogenic nudide production rates 

(Lingenfdter, 1963; Lal and Peters, 1967; O'Brien, 1979; Lal, 1988; OBrien, et 

al., 1991). A straight or parabolic line fit to the Taylor Dome data is 

statistically distinct (>95% confidence) from the predicted curves for both 

the whole atmosphere and whole stratosphere. The disaepancy is even 

greater if it is taken into account that the Taylor Dome variability is 

probably damped by a b u t  5"/0 because of a 1-2 year average residence time 

of 10% in the stratosphere- 
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Deep River neutrons (106 countsh) 

Figure 5 4  Comparison of predicted and measured '@Be production 
as a function of counting rates at the Deep River neutron 
monitor, 1958-1994. Crosses show 1-year mean data from 
bandpass-filtered Taylor Dome data shown in Figure 5.3. 
tines show predicted values for entire atmosphere (-.-), 
stratosphere only (-) and polar stratosphere only (-). 
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5.6 Discussion 

The data suggest a sigxuficant contribution of polar stratospheric IOBe 

to the Antarctic 10Be deposition flux. This conflicts with the traditional 

view that, at high latitudes, there is very little input of cosmogenic 

isotopes produced in the stratosphere (La1 and Peters, 1967), but is 

consistent with observations of ozone and aerosol concentrations in the 

Antarctic (Maenhaut et al., 1979; Toon et al., 1986; Manney et d., 1994; Fox 

et d., 1995; %tee et d., 199s). The condensation of water vapor on 

aerosols lu form polar stratospheric douds (Crutzen and Amold, 1986; 

Gobbi et al., 1991; Deshler et d., 19.5) favors the advection of stratospheric 

aerosols into ihe troposphere either by direct settling of ice partides 

(Viimel et ai., 1995), or by descent of stratospheric air (Iwasaka, 1986). Both 

of these medtanisms are strongest in the winter, when latitudinal mixing 

is severely restricted by the poiar stratospheric vortex (h4aenhaut, et ai., 

1979; Toon, et aL, 1986; Shaw, 1989a, b; Manney, et al., 1994; Fox, et al., 1995; 

Santee, et d., 1995; Vomel, et ai., 1995). 

To quart* the relative contribution of non-polar 10% to the polar 

1Qe flux, 1 d d a t e  a sensitivity factor. 
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where 

modulation of the cosmic ray flux (Ehmect. 1960). For a typical solar cycle, Q 

varies from 300 to 600 MV, with an average value of 450 Mv @.ai, 1988); (I = 

450 Mv corresponds to a counting rate at Deep River of 1.97 x 106 

neutrons/hour (OBrien and Burke, 1973). 

is the Eh=citt p~ctiz!, 3 z t e s c e  sf the degree d w!ar 

I divide the atmospheric 1% production into geomagnetically 

'modulated' and 'unmodulated' components, corresponding to the low 

latitude (0' to 60") and high-latitude (60' to No) atmosphere, as discussed 

in Chapter 4 and illustrated in Figure 43. The boundary at 60' corresponds 

to a break in slope in theoretical cosmogenic isotope production curves. 

The high/Iow-latitude division is meaningful also from the perspective of 

atmospheric dynamics, since 60° approximates the location of the polar 

vortex (Kakegawa et al., 1986). Note that although geomagnetic and 

geographic latitudes are different, this difference is negligible because 

production rates are essentially independent of latitude poleward of 60' 

(Lingenfelter, 1963). Averaged over just a Few hundred years, the 

geomagnetic and geographic poles coina'.de closely (h4erriU and 

McELhinny, 1983; Ohno and Hamano, 1992). 

Figure 5 5  depicts the predicted sensitivity of 10% production to 

changes in Ehmert potential, for different mixing ratios between We 

derived from high latitudes and from the low-latitude stratosphere. I 

assume zero contribution from the low-latitude troposphere. Also shown 

in Figure 5.5 are the average sensitivities determined from loge 

http://coina'.de




concentrations at Taylor Dome and Dye 3 over the same pel 

assuming average solar conditions (300 c 0 e 600 MV). 

Comparison of the calculated and observed sensitivitie: 

Antarctica, at most 35%, and more likely <lo%, of the Anta 

can be derived from Low-latitude sources. In contrast, the a 

variation of * O b  observed in the Dye 3 core (Beer et al., 199 

with a well-mixed stratosphere ( M o M ~ ~ M ,  1987). This con 

odds with recent work of Mazaud et. al., (1994), who were al 

reasonable match between the Vostok, Antarctica, 10% reca 

sediment proxy records of geomagnetic field strength As h, 

here, Mazaud et al. (1994) divided the atmospheric lo& SOL 

'unmodulated and 'modulated components; they determi 

75% for the modulated component. The discrepancy with I 

45% suggests several possibilities: I) ocean-sediment geon 

approximate geomagnetic field variations rather poorly (Ra 

1994) 2) the sIight adjustment made by Mazaud et al. (1%) 

Vostok timescale ( J o d  et al., 1993) to achieve their best-fi 

introduces errors, 3) the fraction of 'moduiated' 10Be in the 

is variable, and 4) the theoretical produdon rate variation! 

The first three possibilities draw into question the validity 

core records as proxies for the geomagnetic modulation of 

isotope production 
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Conclusions 

Evidently, a relatively small proporfion of the Antarctic loge flux is 

derived from Iatitudes at which variations in geomagnetic field strength 

are important. If my Syear  record is applicable to the distant past, then the 

10% record from htarctic ice cores should contain only a small 

geomagnetic signal. The global average geomagnetic modulation over the 

last 10 ka is on the order of S%; assuming a maximum 35% contribution 

from the low-latitude stratosphere; geomagnetic modulation accounts for 

variation of at  most f10%. 

This conciusion is satisfying from the point of view of glaciology, 

because it suggests that "%e concenkations can be used to determine 

accumulation rates in ice cores (YIOU et al., 1985; €?&beck, et aL, 1987; 

Lorius et al., 1989; 1992, Steig et aL, 1995). T%e rather minimal effect of 

geomagnetic modulation on the Antarctic We flux makes more 

reasonable the assumption of a "constant" 10Ee flux over millennial 

timescaies, improving conEidence in this approach The effect of soia 

variability, of course, must still be considered, but my results suggest that 

comparison of records among Ant+ic  and Greenland ice cores may 

aHow us to separate the geomagnetic and solar contributions to changes in 

cosmogenic isotope production rates. It will be important to collect more 

profiles of 1 O B e  solar cydes in both polar and non-polar regions as a further 

test of these findings. 
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Notes to Chapter 5 

19. See Steig et aL (1996) for a published version of this chapter. 

20. See footnote 17 (Chapter 4). 
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assumption of a constant lo& flu (F) is unlikely to be strictly correct, it 

seems dear that accumulation rate is the dominant factor affecting loge 

concentrations at Vostok, and probably in most other ice cores as well. The 

only sigruficant exception to this general rule is during two periods of 

apparentiy enhanced lo& production, which may relate to geomagnetic 

field reversals or possibly to supernovae (McHargue et al., 1995a). The 

periods of enhanced production occur as spikes in the Vostok records at 

about 375 ka and 64 ka on the Jo'ouzel et al. (1993) timescale. These are 

correlated with similar spikes in the Taylor Dome record on the 

Std-Tie-9507 timescale Figure 6.2). Because these spikes are not 

believed to be associated with changes in accumulation rate, I have 

removed them for all calculations made in this chapter. 

In spite of its complications, the 10% method is important because for 

most ice cores there is no straightforward way to determine accumulation 

rates independently. Indeed, even for the high-resolution cores at Summit, 

Greenland, where the annual layer thickness profile is known quite 

accurately (Alley et al., 1993), accumulation-rate estimates are dependent 

on howledge of the vertical thinning rate- inherent limitations to the 

accuracy of icedynamics mod& means that the annual Iayer thickness 

cannot be uniquely invexted for accumulation rate (Weerhnan, 1993). 

While the error m y  be insigdicant for the upper few hundred meters of 

a typical deep ice core, it may becvme very large near the bed. In the Taylor 

Dome ice core an independent geochemical method for determining 
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Figure 6.1 SD (Jouzel et al., 1987; light line) and concentrations 
(Rahbeck et al., 1987; bold line) in the Vostok Core, on the 
EGT t i m d e  (Jouzel et ai.. 1993), Uustrating coherence 
of ttre two records. 
6D values are expeaed during times when acrumulation rates 
are Iow. &rows indicate times of apparent enhanced Qe 
production (see text). 
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accumulation rate is essential because most of the preHolocene part of the 

core lies within only 150 meters of the bed. 

If we wish to use 1% as a proxy for accumuIation rate, a more 

sophisticated approach is needed than the simpIe assumption of a constant 

flux. h partidar, we need to consider the changing concentration of 1OBe 

in the troposphere, and to take into account both the the wet and dry 

deposition components of the atmosphere-to-icesheet flux. In this chapter, 

I discuss the relationship between 10% deposition mechanisms and snow 

accumulation rates in the context of data from snow pit and shallow fim 

cores at Taylor Dome. Combining these data and the model results 

presented in Chapters 4 and 5, I use the %e profile horn the Taylor Dome 

deep core to determine the accumulation-rate history. While the resutts 

cannot be considered definitive, they provide a realistic ’best estimate’ 

which will be useful as input for ice-flow modeling efforts and in 

establishing an independent timescale for the core. 

6.2 Relationship between accumdation rate and wet and dry flux 

parameters 

The total flux, F of lo& to the ice sheet surface is the s u m  of the “wet“ 

and “dry“ fluxes 



F = F ' + F *  

By definition, the dry flux, FD is independent of the s 

rate, A ,  while F' is a hear  function of b .  The wet ai 

related to the mixing ratio of *oEe in the atmosphere b 

F'= Wxb 

where vd is the dry deposition vdocity (an a-l), R' is t 

wet scavenging ratio, pb ,  is the density of air, and x ~ 

10Be in the atmosphere (atoms g-1). From (16) and (17) 

1% in a polar ice core is related to the snow acmul i  

atmospheric mixing ratio by 

To determine the value of vd and W, I measured 

in a series of fim cores and snow pits at Taylor Dome. 

accumdation rate at each site with the total 10Be flux 

the dry deposition flux, if we assume that the atmosp 

(and the dry deposition flux) is uniform over the spat 



Although Legrand (1987) has questioned the validity of this approach 

when applied to a large geographic area, Taylor Dome has the advanta 

strong spatial gradients in meteorological conditions over a relatively 

small  area (Waddington and Morse, 1994). Each of the snow-pit and c' 

sarnpIes are averages over at least 20-30 years of accumulation, makin( 

unlikely that the assumption of a uniform dry deposition ffux is in er 

Snow accumulation rates range from about 15 gun-2a-1 10 km sou 

the driIl site, to less than 2 gcm-za-1 in the upper reaches of Taylor Gla 

30 km to the north (Gruotes and Steig, 1992). Table 6.1 SuIIunarLzes t h e  

results of 1% measurements in surface snow'at Taylor Dome, along 

accumulation rates from each Iocation (see also Chapter 2). 

Figure 6.3 shows the total l o g e  flux (roBe] x 6) as a function of 

accumulation rate. The intercept of the regression line through the da 

gives 1.04 f 02 x 1 6  atoms an-2a-1 for the dry deposition Bux, while tk 

slope of the regression gives the average concentration in fresh snow 

rwklw,, = 75 f 0.2 x 103 atoms/g. Although the conelation is not hid 
these values agree with previous estimates for East Antarctica, and irr 

that dry deposition accounts for between 9% and 75% of the total flm 

-1.4 x lo5 atoms an-za-l. A single measmemat from fresh snow, w h  

fell on blue ice on lower Taylor Glaaer, and was collected within two 1 

of having fallen, gives a value for rOBejwet of ody 9.9 x W  atoms/g, 

suggesting that the regression analysis may overestimate the importa~ 
wet deposition 
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Table 6.1 Comparison of accumulation rates and 
10% concentrations at Taylor Dome. 

Location 10Be concentration Accumulation rate 
(103 atoms g') (g an-*a-1) 

Taylor Dome 
20N 1522 1.23 

Taylor Mouth 28.10 2.26 
1OC 3212 3.02 

0x31 Site 21.32 7.60 
20s 26.23 7.86 
Ulc 18.23 6.71 
10s 14-32 15.0 

From the given values for F' and FD, we can estimate v, and W from 

the measured mixing ratio of 10% in the polar troposphere. Using a mean 

value of 5 x l O 4 a b m / d  s ~ p  for 

personal communication, 1995) and Equations 16 and 17, the regression 

analysis gives v, = 0.07 an/s and W = 260. If we assume that the lower 

value of 9.9 x 102 atoms/g is correct for ~ o B e ] w ~  we obtain 0.1 for v, and 

-30 for W. 

(Raisbeck and Ymu, 1985; Harder, 

6.2.1 Comparison m'th values determined fdr sulfite and nitrate. 

Although there have been no direct measurements of wet and dry 

occurs in deposition parameters for 1% specifically, deposition of 

assodation with the other more common aerosols. Beryllium atoms, 
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accuruiation rate (g cm-* a-l) 

Figure 6.3 Total "%e flux at Taylor Dome, as a function of 
accumulation rate. 
Line sfiows linear best-fit (F = 0.075 b + 1.04). 
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which have a 2+ valence state, are generally assumed to be associated with 

sulfate (SO:-), which is the most common aerosol in both polar regions. It 

is highly probable that 1% is also associated with nihic  acid @IN@), 

which is the most important doud condensation nudeus in the polar 

stratosphere. The compounds BeSO4 and Be(NQh are both highiy soluble 

in water pde ,  1992). In Antarctica, sulfate and other sulfur  compounds 

accounts for 704% of the aerosol mass (Shaw, 1989). A reasonable 

approach for determining the depositional behavior of 10Be is therefore to 

examine the behavior of sulfate aerosol. 

Davidson et al. (1985) at Dye 3, Greenland. and Ibrahim et al. (1983) in 

North Amaica show that the dry deposition velocity for SO42- is between 

0.039 and 0.16 m / s .  From measurements at the ATM site in central 

Greenland, Bergin et al. (1994) obtained comparable values (0.027 2 0.015 

an/s) at the low end of this range. 2l For Antarctica as a whole, Legrand 

(1987) used the same kind of b-F plot I used for ‘%e, and obtained similar 

values for SO4*- (60 % dry deposition for 6 = 65 g a-*a-1). For wet 

deposition of S042- Davidson et al. (1989) report a value of 1W120 at Dye 

3. For Antarctica, Legrand’s 6-F calculation gives F W / F ” d  - 30% for So$, 

again comparing favorably with my results for 1%- 

Taken together, the 10% and SO.$- are compatible. In general, the 

results are higher than indicated by the estimate for W suggested by the 

single measurement from fresh snowfall; dearly more fresh snowfall data 

are needed. Until such data are available, it is prudent to consider the 
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plausible range of values for *Ok, rather than adopting a single mean 

value. Thus, in calculations of accumulation rate from %e data, ranges of 

u, = 0.05 - 0.1 and W = 30 - 260 seem reasonable. 

6.3 Determination of accumulation rate in the Taylor Dome core. 

From Equation 18, we can determine the accumulation rate an an 

arbitrary depth, z, in an ice core using 

where the subscript denotes measured modem (surface) values. At 

present, we must assume that the values of u, and W are temporally 

constant (that is, constant with depth in the core). Although this 

assumption may be in error (Cunningham and Waddington, 1993; Harder 

et aL, 19%), our current knowledge of these parameters is too limited to 

justify a more sophisticated analysis. Furthermore, there is some empirical 

evidence for the validity of this assumption, at least for 10Be if not for 

other chemical constituents in the atmosphere (Alley et id., 19%). 

Initially, 1 assume also that x is temporally constant, as supported by 

evidence that geomagnetic field variations and atmospheric circulation 



I 107 

change ~ h ~ d d  not impart large fluctuations to the mixing ratio of 10% in 

the polar troposphere (Chapters 4 and 5). Equation 19 thus reduces to 

Note that the assumption that W and u, are constant allows us to 

eliminate u,, but not W, from Equation 19. 

Figure 6.4 shows the accumulation rate at TayIor Dome as determined 

from Equation 20 wing values of 30 and 265 for W. For comparison, the 

Slw profile is also shown. Figure 6.4 suggests that the 10% profile at Taylor 

Dome is a fairly robust hdicator of accumulation rates, given the assumed 

range of values for W. This is a rather fortuitous resuIt; during the 

Holocene, where the caIcJated accumulation rate is relatively sensitive to 

W, the 1% concentration does not change by more than 20 % during most 

of this time perid On the other hand, during the cold, dry conditions 

prior to the Holocene, accumulation rates are so iow that the effect of wet 

deposition is almost negligible. The only significant exception is over the 

depth range 250-270 a There, very low *OBe concentrations (104 atoms/g) 

imply p&darIy high accumulation rates, especially for the larger value 

of w. 
The 980 profde provides a qualitative test of the accumulation-rate 

dcuIations. Making the reasonable assumption that 6180 is corndated 

with temperature and accumulation rate, we find that the general dedine 
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Figure 6.4 Accumulation rates at Taylor Dome as calculated from 
Equation 6 for different values of the wet deposition 

Uppermost curve shows @a0 profiIe for comparison. 
XaVmgirtg ratio, W. Dashed k : W  =260; d i d  line W = 30. 



in 6’80 values since the eaAy Holocene is consistent with 

decline in calculated accumulation rates. Note, however, 

correlation is not high enough to warrant the kind of con 

Lorim et al. (1989), who assumed that stable isotope (SD) 

Vostok core directly refled accumulation rate via the sat 

pressure relationship discussed by Robin (1977). Notably, 

marked change d&g the 250-270 meter interval, sugges 

accumulation rates calculated for W = 265 are probably UI 

and that a lower value for W may be more reasonable. A 

cannot completely rule out the possibility that either (1) 

rates at 250.270 meters were actually very high or (2) the 1 

concentcations at this depth interval re€lect atmospheric 

production-rate variations. Detailed comparison with otk 

records may offer a way to address this question. 

6.3.1 Accounting for changes in x 
Accounting for production rate and atmospheric circ 

the accumulation-rate dculation is problematic To first 

probably quite reasonable to ignore such effects when cox 

ice cores. As discussed in the previous.chapter, there is s( 

geomagnetic field strength varations should introduce vz 

few percent to the concentration of loge  in the polar a t m ~  

aL, 1996). Because of the reIative isolation of Antarctica fi 
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global atmosphere, we also do not expect atmospheric circulation changes 

to have a large effect Finally, while the effect of solar variability on the 

polar W e  flux is large over short time scales, averages over a few centuries 

should eliminate both of the dominant known periodidties m solar 

modulation, the 11-year Schwabe and &year Gleissberg cydes. While 

longer-period variations cannot be d e d  out, there is at present no 

evidence to suggest that this is a significant concern On the other hand, it 

is precisely during times of major dimate change, such as the glaaal- 

interglaaal transitions, when possible small changes in the atmospheric 

concatration of 10Be become important. For example, Sowers et al. (1993) 

provide evidence from time-scale correlation arguments that the 10% flux 

at Vostok was 20% higher at about 15 ka, a time period corresponding both 

to greatly reduced accumulation rates and to increased global production of 

‘%e. 

A conservative approach then, is to include a maximum and 

minimum plausible estimate of x in our calculation of accumulation rate. 

To do so, I combined geomagnetic field variation data (Figure 4.2) with the 

given range of plausible values for W and u,, using Equation 19. Although 

atmospheric circulation changes are not ex-pliaty taken into account, they 

are implicit in the consideration of both the maximum and minimum 

expxted effects of geomagnetic field strength, since atmospheric 

circulation determines the contribution of low-latitude (geomagnetically 



modulated) * O B e  to the total lo& flux. The resulting envelo 

accumulation-rate values is shown in Figure 6.5. 

Comparison of Figures 6.4 and 6.5 suggests that product 

variation does not introduce as much uncertainty to the 101 

does the sensitivity to the values adopted for W and v,. Al 

et ai. (1992) geomagnetic record is just one of several produ 
proxies that could have been used, the coherence of the gec 

in many sediment cores suggests that the accuracy of the ap 

here is reasonable, and that it can be improved as the georn 

becomes better defined (Weeks et al., 1995). 

6.4 Discussion: reliability of the *%e method 

The extent to which we can use the 1% method to de 

accumulation rates depends on the reliability of our indepl 

of geomagnetic fidd strength and solar variability, and o u  

amospheric drculation processes. As discussed in Chapter 

circulation changes are unlikely to have had a significant e 

Holocene (i.e. the last -10 ka) but could have sizeable effec 

shifts in dimate. This, and the pssibility that increased wi 

greatty enhance dry deposition velocities, are probably the 

of uncertainty in the method (Harder et ai., 1996). 
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The calculations presented in this chapter suggest that under favorable 

circumstances the *OBe method yields reliable determinations of 

accumulation rate, particularly if good estimates are available of the wet- 

deposition scavenging ratio. For ice-core drilling sites such as Vostok, or 

during cold climatic periods at locations such as Taylor Dome, the very low 

accumulation rates actually enhance the reliability of the method because 

the wet deposition flux becomes less important. Moreover, their is 

evidence that production-rate variability should not introduce large errors 

to Antarctic ice-core records (Steig et aL, 1996; Raisbeck et d., 1987). 

Comparison among different icecore records of ‘We, the expliat 

incorporation of We in atmsopheric generd &dat ion  mod&, and 

continued measurement of 1% concentrations in surface snow and air in 

Antarctica, should permit us to improve considerably the reliability of the 

lo& method. It should be reiterated that the 1% method provides an 

independent check on ice-flow modeling estimates of accumdation rate 

and, as such, is useful even for high-resolution cores where a n n d  Iayer 

thicknesses can be determined directly from annual SlSO or 11-year “%e 

cydes. 





Chapter 7 

ON THE USE OF 'OBE TO D D  ANNUAL-LAYER 
THICKNESSES IN ICE CORES 

7.1 Introduction 

Accurate dating of ice cores is one of the fundamental problems in ice- 

core research. In favorable cases, high accumulation rates have enabled 

researchers to determine ages to high precision, using direct counting of 

visible annual layers (-Alley et aL, 1993) or seasonal SlsO cydes (Hammer et 

at, 1986). For many ice cores, however, low snow-accumulation rates 

predude the preservation of the seasonal patterns that permit annual layer 

counting. In these cases, age controI is usually achieved by correlation with 

other betterdated ice cores or through numerical ice-flow models. Both of 

these approaches, however, are limited in accuracy. The most rigorous 

c o d a t i o n  method uses the global signature of gas concentrations, but such 

correlations are unlikely to resolve differences s d e r  than about 1500 

years, largely because of uncertainty in the age difference between the ice and 

the air that is trapped in it (Sowers and Bender, 1995). For ice-flow models, 

results are sensitive to boundary conditions such as accumulation rate and 

ice-sheet configuration in the past (Reeh, 1989). It would be useful, therefore, 

from the point of view of ice-core dating, to develop an alternate method for 

determining annual layer thickness. In this chapter, I present a novel 

approach to this problem I suggest that in place of the high-frequency 





For the proposed method to work, the 11-year sola 

existed throughout the time period of interest in ice-cor 

iast 103 to 18 years. The existence of the 11-year cyde is 

historical records of aurora observations and sunspots t 

last several hundred years (Stephenson and Clark, 1978; 

strong apparent 11-year cyde in prdambrian rhythm! 

thought to have been proof of the long-term stability of 

(williams, 1981), but it has since been shown that the r 

annual and that the cydiaty is of tidal (lunar) origin (9 

Williams, pes.  COIN^, 1995). W e  a near-constant le 

expected from theoretical considerations in astrophysic 

demonstrated convincingly (Soderblom, 1988). For peric 

few centuries, the assumption of 'solar uniformitariani 

must therefore be considered a working model. 

If the assumption of a persistent 11-year cyde is cor 

on the well-established antiiorrelation between solar a 

production of *%e in the atmosphere. Over a typical 11 

modulation of the cosmic-ray flux results in a gtobal a1 

1% production of +IO 96, with a kger variation ( s o %  
This periodicity is reflected in deposition of IoBe at the 

occurs within one or two years following production I 

deposition appears to reflect global average production 

et al., 1990); in Antarctica, the deposition-rate signal ha 
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probably reflecting the greater isolation of polar air masses in the southern 

versus northern hemispheres (Chapter 5). From high-resolution 

measurements in the Dye 3 (Greenland) ice core, we know that ‘OBe 

deposition has followed an 11-year cyde for at Ieast the last 250 years 

(Attolini et ai., 1988; Beer, et ai., 1440). 

7.3 Detection of the 11-year cyde in 1-e data at Taylor Dome 

I measured 1% in detail to establish the 11-year layer thickness at three 

depth intervals in the Taylor Dome core: 49.12-512S,298..5-300.6 and 3405- 

341.5 meters, in a 4m-deep snow pit within 100 m of the drill site, and in a 

h core 20 km from the drill site (40s in Figure 22). As discussed in Chapter 

5, the data from the 4-m snow pit agree well with the data from the firn core; 

here I discuss only the results from the firn core, which cover a greater 

period of time (about 75 years). Ihe Wisconsin-Hoiocene transition occurs a: 

a depth of 374 m in the Taylor Dome core. All of the measured sections fall 

within the Holocene, during which the accumulation rate is expected to 

have changed little. 

Each section was analyzed at a resQiution of -10 wnples/meter, except 

the 340.5-3415 meter &on which is at 20 wnples/meter. For simptiaty I 

have converted all depths to icequivdent using the measured ice-core 

density profile (Table 21). I refer to each section for which 1% was a d y z e d  
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by its nominal ice-equivalent depth: "surface," "33" "278," and "320." Figure 

7.1 shows the results; as expected from thinning due to ice flow, there is an 

increase in the wave number for 1% variation from about 1 cycle per meter 

in the upper two sections to multiple cydes per meter at greater depth- 

As a statistical method for determining a "best estimate" of the 11-year 

thickness, I applied spectral analysis in the depth domain to the data in 

Figure 7.1. To identify spectral peaks, I use the maximum entropy method 

(M.EM, Burg, 1967) with a constant auto-regressive (AR) order of 9. Use of a 

relatively high AR order (slightly less than 1/2 the number of data points in 

the 33,278 and 320 meter sections) is appropriate because it tightly constrains 

the frequency, which is of primary interest. The amplitude of spectral peaks 

determined in this way is not a reliable indicator of sigiuficance (compared 

with, for example, the conventional Fourier-transform approach; Jenkins 

and Watts, 1968); however, we assume a priori that there is no other 

production-rate frequency near 0.09 1-1 (ia. the 11-year cyde) 50 that 

identification of the 'correct' wave number should be unambiguous unless 

there are confounding meteoroiogical factors affecting the lo& deposition 

rate. 

For the surface measurements we can translate the depth domzin to the 

time domain, using the 1954 and 1964 Mecay bomb horizons peaks for a 

timescale (Chapter 5) and assuming that the accumulation rate is constant. 

The resulting time series has an average sampling frequency of 0.7 a-l; it 

displays a dear 11-year periodicity (Figure 72) with a strong 0.09 a-1 peak. 
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Figure 7.1 '%e data from fim and ice cores at Taylor Dome vs. 
ice-equivalent depth. Bold labels refer to the nominal depths 
referred tointhetext 
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F i p e  7 2  Frequency spectrum of the surface interval data. 
Dotted line shows results obtained when data is re- 
sampled at low resolution (see text for details). 
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Figure 7.3 Wave numbers for the %e data in Figure 7.1. Nominal 
depth intervals are a) surface, b) 33, c) 278 and d) 320 meters. 
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where f is t f ~  cyde wave number (m-1) and z is depth, and where it is 

assumed that 1) the 11-year cycle is identified by the mid-point wave number 

of the chosen spectral peaks, 2) the cyde has a fixed length of exactly 11 years. 

Figure 7.4 shows the annual-layer thicla~ess determined from Equation 21 as 

a function of depth in the Taylor Dome core, under the assumptions noted. 

Alx, shown are annual-layer thicknesses predicted from two simple flow 

models, which both assume a constant accumulation rate. The simplest 

model, often referred to as the Nye model, additionally assumes that the 

vertical sfrain rate is constant with depth. At an ice divide, the vertical 

strain-rate may be assumed to deuease nearly linearly with depth 

(Raymond, 1983); I refer to this assumed strain-rate curve as the "Raymond" 

model. It is expected that the Taylor Dome drilling site, located about I ice- 

thickness from the ice divide, should fall between these two models. 

From F i p e  7.4, it is readily apparent that assignment of the Iower- 

wave-number spectral peaks in Figure 73 to the 11-year cyde gives 

unreasonable results. For example, selection of the second-largest peak at 278 

meters would imply that almost no t h i n ~ . Q  has occurred between 33 

meters (6 % of the total ice thickness) and 278 meters (53 %), UnIess the 

o r i w  layer thickrtf?ss was about five times greater for the section at 278 

meters; such a large change in accumuiation rate is unlikely because all the 

measured sections are in Holocene ice (Chapter 2,4,6). 
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Figure 7.4 Estimates of annual layer thickness as a functioi 
in the Taylor Dome core. "Raymond and "Nye 
end-member models (see text). Crosses and plu! 
maximum and minimum estimates, respective 
spectral analysis of the '%e data. 
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7.4 Vafidation of the method: comparison with other proxy data 

If the annual-layer thicknesses calculated above are correct, then we 

should be able to make certain predictions about the spectral behavior of 

other properties measured in the TayIor Dome core. First, we postulate that 

peridcities in the 10% data that are not assodated with known solar cydes 

probably refiect meteoroIogical variability, and should therefore appear in 

the spectra of accepted "dimate" proxy data such as PO. Second, if there are 

any characteristic periodidties in the climate proxies, these should appear as 

spectral peaks at a constant frequency (in the time domain). The corollary to 

these predictions is that the 11-year cyde should not appear in the dimate 

proxy data if, as I assume, it actually reflects production rate variations. 

At present, the only properties which have been measured in the TayIor 

Dome core at comparable resolution to 1% are electrical conductivity (ECM) 

and, for the upper section only, 6180 (see Chapter 2). Figure 7.5 shows the 

SlW and ECM spectra compared with those of %e, both as functions of the 

cyde length in years, where I have assumed that tfre 11-year cycles have been 

correctly ident3ied as described above. In constructing this graph, I 

numerically re-sampled the Imm-resolution ECM data at the same 

sampling frequency as the 108s data (Le. 0.10 and 0.05 m averages). The 

sampling interval for SW is 0.10 m, as for 1%. The MEM routine was 

appiiai over 20-meier intervals centered on the depth of interest- Note that 
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Figure 7.5 Frequency spectra for %e (bold) and ECM (thin) 
for each of the depth intervals dixussed in the text 
Dashed line shows spectrum for S*% in the sutface interval. 
Small x's denote frequencies in the E a  spectra that are 
artefacts of the 1-meter sampling interval. Nominal depths 
are a) surface, b) 33, c) 278 and d) 320. 
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some of the spectral peaks in the ECM data are artifacts of the ECM analysis, 

which is sensitive to the temperature of the ice core at the time of 

measurement. These peaks, which coinade to a wave number of 1.0 rn-l (the 

length of a core section) are marked with a small "x" in Figure 7.5. 

The MEM analysis of the dimate proxy data appears to support the first 

prediction, that 'spurious' periodiaties in the 10Be spectra should coinade 

with periodicity in the dinate proxy data. Although not all lo& frequenaes 

can be accounted for, there is an arguably correspondence between the 

0.04 a-I frequency in the 1oBe at 320 meters and the clustering of spectral 

peaks in the ECM data. 

The second prediction, that transIation to the time domain should yield 

peaks of constant frequency ir, dimate pmxy data, also appears to be 

supported. There is a low-frequency peak in ECM at all depths, with M 

average frequency of 0.006 a-I and a small  standard deviation of +E%. The 

large low-frequency peak, in contrast, appears also in the S180 data, showing 

that it is not an artifact of the ECM analysis, but refiects a real periodicity of 

climate. 

At Taylor Dome, neither the &*So nor the ECM data show a spectral peak 

with a period a t  or near 11 years. This contrasts with recent evidence in the 

northern hemisphere: analyses of both 6 1 9  (Stuiver et al., 1995) and soluble 

ions CP- Mayewski, pets. c o r n ,  1995) in the GISP;! core show that a strong 

9-12 year periodicity exists in Greenland ice-core dimate data, apparenfly in 

phase with, or slightiy leading, the 11-year solar cyde. 
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7.5 Validation of the method: comparison with ice-flow modeling results 

As a first-order model for glaaer flow, I assume that horizontal flow 

deformation is confined to a lower layer, below some characteristic height, h, 

above the bed, and that the horizontal strain rate, - in this layer is au 
?Y' 

constant- If the ice is frozen to the bed, the horizontal velocity increases 

linearly from 0 at the bed to some value us at height h Above this layer, 

which deforms by simp& shear, the ice experiences plug flow such that 

- = 0, u = u, and there is pure shear only (vertical compression of layers). 

This 2-D approximation (Figure 7.6) was used to determine the age-depth 

relationship in the Dye 3 core, southern Greenland (Dansgaard and Johnsen, 

1969), and is known as the Dansgaard-Johnsen model; it is probably the most 

appropriate modd to use in the absence of contradictory evidence (Reeh 

1989). I€ the accumulation rate is constant, we can use the horizontal veioaty 

prose to calculate annual layer thickness: 

au 
?Y 

Note that by convention (e.g. Paterson, 1983) y denotes height (positive 

upward} above the glacier bed; I use it here aIso to distinguish Erom depth, z 
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horizontal velocity 

Fig 7.6 schematic representation of Dansgaard-Johnsen flow model. 
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(positive downward). The integral (Eq. 22) is easily calculated from the 

geometry of the model. 
To constrain the value of h,  I use leastsquares minimization to fit the 

flow model to the layer-thickness data obtained from the 1oBe spectra. The 

minimization consists of two parts: 

y 2 h  

where we mhimize the sum 

with respect to h. Recognizing that at the surface the layer thichess is 

equivalent to the accumulation rate, we determine us from 

u h  
2 

d(H) = - r - + u , ( H - h )  

Applying the Ieast-squares minimization to the layer-thickness data 

determined &om the 10% spectra, we obtain h = 320 f 15 meters. 
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We are now in a position to compare these results with those from an 

independent glacier flow model. To do this, it is convenient first to convert 

the measured layer thicknesses, kz, to relative layer thicknesses: 

where )cz(0) is the original layer thickness at the surface. Assuming the 

accumulation rate to be the same for each section anaiyzed, &(O) is just the 

surface accumulation rate (0.07 m/a ice equivalent). The depth distribution 

of A: is independent of accumulation rate if the changes are small enough 

that icesheet configuration remains constant; A: essentially describes the 

vertical velocity distribution in the ice core. 

Waddington et aL (1993) describe the application of a two-dimensional 

finiteelement glaaer flow model (Raymond, 1983) to the Taylor Dome core. 

More up-to-date results are those of Morse (Morse, 1996), who uses a more 

realistic icesheet configuration, based on an airborne radar proHe along the 

main direction of ice flow. While ongoing geophysical analyses- 

particularly vertical strain-rate measurements-are expected to improve 

these results, the prelirmnary model is probably reasonable to a depth of 

about 400 meters (Morse, personal communication, ZSSS), covering the 

entire Holocene period of the core. 

Figure 7.7 shows layer thicknesses calculated with the finite dement 

flow-model, here referred to as the 'WorseWaddington model," compared 
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with the best-fit Dansgaard-Johnsen model constrained by the 1% data. 

Also shown are the Nye and Raymond "end-member" models, which are 

equivalent to Dansgaard-Johnsen models with h = 0 and h = H, respectively. 

The We data show a remarkably good correspondence with the Morse- 

Waddington model, at least down to 400 meters, although the constrained 

Dansgaard-Johnsen mod4 under-predicts 1; relative to the Morse- 

Waddington model by up to 15%. In principle, we should be able to 

consmin the layer thicknesses at Taylor Dome further by making 10% 11- 

year cyde determinations over additional depth intervals. 

7.6 Refinements 

In the preceding section, I assumed that the accumulation rate was the 

same for each analyzed section of the core. In fact, the different average 

concentration of 10% in each section suggests that accumuiation rates vary 

somewhat. In particular, the Io& concentration in the 320 rn section is about 

20% higher than in the other sections, suggesting that the accumuiation rate 

may have been as much as 20% lower. This assumption gives a minimum 

estimate of the accumulation rate at  320 rn, since the lo% production may 

have been slightly higher (though not by 20%) during the timeperiod 

represented by this section (-9 ka).n 
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As described in Chapter 6, the accumulation rate,&, can be determined 

from the measured We concentrations, PO&], from the relationship 

where x is the concentration in air, and ud and W are the wet and dry 

scavenging coeffiaents, assumed to be constant. Assuming that x remains 

constant throughout the Holocene, we can then calculate relative layer 

thickness from 

where the term Wx - 102 atoms/g is just the concentration of *%e in 

preapitation 

Applying Equation 8 to the lo& data, we find that some improvement is 

made to the match between the Morse-Waddington Bow model and the 

*oBe-constrained Dansgaard-Johnsen model. As shown in Figure 7.8, the 

leastsquares minimization (Eq. 5) now gives h = 280 m; the Morse- 

Waddington model is d d y  approximated by h = 220, which suggests that 

the latter slightly overestimates the A: between 200 and 300 meters. 
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7.7 Discussion 

The proposed metfiod-using the solar-modulation cycle in *OBe 

production to determine the 11-year layer thickness in ice coresdepends 

on two critical assumptions. First, the 11-year cyde period must remain 

constant with time. Second, this cyde must be reflected in the deposition of 

cosmogenic lo& at the earth‘s surface. The results from the Taylor Dome 

core presented in this paper suggest that these assumptions are valid. 

Furthermore, both assumptions could be tested with “%e measurements in 

the GEUP or GISP;! ice cores from central Greenland, which have excellent 

age control and discernible annual layers. At this writing, the necessary 

high-resolution measwements have not been made at these sites. 

At present, the limited amount of data and the preLirmnary nature of 

the ice-flow modeling results preclude us from stating with certainty that 

the proposed method has been validated. It is promising, however, that the 

measured layer thicknesses using the Qe data agree closely with those 

predicted from an independent ice-flow model, and that they correctly 

predict the spectral characteristics of the ECM and 81%) dimate-proxy data. 

On the other hand, the discrepancy between the ice-flow modeling results 

and the lo& resdk senre to illustrate the potentid utility of the method. In 

partiCrriar, it may be important for refining estimates of Iayer thicknesses for 

ice cores where the accumulation rate is too low to preserve discemibIe 

annual layers. 
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Chapter 8 

A PRELIMINARY PALEOUIMATIC INTEPRIXION 
OF T€W'JBE RECORD AT TAYLOR DOME 

In spite of nearly a century cf research, the configuration of the 

Antarctic ice sheet under different dimate regimes is a topic of 

considerable controversy (Kennet and Hodell, 1995). A long-standing 

question is the contribution of Antarctic ice voiume change to eustatic sea- 

level variation, which depends on the relative magnitude of ice-sheet 

expansion at the margin and icesheet thinning in the interior (Meier, 

1993). As discussed in Chapter 2, the Tayior Dome ice core project was 

originally inspired by the need for a local dimate record to complement 

the terrestrial and marine geologic record (Stuiver et al., 1981; CLIMAP, 

19984) in the Western portion of the Ross ice drainage system. The Ross 

Drainage accounts for about 25% of the surface area of the Antarctic ice 

sheet @rewry and Robin, 1983) and from the point of view of global 

paleodimate, is probably the most important area in the Antarctic. W e  

it is premature to consider a comprehensive anaIysis of the paleotlimatic 

significance of the Taylor Come rr?cord--given that there is potential for 

improved dating controi and higher-resolution geochemical analysis-the 

'%e and S " 0  records presented in this dissertation do permit a prehninary 

interpretation Of particular interest is whether the inferences made from 

th glaaal-geologic record of past dimate conditions in the Dry Valleys and 

Transantarctic Mountains are borne out in the Taylor Dome record. 
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According to the terrestrial gfaaal-geologic record, during the sea-level 

Iowstand of the last glacial maximum, about 20,000 years ago, the Ross Ice 

Shelf expanded and became grounded in the lower Dry Valleys. During the 

same period, many Dry Valleys glaaers remained stationary or retreated 

(Stuiver et d., 1981, Denton et d., 1989a, b, Marchant et at, 1994). A strong 

inference of this out-of-phase relationship is that there is increased aridity 

on the polar plateau during times of ice-sheet expansion. Thus, the ice- 

volume increase associated with expansion of the Antarctic ice sheer onto 

the greater land area available during sea level low-stands may be partly 

offset by lower accumulation rates and ice-sheet thinning. 

As illushated in Figure 8.2, the accumulation-rate history inferred 

from East Antarctic cores such as Vostok (Raisbedc et al, 1987; J o d  et al., 

1989) is generally consistent with the giaaal-geologic record, with lower 

accumulation rates corresponding to times of Ross Ice Shelf expansion and 

retreat of alpine and outlet glaciers in the Dry Valleys. Here, I calculate 

accumulation rate by assuming that the We flux ( E )  is constant 

Although changes in atmospheric circulation, 10Be production, and the 

relative importance of wet and dry deposition processes introduce some 

error to the calculation, the required corrections are small relative to the 
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Figure 8.1 Top) Accumulation rate at Vostok, as determined from 
%e concentrations (after Raisbeck et al., 1987). 
Bottom) schematic representation of the gfaaal-geologic 
record from the Dry Valleys and McMurdo Sound (after 
Denton et al., 1989a). 
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farge changes in accumulation associated with major dimate events such 

as glacial-interglacial shifts (Chapter 6). 

A reduction in accumulation during times of icesheet expansion is 

expected from the coider temperatures associated with gIaaal periods 

(Denton et al., 1989a; Jouzel et ai., 1989). However, temperature cannot be 

the only determining factor at Taylor Dome: although the stable isotope 

records at Vostok and Taylor Dome are similar in their overail features 

(Figure 2.8), the accumulation rate histories inferred from '%e 

concentrations are quite different. As shown in Figure 8.2, accumulation 

rates at Taylor Dome during marine isotope stage 2 were about 20% of 

Holocene values, compared with a lowering of 50% in the Antarctic 

interior. During the prominent "Antarctic CoId Reversal" ( A m  Joouzel et 

d., 1595) accumulation rates at Taylor Dome were about 50% of the present 

value; this is a larger change than has been observed elsewhere in 

Antarctica for that period (Lorius et al., 1979; Joouzel, et al., 1995). 

The !arge variations in accumulation rate recorded in the Taylor Dome 

core suggest that during times of ice-sheet expansion, aridity may have 

been locally enhanced by the orographic effects of a grounded ice sheet 

and/or the increased distance to open water. It this interpretation is correct, 

it implies that there should be a delayed response in the Taylor Dome 

record, relative to Vostok, because of the time required for sea level and 

ice-sheet configuration to respond to changing dimate conditions. 
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Figure 8.2 6% (upper) and accumdation rate (lower, relative to the 
average Holocene value) at Taylor Dome. Numbers show 
approximate mid-points of marine isotope stages w d  the 
Antarctic Cold Reversal (ACR) mentioned in the text. 
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Speafically, we expect accumulation rates at Taylor Dome to reflect 

fluctuations in global sea level as well as in temperature. 

Figure 8.3 compares the Vostok and Taylor Dome 1oBe profiles with 

the Taylor Dome 6"O record and the SPECMAP record of average sea-water 

PO ( ~ i i a s  et ai., 19~4; 

derived from benthic foraminifera &*So measurements on multiple deep- 

sea cores, is an accepted proxy for global sea level (Chappd and 

Shaddeton, 1986). Sowers et al. (1993) used the 6180 of 9 in air bubbles in 

the Vostok ice core to place the core on the S P E W  timescale; they 

found that sea level, as recorded in SPECMAP lags global temperature, as 

recorded at Vostok, by severai thousand years. In constnrding Figure 8.3, I 

have calculated a preliminary SPECMAP timescale for the Taylor Dome 

core, following the relationship between the SPECMAP and EGT 

timescales for Vostok (Sowers et al., (1993) and Jouzel et al., (1993) 

respectively). This timescale is in good agreement with that from 

preliminary S1w of 
personal communication). Also shown in Figure 8.3 is the ratio of 'OBe 

concentrations at Vostok and Taylor Dome, which is essentially the Taylor 

Dome/Vostok ratio of accumulation rates. An advantage to using this 

ratio is that it wnnalizes out changes in 10Be production that should be 

n et af., 1987). The SPECMAP record, 

and a results at Taylor Dome (E- J. Brook, 

common to both the Vostok and Taylor Dome records, thereby reducing 

the error in the assumption that 10% concentrations directly reflect 

accumuiation rates. Because of possible remaining errors in the 
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the Taylor Dome/Vostok ratio appears to lag it slightIy, with the 

minimum ratio occuring after 20 ka. It is further notable that the ratio 

between accumulation rates at Taylor Dome and Vostok ratio remains 

relatively constant throughout ail of marine isotope stage 5, suggesting 

that there was no SigIuficant change in configuration of the Ross Ice Shelf 

following stage 5e, in spite of the large drop in temperature and sea level. 

This in turn implies that the Ross Ice Shelf was not substantially more 

retreated during the last integtaaal maximum than it is today, in spite of 

the slightly higher sea levels at that time (Chappell and Shackleton, 1986). 

If correct, this is an important resuit because the behavior of the Ross Ice 

Shelf during marine isotope stage 5e is often treated as an anolog for West 

Antarctic ice-sheet behavior-including possible collapse-under future 

anthropogenic dimate warming scenarios (CLJMAP, 1984; MacAyeal, 

1995). 

In s u n m a r y ,  it appears that the TayIor Dome record supports the 

inferences of Denton and others (1989a; Stuiver et ai., 1981; Marchant et ai., 

1994) as to the climatic conditions in the Dry Valleys/McMurdo Sound 

region during the Quaternary. It further appears that there is promise for 

using the Taylor Dome record as a proxy for seasurface conditions and/or 

Ross Sea icesheet configuration. It will be particularly interesting to 

examine the Holocene portion of the record in some detail, as radiocarbon 

control on glacier and iceshelf margird positions over the last 10,M)O 
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Jouzel, 1979), may provide an independent way to discern changes in sea- 

surface conditions affecting accumulation at Taylor Dome. 



d, A. D. E 
msmic rac 

,uo.Al 
Geochemi 

, C. Tayloi 

now a c w  
1, P. Map 

!7-529. 

ishnan, c 
vfayewski 
loadings i 
lOd€!l-bW 

iandT.N 
ip to aura 

Ray COY 

d short cy 
on and A 
: Variatim 
5,4943. 



Beer, J., G. Bonani, H. F. Hofmann, M. Suter, A. Synal, W. 
Oeschger, U. Siegenthaler and R C. FinkeL 1987. lo& II 

polar ice: comparison of arctic and antarctic records. Nu 
instruments and Methods i% Physics Research B29, 203-' 

Beer, J., U. Siegenthaler, G. Bonani, R C. Finkel, 0. H, M. 
W6LELi. 1988. Information on past solar activity and gec 

h the Camp Century ice core. Nature 331, 675679. 

Beer, J., A. Blinov, G. Bonani, R C. Finkel, H. J. Hofaann 
Oeschger, A. Sigg, J. Schwander, T. Staffelback, 8. S t a d  
W. WoIfIi. 1%. Use of *OBe in polar ice to trace the 11-y 
activity. Nafure 347,164-166. 

Beer, J-, F. Joos, C. Lukaxzyk, W. Made, J- Rodriguez, U. 
R Stellmacher. 19%. 10% as an indicator of solar varia 
dimate. In E. Nesme-Ribes (ed. ), The Solar Engine an 
Terresfrid Atmosphere and C f i m t e .  Berlin, Springer-\ 

Benioff, P. k 1956. Cosmic-ray production rate and mean 
beryllium-7 from the atmosphere. Physics Reviews 104, 

b g i n .  M. H. 1994. Fluxes of chemical species to the G r w  
Summit by fog and dry deposition Gemhimica ef Cos, 
58,3207-3215. 

Bockheh, J. G., S. C Wilson, G. H. Denton, B. G. Andem 
Stuiver. 1989. Late Quaternary icesurface fluctuations 
Glaaer, Transantarctic Mountains. Qunfmrnry Research 

Brasseur, G. and S. Solomon 1984. Aeronomy of the Mi 
Dordrecht, The Netheriands, D. Reidel. 



152 

Bromwich, D. H. and C. R Steams (eds. ). 1993. Anfarcfic Mefeorology and 
Climatology: Studies based on Automatic Weather Sfations. 
Washington, D. C., American Geophysical Union. 

Brook, E. j., M. Kurz, R P. A&-, G. EL Denton, E. T. Brown, G. M. 
Raisbeck and F. Yiou. 1993. Chronology of Taylor Glacier advances in 
Arena Valley, Antarctica, using in situ cosmogenic 3He and loge. 
Quaternary Research 39, 11-23. 

Burg. J- P. 1%7. Maximurn entropy spectral analysis. 37th Meeting of the 
Smiety of Exploration Geophysicists, Oklahoma City. 

Castagnoii, G. and D. Lal. 1980. Solar modulation effects in terrestrial 
production of carbon-14. Radiocarbon 22,133-158. 

Chappell, J- and N. J. Shaddeton. 1986. Oxygen isotopes and sea level. 
Nature 324, 137-140. 

Charison, R J., j. E. L.ovdo&, M. 0. Andreae and S. G. Warren 1987. 
Oceanic phytoplankton, atmospheric sulphur, doud alebdo and 
dimate. Nature 326, 655661. 

CLIMAP Project Members. 1964. The last integlaaal Ocean Quaternary 

Crutzen, P. J. and F. Amold. 1986. Nitric add doud formation in the cold 

Research 21, 123-224. 

Antarctic stratosphere: a major cause for the springtime ozone hole. 
Nature 324, 651654. 

Cunningham, J. and E. D. Waddington 1993. Air flow and dry deposition 
of nonsea salt sulfate in polar fim: paleocbatic implications. 
Afmospheric Environment 27A, 2943-2956. 

Damon, P. E. 1988. Production and decay of radiocarbo n and its modulation 
by geomagnetic Geldsolar activity changes with possible implications for 
global environment in F. R Stephenson and A. W. Wolfendale (eds. ), 



153 

Secular Solar and Gemape t i c  Variations in the Lasf 10,000 Years. 
Kluwer Academic Publishers, 267-285. 

Dansgaard, W. and S. J. Johnsen 1969. A flow model and a time scale for 
the ice core from Camp Century, Greenland. ]oumal of Glaciology 8, 
215-223. 

Davidson, C. I., S. San-, R C. Fortmarin and M. P. OIson 1985. 
Atmospheric transport and deposition of trace elements onto the 
Greenland ice sheet. Atmospheric Enm'ronment 19, 2065-2081. 

Davidson, C. L 1989. Mechanisms of wet and dry deposition of atmospheric 
COntamhank to snow surfaces. In H. Oeschger and C. C. Langway (eds. 1, 
The Enm'ronmental Record in Glaciers and Ice Sheds. New York, John 
Wiley & Sons. 

Davis, J. C., I. D. Proctor, J. R Southon, M. W. Caffee, D. W. Heikkinen, M. 
L. Roberts, T. L. Moore, K. W. Turteltaub, D. e. Nelson, D. H. Loyd and J. 
S. Vogel. 1990. LLNL/UC AMs facility and research program. Nuclear 
lnstrumenfs and Methods in Physics Research B52, 269-272. 

Denton G. €3. and T. J- Hughes (eds). 1981. The Lasf Great Ice Sheets. New 
York, John WiIey & Sons. 

Denton, G. H, J- G. Bockhem . , S. C Wilson and M. Stuiver. 1989a. Late 
Wisconsin and Early Hoiocene Glacial History, Inner Ross Fmbayment, 
Antarctica. Qzuitemary Research 31, 151-182. 

Denton, G. K, J- G. Eackhem ' , S. C. Wilson, J- E. Leide and 8. G. Anderson 
1989b. Late Quaternary icesurface Quctuations of Beardmore Glaaer, 
Transantarctic Mountains. Quaternary Research 31,183-209. 

Denton. G. K, M. L Prentice and L Et. 3urdde. 1991. Cainozoic history of 
the Antarctic ice sheet. In R J. Tiigey (ed. ), The Geology of Antarctica. 
Oxford, aarendon Press, 365-433. 

Deshler, T., k Adriani, G. P. Gobbi, D. J- Hofmann, G. Di Donfrancesco and 
8. J. Johnsen. 1995. Volcanic aerosol and ozone depletion within the 



antarctic polar vortex during the austral spring of 1992. Geophysical 
Rpsenrcfi Letters 19, 1819-1822. 

Dibb, j. E., P. A. Mayewski, C 5. Buck and 5. M. Drummey. 1%. Beta 
radiation from snow. Nufure 345.25. 

Dibb, J. E., L D. Meeker, R C. Finkel, J. R Southon and h4. W. Caffee. 1994. 
Estimation of stratospheric input to the Arctic troposphere: 7Be and loge 
in aerosols at Alert, Canada. Journal of Geuphysical Research 99, 12855- 
12864. 

Bewry, D. J. 1980. Pleistocene bimodal response of Antarctic ice. Nufure 
297,214-216. 

Drewry, D. J. 1982. ice flow, bedrock and geothermal studies from radio- 
e d  sounding inland of McMudo Sound, Antarctica. In C. Gaddock 
(ed. ), Anfarctic Geoscience. Madison, University of Wisconsin, in press, 
977-983. 

Drewry, D. J. and G. Robin. 1983. Form and flow of the Antarctic ice sheet 
during the last million y e w .  In G. Robin (4.1, The Climtzi Record in 
Polm Ice Sheets- Cambridge, Cambridge University Press, 28-38. 

Dunketton, T. 1978. On the mean rneridiod mass motions of the 
stratosphere and mesosphere. journal of the Atmospheric Sciences 35, 
23252333. 

Eddy, f. A. 1988. Variability of the present and ancient sun: a test of solar 
unifOrmitarianiSa In F. R Stephenson and k W. Wolfendale (e&. ), 
SecuLn SoLw mrd Geomagnetic Variations in the hf 20,000 Years. 
Boston, muwa Academic Publishers, 1-23. 

Ehmert, A. 1960. On the modulation of the primary spectrum of cosmic 
rays from solar activity. Pracpedings of the lnfenracionai Conference an 
Cosmic WS 4, 140-152 



155 

Fox, L E., D. R Worsnop, M. S. zahniser and S. C. Woky. 1995. Metastable 
phases in polar stratospheric aerosols. Science 267,351-355. 

Garaa, R R and S. Solomon. 1983. A numerical model of the zonally 
averaged dynamical and chemical structure of the middle atmosphere. 
Journul of Geophysicul Research 88, 1379. 

Gobbi, G. P., T. Deshler, A. Adriani and D. J- Hofmann 1991. Evidence for 
denitrification in the 1990 Antarctic spring stratosphere: 1 Lidar and 
temperature measurements. Geophysical Resenrch Letters 18, 19951998. 

Grootes, P. M. and E. J. Steig. 1992 Taylor Dome ice core' study. Antarctic 
Journal of the United States 27, 57-58. 

Grootes, P. M., E. J- Steig and M. Stuiver. 1994. Taylor Ice Dome study 1993- 
1994: An ice core to bedrock. Anhrctu Journnl of the United States 29, 
79-81. 

Hammer, C U., H. B. C l a m  and H. Tauber. 1986. Ice-core dating of the 
PIeistocene/Holcene boundary applied to a calibration of the '4C 
timescale. Radiocarbon 28, 284-291. 

Harder, S. L. et al. 1996. Filtering of air through snow as a mechanism for 
aerosol deposition to the Antarctic ice sheet. Journal of Geopkyysical 
Resenrch , in press. 

Hartmann, D. L. 1990. Dynamical properties of the Antarctic circumpolar 
vortex inferred from aircraft observations. In k O W d  (ed. ), 
Dynamics, frnnsporf and photchemistry in the middle atmosphere of the 
s o u t h  h i s p h e r e .  Boston, Kluwer Academic Publishers, 117-134. 

Holton, J- R, P. H. Haynes, M. E. Mdntyre, A. R Douglas, R 8. Rood and 
L. Pfister. 19%. Stratospheretroposphere exchange- Rmiews of 
Geophysics , in press. 



I56 

Hoitz, H., G. Rosner and R W M e r .  1991. Correlation of 'Be 
concefitrations in surface air and preapitation with the solar cycle. 
Natunuissenschaften 78, 215-217. 

Ibrahim M., L A. Barrie and F. Fanaki. 1983. An experimental and 
theoretical investigation of the dry deposition of particles to SMW, pine 
trees, and artificial collectors. Atmospheric Environment 17, 781-788. 

Iwasaka, Y. 1986. Descending motion of antarctic stratospheric aerosol layer 
in winter possible effect on stratospheric water vapor budget- Memoir of 
the National Institute for Pokr Research 45, 13-18. 

Jenkins, G. M. and D. G. Watts. 1968. Specfral Analysis and Its Applications. 
San Francisco, HoIden-Day. 

Jouzel, J., L.. MerLivat and C. Lorius. 1982 Deuterium excess in an East 
Antarctic ice core suggests higher relative humidity at the oceanic surface 
during the last glacial maximum. Nature 299, 688-691. 

Jouzel, J., C. Lorius, J. R Petit, C Genthon, N- L Barkov, V. M. Kotlyakov 
and V. M. Petrov. 1987. Vcstok ice core: a continuous isotope 
temperature record over the last climatic cyde (160,oc10 years). Nature 
329,403-407. 

Jouzel, j-, G. Raisbeck, J. P. Bemist, F. Yiou, C. Lorius. D. Raynaud, J. R 
Petit, N. L Barkov, Y. S. Korotkevitch and V. M. Kotlyakov. 1989. A 
comparison of deep Antarctic ice cores and their implications for diaate 
between 65,OOO and 15,OOO years ago. Quat. Res. 31,135-150. 

Jouzel, J., N. I. Barkov, J. U Barnola, M. Bender, J- Chappellaz, C. Genthon. 
V. M. Kdyakov, V. Lipenkov, L C, J. R Petit, D. Raymud, G. Raisbedc, 
C. Kitz, T. Sowers, M. Stievenard, F. Yiou and P- Eou 2993. Extending 
the Vostok ice-core record of palaeoclimate to the penulitmate glacial 
period. Nature 364,407412 



157 

Jouzel, J., R Vaikmae, J. R Petit, U Martin, D. Y, M. Stievenard, C. Lorius, 
M. Toots, M. A. M&&res, L. I-€ Burdde, N. I. Barkov and V. M. 
Kotlyakov. 1995. The twostep shape and timing of the last deglaaation 
in Antarctica. Climate Dynamics 11, 151-161. 

Kakegawa, H., T. Yasunari and T. Kawamura. 1986. S e a ~ o ~ l  and intra- 
seasonal fluctuations of polar anticyclone and circumpolar vortex over 
Antarctica. Memoir of the N a f i m l  Institute /Or Polar Research 45, 19- 
29. 

Kennet, 1. P. and D. k Hodell. 1995. Stability or instability of Antarctic Ice 
sheets during warm dimates of the Pliocene? GSA Today 5,l-22. 

Lab D. and B. Peters. 1962 Cosmic ray produced isotopes and their 
application to problem in geophysics. In J. G. Wilson and S. A. 
Wouthuysen (eds. ), Progress in Elementary Purtick and Cosmic R q  
Physics. Amsterdam, North-Holland, 1-74. 

Lal, D. and 8. Peters. 1967. Cosmic ray produced radioactivity on the earth. 
Handbuch der Physik46, 551-612. 

Lal, D. 1987.loBe in polar ice: data reflect changes in cosmic ray flux or 
polar meteorology. CeophysiCnr Research Mfers 14, 785-788. 

Lal, D. 1988. Theoretically expeaed variations in the terrestrial cosmic-ray 
production rates of isotopes. in G. C Castagnoli (ed. ), r n t m t i o n d  
S c h I  of Physics "Enrico fmi'. Varenna SUI Lago di Como, North- 
Holland, 216-233. 

Legrand, M. 1987. Chemistry of Antarctic Snow and Ice. Jmntrrl de 
Plrysique, Colloque CI 48, 77-86. 

Libby, W. F. 2946. Atmospheric helium three and radiocarbon from cosmic 
radiation Physics Rtmkvs 69, 671472. 

Licht, K. J., A. E. Jennings, J. T. Andrews and K. M. Williams. 1%. 
Chronology of the iate Wisconsin ice retreat from the western Ross Sea, 
Antarctica. Geology, in press- 



158 

Is. 

npe 

c. c. 
rfs. 

he 
137. 

L. s. 

1 of 
re 

L. 

et 



159 

Martinson, D. G., N. G. Pisias, J. D. Hays, j. Imbrie, T. C. Moore Jr. and N. J. 
Shackleton 1987. Age dating and the orbital theory of the ice ages: 
development of a high-resolution 0 to 300,000-year duonostratigraphy. 

Mayewski, P. A, L. D. Meeker, S. Whitlow, M. 5. Twidder, M. C. Momsos, 
P. Bloomfield, G. C. Bond, R B. AUey, k J. Gow, P. M. Grootes, D. A. 
Mees, AL Ram, K. C Taylor, W. Wwnkes. 1994. Changes in 
atmospheric ckculation and Ocean ice cover over the North Atlantic 
during the last 41,000 years. Science 263,1747-1751 

Quat. Res. 27,l-27. 

Mazaud, A, C. Laj and M. Bender. 1994. A geomagnetic dvonoIogy for 
Antarctic ice accumulation. Geophysical Research Letters 21, 337-340. 

McCorkell, R, E. L. Fireman and C C. Langway Jr. 1967. Muminurn-26 and 
beryllium-10 in Greenland ice. Science 158,1690-1692. 

McHargue, L. R and P. E- Damon 1991. The global beryllium-10 cyde. 

McHargue, L R, P. E. Damon and D. f. Donahue. 1995a. Enhanced cosmic- 

Reviews of Geophysics 29, 141-158. 

ray production of 
geomagnetic excursions. Geophysical Resenrrh leftm 22, 659-662. 

McHargue, L. R, P. E. Darnon and D. J. Donahue. 1995a. Confirmation of 

coincident with the Mono Lake and Laschamp 

the ca. 60 kyr beryllium-10 anomoly? EOS Transncfions 76, F686. 

Meier, M. F. 1993. Ice, dimate and sea Ievel; do we know what is 
happening? In W. R PeItier (ed. ), Ice in the Cfimfe System. Berlin, 
Springer-Vedag, 141-160. 

Merlivat, L and J. JouzeL 1979. Global dimatic interpretation of the 
deuterium-oxygen 18 relationship for precipitation Journnl of 
Geophysical Research 84, 5029-5033. 

Menill, €7. T. and M. W. McElhinny. 1983. The Eurfh’s Mu@ Fief& Its 
History, Ongin, m d  Pknxetay Perspective. London, Academic Press. 



160 

Meyer, P. and J. k Simpson. 1955. Changes in the low-energy partide 
cutoff and primary spectrum of cosmic radiation. Physics Reoiavs 99, 
1517-1523. 

Middleton, R, L Brown, D. Dezfody-Arjomandy and I. Klein 1993. On 
la& standards and the half-life of *OBe. Nuclear instruments and 
Methods in Physics Research B82, 399-403. 

M o M ~ ~ M ,  M. C. 1987. Greenland ice l O B e  concentrations and average 
precipitation rates north of 40"N to 45W. Eurth and Pfanefa y Science 
Lett= 84,197-203. 

Morse, D. L. and E. D. Waddington 1992 Glades geophysical studies for an 
ice-core site at Taylor Dome: Year two. Anarctic [ournal of the United 
States 27,5961. 

Morse, D. L. 1996. University of Washington PhD. thesis, in preparation. 

Nilsson, E. 1961. The Younger Dryas age. Uppsula University Geological 
InsfirUte B 40,375-383. 

NRC. 1994. Cosmic Ray NM-64 Neutron Monitor Dah. Ottawa, Herzberg 
Institute of Astrophyics, National Research C o m d  of Canada (NRC). 

OBrien. K. and G. Burke. 2973. Calculated cosmic ray neutron monitor 
response to solar modulation of gaiactic cosmic rays. Joumal of 
Geophysicuf Research 78, 3013-3019. 

O'Brien, K. 1979. Secular variations in the production of cosmogenic 
isotopes in the Earth's atmosphere. Journal of Geophysicnl Research 84, 
42341. 

OBrien, K, A. Lerner, M. A. Shea and D. F. Smart. 1991. The production of 
cosmogenic isotopes in the Earth's atmosphere and thei- inventories. In 
C. P. Sonnet, M. '3. Giampapa and M. S. Matthews (A. ), The Sun in 
Time. Tucson, University of Arizona Press. 



161 

Oexhger, H. and J. Beer. 1990. The past so00 years history of solar 
modulation of cosmic radiation from I O B e  and 14C studies. Philosophical 
Transactions of the Royal Society of London A 330, 471-480. 

Oeschger, I%, J. Beer and M. Andree. 1987.1oBe and 1% in the earth system. 
Philosophical Transactions of the Royal Society of London A 323, 45-56. 

Ohno, U and Y. Hamano. 1992. Geomagnetic poles over the past 10,000 
years. Geopfiysual Research Letters 19, 1715-1718. 

Olson, I. U. 1970. Radiocabron variations and absolute chronology. New 
York, John Wiley & Sons. 

Paterson, W. 5. B. 1983. The Physics of Glaciers. New York, Permagon 
Press. 

Pavich, M. P., L. Brown, J. Klein and R Middieton 1984. loge 
accumulation in a soil duonosequence. Earth and Planefary Science 
Letters 68,198-204. 

Pearson, G. W. and M. Stuiver. 1986. High-precision calibration of the 
radiocarbon time scale, 500-2500 E?€. Radiocarbon 28,839-862. 

Pearson, G. W., J. R Pilcher, U L W e ,  D. M. Corbett and F. Qua. 1986. 
High-precision 14 C measurement of Irish oaks to show the natural 14 
C variations from AD 1840.5210 BC. Radiocarbon 28,911-934. 

Pisias, N. G., D. G. Martinson, T. C. Moore, N. J. Shackleton, W. Prd ,  E€ J. 
and B. Boden 1984. High resolution stratigraphic correlation of benthic 
oxygen isotopic records spanning the last 300,OOO years. Mar. Geol. 56, 
119-136. 

Polissar, P. 1995. 70-Be and 36-Cl in fhe Taylor Dame Ice Care: Clues to 
Antarctic Glacier and Climate Dynarnus. Hampshire College. B.A. 
Thesis. 



162 

Raisbeck, G. M., F. Yiou. M. Fruneau and J. M. Loiseaux. 1978. Beryllium-10 
mass spectrometry with a cyclotron. Scipnce 202,215-217. 

Raisbeck, G. M. and F. Yiou. 1981. Cosmogenic 10&/78e as a probe of 
atmospheric transport processes. Geophysical Research Lrfters 8,  1015- 
1018. 

Raisbeck, G. M., F. Yiou, M Fruneau, J. M. Loiseaux, M. Liuevin, J. C- 
Ravd and c. bnus. 1981. Cosmogenic lo& concentrations h Antarctic 
ice during the past 30,000 years. Nufure 292,825-826. 

Raisbeck, G. M and F. Yiou. 1985. %e in polar ice and atmospheres. 
Annals of GInciology 7, 138-140. 

Raisbeck, G. M, F. Yiou, D. Bourles, C h i u s ,  J. Jouzel and N. 1. Barkov. 
1987. Evidence for two intervals of enhanced 10% deposition in 
Antarctic ice during the last glaaal period. Nature 326,273 - 277. 

Raisbedc, G. M., F. Yiou, J. JouzeI and J. R Petit 199O.lOBe and ij2H in polar 
ice cores as a probe of the solar variability's influence on dimate. 
PhiZosophical Transactions of the Royal Sociefy of London A330, 463-470. 

Raisbeck, G. M, F. Yiou, J. J o d ,  J. R Petit, N. I. Barkov and E. Bard. 1992. 
deposition at Vostok, Antarctica, during the last 50,OOO years and its 

relationship to possible cosmogenic production variations during this 
period. In E. Bard and W. S. Broecker (eds. ), The Last DeglaciPrion: 
Absolute and Radiocarbon Chronologies. Berlin, Springer-Verlag, 127- 
139. 

Raisbeck, G.  M., F. Yiou a n d  S. Z m u .  1994. Palaeointensity puzzle- 
Nature 371, 207-208. 

Rasrnussen, A. 1991. Piecewise integral splines of low degree. Cornpiers 6 
Geosciences 17, 12551263. 



163 

Raymond, C. 1983. Deformation in the vicinity of ice divides. joumaf of 
GlacioZogy 29, 357-373. 

Reeh, N. 1989. Dating by ice flow modeling: a useful tool or an exercise in 
applied mathematics? In H. Oeschger and C. C. Langway (e&. ), The 
Enmronrnenfaf Record in Glaciers and Ice Sheets. New York, John 
Wdey, 141-159. 

Robin, G. de Q. 1977. Ice cores and climatic changes. Philos. Transactions of 
the R. S~ciety  of London, SIT. B 280, 143-168. 

Rodof ,  K H. 1995. Seasonal cyde of the residual mean meridional 
circulation in the stratosphere. Iournal of Geophysicnf Research 100, 
5173-5191. 

Rudstam, G. 1966. Systematics of spallation yields. 2. Naturforsch A 21, 
1027-1a30. 

Santee, M. L, W. G. Read, J. W. Waters, L. Froidevaw, G. L. Manney, D. A. 
Flower, R F. Jarnot, R S. Harword and G. E. Peckham. 1995. 
Interhemispheric differences in polar stratospheric m03, HzO, C10, 
and a. Science 267,849-852 

pdeomagnetic stratigraphy of equatorial Pacific core V2.8-238: oxygen 
isotope temperatures and ice volumes on a 105 and 106 year s d e .  
Quafernary Resuach 3,  39-55. 

Shackleton, N. J. and N. D. Opdyke. 1973. Oxygen isotope and 

Shaw, G. E. 1989a. Aerosol transport from sources to ice sheets. In H. 
Oeschger and C C. Langway (eds. ), The Enoirmmenfal Record in 
Glaciers and k e  Sheets. New York, John Wiley & Sons, 13-27. 

Shaw, G. E. 1989b. Antarctic aerosols: a review. Renipws of Geophysics 26, 
89-ll2. 



Silkberg, R and C. H. Tsao. 1973. Partial aoss sections in high-energy 
nudear reactions, and astrophysical applications, I. Targets with Z<=28. 
Astrophysical Journal Supplement Series 25, 315-330. 

S h p ~ ,  J. k and W. C. Fagot. 1953. Properties of the lowsnergy 
nudeaonic component at large atmospheric depths. Physics Reviews 90, 
1068-lOn. 

Simpson, J. A., W. Fonger and S. 8. Treiman. 1953. Cosmic radiation 
intensity-time yariations and their origin. 1. Neutron intensity 
variation method and meteorological factors. Physics Rm'ews 90,934- 
950. 

Soberman, R K. 1953. High altitude cosmic ray neutron intensity 
variations. Physics Rmiews 102, 1399-1409. 

Soderblom, D. R 1988. The sun among the stars: what stars indicate about 
solar variability. In F. R Stephenson and A. W. Wolfendale (e&. ), 
Secular Solar and Geomagnetic Vuriafions in the Last 20,000 Years. 
Boston, Kluwer Academic Publishers, 25.Ls. 

Solomon, S. 1990. Nitrogen chemistry in Antarctica: A brief review. In A. 
ON& (ed. ), Dynnmics, Transport and Photochemistry in the Middle 
Ahnosphere of the Soufhern Hemisphere. London, Kluwer Academic 
Publishers, 191-201. 

Somayajulu, B. L. K, P. Sharma, J. Beer. G. Bonani, H. J. Hofmann, E. 
Morenzoni, M. Nessi, M Suter and W. Wolfii. 1984.lOEk annual 
fallout in rains in india. Nuclear Instruments and Methods in Physics 
Research B5, 398403. 

Sonett, C. P., S. A. F m y  and C R Williams. 1988. The lunar orbit in the 
late Precambrian and the Elatina sandstone laminae. Nature 335,806- 
w. 

Southon, J. R, M. W. caffee. J. C- Davis, T. L Moore, I. D. Prodor, B. 
Schumacher and j. S. Vogd. 1990- The new LLNL AMs spectrometer. 
Nuclear Insfmments and M e t h i s  in Pfnfsics Research BS2, 301-305. 



165 

Sowers, T. and M. Bender. 1995. Climate records covering the last 
degIaaation Science, 289, 210-214. 

Sowers. T., M Bender, L. Labeyrie, D. Martinson, J. Jouzel, D. Raynaud, I. J- 
Pichon and Y. S. Korotkevich. 1993. A 235,000-year Vostok-SPECMAP 
common temporal framework. Paleoceanography 8, 737-766. 

Steig, E. J., P. j. Polissar and M. Stuiver. 1995. Cosmogenic isotope 
concentrations at TayIor Dome, Antarctica. Antarctic loumaf of the 
United States , in press. 

Steig, E. J., P. J. Polissar, M. Stuiver, P. M. Grootes and R C. Finkel. 1996. 
Large amplitude sofar modulation cycles of %e in Antarctica: 
implications for atmospheric mixing processes and interpretation of the 
ice core record. Geophysicul Reseurch Letters , in press. 

Stephenson, F. R and D. H. Clark. 1978. Appficntirms of Early 
Astronomical Records. BristoI, U. K., A. Hilger. 

Stuiver, M. and G. W. Pearson 1986. High-precision calibration of the 
radiocarbon time scale, AD 1950-500 BC. Rudiocarbon 28,805-838. 

Stuiver, M, G. H. Denton, T. J- Hughes and j. L. Fastook 1981. History of 
the marine ice sheet in West Antarctica during the last  giaaation, a 
working hypothesis. In G. H. Denton and T. H. Hughes (eds. ), The Lasf 
Greuf Ice Sheets. New York, Wiley-Intersaence, 319-436. 

Stuiver, M, T. F. Bradunas, B. Bedret and 8. Kromer. 1991. Uimatic, solar, 
oceanic, and geomagnetic influences on Late-giaaal and Holocene 
atmospheric 14c/*2c change. Quafmroy Research 35, 1-24. 

Stuiver, M., T. Braziunas and P. Grootes. 1995. The GISP2 6% dimate 
record cf the past 16,500 years arid the role of the sun, ocean, and 

Thompson, L. G. and E. Mosley-Thompson. 1982 Spatial distribution of 

~01canoe~. Q u p t m r j (  RLsenrCh 44, 341-354. 

micropartides within Antarctic snow-fall. Annals of G&nCiobgy 3,300- 
373. 



166 

Toon, 0. B., P. Hamill, R P. Turco and J. Pinto. 1986. Condensation of 
HN03 and HC1 in the winter polar stratospheres. Geophysical Research 
Letters 13,1284-1237. 

Tric, E., J. -P. Valet, P. Tucholka, M. Paterne, L Labeyrie, F. Guichard, I, 
Tawe and M. Fontugne. 1992. Paleohtensity of the geomagnetic field 
during the last 80,000 years. Journal of Geophysical Research 97, 9337- 
9351. 

Vomel, H, S. J. Oltmans, D. J. Hofman. T. Deshler and J. M. Rosen 1995. 
The evolution of the dehydration in the Antarctic stratospheric vortex. 
[oumal of Geophysical ResenrcA 100, 13,919-13,926. 

Waddington, E. D., D. L Morse, P. M. Grootes and E. J. Steig. 1993. The 
connection between ice dynamics and pateodimate from ice cores: a 
study of Taylor Dome, Antarctica. fn W. R Pelt ie  (ed. ), ice in the 
Climate S y s f m .  Berlin, Springer-Verlag, 499-516. 

Waddington, E. D. and D. L. Morse- 1994. Spatial variations of local dimate 
at Taylor Dome: implications for paleodimate from ice cores. Annals of 
Glaciology 20, 219-225. 

Waddington, E. D. Where are we going? The ice-core paleodimate inverse 
problem In Wolff, E. W. and R C. 3aIe5 (e&.), Processes of chemical 
exchange befwem the atmosphere and polar mow. Springer-Verlag, 
Berlin, in press. 

Wahten, M. 1994. ‘Ek and W e  in filters from stratospheric air and in mid- 
latitudes. Upubiished manuscript. 

Wayne, R P. 1991. Chemistry of afmospkes. Oxford, Claredon Press. 

Weeks, R J., C. Laj, L Endignoux, A. Mazaud, L Labeyrie, A. P. Rolws, C. 
Kissel, E. Blanchard. 1995. Normalized natural remanent magnetisation 
intesity during the iast 240,000 years in piston cores from the central 
North Atlantic Ocean; geomagnetic field intesnsity or environmental 
signal? Physics of the Earth and Planetary Interiors, 87,213-229. 



167 

eertman, 8. R 1993. h&rpretafion of ice sheet sfrafigruphy: a radnr-echo 
sounding study of the Dym Plateau, Antarctica. University of 
Washington Ph.D. thesis. 

illiams, 6. E. 1981. Sunspot periods in the late Precambrian glacial 
dimate and solar-planetary relations. Nafure 291, 624-628. 

syulenis, R, V. Yu, L. Yu and 8. I. Styro. 1974. Argon spallation yields of 
cosmogenic radioisotopes. in ed. Proceeding of the All-Union 
Confmmce on Nuclear Meteorology. Olrninsk. 

JU, F.. G. M. Raisbedr, D. Bourles. C. Loriw and N. L Barkov. 1985. '%e 
in ice at Vostok Antarctica during the last climatic cyde. Nature 316, 
616-617. 



VITA 

Eric 3. Steig 

M.S. 1992. University of Washington, SeattIe. WA 
Measurement of Carbon Isotopes in Ice Cores 
h4inze Stuivet (advisor) 

B.A. 1988. Hampshire College, Amherst, MA 
Reconstructing the Granite Question 
John €3. Reid, Jr. (advisor) 


	ListofFi guIes
	ListofTabl es
	chapter 1 introduction
	Geochemical and Geophysical Studies at Taylor Dome
	Extraction and analysis of %e in polar ice
	Chapter
	ice accumulation rates

	Chapter
	thidcness2sinicecores

	record at Tayior Dome
	Referencescikd
	Map of the Antarctic continent
	Map of the Taylor Dome area

	Stable isotope profiles in snow pits at Taylor Dome
	Automatic weather station data at Taylor Dome

	Profiles of Q, Na and 10Be in the Taylor Dome deep core
	Profiles of Ea 6180 of Ot and a in the Taylor Dome deep core
	Depth-age scale for the Taylor Dome deep core
	Stable isotope profiles a: Taylor Dome and Vostok
	Elution patterns for beryllium and boron
	Star production rate as a function of latitude and altitude
	Estimated temporal variations in isotope production rates

	Schematic modd of atmospheric mixing with respect to We
	Cddated lo& concentration in the polar stratosphere

	Calculated We concentration in the polar troposphere
	radiation profiles at Taylor Dome

	concentrations at Taylor Dome 1920 -
	Comparison of predicted and measured lo& production
	Sensitivity of the 1% flux to changes in the cosmic ray flux
	6D and lo& at Vostok
	6% and lo& at Taylor Dome


	flux at Taylor Dome versus accumulation rate
	Accumulation rates at Taylor Dome for different values of W
	atTayior Dome
	Taylor Dome

	Frequency spectrum of the surface (0 - 10 meter) *%e data
	Wave number for the 1% data in Figure
	the Taylor Dome core

	Frequency spectra for 1% and ECM at Taylor Dome
	Schematic representation of Dansgaatd-Johnsen flow mode1
	Refined layer thickness estimates at Taylor Dome
	accumulation rate
	glad-geologic history

	and accumulation rate at Taylor Dome 0 - 130 ka
	global ice-voiume/sea-level curve
	Modem accumulation rates at Taylor Dome
	thestandard timescale
	data horn the Taylor Dome 1993 1994 deep core

	High-resolution '*Be data at Taylor Dome
	Miscellaneous snow pit and core data at Taylor Dome
	Taylor Dome


