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University of Washington
Abstract

Beryllium-10 in the Taylor Dome Ice Core:
Applications to Antarctic Glaciology and Paleoclimatology

by EricJ. Steig

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

An ice core was drilled at Taylor Dome, East Antarctica, reaching to
bedrock at 554 meters. Oxygen-isotope measurements reveal climatic
fluctuations through the last interglacial period. To facilitate comparison
of the Taylor Dome paleoclimate record with geologic data and results
from other deep ice cores, several glaciological 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 calculation 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 accumulation-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 results 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 Taylor Dome, taking into
account remaining uncertainties in production rates, deposition
mechanisms, and atmospheric mixing processes. A preliminary
interpretation of the accumulation-rate record indicates that climate
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 can be used to provide new constraints on
regional climate over the last 130,000 years, complementing the terrestrial
and marine geologic record from the Dry Valieys, Transantarctic

Mountains and western Ross Sea.




TABLE OF CONTENTS

Page

Listof FIguIes . . ... .ot e i
Listof Tables. . ... ... ... i e iv
Chapter 1 Introducton . ... 1
Chapter 2 Geochemical and Geophysical Studies at Taylor Dome . . . . .. 6
Chapter 3 Extraction and analysis of Be in polarice................ 27
Chapter 4 Can we use 0Be to solve the inverse problem in ice-

core paleoclimatology? ... ... ... ... ... 50
Chapter 5 Estimation of the stratospheric fraction of 9Be in the

polartroposphere. .. ..... .. ... ... .. 80
Chapter 6 ' On the relationship between 19Be concentrations and

iceaccumulationrates............. ... ... L 96
Chapter 7 On the use of 19Be to determine annual-layer

thicknessesinicecores ... .............. ... oiiiian... 115
Chapter 8 A preliminary paleoclimatic interpretation of the 10Be

record atTaylorDome........... ... ... .o il 139
References Cited . ........ .. ... e 150




LIST OF FIGURES

Number

2.1
2.2
23
24
2.5
2.6
27
2.8
3.1
4.1
4.2
43
44
4.5
5.1
52
53

54

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 §180, NOs and 10Be in the Taylor Dome deep core

Profiles of ECM, 5180 of Oy, and CHy in the Taylor Dome deep core . 19

Depth-age scale for the Taylor Dome deep core

Stable isotope profiles at Taylor Dome and Vostok

Elution patterns for beryllium and boront

Star production rate as a function of latitude and altitude
Estimated temporal variations in isotope production rates
Schematic model of atmospheric mixing with respect to 19Be
Calculated 10Be concentration in the polar stratosphere
Calculated 0Be concentration in the polar troposphere

§180 and P radiation profiles at Taylor Dome . .. .................. 82
10Be concentrations at Taylor Dome, 1920 - 1994

10Be at Taylor Dome and Dye 3, 9 13 year bandpass filtered

Comparison of predicted and measured 9Be production




Sensitivity of the 10Be flux to changes in the cosmic ray flux

3D and 10Be at Vostok

5180 and 0Be at Taylor Dome

10Be flux at Taylor Dome versus accumulation rate

Accumulation rates at Taylor Dome for different values of W . ...

Maximum and minimum estimates of accumulation rates
at Taylor Dome

High-resclution 19Be data from firn and ice cores
at Taylor Dome

Frequency spectrum of the surface (0 - 10 meter) °Be data
Wave number for the 0Be data inFigure 7.1 .. ................. 122

Annual layer thickness as a function of depth in
the Taylor Dome core

Frequency spectra for 1%Be and ECM at Taylor Dome
Schematic representation of Dansgaard-Johnsen flow model
Refined layer thickness estimates at Taylor Dome

Layer thicknesses at Taylor Dome, corrected for
accumulation rate

Accumulation rates at Vostok compared with Dry Valleys
glacial-geologic history

80 and accumulation rate at Taylor Dome, 0 - 130 ka

19Be at Taylor Dome and Vostok, compared with the SPECMAP
- global ice-volume/sea-level curve .




LIST OF TABLES

Number

2.1
22

3.1
32
33

6.1

Modern accumulation rates at Taylor Dome

Matches between Taylor Dome and Vostok used in constructing
the standard timescale

10Be data from the Taylor Dome 1993 - 1994 deep core
High-resolution 10Be data at Taylor Dome
Miscellaneous snow pit and core data at Taylor Dome

Comparison of accumulation rates and 1%Be concentrations
at Taylor Dome




ACKNOWLEDGMENTS

I wish to express my gratitude to the members of the supervisory
committee—Minze Stuiver, Pieter Grootes, Alan Gillespie, Steve Porter
and Ed Waddington—for their support and constructive criticism, and for
giving me the opportunity to work in the polar regions. Special thanks are
due Alan for his thorough review of the manuscript.

Many thanks are due my friends and colleagues at the University of
Washington, especially Juliet Crider, Paul Bierman, Christine Massey,
Doug Clark, Yann Merrand and Bruce Weertman.

Travis Saling, Paula Reimer and Phil Wilkinson of the Quaternary
Isotope Lab provided a generous atmosphere and important technical
advice and support. I learned much from Pratigya Polissar (Hampshire
College) who provided excellent support as an undergraduate supervisee
in the fall of 1994

On behalf of myself and Pieter Grootes, [ want particularly to thank Ed
Waddington and David Morse, who were responsible for geophysical
aspects of the Taylor Dome project, for their hard work and enthusiasm in
the field. Without their efforts, and that of countless military and civilian
Antarctic support personnel and the staff of the Polar Ice Coring Office, this
project would not have been possible.

Thanks to Robert Finkel at Lawrence Livermore National Laboratory
and to Susan Harder, University of Washington, for getting me started on
the sample preparation for 'Be, and to John Southon, Mark Caffee, Tom
Brown and Lennox Harris for enjoyable night-watches together at the
CAMS accelerator.

Finaily, I wish to thank my undergraduate advisors at Hampshire
College, John Reid and Herbert Bernstein, for their continuing support and
interest in my work.

This thesis was supported by a grant through the Office of Polar
Programs at the National Science Foundation and by a Department of
Energy Pre-Doctoral Fellowship in Global Change.




This thesis is dedicated to my parents: to my mother, Katharine, for
holding back the tide of destruction and development which threatens the
wilderness places where I gained the inspiration to become an earth
scientist; and to my father, Michael, for his undying support and for
instilling in me a passion for intellectual inquiry.




Chapter 1
INTRODUCTION

Cosmogenic isotopes—those elements produced in nature by cosmic
radiation—have become one of the most important tools in the earth
sciences in the last few decades. Applications range from the dating of
geomorphic surfaces and the study of soil development and erosion, to the
study of geomagnetic field variations and the reilationship between solar
activity and climate. Virtually 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
produétion over time comes from the measurement of 14C concentrations

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

discussions of cosmogenic isotopes, radiocarbon (}4C) was actually the first
such isotope to be detected (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 14C variations (e.g. Pearson et al., 1986; Pearson
and Stuiver, 1986; Stuiver and Pearson, 1986) which shows = 10 %
variation over the last 15 ka, generally interpreted to reflect changes in
global production rates resulting from changes in the geomagnetic dipole
moment (Olson, 1970; Damon, 1988; Stuiver et al., 1991).

As a proxy for isotope production, the radiocarbon record is
complicated by two factors. First, because HC is globally mixed in the




atmosphere, the 14C record contains no information about the latitude
dependence of production-rate variations. The 14C record cannot be used to
distinguish changes in geomagnetic field strength, which have the greatest
effect at the equator, from changes in solar 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 14C from
different carbon reservoirs in response to changes in climate.

It was these difficulties with the use of 14C to determine production-
rate variations which in part motivated the measurement of 1%Be in
marine sediment cores and in ice cores from polar regions. Unlike 1C,
which exists in the atmosphere primarily as 14CO7, 19Be becomes attached
to aerosol species such as sulfate and is rapidly removed from the
atmosphere. There is no rapid exchange of 19Be among different reservoirs
such as the ocean and biosphere. The record of cosmogenic isotope
production in 9Be deposited at the earth’s surface is therefore less
attenuated than that of 14C in tree rings or similar media.

The earliest measurements of 1Be in polar ice were made by
McCorkell et al. (1967) in Greenland in the late 1960's, and the first long
records were obtained by Raisbeck et al. (1981) from an ice core at the Soviet
Antarctic station, Vostok. From this work, it quickly became apparent that
incomplete knowledge of atmospheric circulation patterns and aerosol
deposition mechanisms, as well as glaciological questions such as the
accurate dating of ice-cores, precluded a simple relationship between 10Be

concentrations in ice cores and production rates in the atmosphere.




Somewhat ironically (given the original motivations for the research) it is
now recognized that “the observed variations in 1%Be concentrations in ice
cores are primarily due to climatic changes and not to changes in
production rate.”! Indeed, a defensible argument can be made that at
present our knowledge of solar and geomagnetic variation (from, for

example, the 14C record) is more robust than our understanding of ice-core

chemis&y. 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 discipline of cosmogenic isotope research,
but also to glaciology, the atmospheric sciences, and paleoclimatology.

In the chapters which follow, I present data on 19Be variations in a
series of firn and ice cores drilled at Taylor Dome, East Antarctica, as part of
a glaciology/ paleoclimatology project 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 gladal 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 ‘faylor Dome, and describe
preliminary geophysical and geochemical results, including relevant data
from other researchers who have been-involved with the Taylor Dome
project. 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 [ seek to establish a framework for the use of 19Be as tool in




glaciology and paleoclimate research. In Chapter 4, I develop and use a

simple conceptual model to evaluate the effect of variations in production-

rate and of atmospheric circulation on the net input of 1¥Be to the
Antarctic polar atmosphere. Chapter 5 addresses empirically one of the
problems brought up in Chapter 4—determining the transport of 9Be
from the low-latitude stratosphere to the polar troposphere—by taking
advantage of the latitude-dependence of solar modulation on %Be
production rates. In Chapter 6, I discuss the relationship between 0Be
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 19Be 11-year solar modulation cycle as a
stratigraphic tool. Finally, Chapter 8§ combines the results of the preceding
chapters to develop a preliminary paleoclimatic interpretation of the

Taylor Dome ice core.




Notes to Chapter 1

1. Lal (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 0Be
measurements were made than originally expected and the 36Cl work
planned in our 1994 NSF proposal in still 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 credit for the 3Cl work and
many of the 10Be analyses.




The original impetus {of The Last Great Ice Sheets] was to present a straightforward ice-
sheet reconstruction in three dimensions ... as input for a family of numerical modeling
experiments of the ice-age atmosphere in global circulation models. However, it soon
became evident that a unique reconstruction cannot now be made because the areal extent
and paleoglaciology 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 TAYLOR DOME

2.1 Introduction

First identified by Drewry (1980; 1982), Taylor Dome3 is actually a
narrow ridge, about 80 km long by 20 km wide, just inland of the
Transantarctic Mountains in East Antarctica (Figure 2.1). 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 Glacier 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 glacial-stratigraphic history of McMurdo Sound and the Dry
Valleys. Much of this work was published in the volume, The Last Great
Ice Sheets (Denton and Hughes, 1981) and several papers in a spediat issue
of Quaternary Research (Bockheim et al., 1989; Denton et al., 1989a, b). The
radiocarbon-dated giacial geologic evidence showed that, during the last
gladial maximum—prior to about 13,000 radiocarbon years before
present—the Ross [ce Shelf expanded to fill much 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
location of ice-free bedrock.




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 small alpine glaciers, were in

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

lower sea level during the last glacial maximum (LGM, or marine isotope

stage 2) permitted expansion of ice onto newly-exposed continental shelf,
the cold, dry ice-age climate also meant reduced accumulation rates,
possibly resulting in ice sheet thinning in the interior of the continent.t
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
Valley, Stuiver et al. (1981) showed that Glacial Lake Washburn (present-
day Lake Bonney), dammed by the expanded Ross Ice Shelf ice, reached a
high-stand at or near the LGM. Recent work shows that Lake Vanda (ir
Wright Valley) also expanded, with a high-stand near 10,000 radiocarbon
years B.P. (B. Hall, personal communication), near the time of the
northern-hemisphere Younger Dryas (Nilsson, 1961; Alley et al., 1993}.
This seeming inconsistency has been attributed to the insulating effect of
fresh, high-albedo snowfall, which may limit ablation of ice-surfaces in the
Dry Valleys. If greater aridity at the LGM led to dirty low-albedo surfaces,
susceptibility to melting during the brief austral summer may have
increased {Denton et al., 1989a). This explanation, however, is somewhat




ad hoc and is representative of the kind of problem for which independent
climate records may be useful.

A major advance for Antarctic gladology was the recovery and analysis
of deep ice cores from the Antarctic interior. Results from these cores®
confirmed many of the paleoclimate 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 well inland on the
polar plateau, and relate only indirectly to paleoclimate in coastal regions.
The complex glacial geologic history in the Ross ice drainage system
suggested the need for a local record of climate. Taylor Dome was a natural
choice both for its proximity to McMurdo Sound and because of the .
potential for relating geophysical measurements at Taylor Dome with the

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

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

2.2 Selection of a drilling site at Taylor Dome.

Selection of the drilling site at Taylor Dome (Figure 2.2) was based on a
variety of considerations. In our first two field seasons (1990-91, 1991-92),
web-set up a strain net, oriented along the 80 x 20 km ridge that defines the
ice divide. The strain net provided a convenient coordinate system, within
which we conducted ice-penetrating radar profiles, snow-pit and shallow
firn-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 Taylbr and Skelton sides of the ice divide, at a spacing of 10 km. Four
main cross-lines, also at 10 km spacing, run perpendicular to these lines.
Locations on the net are denoted by their direction 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 20C .

2.2.1 Ice Penetrating Raﬁar (IPR)

Preliminary radar work at Taylor Dome showed that the ice-divide
was centered on a bedrock high, with an average ice thickness of about 750
meters (Drewry, 1982). Drewry's radar observations suggested the presence
of subglacial Jakes within a few ice-thicknesses of the ice-divide, indicating
potential limitations to recovery of a long paleoclimate record. Subsequent
geophysical studies, including more detailed radar work and borehole
thermometry, show that the ice at Taylor Dome is frozen to its bed. The
"lakes' identified by Drewry are probably just particulary strong radar
reflectors, possibly volcanic ash layers (Morse, pers. comm. 1994).

The IPR survey was largely the responsibility of D. Morse, and is
discussed at length in his dissertation (Morse, 1996). The results show that
the sub-glacial relief is significant, with the distance-to-bedrock varying
from more than 1000 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 shallow location. The
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disadvantages of the more-compressed record in a shallow location should
be offset by the greater simplicity of flow, simplifying calculation of the age-
depth relationship.

2.2.2 Spatial variability in surface conditions at Taylor Dome

During six field seasons at Taylor Dome, we dug snow-pits and
collected a series of shallow firn cores for analysis of a variety of
parameters, including stable isotopes (8‘50), 10Be, and soluble ions.” On
many of the cores, J. Dibb (University of New Hampshire) conducted B
radiation analyses to identify the 1964 and 1954 bomb-radioactivity
horizons.8 Combined with detailed density measurements, the § profiles
allow us to estimate the spatial variability of accumulation rate at Taylor
Dome. Table 2.1 shows preliminary resuits from these calculations.?

Table 2.1 Preliminary determinations of modern accumulation rate for
locations at Taylor Dome shown in Figure 2.2

Location Mean accumulation rate (g cm~ a’l)
20C 6.7
upper Taylor Glacier 23
10C 3.2
20N 12
208 79
408 82
30C 3.3
308 28
108 15.0

Drill Site 7.6




As a comparison between Table 2.1 and Figure 2.2 indicates, there is a
strong gradient in surface conditions at Taylor Dome, with the greatest
accumulation on the south side, decreasing towards the upper part of
Taylor Glacier to the north and northeast. Stable isotope ratios (i.e. §180)
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 2.3 shows exampte $180 results.
To complement the survey of surface conditions, we set up automatic
weather stations (AWS) at upper Taylor Glacier, 405, 20C, and west of 505
to establish a multi-year record of meteorological conditions at Taylor
Dome. Except for a brief period during the coldest 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 general, 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
associated 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 scale pattern of
cyclonic and katabatic wind activity in Antarctica (Thompson and Mosley-
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Figure 2.3 Stable isotope profiles at Taylor Dome for snow pits
collected in 1991 at locations 20S (thin line),
10N (dashed) and 30C (bold). Sample interval is 1 cm.




Solar

Wind Speed

Figure 2.4 Automatic weather station (AWS) data for 1991. Top
graph shows wind direction (e.g. S = wind from south)
and speed (m s). After Morse and Waddington (1992).
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Thompson, 1982; Bromwich and Stearns, 1593). 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 paleoclimate
record was to be obtained at Taylor Dome. Int particular, low (and even
negative) accumulation towards Taylor Glader, and evidence of significant
metamorphosis in the upper few meters of firn, suggested that we avoid
drilling towards the northeast. Fortunately, the observation of relatively
undisturbed stratigraphy in a snow-pit at 20C coincided with the
independent observation of planar radar-reflection layers in the same
general area. Ultimately, we chose to drill within 1.5 km of 20C, slightly
towards the Skelton Neve side of the Taylor Dome ice divide (see Figure
22).

2.2.3 Results from the deep drilling

Stable isotope measurements were conducted at the Quaternary
Isotope Laboratory (QIL), University of Washington, by T. Saling under the
direction of M. Stuiver and P. Grootes. I did sample preparation for the
0Be analyses at QIL, and analyses at Lawrence Livermore National
Laboratories, as described in more detail in Chapter 3. Analytical precision
{lc) of the 8180 analyses is £0.2 %o; for 19Be measurements it is 5 % (1 o).
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Many other investigators have conducted analyses on the Taylor
Dome core, which include measurements of cosmogenic 14C (D. Lal),
methane, total gas, and 5180 of O; concentrations (M. Bender, E. Brook, C.
Sucher), visual stratigraphy (J. 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 still in progress, and it is beyond the scope of this dissertation to
include all these data. However, it is useful to consider the general features
of these other ice-core properties in the context of the 10Be and §80
records.

Sampling of the Taylor Dome core was conducted primarily at the
National Ice Core Laboratory (NICL) in Denver, Colorado. Gas analyses
were conducted on discrete 10 an sections of the core because of the large
amount of ice {>500 g) required per analyis. Most other properties were
measured continuously in 25 to 100 am sections. Electrical conductivity
(ECM) and conductance (DEP) measurements were made at 5 mm
intervals. Figures 2.5 and 2.6 show several of these properties versus depth
in the Taylor Dome core. As expected from previous ice-core analyses, all
properties show parallel or inverse-parallel trends, with Be, ECM and
soluble-ion concentrations increasing as 5!%0 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 5§80 and gas concentrations generally

reflect periods of cooling, lower accumulation rates, and increased
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Figure 2.5 Profiles of 5180, NO, (P. Mayewski, pers. comm.)
and !%Be in the Taylor Dome ice core.
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dustiness and windiness leading to higher concentrations of soluble ions,

10Be and dust.

2.3 The Taylor Dome "Standard Timescale”

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

comparable with features in the 8D record at Vostok (Jouzel et al., 1987). To
obtain a preliminary timescale (i.e. depth-age relationship) for the Taylor
Dome core, I assume that climate events recorded in both records were
synchronous. We matched the mid-points of major shifts in isotope
values, including what is taken to be the transition from the penultimate
glaciation (marine isotope stage 6) to the last interglaciation (isotope stage
Se), and the transition from the last gladal 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 (Jouzel, et al., 1993). For the
timescale since about 14 ka, there are few features which can be used to
match the 6180 at Taylor Dome with the 3D at Vostok. For the Holocene
portion of the core, I instead used a simple ice-flow model (Dansgaard-
Johnsen type flow, with h = 220 meters; see Chapter 7), combined with 10Be
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 Timescale, ka)
374.00 336.50 14800
395.50 585.50 34892
410.87 678.50 42100
448.00 830.50 54458
464.47 865.50 57100
482.00 100215 69362
488.94 1046.50 73100
492.89 1075.50 75493
497.73 1127.50 79700
507.21 1233.50 87065
518.30 1446.80 102900
521.28 1501.65 107089
525.24 1597.00 115300
531.40 1906.50 135068

Figure 2.8 shows 880 on the Std_Time_9507 timescale, compared with
the Vostok record. While Std_Time_9507 is not definitive, preliminary
results from correlation between methane and 880 of O, profiles at Taylor
Dome and Vostok, and at GISP2 in central Greenland (E. ]. Brook, personal
communication) show that the timescale is reasonable, and is probably not
in error by more than 10% (assuming tﬁat the GISP2 and Vostok records
timescales are valid). Ongoing analysis of radar data, gas analyses, and the

use of 1%Be as a proxy for accumulation rate and layer thickness (see
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Figure 2.7 Depth-age scale for the Taylor Dome core, as determined
from 5180 matching with the Vostok 8D record. Prior to
14 ka, the depth-age scale combines a Dansgaard-Johnsen-
type flow pattern (h = 220 meters) with accumulation rates
determined from '®Be concentrations.
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Figure 2.8 Stable isotope profiles from deep ice cores in East Antarctica.
Top: $180 at Taylor Dome on the Std_Time_9507 timescale.
Bottom: 3D at Vostok (Jouzel et al., 1987) on the “extended
gladologicai timescale” (EGT) of Jouzel et al. (1993).
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Chapters 6 and 7) will allow for further refinement of the timescale. At
present, it provides a common framework within which to compare the
Taylor Dome data with other paleoclimate records. Plausible errors in the
Std_Time_9507 timescale are not large enough to affect the conclusions
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 climatic divisions defined by
the deep-sea §!80 record. In general, even numbers refer to warm
(interstadial or interglacial) periods and odd numbers refer to cold (stadial,
glacial) periods (Shackleton and Opdyke, 1973).

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

references include those of Jouzel et al. (1993; 1995) and Raisbeck et al.
(1992).

6. By “we”, I mean myself and P.M. Grootes from the Geology Department
and Quaternary Isotope Laboratory and E.D. Waddington and D.L. Motse
from the Geophyics Program, all at the University of Washington.

7. The notation 8180 refers to the isotopic ratio 80/60O normalized with
respect to a standard. In this dissertation, all 8130 measurements have been
normalized to V-SMOW (Vienna Standard Mean Ocean Water):

(13(%60)““?" - (180/60)v-gmow

(WOAGO)v-smow

5180 =

x 1000%




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
EXTRACTION AND ANALYSIS OF 19BE IN POLAR ICE

3.1 Introduction

The earliest measurements of 19Be in ice were conducted by the

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

life of 19Be (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 105 atoms of 10Be, which typically 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 cyclotron in Orsay, France. All
measurements discussed in this dissertation were made at the Center for
Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National
Laboratory (LLNL), Livermore, California.

in this chapter, I describe the techniques used in the preparation of
10Be for measurement by AMS. The methods used here build on the work
of various other researchers, and are presented here primarily for
completeness. [ have made some refinements to optimize efficdency for the
extraction of 10Be from polar ice. 19Be data obtained during the course of
this dissertation work are tabulated at the end of this chapter.




3.2 Extraction of 19Be from polar ice

3.2.1 Standard Procedure

To prepare ice sample for 19Be analysis, I began with the standard

cation-exchange chromatography procedure used by the CAMS group at
LLNL. (RC. Finkel, pers. comm., 1993). The chief purpose of the cation-

exchange procedure is to isolate 1Be from other elements that we may

wish to analyze separately and that interfere with the efficiency of
ionization at the accelerator source, or that are isobars of 10Be. The
removal of the isobar 19B is of particular concern because it is present in
polar ice in concentrations several orders of magnitude higher than 10Be,
and is also a common element in the laboratory environment.

Because virtually ail the beryllium in polar ice is 1%Be and is in
extremely low concentrations (~104 20ms /¢ ice) we use isotope dilution to
obtain a manageable sample. Isotope dilution consists of adding a known
amount of "carrier” 9Be to the sample, allowing for measurement of the
10Be / 9Be ratio by AMS. From the measured ratio, normalized against a
known standard, we caléulate the original 10Be 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 (10Be/9Be ~ 10-14) in.a 1 ml solution
of 0.01 M HNO; is added, along with 1 mi/liter of 1 M HNO; to ensure that
all Be remains in solution. The ice sample is then melted, filtered to
remove contaminating particulates, and evaporated to drymess in a teflon
beaker. Once dry, the sample is re-dissolved and dried again to ensure that




there is no loss of Be to the sides of the container, and finally re-dissolved
in a 0.1 M HCl solution and transferred by pipette to a cation-exchange
resin.

The caton-exchange procedure uses a commercially available synthetic
resin (I use BioRad® AG 50W-X8 100-200 mesh, hydrogen form resin) and
takes advantage of the higher affinity of Be2* ions relative to B* for the
sulfonyl group (R-SO7) 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. Experimentally, a 10 ml column of resin rinsed
with ten 10 mi fractions of 1 M H(Cl 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 shown in Figure 3.1.

Standard 19Be sample preparation and analysis procedure
1) Weigh dry, acid-washed beaker
2) Place ice sampie in beaker of known mass; weigh

3) Add 0.500 mg of pure Be in 1 ml of a 0.1 M HNO;3
carrier solution to the sample. Add 1 ml of 1 M HNOs.

4) Fiiter sample through 0.45 pm pore-size filters by
vacuum filtration.

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

6) Redissolve precipitated Be(OH); in 1 ml of 1 M HCL
Re-evaporate. :




7) Redissolve precipitated Be(OH), in 1 ml of 0.1 M
HCl and transfer to top of cation column by pipette.

8) Rinse cation column with 20 ml of deionized
ultrapure water.

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

10) Regenerate column with ten column volumes of 6
M HCQ), to completely replace all cation sites with H+.
Rinse column with 20 ml ultrapure water.

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

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

13) Dissolve precipitated Be(OH); in 1 ml of 1 M HC1
and transfer to centrifuge tube.

14) Precipitate BE(OH); with 1 ml 15 % NH,4OH,
centrifuge, discard supernate, redissolve in HCl, and
repeat.

15) Rinse precipitated Be(OH); in 1-2 ml of ultrapure
water, centrifuge, and transfer to quartz crucible for

drying.

16) Once dry, flame quartz crucible or place in oven at
900 °C to oxidize to BeQ.

17) Mix BeQ with equal amount Ag powder and load
into target.




31

50

30-

204

Be or B (ppm)

O 1
3

I 2 4 5 6 7 8 9 10
Fraction # (10 mi 1 Molar HCl/fraction)

Figure 3.1 Typical elution patterns for beryllium (Be) and boron (B).
Ten equal fractions of 10 mi 1 mol/liter HCl were used in
the elutions. Recovery is >90% of the 0.5 mg of *Be carrier
added to the sample. More than 50% of the B is removed
from the solution by the second fraction.




3.2.2 Refinements

Two changes to the procedure described above were used in the
processing of most samples:

1) Elimination of evaporation step (45).
Because no other cation besides 1UBe 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 1 M HCl to eliminate B. Finally, 60 ml of 1.5 M
HCl was used to elute 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
um) to reduce the likelihood that 1%Be adsorbed to particulate matter in
the ice core caused significant loss of 10Be; more than 95% of the dust at
Taylor Dome is below 2 pm 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 has an order-of-magnitude less dust
than Greenland ice. However, further testing of Taylor Dome samples
is necessary to ensure this. Some samples were filtered at 0.45 um to
collect diatoms for D. Kellogg, and do not show any consistent offset in
concentration from adjacent samples filtered at 5 um.

3.3 Measurement of 19Be at CAMS

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

around an FN tandem accelerator previously used for nuclear research at




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 10Be, targets are made by mixing the prepared BeO powder
with a roughly equal amount amount of Ag powder. The mixture is
pounded into a ~1 mm hole drilled into a steel sample holder. Aithough

as much 19B as possible has been removed by the cation-exchange

procedﬁ.re, a detectable amount will remain in the sample, and must be

separated from 10Be in the acclerator.

In brief, analysis of 10Be at the CAMS facility is as follows:
Extraction of BeQO- ions from the ion source into the accelerator is achieved
by electro-static acceleration between the source and a positively charged
plate maintained at 8.3 MV. Both 1?BeO- and 9BeO- are injected
simultaneously into the accelerator proper, where they travel 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, 10Bet+
and 9Be** ions are produced, as well as a non-negligible amount of 10B4+.
The 9Bet* ions are focussed through a series of magnets to reach a Faraday
cup, where they gain electrons: the current generated at the Faraday cup is
proportional to the number of 9Be4* ions. The 19Be#* / 0B+ jon beam, now
travelling along a separate trajectory from the 9Bet* beam, reaches an
argon-filled gas-ionization detector where the separate detection of 10Bet+
and B4+ is achieved by the differing energy loss properties of each
element. A plot of total energy (E) versus energy loss (AE) between two
detecting chambers produces a characteristic pattern that allows




discrimination of the 19Be#* and Bet+ ion abundances. Because there is
overlap between the Be and B fields on the AE/E plot, a 19Be window must
be determined empiricaily through comparison of ciean (low B) and dirty
(high B) blanks.

3.4 Summary of 19Be analyses

Tables 3.1, 3.2 and 3.3 summarize all 19Be analyses described in this
dissertation. All analyses were normalized against a group of standards
prepared at CAMS, and corrected for sample blanks prepared with
ultrapure water by the procedures described above. The combined sample
blank plus instrument blank is generally 50 x 10-15 (10Be /%Be); a typical
Taylor Dome ice sample has a 19Be/9Be 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 Hampshire
McMurdo = Crary Lab, McMurdo Station, Antarctica

2) Samples marked UNH are "waste” melt samples from the UNH ion-extraction system.
These samples were stored in acid-rinsed Nalgene containors and processed at UW.

i 3) Only UNH samples were filtered with 0.45 pm filters.
All others were filtered at 5 pm,

top depth bottom depth location processed  mass background-corrected “Be concentration  1a precision
(meters) (meters)  (see notes above) (grams) _ "“Be/’Be ratio (x10") (10’ atoms /)

1.17 6.17 McMurdo 1178 742.2 2107 1.19
617 1117 McMurdo 1355 839.2 20.72 0.97
.17 1617 McMurdo 12688 774.6 20,11 1.05
1617 2147 McMurdo . 1131 7134 2109 0.94
2117 26.17 McMurdo 1202 756.8 2105 0.99
26,17 3117 McMurdo 1399 639.8 19.47 0.90
31.17 36.17 McMurdo 1297 687.2 17.72 (.90
36.17 4117 McMurdo 1 6523 19.65 1.06
41,17 46,17 McMurdo 1987 1236.0 20.80 097
46.17 51.00° MeMurdo 1087 6824 2099 0.86
51.00 56.00 McMurdo 2126 1248.0 19.63 0.81
56.00 61.00 McMurdo 1374 9193 2237 i.16
61.00 66.00 McMurdo 1316 Y639 24.50 1.2}
66.00) 71 McMurda 1387 476.3 21.55 1.22

519
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Table 3.1 Continued

top depth bottom depth location processed  mass background-corrected  “Be concentration 16 precision
{meters) (meters)  (see notes above) (grams)  "Be/"Be ratio (x10™) (10* atoms /)
21532 221.30 McMurdo 1373 767.1 18.68 0.98
227.00 23140 UNH 2930 1595.0 18.21 0.93
23140 234.60 McMurdo 1259 727.1 19.32 0.50
234.60 241,14 McMurdo 1343 756.9 18.84 0.77
24114 292,00 uw 3250 1670,0 17.19 0.80
242.00 ‘ 24740 UNH 3225 1582.0 lodl 0.86
247.40 25230 uw 1317 603.3 15.33 0.66
256.20 263.20 UNH 3007 999.8 1112 0.48
263.20 27100 uw 1291 629.9 16.33 0.82
271.00 273.00 uw 2733 1045.2 1279 0.60
273.00 282,10 uw 1151 455.2 1323 0.61
268210 285.20 uw 1349 614.6 15.24 0.77
285.20 287.05 uw 1358 §78.1 14.24 0.77
297.05 302.05 uw 1385 831.8 20.09 097
31000 320,00 uw 2733 1487.1 18,20 0.85
320,00 32200 Uw 2733 270 1746 0.82
328.00 330.00 uw 2733 16451 20,13 105
340,50 341.54 uw 1105 785.5 2377 131
34154 343.50 uw 807 611.6 25,35 1.31
343,50 345.50 uw 4901 551.0 2045 106
345.50 34750 uw B4 7057 2399 110
347.50 350.00 uUw Y76 667.8 22.88 1.02
350.00 352.00 uw 918 567.1 20.66 097
352.00 354.00 uw 896 5909 2206 1.25
35400 356.00 uw 917 687.7 2508 1.07

e
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Table 3.1 Continned

top depth bottom depth location processed  mass background-corrected  “Be concentration 10 precision
{melers) (meters)  (see notes above) (grams)  "Be/’Be ratio (x10™) : (10 atoms/g)
40742 411.80 uw 679 810.5 399 1.98
411.80 41340 UNH 1013 1317.0 43.48 1.74
415.03 41740 UNH 1035 1646.0 53.21 264
425.20 43120 UNH 1057 12600 39.88 1.74
431.20 432.80 UNH 971 1092.0 37.63 1.80
432.80 43540 UNH 1035 10110 32.66 143
43500 437.00 uw 783 644.7 27.54 1.24
43540 . 437.40 UNH 1035 757.1 24.46 1.1
437.40 439,20 UNH 967 7950 2751 1.41
439.20 441.00 UNH 967 844.5 29.22 1.33
443.00 448.82 UNH 1028 1412.0 45.93 1.93
448,82 446.80 UNH 977 754.6 25.84 118
45240 454.20 UNH 990 854.2 28.87 1.36
456.20 457 80 UNH 1018 1501.4} 49.32 268
459.80 461.60 UNH 1071 1219.0 38.08 Lot
163.80 465.60 UNH 3 12220 40.34 1.93
465.60 46743 - UNH 1029 1624.0) §2.77 2.82
46743 469.60 UNH 1003 1592.0 53.00 21
469.6() 47140 UNH 1026 1331.0 43.37 236
471.51 473.60) UNH 1033 11820 38.29 1.78
173.60 474,04 UNH #95 1884.0 70.40 343
474.00 474.50 uw 631 1718 62.12 289
474.00 475.50 Uw 515 579.5 37.63 179
475.50 477.50 uw 635 628.1 3310 1.43
477.50 479.50 uw 940 797.6 28.38 1.46




Table 3.1 Continued

top depth bottom depth location processed  mass background-corrected  “Be concentration la precision
(meters) (meters) (see notes above) {grams)  “Be/’Be ratio (x10™) (10’ atoms /)
479.50 481.00 uw 582 569.0 3270 1.62
487.50 489.50 uw 994 §97.7 30.20 1.35
491.65 493.65 uw 685 518.2 25.30 1.11
496.33 497.23 uw 625 5195 27.80 1.30
497.73 499.29 UNH 752 5114 22,74 1.17
499.70 500.80 uw Y76 1185.0 40.61 1.94
501.28 502.72 uw 621 3499 18.84 0.47
§02.72 505,63 Uw 1144 844.0 24.67 1.2)
504.66 505.63 uw 882 531.4 20.15 097
505.63 506.65 Uw 1013 668.0 22.06 0.89
506,65 508.21 uw 795 526.4 22.14 1.22
508.21 510.75 uw 1177 1090.4 30.98 1.39
510,75 512.50 uw 642 638.4 33.26 1.72
512,50 513.30 uw 435 305.3 2347 1.30
513.30 514.80 Uw 660 196.9 2518 1.12
515.80 517.30 uw 62() 505.5 27.27 119
517.30 518.30 uw 577 335.2 1943 0.87
518.30 519,77 uw 1057 838.3 26,52 1.43
520.28 522 .88 uw 956 B61.0 30.12 1.65
§22.24 522.78 uw 165 682.0 2637 1.20
522,78 523.39 uw 798 5753 24.1) 1.
523.39 523.78 uw 918 6623 2413 1.25
523.78 524.78 uw 856 580.4 22.68 0.92
526.28 527.33 uw 668 407.7 20.41 .91
527.33 524.33 uw 865 w2 15.82 .87

o¥




Table 3.1 Contined

top depth bottom depth location processed  mass background-corrected “Be concentration 16 precision
(meters) (meters) (see notes above) (grams)  "Be/’Be ratio (x10) (10" atoms/g)
528.33 53098 uw 985 4720 16.03 1.32
530,98 532,39 uw 1234 750.9 20,35 0.98
53239 533.92 uw 265 662.3 2295 1.10
533.92 535.25 uw 436 378.7 2905 1.40
536,15 537.23 uw 423 275.6 2179 093
537.23 538.66 uw 672 440.3 2191 1.11
534.66 539.39 uw 694 4744 22.86 1.19
539.39 540.20 uw 623 496.0 26.63 1.14
540.20 541,18 uw 568 288.1 16:96 0.77
54118 542,22 uw 665 3445 17.33 071
542,18 542.68 uw 732 5425 2479 1.27
543.68 545.70 uw 753 451.6 20,06 111
545.70 547.20 uw 568 320.1 18.85 0.76
550,22 553.12 uw 495 1854 1253 0.66
553.12 554.12 uw 72 3741 17.28 0.76




Table 3.2 High-resolution "Be data at Taylor Dome

Core name top depth  bottom depth location mass Background-correctedBe concentration 16 precision
and location  (meters) {meters) _processed (grams) “Be/Be ratio (x10'%) (10" atoms/g)
Core M1C3 0.00 033" uw 880 472.6 172.95 0.96
(40S) 0.33 0.67 uw 802 624.7 26.04 1.28
Collected 0.67 100 uw 884 514.8 19.47 0.92
1992 100 133 uw 835 475.3 19.05 1.05
1.33 1.67 uw 697 374.2 17.95 0.73
1.67 2,00 Uw 499 2140 14.34 0.65
2.00 233 uw 525 147.4 9.40 044
233 267 uw 806 4103 17.03 (.86
2.67 3.00 uw 906 635.0 23.44 132
3.00 3.33 uw 749 661.2 29,52 1.22
333 3.67 uw 80 541.7 22,60 106
3.67 4.00 uw 439 218.3 16.65 0.74
4.00 433 uw 795 192.7 20,72 0.89
4.33 4.67 uw 676 177.0 8.76 0.39
4.67 5.00 uw 435 197.6 15.20 0.65
5.00 533 uw 884 Ny 12,59 0.66
5.33 5.67 uw 535 2202 13.76 .62
5.67 6.0 Uw 748 416.7 19,97 084
6.00 6.33 uw 640 354.6 18,53 .89
633 6.67 uw 564 742 2.19 1.09
6.67 7.00 Uw 964 530.8 18.64 0.80
7.00 7.3) Uw 600 295.4 16.47 0.68
7.33 7.67 uw 669 a3 1517 0.64
2.67 8.00 Uw 615 3153 17.15 0.71
8.00 8.33 uw 648 3601 18,58 0.77
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Table 3.2 Continued

Care name top depth  bottom depth location mass Background-corrected “Be concentration 1o precision
and location  (meters) (meters) processed  (grams) “e/*Be ratio (x10"%) (10" atoms/g)
Core MIC3 8.33 8.67 uw 928 5159 18.65 0.93
{continued ) 8.67 9.00 Uw 885 435.7 1647 0.78
9.00 9.33 uw 8§89 299.5 11.26 0.60
9.33 9.67 uw 866 589.1 22,76 1.26
9.67 10.00 uw 675 468.8 23.23 1.25
10.00 10,25 uw 781 255.6 10,95 0.59
10.25 10,50 uw 564 2721 16,12 0.73
10.50 10.75 uw 606 1512 8.34 043,
1075 11.00 uw 498 263.0 17.66 0.84
11.00 11.25 uw 845 552.3 21.86 L1
Deep Core 19.21 49.31 uw 542 3325 20,50 1.4
(M3C1) 4931 49.41 uw 661 4142 2096 0.97
Collected 4941 49.51 uw 407 272.8 2241 0.95
1994 49.51 19.61 uw 756 518.3 2294 1.20
49.61 49.71 uw 72] 566.3 26.29 117
49.71 49.81 uw 476 246.1 17.28 0.96
49.81 49.91 uw 473 218.6 1545 0.86
4991 50.01 uw 481 2142 14.89 0.78
50,01 50.11 uw 817 420.8 17.22 0.86
50.11 50.21 uw 676 1326 2141 0.86
50.21 50.31 uw 9499 602.9 20,19 107
50.31 5041 uw 862 5455 21.36 1.01
5041 50.51 uw 965 7122 24.68 1.37
50.51 50.61 uw 432 3949 30.54 148

€7




Table 3.2 Continted

Core name top depth  bottom depth location mass Background-corrected“ie concentration 10 precision
and location  (meters) (meters) processed (grams) “Be /7Be ratio (x10%) (10 atoms/g)

Core M3C1 50.61 50.71 uw 932 610.4 2191 1.04
{continued ) 50.73 50.81 uw 824 4346 17.64 0.89
50.81 50.91 uw 406 189.4 15.60 0.66

50.91 51.01 uw Y72 436.7 15.02 0.72

298.60 298.70 uw 859 919 15.25 0.77

298.70 298.80 uw 495 339.4 22.94 1.04

298.80 298.90 uw 698 346.1 16.58 091

298.90 299.00 uw 982 696.1 23.71 1.08

299.00 299,10 uw © 581 363.0 20.88 1.04

299.10 299.20 uw 408 2525 2071 0.85

299.20 299,30 uw 804 518.6 21.56 1.21

299.30 269.40 uw 474 266.3 18.78 0.90

299.40 299.50 uw 512 395.7 25.86 1.19

299,50 299.60 uw 898 564.3 21.01 0.95

299.60 299.70 Uw 976 699.8 2398 1.30

299.70 299.80 uw 968 520.8 18.00 0.80

209.80 299.90 uw 437 2.1 17.91 1.0

299.90 300.00 uw 940 4714 16.77 0.83

300.00 300.10 uw 779 627.0 2691 1.48

300.10 300.20 uw Y91 5204 17.56 0.78

300.20 300.30 uw 536 3534 22.05 093

300.30 30040 uw 854 3787 14.83 0.63

30040 300.50 uw 418 248 16.38 0.68

340.54 340.61 uw 5641 4414 26.19 137

340.61 340.68 uw 898 671.7 25.01 1.30




Table 3.2 Continued

Core name top depth  bottom depth  location mass Background-corrected “Be concentration {6 precision
and location  (melers) {meters) processed  (grams) »e/Be ratio (x10") (1 atoms/g)

Core M3Cl 340.68 340.73 Uw 927 6929 25.01 1.28
(continued ) 340.73 340.78 uw 601 262.6 14.62 0.80
340.78 340.83 uw 469 072 21.92 117
340.83 340.88 uw 820 550.8 2246 1.1l
340.88 34093 uw 423 278.4 22.00 0.94
340.93 340.98 uw 572 37740 22.06 102
340,98 341.03 UW 932 4839 17.37 0.70
KETRIX) 341.08 uw 687 406.1 19,76 .81
34108 341.13 uw 687 5449 26,53 1.38
34113 34118 uw 694 518.8 25.00 1.1
34118 341.23 Uw 495 214 14.28 0.66
341,23 341.28 uw 787 482.7 20.51 097
34128 341.33 Uw 827 615.3 24.87 1.33
341.33 341.38 uw 495 294.5 19.88 1.03
34138 34143 uw 599 548.1 32,86 1.85
34143 341.48 uw 441 2642 20.05 0.90
4148 341,53 uw 811 72305 30.14 1.36
341.53 341.60 Uw 951 797.6 28.04 1.27
Snow pit 0.00 0.10  McMurdo 103 7510 22.67 1.26
at deep 0.10 020 McMurdo 923 4309 15,56 0.68
core dril} .20 030 McMurdo 829 4370 17.57 0.42
site 0.30 040 McMurda 1313 4609 1170 0).54
Caollected 0.40 0.50  McMurdo 1107 2813 8.47 043
1994 0.50 0.60  McMurdo 1381 542.0 13.08 0.64

St
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Table 3.3 Miscellaneous snow pit and core data at Taylor Dome

Core or snow pit  top depth  bottom depth Jocation mass Background-corrected “Be concentration 1o precision
location (meters) (meters) pracessed  (grams) “Be /*Be ratio {(x10"%) (10’ aloms/g)

Misc. Snow Pits
(collected 1994)

Taylor/Perrar 0 01 McMurdo 7300 2161 9.90 07

20N 0 10 McMurdo 4001 9105 152.20 89

205 0 10 McMurdo 2175 1706 26.23 ' 0.5

10C 0 0.02 uw 892 #45.2 . 3169 11

(collected 1993) © 002 0.04 uw 996 764 25.65 22

0.04 (.06 uw 876 833 31.80 1.0

0.06 0.08 uw 1004 816 27.18 14

0.08 0.1 uw 933 704 2524 1.0

0.1 0.12 uw 1053 7344 2333 2.1

0.12 0.14 uw 1051 988.5 3146 0.7

0,14 0.16 uw 919 937.1 34.10 10

0.16 .18 uw 1179 1174 33.32 0.4

0.18 0.2 uw 1030 1289 41.86 03

0.2 0.22 uw 909 985 36.24 1.0

.22 0.24 uw 1097 1009 30.77 0.7

0.24 0.26 uw 913 1145 4193 0.5

0.26 0.28 uw 936 9824 3510 31




Table 3.3 Continued

Core or snow pit  top depth  bottom depth location mass Background-corrected *Be concentration  1a precision
location {meters) (meters) processed  (grams) “Be/*Be ratio (x10"%) (10" atoins/g)

108 0 0.1 uw 802 293.6 12.24 0.6
(collected 1993) 0.1 0.2 uw 1154 5943 17.22 1.3
0.2 03 uw 937 4324 15.44 1.2
03 04 uw 1571 699.7 1490 0.4
04 0.5 uw 949 4315 15.20 1.0
Upper Taylor 0.00 033  Livermore 453 450.6 33.27 2.6
Glacler 033 0.67 Livermore 569 578.8 34.04 23
Core M3C1 0.67 1.00  Livermore 556 4431 26.67 13
(collected 1992) 1.00 133 Livermore 571 455.2 26.68 20
' 133 167 Livermore 550 4495 30.09 05
1.67 200 Livermore 559 4134 24.74 0.2
2.00 233 Livermore 549 647.6 3943 19
233 2,67 Livermore 497 398.7 26.85 15
267 300 Livermore 545 542.7 3330 23
3.00 333 Livermore 461 313.7 22.73 1.1
333 3.67 Livermore 576 a7 21.67 03
3.67 4.00 Livermore 456 248.7 18.23 11
4.00 433 lLivermore 508 504.2 3316 28
433 4.67 Livermore 513 459.5 29.98 0.9
4.67 500 Livermore 562 425.5 2531 03




Transfer of chemical constituents in both directions across the tropopause is dearly
of great importarce. ... Exactly how the transfer takes place remains unclear.

— R.P. Wayne, Chemistry of Atmospheres, 1991, pp. 64-5.

Chapter 4

CAN WE USE 10BE TO SOLVE THE INVERSE PROBLEM IN ICE-CORE
PALEOCLIMATOLOGY?

4.1 Introduction

The concentrations of aerosol species in polar ice cores provide some of
the most remarkable records available of the chemical makeup of the
ancient atmosphere. Yet, while it seems evident that ice-core data give an

accurate qualitative view of the paleo-atmosphere, a quantitative

reconstruction requires that we fully 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 19Be, 36C1 and 26Al as tracers of aerosol behavior. The value of
cosmogenic isotopes is that their production in the atmosphere is
independent of climate, making them fundamentally different from other
chemical or ‘isotopic species. Within certain limits, we can specify a priori
the atmospheric distribution of cosmogenic isotopes. For example, Raisbeck
and co-workers (Raisbeck et al., 1981; Yiou et al., 1985) suggested that the 0Be
flux could be considered épptoximately constant in Antarctica, and used
10Be to estimate paleo snow-accumulation rates in the Voétok ice core.

- Similarly, Alley et al. (1996) used the assumption of a constant 9Be 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 quantify their a@ospheﬂc
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 paleoclimatic 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 troposphere—I 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 19Be; most of my comments, however, apply

also to other less commonly measured cosmogenic isotopes.

4.2 The ice core-paleaclimate inverse problem: why 19Be is important

In principle, the governing equations which describe the transfer of
aerosols from air to snow under modern conditions can be determined

empirically. In applying these transfer functions to paleoclimate, however, a

s




major obstacle 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-conservative variabies may
be difficult (or impossible) to determine from the ice core record.
Waddington (1996) suggests that the problem should be formalized in
terms of geophysical inverse theory. We might express it as a system of

linear equations:
Fm=d ey

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

— 0
S0,
Pice b Xso, ] - [[ ]] (2)

0 X U||Xen] [[PBel
b

Pie
having the same form as Equation 1. Equation 2 states that the measured ice-
core concentrations of SO4and 1%Be depend on their original concentrations
in air (), the snow accumulation rate (), the wet-deposition scavenging
ratio (W), and the dry-deposition velocity (v,).19 The density of ice is




denoted by pice. A unique solution for z,, and x, requires that the
parameters W, v,and b are known.
Although modern values of W and v, 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, v,, increases with wind

speed, an effect that could be important enough to account entirely for the
large changes in 1%Be and SOy concentrations that are associated with the
major climate shifts recorded in ice cores. Because wind-speed 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 GISP2 core, central Greenland,
Alley et al. (1996) assume that the concentrations of various chemical species
can be described as in Equation 2, where W and v, remain constant and
where (in this particular case) b is known independently. They test their
model against the assumption that the 10Be 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 a priori knowledge of one of the unknowns

(Xwy,)- and treating the terms ¥, , Zuo, - Zn-t and (u‘ +%5)as the n

unknowns in a system of n equations. While Alley et al’s (1996) work




requires some unproven assumptions (in particular, the the values of v,
and W for 19Be can be translated to the relavent parameters for other
chemical species), it illustrates how 1UBe (or other cosmogenic isotopes) can
be used in ice-core paleoclimate research.

In our simple example, the determination of so, , the primary variable
of interest, is dependent only on how well 7., is known. Although the
‘real’ inverse problem is much more complex, the philosophy is the same:
in the context of Equation 1, a unique solution becomes more likely if we are
able to specify some of the elements in the solution vector, m, as well as
some of those in d and F. For polar ice-core work in particular, we want to be
able to specify the concentration of 19Be in the polar troposphere. To do so,
we need to consider both 1) the production rate of 1Be and 2) the transport
of WBe from other parts of the atmosphere.

4.3 Production of cosmogenic isotopes in the atmosphere

The production rate of cosmogenic isotopes in the atmosphere increases
with altitude and with geomagnetic latitude. The vertical gradient in
production is essentially an exponential function of atmospheric depth
{(column-integrated mass of the atmosphere) while the horizontal (i.e.
meﬁdional) gradient reflects the configuration of the earth's magnetic field.
High-frequency changes in production result from the cyclic modulation
effect of solar activity, with the strongest periodicities at 11 years and 88




years; empirically, times of high solar activity (high sunspot numbers) are
strongly anti-correlated with isotope production. There is also a quasi-
periodic variability corresponding to the Maunder and Spérer-type sunspot
minima, during which production rates are generally high. Low frequency
variations in production result from the secular change in geomagnetic field
strength, which is quasi-periodic at about 10,000 years. In general, production
rate variations associated with geomagnetic field changes are greatest at the
equator and negligible at the poles; the opposite is true as regards solar
modulation. The magnitude of all production-rate variations increases with
altitude. Because 19Be is incompletely mixed in the atmosphere, its
distribution partly reflects the gradients in production. To calculate the net
source (production + transport) of 10Be to the polar troposphere, it is

therefore an over-simplification to use the global average production rate;

instead, both the temporal and spatial distribution of production must be

taken into account.

4.3.1 Spatial distribution of 10Be: zonal-mean!! star-production rates

The production of cosmogenic isotopes in the atmosphere is relatively
well understood from both a theoretical and empirical standpoint. Libby
(1946) made the earliest measurement of natural 1*C, following
Montgomery's (1939) recognition of the importance of secondary cosmic ray
neutrons in the production of radiocarbon (14C), via thermallZ neutron
capture:




“N(n. p)llc

Secondary neutrons are produced by the bombardment of atoms in the
upper atmosphere by the high-energy protons which comprise the primary
galactic cosmic ray flux. While these reactions create secondary protons as
well as neutrons, the neutrons 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:
“N,%0 4 p—2lmn 08, ¢ vy n petc.

Collectively, the spallation reactions which create cosmogenic isotopes
are referred to as 'stars’ because of their 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 proton/neutron
ratio (which increases with altitude)} and the availability of target atoms
(which decreases with altitude) in the atmosphere. For the lower
atmosphere (below about 12.5 ki) 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




star production in the lower atmosphere can be determined from the
thermal neutron distribution, which has been measured in detail (Simpson
and Fagot, 1953; Soberman, 1953; Meyer and Simpson, 1955). Lal and Peters
(1967) used this approach to determine cosmogenic isotope inventories 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 thermal neutron distribution to be used as an index of isotope

production at any altitude and latitude.

An alternative to the largely empirical approach of Lal and others (Lal
and Peters, 1962; Lal and Peters, 1967; Castagnoli and Lal, 1980; Lal, 1988) is to
calculate the distribution of star production from first principles. The so-
called "hadronic cascade” calculation uses experimentally-determined
reaction cross sections for target atoms in the atmosphere, the measured
energy spectra of the cosmic ray flux, and the known configuration of the
earth’s magnetic field to follow the propagation of high-energy particles and
their spallation products through the atmosphere. The hadronic cascade




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
O'Brien et al. (1979; 1991). Although there are significant discrepancies in the
calculated production rates for radiocarbon, O'Brien's calculations for star-
production agree well with those of Lal, both 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 calculations suggests that in general, the distributions of

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

the vertical direction. For the latitude-dependence of star production, the

discrepancy between the two apptoaéhes is somewhat larger; Lal (pers.
comm. 1993) estimates that the meridional variation in production is
known to a precision of about 20%.13 The star production calculations of
O'Brien et al. (1991) are shown in Figure 4.1.

To calculate 19Be production rates from star production rates, we need
to know the probability distribution for spallation as a function of the
neutron energy spectrum, a relationship that can be determined empirically.
Because the energy spectrum for neutrons vﬁes little with altitude and




latitude, the probability distribution is usually expressed as a "yield-per-star”,
¥y, and assumed to be constant;!* this assumption imparts an error of
about 10% (Yasyulenis et al., 1974; O'Brien, 1979). Another source of error in
the yield function is the dependence of the spallation cross section on the

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

10Be, which are derived from abundant atmospheric constituents (N, O, Ar).
It may be important for isotopes of z > 18 such as 3Kr, whose parent nuclei
(z236) are not distributed uniformly throughout the atmosphere.

At present, the chief uncertainty in the yield functions for cosmogenic
isotopes in the atmosphere lies in the degree to which we can accurately
measure cross sections. For the cosmic-ray energy distribution and
atmospheric composition of the lower atmosphere, y., is known from
experiments within about a factor of three (between 5.0 x 10-? (Silberberg and
Tsao, 1973) and 1.4 x 10-2 (Rudstam, 1966)}. Independent estimates of the
global average production rate of 10Be (Somayajulu et al., 1984; Monaghan et
al., 1985) appear to favor an intermediate value of y.,, =25x10-2(Lal and

Peters, 1967; Lal, 1988), suggesting that £50% is a conservative estimate for
the precision of y., .

4.3.2 Temporal variations in production rate

For our purposes, the flux of cosmic rays outside the magnetosphere can
be considered constant,!5 but the distribution of cosmic rays which reach the
earth's atmosphere depends both on the intensity and configuration of the
magnetic field, and on the strength of solar activity.
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" Figure 4.1 Star production rates for typical solar modulation
parameter (¢ = 600 MV) and today’s geomagnetic field
strength (M = 1), according to the calculations of
O’Brien et al. (1991).




At present, the high-frequency periodic variations in solar activity are
fairly well understood, and do not greatly concern us for most paleoclimate
studies, since their effect on !Be production can be removed from the data
with an appropriate low-pass filter.1¢ 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 fieid strength.

A reasonable proxy for geomagnetic field strength as function 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 (NRM) records of Tric et al. (1992) and Weeks et al. (1995),
combined with O'Brien et al.'s (1991) calculations of 19Be production rates,
to estimate the time-dependent variation of 10Be production over the last
140 ka. Figure 4.2 shows the calculated 19Be producﬁon normalized to
modern rates averaged over 1) the global atmosphere and 2) the polar
atmosphere only.1?

Figure 4.2 shows that significant variation in the global average
production rate of 10Be can be expected on millennial timescales.
Additionally, Figure 4.2 illustrates the importance of atmospheric mixing

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

geomagnetic field variations; the sensitivity of the ice-core 1Be record
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depends, therefore, on how much of the 10Be 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 polar 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 10%, as assumed by Alley et al. (1996).
Prior to that time production rate variations could be important depending
on the low-iatitude fraciion involved. Until that fraction can be determined
with more certainty, the two curves in Figure 4.2 should be treated as upper
and lower bounds on the variations in production rate which affect the

polar 1%Be record.

4.4 Atmospheric mixing

As a consequence of the vertical and meridional gradients in 1?Be
production, ‘atmospheric circulation patterns influence the 0Be
concentration in the polar troposphere. Examination of Figure 4.1 suggests
that meridional mixing within the troposphere itself is not particularly
important; the total gradient in production, equator to pole, is less than a
factor of two,!8 so that the total variation in local concentrations that can

result from tropospheric mixing alone is at most about 30%. Also, 1%Be

produced in or transported to the troposphere is removed by precipitation
scavenging within a few weeks (Raisbeck and Yiou, 1981, 1985; Harder, pers.




comun., 1995}, substantially more rapidly than the characteristic mixing
times (~months) for the troposphere. Between the stratosphere and

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

in 19Be 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 model, used in subsequent sections of this
chapter, which describes the concentration of 19Be in the polar troposphere
as a function of meridional mixing in the stratosphere and stratosphere-
troposphere exchange. The model considers only the southern hemisphere,
and is comprised of four atmospheric reservoirs: the polar (PT) and non-
polar troposphere (NT) and the polar (PS) and non-polar stratosphere (NS).
Concentrations (atoms 9Be/g.ir) in each reservoir are denoted by y™, ¢
etc. and represent a balance of atmospheric dynamics, Be production, and
removal from the atmosphere by deposition at the earth's surface. The
production rate of ¥Be in each reservoir is integrated over the appropriate
ranges of longitude, latitude, and altitude. Production is denoted by PNS, PNT,
PPS and PFT. 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 ( 74.) and the

residence time of 19Be in each reservoir ( ¢, etc.).
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4.3.1 Mertdional mixing in the stratosphere

The concentration of a chemical or isotopic species at any given location

in the atmosphere is described by

?-ali=Q;~S,' +v-Vy; +kV2y;
L

in which k is the diffusion coefficient, v is the advection coefficient, which
describes the mean wind field, Q; is the production rate, and S; 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 A; is the dominant component of the sink term, S;. For 10Be,
radioactive decay is negligible (half-life = 1.5 x 106 years), and §.,,_is
dominated by the loss of 19Be from the atmosphere by deposition at the
earth's surface.

In the stratosphere, the source term, Q, for 0Be is simply the
stratospheric production rate (Psj. The loss term is

S(atoms g'a')= fr
where f is the fraction (per year) of 19Be lost to the troposphere. The

coefficients k and v (Equation 5) describe diffusion and advection within the
stratosphere; S therefore includes both advection and diffusion across the




tropopause. Because the residence time (Tyqp) of 0Be in the troposphere is
very short (~weeks (Raisbeck and Yiou, 1981, 1985)) compared with the time
constant (> 1 year) for air-mass exchange with the stratosphere, the source of
tropospheric 19Be to the stratosphere can be considered negligible.

Equation 5, a three-dimensional 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 meridional winds. In addition, advection is much more
important than diffusion (Garda and Solomon, 1983); it is a reasonable as a
first-order approximation to ignore k. Making these simplifications, and
combining Equations 5 and 6 yields:

ax 9x
L =Pyt
3 '3,

A further simplification can be made by recognizing that, especially in
the southern hemisphere, the stratospheric polar vortex (at about 60°5) is a
significant barrier to meridional mixing. For example, based on ozone
profiles during the late austral winter, Hartmann (1990} shows that the
effective diffusivity of mass across the vortex is two to three orders of
magnitude smaller than typical estimates of the global average value (e.g-
Garcia and Solomon, 1983). Although the breakup of the vortex during the

spring allows for some exchange between polar and non-polar reservoirs,
pring ge po po




the time-constant for complete meridional mixing is probably somewhat
larger than the mean residence time of ¥Be in the stratosphere, generally
taken to be about one or two years. From modeis of stratospheric dynamics,
air traveling from equatorial regions towards the pole reaches high
temperate latitudes within one or two years, but may take an additional year
or more to cross the vortex barrier (Dunkerton, 1978; Rosenlof, 1995). This
general picture suggests that is it appropriate to represent the stratosphere as
two separate reservoirs, each well mixed with respect to 1°Be. Empirical
evidence for a generally well mixed stratosphere in temperate and
equatorial regions may be found in the measurements of %¥Sr and other
nuctear bomb products released during weapons testing in the atmosphere
in the 1950’s and 1960's, and by recent 19Be measurements (Wahlen, 1994).
In the polar stratosphere, uniform concentrations of 1°Be can be expected
regardless of mixing patterns within that reservoir because tﬁe production
rate is essentially invariant of latitude poleward of 60°.

Mixing between the two stratospheric reservoirs can be parameterized in
terms of the gradient —zf——zf;-where XPS and XNS are the average 10Be

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

is the width of the vortex barrier:

I Ak Ohd wi0] x”’ G)

%X _p
dt

- fa(0

For (dy/dt =0), Equation 9 reduces to




xpsz_l_(PPs__vl'”’Zm)
f L

giving the steady-state concentration of 1°Be in the polar stratosphere.

It is useful to rewrite Equation 10 in terms of time constants for
dynamics and chemistry (see e.g. Brasseur & Solomon, 1984). The
characteristic timescale, Tayn, for dynamical mixing across a gradient is a
function only of the advection coefficient and the length scale (cf Hartmann,
1990):

Defining TS as the residence time in the non-polar stratosphere and
making the substitution PNSTNS = Y5, we obtain a straightforward equation

for the concentration of Be in the polar stratosphere:

25 = PPSTe, + PNSTPS

fram+1
Figure 4.4 shows the two-dimensional surface defined by Equation 12, giving
the average concentration of 10Be in the polar stratosphere as a function of f
(the rate of loss to the polar troposphere) and tqyy (the time constant for
meridional mixing). In constructing Figure 4.4 I have assumed that Tns=1
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year. Also shown in Figure 4.4 is the average measured value for the

concentration of 10Be in the polar stratosphere (Raisbeck and Yiou, 1985).

4.4.2 Stratgsphere-troposphere exchange.

As illustrated in Figure 4.1, the vertical gradients in 19Be 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 0Be in the polar troposphere. Currently,
both qualitative and quantitative understanding of stratosphere-troposphere
exchange processes is undergoing considerable revision (Holton 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 19Be 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
stratospheric aerosols across the tropopause. PSCs are composed primarily of
nitric acdd (Solomon, 1990); since beryilium forms a soluble nitrate
compound, Be(INOs);, deposition of PSCs at the ice-sheet surface should be
accompanied by deposition of stratospheric 10Be. 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.g. iwasaka, 1986).

Neglecting tropospheric transport for the reasons given earlier, we can

parameterize the range of plausible variations in stratosphere-troposphere




exchange processes in terms of the stratospheric sink term, fxF5. 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 stratosphere-troposphere exchange on the 1Be concentration in

the polar troposphere. From Equation 11, we have

ZPI' =rPT(szS+pFT)
PS NS NS
t"(fp Tum + PYST +PHJ

f‘fd)-,,-i—l

where PPT is the 19Be production rate, 7 is the residence time, and xFT in
the concentration in the polac troposphere. Figure 4.5 shows xFfasa
function of f and Tqym.

Although the full range of possibie values for ¥PT 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 {0<f<1, 0Stayn<1}. Both two and three-dimensional atmospheric
dynamics models show that increased stratosphere-troposphere exchange, if
it occurs, should be accompanied by greater meridional transport (e.g. Garcia
and Solomon, 1983; KK Tung, pers. comm, 1995; Holton et al., 1996). As a
consequence of the direction {(increasing with altitude and latitude) of the
production-rate gradients, the effect of atmospheric circulation changes on
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10Be in the polar troposphere are thus likely 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 parallel with the f

Tdyn plane in Figure 4.5.

4.5 Conclusions: how well do we know Y77 ?

From the foregoing discussion, we cannot, at present, specify the time-
dependent concentration of 1¥Be 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 production rate may account for a non-nég}.igible 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 field strength.

On the other hand, we can place specific limits on the variability of 10Be
in the polar troposphere. The major features in the ice-core 10Be record
cannot be accounted fer in terms of production rate or atmospheric mixing
changes, suggesting that the concentration of 19Be in the polar troposphere
is not highly variable, especially when compared with other aerosol species.
For example, the doubling of 10Be concentrations in the Vostok core
between interglacial and glacial climate regimes might be interpreted in




terms of greater input from the stratosphere. If 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 increase as well (lower
Tdyn) an even larger change in f required. Unless PSC scavenging of
stratospheric 1Be increases greatly during cold periods, such a large change
seems unlikely. For the Taylor Dome ice core, in which !9Be concentrations
increase by a factor of five during the last glacial maximum, only an extreme
combination of decreased meridional mixing, greater input from the
stratosphere, and increased production rates could 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 calculated variations in xi
lies in the importance of stratospheric input. The possibility that there is
significant input from the stratosphere (in contrast to the view of Lal 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
fully address the role of PSCs or of atmospheric dynamics, we can use




existing 19Be data to address the role of stratospheric input indirectly. This is

the subject of the following chapter.




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 (Merrill and
McElhinny, 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 longitudinal 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 10Be and 26Al

production as measured in terrestrial rocks at different latitudes.

14. The expected “yield per star” is defined as

o = oo E)E
™ [o..(Be(EME
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where y,, is the yield of 10Be, o is the production cross section {probability
of producing %Be per destructive collision), Gn.i is the non-elastic cross
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 supernovae (McHargue et al., 1995). There
is also a small solar component which becomes important during periods

of intense solar flare activity (Lal and Peters, 1967).

16. The strong 11-year cycle is, on the other hand, of some use in
determining atmospheric mixing patterns, since its amplitude is

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

17. I used the measured natural remnant magnetism (NRM) data of Tric et
al (1992) combined with the data of Weeks et al. (1995) to extend the record
to 140,000 years. The assumption is made that NRM is directly
proportional 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 O'Brien 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 increases by 33%.




18. This is an extremely small gradient when compared with that of
aerosol species such as SOy, which is produced by oxidation of biologically-
produced dimethy! sulfide at the ocean surface. The source term for SOy in
equatorial regions is about twice that in temperate and polar regions, per
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 drculation patterns can greatly affect the
concentration of SOy in polar regions. Mayewski et al. (1994) argue that the

increased atmospheric loading of SO, 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 STRATOSPHERIC FRACTION OF
10BE IN THE POLAR TROPOSPHERE

5.1 Introduction

Over the 11-year solar cycle, 19Be production variations of about +20%
are predicted for the high-latitude stratosphere (Lingenfelter, 1963; Lal and
Peters, 1967; O'Brien, 1979; Lal, 1988), compared with variation of <5% 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 1%Be concentrations and the %Be flux from
atmosphere to surface (Raisbeck and Yiou, 1985; Lal, 1987; Dibb et al., 1394).

A question of particular importance is whether or not there is
significant deposition, at polar latitudes, of 1%Be 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 10Be concentrations in the Vostok ice
core (Raisbeck et al., 1987) over the last 150 ka. In this chapter, [ take a
similar approach to that of Mazaud et al. (1994), but compare the Antarctic




10Be flux with estimates of solar, rather than geomagnetic variability, and

with empirical measurements of the cosmic ray flux.!?

5.2 WBe variations at Taylor Dome

To obtain an estimate of the amplitude of the ~11-year solar
modulation cycle of 19Be at Taylor Dome, I collected samples at 2 to 3-year
resolution from a firn core at location 40S (see Chapter 2} and at ~0.5 year

resolution in a 4-meter deep snowpit at the deep-drilling site. Dating was
achieved by locating the 1954 and 1964 bomb-rad.ioactivitf horizons in the

firn (Dibb et al., 1990), and assuming a constant accumulation rate corrected
for the measured density of each sample. Independent dating control by
seasonal oxygen isotope stratigraphy indicates that the assumption of
constant accumulation rate is reasonable; based on this comparison, I
estimate a dating uncertainty of +1.5 years. Figure 5.1 shows the §!80 data
and the gross p radiation data used to caiculate the age/depth relationship.
In Figure 52, Taylor Dome 1%Be concentrations are shown as a
function of time. Also 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
significantly 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 5.1 5180 and gross B radiation profiles at Taylor Dome.
Numbers show dates of counted years (assuming that
8180 cycles are annual) and of known bomb-radiation
peaks.
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10Be production rate at any point in the earth's atmosphere (Lingenfelter,
1963; Lal and Peters, 1967; O'Brien and Burke, 1973; O'Brien, 1979;
Castagnoli and Lal, 1980; Lal, 1988; O'Brien et al., 1991).

5.3 Relationship among solar variability, 1°Be concentrations and

atmospheric circulation

Comparison of the 9Be and neutron counter data shows that there is
an ~11-year periodicity common to both records. Following Beer et al.
(1990), I attribute this periodicity to solar modulation of production. The
10Be flux lags the neutron flux by about 1 year. This lag results from the
one-to-two-year residence time of 10Be in the atmosphere (Raisbeck and
Yiou, 1981; Beer et al., 1990); limited 7Be data from air samples (Hol&z et al.,
1991) show that cosmogenic isotope production is in phase with the cosmic
ray flux, as expected from theory. Although correlation between “Be
concentrations and neutron counting rates is relatively low (r2 = 0.2, lag 1
year), it may be comproinised by slight variations in snowfall rate {and
associated errors in dating for the 98e profiles), and by the possibility that
the atmospheric residence time is variable.

An alternate causal mechanism for the observed 11-year periodicity of
10Be is solar forcing of climate. Solar forcing may cause changes in
atmospheric circulation patterns or snow deposition rates, with resultant

changes in ice-core ¥Be concentrations (Lal, 1987). Changes in
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atmospheric circulation patterns may indeed be the dominant mechanism
for ice-core ¥Be variations at some time-scales, such as the prolonged high
concentration of 1%Be in Greenland ice during the Little Ice Age/Maunder
minimum (Lal, 1987). However, although there is evidence for an
approximately ~11-year periodicity in stable isotope (6!80) data (Stuiver et
al., 1995} from the GISP2 (Summit, Greenland) ice core, such cycles are only
regional. At Taylor Dome, Fourier spectrum analysis of high-resojution
8180 and electrical conductivity data yields a dominant periodicity at ~50
years, but nothing near 11 years. Thus, aithough long-term meteorological
changes and high;frequency 'noise’ may be superimposed on production-
rate variations (Raisbeck et al., 1990), there is at present little evidence for a
meteorological contribution to the 11-year periodicity observed for 19Be at
Taylor Dome.

5.4 Amplitude of the 11-year cycle at Taylor Dome

To quantify the relationship between cosmic ray flux and ¥Be
deposition rates, I applied a 9-13 year bandpass filter to both the 10Be and
the neutron-counter data. Taking autocorrelation into account,
comparison of the 11-year-periodic component of each data set yields a
correlation coefficient of r = 0.89 (nes = 49, lag 1 year). I also filtered the data
of Beer et al. (1987) using the same algorithm. Before filtering, all data were

numericaily re-sampled, using cubic splines (Rasmussen, 1991), to obtain
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average values over identical one-year intervals. For the firn-core 1%Be
data from Taylor Dome, which consist of 2-3 year averages, this may
underestimate the 11-year amplitude, relative to the other data sets, but
comparison with results from the ~0.5-year resolution snowpit data
suggests that this is a relatively minor effect.

Figure 5.3 shows a comparison of the filtered 19Be data from Taylor
Dome (A.D. 1920 - 1994} and from Dye 3, Greenland (1860 - 1985), plotted
relative to the average 10Be concentration at each site. Also shown is the
sunspot number and the filtered Deep River neutron counter data. The
amplitude of the 19Be variations at Taylor Dome is on average larger than
at Dye 3. There are no variations in the entire Dye 3 data set (1875-1985) as
large as the largest observed at Taylor Dome over the last 75 years. This
suggests a fundamental difference between the northern (Dye 3) and
southern hemisphere (Taylor Dome) sites. A likely explanation for this
difference is that 1°Be deposition at Taylor Dome (latitude 78°50'S) reflects
19Be production from a higher-latitude atmospheric reservoir than does
108e deposition at Dye 3 (65°N).

5.5 Comparison between predicted and observed 1%Be production

variations

I used the calculations of O'Brien et al. (1975; 1991) to integrate total

production over various latitude and altitude ranges as a function of the
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Figure 5.3 Lower: bandpass-filtered (9-13 year) 19Be data from Taylor
Dome (—) and Dye 3 (-, Beer et al., 1990). Dashed line
shows filtered snow pit 1%Be data from Taylor Dome. Data
are plotted relative to the average. For clarity, the Dye 3
data have been shifted forward by 0.5 years. Upper: filtered
Deep River neutron counting rate (—) and smoothed

mean-annual sunspot numbers ().




Deep River neutron counting rate.?0 O'Brien 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 1%Be is not
important here, aithough implicit in the model is that the scavenging ratio
(the proportion of the atmospheric concentration of 10Be that is deposited
per unit time} is constant.

Figure 5.4 compares the neutron counting rate with the relative
variation in 1®Be 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° - 90°). The uncertainty in the
average slopes of the theoretical curves to be +10%, based on comparison
among different calculations of cosmogenic nuclide production rates
(Lingenfelter, 1963; Lal and Peters, 1967; O'Brien, 1979; Lal, 1988; O'Brien, et
al., 1991). A straight or parabolic line fit to the Taylor Dome data is
statisticaily distinct (>95% confidence) from the predicted curves for both
the whole atmosphere and whole stratosphere. The discrepancy is even
greater if it is taken into account that the Taylor Dome variability is

probably damped by about 5% because of a 1-2 year average residence time
of 1%Be in the stratosphere.
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Figure 54 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.

Lines show predicted values for entire atmesphere (-),
stratosphere only () and polar stratosphere only (—).




5.6 Discussion

The data suggest a significant contribution of polar stratospheric 19Be
to the Antarctic 19Be deposition flux. This conflicts with the traditional
view that, at high latitudes, there is very little input of cosmogenic
isotopes produced in the stratosphere (Lal 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 al., 1994; Fox

et al., 1995; Santee et al., 1995). The condensation of water vapor on

aerosols to form polar stratospheric clouds (Crutzen and Arnold, 1986;

Gobbi et al., 1991; Deshler et al., 1995) favors the advection of stratospheric
aerosols into the troposphere either by direct settling of ice particles
(Vomel et al., 1995), or by descent of stratospheric air (Twasaka, 1986). Both
of these mechanisms are strongest in the winter, when latitudinal mixing
is severely restricted by the polar stratospheric vortex (Maenhaut, et al.,
1979; Toon, et al., 1986; Shaw, 1989a, b; Manney, et al., 1994; Fox, et al., 1995;
Santee, et al., 1995; Vomel, et al., 1995).

To quantify the relative contribution of non-polar ¥Be to the polar
10Be flux, I calculate a sensitivity factor,

3(*°Be/Be__)
a¢
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where ¢ is the Ehmert potential, 2 measure of the degree of solar
modulation of the cosmic ray flux (Ehmert, 196Q). For a typical solar cycle, ¢
varies from 300 to 600 MV, with an average value of 450 MV (Lal, 1988); ¢ =
450 MV corresponds to a counting rate at Deep River of 1.97 x 106
neutrons/hour (O'Brien and Burke, 1973).

I divide the atmospheric 19Be production into geomagnetically
‘modulated’ and 'unmodulated’ components, corresponding to the low
latitude (0° to 60°) and high-latitude (60° to 90°) atmosphere, as discussed
in Chapter 4 and illustrated in Figure 4.3. The boundary at 60° corresponds
to a break in slope in theoretical cosmogenic isotope production curves.
The high/low-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 coincide closely (Merrill and
McElhinny, 1983; Ohno and Hamano, 1992).

Figure 5.5 depicts the predicted sensitivity of 19Be production to
changes in Ehmert potential, for different mixing ratios between 0Be
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 9Be
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Figure 5.5 Sensitivity of the polar I"Be flux to changes in the cosmic-
ray flux, as characterized by the Ehmert potential, ¢, as a
function of the fraction of !%Be derived from the low-latitude
stratosphere. Curved lines show theoretical sensitivities near
a mean value for ¢ of 450 MV; bold line is from calculations
of O'Brien et al. (1991). Dotted lines denote estimated 20
uncertainty in the calculations (see text). Arrows show mean
values for Taylor Dome and Dye 3. A least squares 2nd-order
polynomial fit to the data in Figure 5.4 gives 95% confidence
fimits of #0.4 kV-! for the Taylor Dome value.




concentrations at Taylor Dome and Dye 3 over the same period (1920-1985),

assuming average solar conditions (300 < ¢ < 600 MV).

Comparison of the calculated and observed sensitivities shows that, in
Antarctica, at most 35%, and more likely <10%, of the Antarctic 10Be flux
can be derived from low-latitude sources. In contrast, the amplitude of
variation of 19Be observed in the Dye 3 core (Beer et al., 1990) is consistent
with a well-mixed stratosphere (Monaghan, 1987). This conclusion is at
odds with recent work of Mazaud et. al., (1994), who were able to produce a
reasonable match between the Vostok, Antarctica, 19Be record and ocean-
sediment proxy records of geomagnetic field strength. As has been done
here, Mazaud et al. (1994) divided the atmospheric 19Be sources into
‘unmodulated’ and ‘'modulated’ components; they determined a value of
75% for the modulated component. The discrepancy with my value of
<35% suggests several possibilities: 1) ocean-sediment geomagnetic records
approximate geomagnetic field variations rather poorly (Raisbeck et al,,
1994) 2) the slight adjustment made by Mazaud et al. (1994) to the accepted
Vostok timescale (Jouzel et al., 1993) to achieve their best-fit match
introduces errors, 3) the fraction of ‘modulated’ 19Be in the ice core record
is variable, and 4) the theoretical production rate variations are in error.
The first three possibilities draw into question the validity of using 9Be ice
core records as proxies for the geomagnetic modulation of cosmogenic

isotope production.




Conclusions

Evidently, a relatively small proportion of the Antarctic 0Be flux is
derived from latitudes at which variations in geomagnetic field strength
are important. If my 75-year record is applicable to the distant past, then the
10Be record from Antarctic ice cores should contain only a small
geomagnetic signal. The global average geomagnetic modutation over the
last 10 ka is on the order of £25%; assuming a maximum 35% contribution
from the low-latitude stratosphere; geomagnetic modulation accounts for
variation of at most +10%.

This conclusion is satisfying from the point of view of glaciology,
because it suggests that 19Be concentrations can be used to determine
accumulation rates in ice cores (Yiou et al., 1985; Raisbeck, et al., 1987;
Lorius et al., 1989; 1992; Steig et al., 1935). The rather minimal effect of
geomagnetic modulation on the Antarctic 19Be flux makes more

reasonable the assumption of a "constant” 19Be flux over millennial

timescales, improving confidence in this approach. The effect of solar

variability, of course, must still be considered, but my results suggest that
comparison of 19Be records among Antarctic and Greenland ice cores may
allow us to separate the geomagnetic and solar contributions to changes in
cosmogenic isotope production rates. It will be important to collect more
profiles of 19Be solar cycles in both polar and non-polar regions as a further
test of these findings.




Notes to Chapter 5

19. See Steig et al. (1996) for a published version of this chapter.

20. See footnote 17 (Chapter 4).




In summary...two relatively independent procedures [!9Be and 8D] for estimating polar
precipitation, neither on a particularly solid theoretical footing, give similar and
apparenty reasonable results. The degree to which one is convinced by such concordance is
... & question of personal taste....

—Lorius et al., The Environmental Record in Glaciers and Ice Sheets, 1989, p. 351.
Chapter 6

ON THE RELATIONSHIP BETWEEN 1°BE CONCENTRATIONS
AND ICE-ACCUMULATION RATES

6.1 Introduction

A widely-discussed application of cosmogenic isotopes in ice-core
research is the use of 1”Be as a proxy for accumulation rate. The "19Be
method” is based on the assumption that the 19Be flux to the ice-sheet
surface is approximately constant, such that changes in 19Be concentration

are inversely proportional to the ice flux or accumulation rate, b; that is

twse}:;’f" (14)

Particularly notable is the application of Equation 14 to the Vostok ice core
record; Raisbeck et al. (1987) showed that accumulation rates from 10Be
concentrations correlate remarkably well with stable isotope (D) values,
which are also believed to closely mirror accumulation rates in that core
{Figure 6.1). While more up-to-date estimates of the age-depth relationship
in the Vostok core (Jouzel et al., 1993; Sowers et al., 1993) show that the




assumption of a constant 19Be flux (F} is unlikely to be strictly correct, it
seems clear that accumulation rate is the dominant factor affecting °Be
concentrations at Vostok, and probably in most other ice cores as weill. The
only significant exception to this general rule is during two periods of
apparently enhanced 19Be 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 37.5 ka and 64 ka on the Jouzel et al. (1993) timescale. These are
correlated with similar spikes in the Taylor Dome record on the
Std_Time_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 19Be 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 knowledge of the vertical thinning rate. Inherent limitations to the

accuracy of ice-dynamics models means that the annual layer thickness

cannot be uniquely inverted for accumulation rate (Weertman, 1993).
While the error may be insignificant for the upper few hundred meters of
a typical deep ice core, it may become very large near the bed. In the Taylor
Dome ice core an independent geochemical method for determining
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Figure 6.1 8D (Jouzel et al., 1987; light line) and '®Be concentrations
(Raisbeck et al., 1987; bold line) in the Vostok Core, on the
EGT timescale (Jouzel et al., 1993), illustrating coherence

of the two records. Higher concentrations of 1¥Be and lower
8D values are expected during times when acumulation rates

are low. Arrows indicate times of apparent enhanced "Be
production (see text).
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Figure 6.2 5!80 (light line} and °Be concentrations (bold line) in
the Taylor Dome core, on the STD_Time_9507 timescale.
Arrows as in Figure 6.1.




accumulation rate is essential because most of the pre-Holocene part of the
core lies within only 150 meters of the bed.

If we wish to use !¥Be as a proxy for accumulation rate, a more
sophisticated approach is needed than the simple assumption of a constant
flux. In particular, we need to consider the changing concentration of 0Be
in the troposphere, and to take into account both the the wet and dry
deposition components of the atmosphere-to-ice-sheet flux. In this chapter,
I discuss the relationship between ?Be deposition mechanisms and snow
accumulation rates in the context of data from snow pit and shallow firn
cores at Taylor Dome. Combining these data and the model results
presented in Chapters 4 and 5, I use the 10Be profile from the Taylor Dome
deep core to determine the accumulation-rate history. While the results
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 accumulation rate and wet and dry flux

parameters

The total flux, F of 19Be to the ice sheet surface is the sum of the "wet”
and "dry” fluxes \
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F=F¥+F° @15)

By definition, the dry flux, F® is independent of the snow accumulation-
rate, b, while F" is a linear function of 5. The wet and dry fluxes are

related to the mixing ratio of 19Be in the atmosphere by
F¥=Wyb (16)
FD = vyxpair (17)

where v4 is the dry deposition velocity (cm at), W is the dimensionless
wet scavenging ratio, pu, is the density of air, and 'y is the mixing ratio of
10Be in the atmosphere (atoms g!). From (16) and (17), the concentration of
10Be in a polar ice core is related to the snow accumulation rate and the

atmospheric mixing ratio by
9ge] = z(w -—.—-”p‘*) 18
[Be] o (18)

To determine the value of v, and W, I measured 19Be concentrations
in a series of firn cores and snow pits at Taylor Dome. Comparison of the
accumulation rate at each site with the total 19Be flux allows us to estimate
the dry deposition flux, if we assume that the atmospheric mixing ratio
{and the dry deposition flux) is uniform over the spatial area considered.
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Although Legrand (1987) has questioned the validity of this approach
when applied to a large geographic area, Taylor Dome has the advantage of
strong spatial gradients in meteorological conditions over a relatively
small area (Waddington and Morse, 1994). Each of the snow-pit and core
samples are averages over at least 20-30 years of accumulation, making it
unlikely that the assumption of a uniform dry deposition flux is in error.

Sniow accumuldation rates range from about 15 gcm-2a-t 10 km south of
the drill site, to less than 2 gcm-2a-! in the upper reaches of Taylor Glacier
30 km to the north {Grootes and Steig, 1992). Table 6.1 summarizes the
results of 19Be measurements in surface snow at Taylor Dome, along with
accumulation rates from each location (see also Chapter 2).

Figure 6.3 shows the total 19Be flux ([19Be] x 5) as a function of
accumuiation rate. The intercept of the regression line through the data
gives 1.04 + 0.2 x 105 atoms cm-2a-! for the dry deposition flux, while the
slope of the regression gives the average concentration in fresh snow
{19Be}wer =7.5+0.2 x 103 atoms/g. Although the correlation is not high,
these values agree with previous estimates for East Antarctica, and imply
that dry deposition accounts for between 50% and 75% of the total flux of
~1.4 x 105 atoms am-2a-l. A single measurement from fresh snow, which
fell on blue ice on lower Taylor Glacier, and was collected within two days
of having fallen, gives a value for [Belwe of only 9.9 x102 atoms/g,
suggesting that the regression analysis may overestimate the importance of

wet deposition.




Table 6.1 Comparison of accumulation rates and
10Be concentrations at Taylor Dome.

Location 10Be concentration Accumulation rate
(103 atoms gt) (g cm-2a-i)

Taylor Dome

20N 152.2 1.23

Taylor Mouth 28.10 2.26
10C 3212 3.02

Drill Site 21.32 7.60

208 26.23 7.86

20C 18.23 6.71

10S 14.32 15.0

From the given values for F* and F°, we can estimate v, and W from
the measured mixing ratio of 1%Be in the polar tropasphere. Using a mean
value of 5 x 104 atoms / m3 sTp for y (Raisbeck and Yiou, 1985; Harder,
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 [19Be]wet, we obtain 0.1 for v, and
~30 for W.

6.2.1 Comparison with ovalues determined for sulfate and nitrate.
Although there have been no direct measurements of wet and dry
deposition parameters for 1Be specifically, deposition of 19Be occurs in

association with the other more common aerosols. Beryllium atoms,
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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 19Be is also associated with nitric acid (HNOz),
which is the most important cloud condensation nucleus in the polar
stratosphere. The compounds BeSO4 and Be(NOs); are both highly soluble
in water (Lide, 1992). In Antarctica, sulfate and other sulfur compounds
accounts for 70-80% 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 America show that the dry deposition velocity for SOs2- is between
0.039 and 0.16 cm/s. From measurements at the ATM site in central
Greenland, Bergin et al. (1994) obtained comparable values (0.027 + 0.015
an/s) at the low end of this range. 2! For Antarctica as a whole, Legrand
(1987) used the same kind of 5-F plot I used for 19Be, and obtained similar
values for SOz2 (60 % dry deposition for b = 65 g cm2a-1). For wet
deposition of $O4% Davidson et al. (1989) report a value of 180£120 at Dye
3. For Antarctica, Legrand's b-F calculation gives FW/Foal - 30% for SO42-
again comparing favorably with my results for 0Be.

Taken together, the 19Be and SO42- are compatible. In general, the
results are higher than indicated by the estimate for W suggested by the
single measurement from fresh snowfall; clearly more fresh snowfalt data

are needed. Until such data are available, it is prudent to consider the




plausible range of values for 10Be, rather than adopting a single mean
value. Thus, in calculations of accumulation rate from Be data, ranges of
v, =0.05-0.1and W =30 - 260 seem reasonable.

6.3 Determination of accumulfation 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

(@Y v ["Bel,-Woxo
bzy=h| &= ) ==
e A v A[Bef@~WiDz(z)

where the subscript () denotes measured modem (surface) values. At
present, we must assume that the values of v, 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., 1996}, 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 atmo..f»phere (Alley et al., 1996).

Initially, [ assume also that y is temporally constant, as supported by

evidence that geomagnetic field variations and atmospheric circuiation




change should not impart large fluctuations to the mixing ratio of 1%Be in
the polar troposphere (Chapters 4 and 5). Equation 19 thus reduces to

. [“Be] -wx

b(t)=b°[ﬁ3—e]m

Note that the assumption that W and v, are constant allows us to
eliminate v,, but not W, from Equation 19.

Figure 6.4 shows the accumnulation rate at Taylor Dome as determined
from Equation 20 using values of 30 and 265 for W. For comparison, the
8180 profile is also shown. Figure 6.4 suggests that the 10Be profile at Taylor
Dome is a fairly robust indicator of accumulation rates, given the assumed
range of values for W. This is a rather fortuitous result; during the
Holocene, where the calculated accumulation rate is relatively sensitive to
W, the 19Be concentration does not change by more than 20 % during most
of this time period. On the other hand, during the cold, dry conditions
prior to the Holocene, accurnulation rates are so iow that the effect of wet
deposition is almost negligible. The only significant exception is over the
depth range 250-270 m. There, very low 19Be concentrations (104 atoms/g)
imply particularly high accumulation rates, espedially for the larger value
of W.

The 8130 profile provides a qualitative test of the accumulation-rate
calculations. Making the reasonable assumption that 5180 is correlated
with temperature and accumulation rate, we find that the general decline
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Figure 6.4 Accumulation rates at Taylor Dome as calculated from
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in 880 values since the early Holocene is consistent with the parallel
decline in calculated accumulation rates. Note, however, that the
correlation is not high enough to warrant the kind of comparison made by
Lorips et al. (1989), who assumed that stable isotope (§D) values in the
Vostok core directly reflect accumulation rate via the saturation vapor
pressure relationship discussed by Robin (1977). Notably, 8130 shows no
marked change during the 250-270 meter interval, suggesting that the
accumulation rates calculated for W = 265 are probably unrealistically high
and that a lower value for W may be more reasonable. At present, we
cannot completely rule out the possibility that either (1) accumulation
rates at 250-270 meters were actually very high or (2) the low 0Be
concentrations at this depth interval reflect atmospheric circulation or
production-rate variations. Detailed comparison with other ice-core 0Be

records may offer a way to address this question.

6.3.1 Accounting for changes in x

Accounting for production rate and atmospheric drculation change in
the accumulation-rate calculation is problematic. To first order, it is
probably quite reasonable to ignore such effects when considering Antarctic
ice cores. As discussed in the previous.chapter, there is some evidence that
geomagrnetic field strength varations should introduce variability of only a
few percent to the concentration of 10Be in the polar atmosphere (Steig et
al., 1996). Because of the relative isolation of Antarctica from the rest of the




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 19Be flux is large over short time scales, averages over a few centuries
should eliminate both of the dominant known periodicities in solar
modulation, the 11-year Schwabe and 88-year Gleissberg cycles. While
longer-period variations cannot be ruled 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 climate change, such as the glacial-
interglacial transitions, when possible small changes in the atmospheric
concentration of 19Be become important. For example, Sowers et al. (1993)
provide evidence from time-scale correlation arguments that the 1%Be 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
10Be.

A conservative approach then, is to include a maximum and
minimum plausibie estimate of y in our calculation of accumulation rate.
To do so, [ combined geomagnetic field variation data (Figure 4.2) with the
given range of plausible values for W and v,, using Equation 19. Although
atmospheric circulation changes are not explicity taken into account, they
are implicit in the consideration of both the maximum and minimum
expected effects of geomagnetic field strength, since atmospheric

circulation determines the contribution of low-latitude (geomagnetically
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modulated) 19Be to the total 19Be flux. The resulting envelope of plausible
accumulation-rate values is shown in Figure 6.5.

Comparison of Figures 6.4 and 6.5 suggests that production-rate
variation does not introduce as much uncertainty to the 19Be method as
does the sensitivity to the values adopted for W and v,. Although the Tric
et al. (1992) geomagnetic record is just one of several production-rate
proxies that could have been used, the coherence of the geomagnetic signal
in many sediment cores suggests that the accuracy of the approach I use
here is reasonable, and that it can be improved as the geomagnetic record

becomes better defined (Weeks et al., 1995).

6.4 Discussion: reliability of the 1'Be methed

The extent to which we can use the 198e method to determine
accumulation rates depends on the reliability of our independent records
of geomagnetic field strength and solar variability, and our knowledge of
atmospheric circulation processes. As discussed in Chapter 4, atmospheric
circulation changes are unlikely to have had a significant effect during the
Holocene (i.e. the last ~10 ka) but could have sizeable effect during major
shifts in climate. This, and the possibility that increased wind speeds could
greatly enhance dry deposition velocities, are probably the largest sources
of uncertainty in the method (Harder et al., 1996).




112

20
4
1
—~ 9
s 15+
E
<
P ]
2 10-
= 1
o -
3
a L
=
E 5l
3 :
=1
0

L i T i ]
0 100 200 300 400 500 600
depth (m)

Figure 6.5 Maximum and minimum envelope of plausible values
for accumulation rates at Taylor Dome, assuming that

vy is constant, but thatW can vary between 260 and 30,
and yx varies within maximum bounds given by the global
average 1Be production rate (cf. Figure 4.2).




The calculations presented in this chapter suggest that under favorable

circumstances the 19Be method yields reliable determinations of

accurmnulation 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 al., 1987).
Comparison among different ice-core records of 19Be, the explicit
incorporation of 19Be in atmsopheric general drculation models, and
continued measurement of 19Be concentrations in surface snow and air in
Antarctica, should permit us to improve considerably the reliability of the
WBe method. It should be reiterated that the ®Be method provides an
independent check on ice-flow modeling estimates of accumulation rate
and, as such, is useful even for high-resolution cores where annuai layer
thicknesses can be determined directly from annual §!%0 or 11-year 1°Be

cycles.
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Notes to Chapter 6

21. At GISP2, Bergin et al. (1994) found that fog deposition accounts for a
significant amount of the total flux during summer. Because the water
deposited during evening fog events frequently re-evaporates
quantitatively the following day, the fog flux would be considered as part
of the "dry” flux on an accumulation rate vs. total flux plot such as Figure
6.2. Bergin et al.'s calculations of dry flux are empiricai, and not taken from

a 5-F plot In Antarctica, fog deposition is not expected to be significant.




Chapter 7

ON THE USE OF 1°BE TO DETERMINE 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 5180 cycles (Hammer et

al, 1986). For many ice cores, however, low snow-accumulation rates

preclude the preservation of the seasonal patterns that permit annual layer

counting. in these cases, age control is usually achieved by correlation with
other better-dated ice cores or through numerical ice-flow models. Both of
these approaches, however, are limited in accuracy. The most rigorous
correlation method uses the global signature of gas concentrations, but such
correlations are unlikely to resolve differences smaller 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 usefui, 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
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(seasonal) variability of ice~core chemistry, we can take advantage of the low-
frequency periodicities present in the production of cosmogeric isotopes in
the atmosphere. In particular, I propose that the 11-year solar modulation
cyde in ¥Be production can be used to determine layer thickness directly,
even for ice cores where the accumulation rate is too low to preserve annual

layering.

7.2 Principles of the method

Essentially, the proposed method assumes that the well-known Schwabe
sunspot cycle has persisted over long periods of time, and is reflected in the
deposition rate of 1°Be at the earth's surface. On average, the Schwabe cycle
is 10.8 years in length, but may vary by #1 year, placing a practical limit of
~10% on the precision of the method. Having established the '11-year
thickness' at various depths in an ice core, one can interpolate the data to
obtain an estimate of the layer thickness at arbitrary depths in the core. If
10Be is measured continuously and at high resolution along the core, this
method is independent of ice-flow and accumulation rate estimates.
However, the amount of ice needed per sampie (about 500 g) is likely to be
prohibitive; in practice, 9Be measurements must be used in concert with,
and as a refinement to, independent determinations of vertical strain-rate

conditions and of the accumulation-rate history of the ice core.




117

For the proposed method to work, the 11-year solar cycle must have
existed throughout the time period of interest in ice-core research, that is the
last 10 to 10° years. The existence of the 11-year cycle is known from
historical records of aurora observations and sunspots to have existed for the
last several hundred years (Stephenson and Clark, 1978; Eddy, 1988). A
strong apparent 11-year cycle in pre-Cambrian rhythmites was at one time
thought to have been proof of the long-term stability of solar periodicities
(Williams, 1981), but it has since been shown that the rhythmites are not
annual and that the cyclicity is of tidal (lunar) origin (Sonett et al., 1988, G.E.
Williams, pers. comm., 1995). While a near—constant length solar cycle is
expected from theoretical considerations in astrophysics, it has not been
demonstrated convincingly (Soderblom, 1988). For periods prior to the last
few centuries, the assumption of 'solar uniformitarianism’' (Eddy, 1988)
must therefore be considered a2 working model.

If the assumption of a persistent 11-year cyde is correct, then we can rely
on the well-established anti-correlation between solar activity and the '
production of 1%Be in the atmosphere. Over a typical 11-year cycle, solar
modulation of the cosmic-ray flux results in a global average variation in
10Be production of +10 %, with a larger variation (¥30%) in polar regions.
This periodicity is reflected in deposition of 10Be at the earth's surface which
occurs within one or two years following production. In Greenland, 1%Be
deposition appears to reflect global average production-rate variations (Beer
et al., 1990); in Antarctica, the deposition-rate signal has a larger amplitude,
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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 10Be
deposition has followed an 11-year cycle for at least the last 250 years
(Attolini et ai., 1988; Beer, et al., 1990).

7.3 Detection of the 11-year cycle in 19Be data at Taylor Dome

I measured '©Be in detail to establish the 11-year layer thickness at three
depth intervals in the Taylor Dome core: 49.12-51.25, 298.5-300.6 and 340.5-
341.5 meters, in a 4-m-deep snow pit within 100 m of the drill site, and in a
firn core 20 km from the drill site (405 in Figure 2.2). 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). The Wisconsin-Holocene transition occurs at
a depth of 374 m in the Taylor Dome core. All of the measured sections fall
within the Holocene, dﬁring which the accumulation rate is expected to
have changed little.

Each section was analyzed at a resolution of ~10 samples/meter, except
the 340.5-341.5 meter section which is at 20 samples/meter. For simplicity [
have converted all depths to ice-equivalent using the measured ice-core

density profile (Table 2.1). { refer to each section for which 10Be was analyzed
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by its nominal ice-equivalent depth: “surface,” “33” “278,” and “320.” Figure

7.1 shows the results; as expectéd from thinning due to ice flow, there is an

increase in the wave number for 19Be variation from about 1 cycle per meter
in the upper two sections to multiple cycles 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 0Be data in
Figure 7.1. To identify spectral peaks, I use the maximum entropy method
{(M.E.M, Burg, 1967) with a constant auto-regressive (AR) order of 9. Use of a
relatively high AR order (slightly less than 1/; 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 significance (compared
with, for example, the conventional Fourier-transform approach; Jenkins
and Watts, 1968); however, we assume z priori that there is no other
production-rate frequency near 0.09 a! (i.e. the 11-year cycle} so that
identification of the ‘correct’ wave number should be unambiguous unless
there are confounding meteorological factors affecting the °Be deposition
rate.

For the surface measurements we can translate the depth domain to the
time domain, using the 1954 and 1964 f-decay 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'1; it
displays a clear 11-year periodicity (Figure 7.2) with a strong 0.09 a-! peak.
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Note that because the samples represent continuous averages, rather than
discrete points, aliasing of higher frequencies is reduced and the spectral
estimate is quite reliable. For example, if we re-sample the data numerically
at lower resolution (0.25 a'!), the 11-year cycle can be identified even very
close to the Nyquist frequency although the analysis underestimates the
frequency by about 7 %. This observation is impdrtant because it turns out
that layer thinning in the lower part of the core is so great that the 278 and
320 meter sections were analyzed at quite low time- resolution.2Z

Figure 7.3 shows the MEM results for all sections measured, normalized
to ice-equivalent thicknesses and depths. As already noted above, the surface
section yields a peak in the data at ~1.3 m"}, corresponding to the 11-year
solar cycle. At 33 meters, there is a sharp spectral peak at 1.4 m'}; the absence
of low wave numbers in this section is in part a resuit of the short interval
analyzed (about 20 years). For the 278 and 320 meter sections, interpretation
is not as straightforward because both data sets yield several spectral peaks. It
is tempting to associate the highest-wavénumber peak in each case with the
11-year cycle because doing so yields an increasing wave number with depth
that is in general agreement with expectations from ice-flow modeling; this
assodiation yields 4.7 and 82 m-! at 278 and 320 meters respectively.

If we assume that we have correctly identified the 11-year cycle for each
section, we can calculate the annual-layer thickness A, from

1
11f(z)

A= 21)
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Figure 73 Wave numbers for the °Be data in Figure 7.1. Nominal
depth intervals are a) surface, b} 33, ¢) 278 and d) 320 meters.




where f is the cycle 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 cycle has a fixed length of exactly 11 years.
Figure 7.4 shows the annual-layer thickness determined from Equation 21 as
a function of depth in the Taylor Dome core, under the assumptions noted.
Also 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 strain rate is constant with depth. At an ice divide, the vertical

strain-rate may be assumed to decrease 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 1 ice-
thickness from the ice divide, should fall between these two models./

From Figure 7.4, it is readily apparent that assignment of the lower-
wave-number spectral peaks in Figure 7.3 to the 11-year cycle gives
unreasonable results. For example, selection of the second-largest peak at 278
meters would imply that almost no thinning has occurred between 33
meters (6 % of the total ice thickness) and 278 meters (53 %), unless the
original layer thickness was about five imes greater for the section at 278
meters; such a large chgmge in accumulation 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 function of depth
in the Taylor Dome core. "Raymond” and "Nye" refer to
end-member madels (see text). Crosses and plus-signs show
maximum and minimum estimates, respectively, from
spectral analysis of the 10Be data.




7.4 Validation 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 Taylor Dome core. First, we postulate that
periodicities in the 1%Be data that are not associated with known solar cycles
probably reflect meteorological variability, and should therefore appear in
the spectra of accepted “climate” proxy data such as §%Q. Second, if there are
any characteristic periodicities 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 cycle should not appear in the climate
proxy data if, as I assume, it actually reflects production rate variations.

At present, the only properties which have been measured in the Taylor

Dome core at comparable resolution to %Be are electrical conductivity (ECM)

and, for the upper section only, §180 (see Chapter 2). Figure 7.5 shows the
5180 and ECM spectra compared with those of 19Be, both as functions of the
cycle length in years, where I have assumed that the 11-year cycles have been
correctly identified as described above. In constructing this graph, [
numerically re-sampled the 5-mm-resolution ECM data at the same
sampling frequency as the 10Be data (j.e. 0.10 and 0.05 m averages). The
sampling interval for 8180 is 0.10 m, as for ¥Be. The MEM routine was

applied over 20-meter intervals centered on the depth of interest. Note that
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Figure 7.5 Frequency spectra for ®Be (bold) and ECM (thin)
for each of the depth intervals discussed in the text.
Dashed line shows spectrum for §'%0 in the surface interval.
Small x's denote frequencies in the ECM spectra that are
artefacts of the 1-meter sampling interval. Nominal depths
are a) surface, b) 33, ¢) 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 temperatu.revof the ice core at the time of
measurement. These peaks, which coincide to a wave number of 1.0 m! (the
length of a core section) are marked with a small "x" in Figure 7.5.

The MEM analysis of the climate proxy data appears to support the first
prediction, that 'spurious’ periodicities in the 19Be spectra should coincide
with periodicity in the climate proxy data. Although not all 19Be frequencies
can be accounted for, there is an arguably correspondence between the
0.04 a”! frequency in the 10Be at 320 meters and the clustering of spectral
peaks in the ECM data.

The second prediction, that translation to the time domain should yield
peaks of constant frequency in climate proxy data, also appears to be
supported. There is a low-frequency peak in ECM at all depths, with an
average frequency of 0.006 a’! and a small standard deviation of +12%. The
large low-frequency peak, in contrast, appears also in the §'30 data, showing
that it is not an artifact of the ECM analysis, but reflects a real periodicity of
climate.

At Taylor Dome, neither the §!80 nor the ECM data show a spectral peak
with a period at or near 11 years. This contrasts with recent evidence in the
northern hemisphere: analyses of both §180 (Stuiver et al., 1995) and soluble
ions (P. Mayewski, pers comm., 1995) in the GISP2 core show that a strong
9-12 year periodicity exists in Greenland ice-core climate data, apparently in
phase with, or slightly leading, the 11-year solar cycle.




7.5 Validation of the method: comparison with ice-flow modeling results

As a first-order medel for glacier 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

constant. If the ice is frozen to the bed, the horizontal velocity increases
linearly from O at the bed to some value u, at height h. Above this layer,
which deforms by simple shear, the ice experiences plug flow such that

% =0, u = us 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 modei; it is probably the most
appropriate model to use in the absence of contradictory evidence (Reeh
1989). If the accumulation rate is constant, we can use the horizontal velocity

profile to calculate annual layer thickness:

A0)= L fudy
]

Note that by convention (e.g. Paterson, 1983) y denotes height (positive
upward) above the glacier bed; I use it here also to distinguish from depth, z




height above bed
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horizontal velocity

Fig 7.6 Schematic representation of Dansgaard-Johnsen flow model.




131

(positive downward). The integral (Eq. 22) is easily calculated from the
geometry of the model.

To constrain the value of A, I use least-squares minimization to fit the
flow model to the layer-thickness data obtained from the 9Be spectra. The

minimization consists of two parts:

u’ y
f’ = E.('i)—lw"(y) y< h
8, =22 +0-0)-2uy®) y2h @3)

where we minimize the sum
PXCART %! (24)

with respect to k. Recognizing that at the surface the layer thickness is

equivalent to the accumulation rate, we determine ug from

A(H) =E-2-’i+u,(H—h)

A(HD) (25)

u =
h

S4(H-
2-&»( h)

£

Applying the least-squares minimization to the layer-thickness data
determined from the 19Be spectra, we obtain h = 320 £ 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, A,, to relative layer thicknesses:

A.(2)

Ay =2
(2} 7.0

where A,(0) is the original layer thickness at the surface. Assuming the
accumulation rate to be the same for each section analyzed, A,(0} 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 ice-sheet configuration remains constant; A7 essentially describes the
vertical velodty distribution in the ice core.

Waddington et al. (1993) describe the application of a two-dimensional
finite-element glacier 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 ice-sheet configuration, based on an airborne radar profile along the
main direction of ice flow. While ongoing geophysical analyses—
particularly vertical strain-rate measurements-—are expected to improve
these results, the preliminary model is probably reasonable to a depth of
about 400 meters (Morse, personal communication, 1995), covering the
entire Holocene period of the core.

Figure 7.7 shows layer thicknesses calculated with the finite element
flow-model, here referred to as the “Morse-Waddington model,” compared
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Figure 7.7 Estimates of layer thickness as a function of depth in
the Taylor Dome core, assuming accumulation rate is
consant. Dashed lines: Raymond (lower) and Nye (upper)
models. Bold line: Morse-Waddington model. Thin line:
best fit Dansgaard-Johnsen model to the !%Be spectra.
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with the best-fit Dansgaard-Johnsen mode! constrained by the 19Be data.
Also shown are the Nye and Raymond "end-member” models, which are
equivalent to Dansgaard-fohnsen models with h = 0 and h = H, respectively.
The ¥Be data show a remarkably good correspondence with the Morse-
Waddington model, at least down to 400 meters, although the constrained
Dansgaard-Johnsen model under-predicts A relative to the Morse-
Waddington model by up to 15%. In principle, we should be able to
constrain the layer thicknesses at Taylor Dome further by making 19Be 11-

year cycle 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 19Be in each section suggests that accumulation rates vary

somewhat. In particular, the 1%Be concentration in the 320 m section is about
20% higher than in the other sections, suggesting that the accumulation rate
may have been as much as 20% lower. This assumption gives a minimum
estimate of the accumulation rate at 320 m, since the 8Be production may
have been slightly higher (though not by 20%) during the time-period
represented by this section (~9 ka).23
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As described in Chapter 6, the accumulation rate,, can be determined

from the measured 19Be concentrations, [%Be], from the relationship

o)

where y is the concentratior in air, and vg and W are the wet and dry
scavenging coefficents, assumed to be constant. Assuming that ¥ remains

constant throughout the Holocene, we can then calculate relative layer
thickness from

i o A@ A (["‘ae]o - Wz]

A0 By \["Bel, -Wyx

where the term Wy ~ 102 atoms/g is just the concentration of 1%Be in
precipitation.

Applying Equation 8 to the 19Be data, we find that some improvement is
made to the match between the Morse-Waddington flow model and the
10Be-constrained Dansgaard-johnsen model. As shown in Figure 7.8, the
least-squares minimization (Eq. 5) now gives h = 280 m; the Morse-
Waddington model is closely approximated by h = 220, which suggests that
the latter slightly overestimates the A between 200 and 300 meters.
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Figure 7.8 Layer thickness profiles at Taylor Dome calculated from the
Dansgaard-Johnsen model, assuming constant accumulation
rate, for h = 220 (upper dashed line), 280 (middle} and 320
(tower dashed)meters. Circles shows estimates from the raw
10Be spectra; crosses show data after correction for accumulation
rates determined from average 1%Be concentrations.
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7.7 Discussion

The proposed method—using the solar-modulation cycle in 10Be
production to determine the 11-year layer thickness in ice cores—depends
on two critical assumptions. First, the 11-year cycle period must remain
constant with time. Second, this cycle must be reflected in the deposition of
cosmogenic 10Be 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 19Be measurements in
the GRIP or GISP2 ice cores from central Greenland, which have excellent
age control and discernible annual layers. At this writing, the necessary
high-resolution measurements have not been made at these sites.

At present, the limited amount of data and the preliminary 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 0Be data agree closely with those
predicted from an independent ice-flow model, and that they correctly
predict the spectral characteristics of the ECM and 8130 climate-proxy data.
On the other hand, the discrepancy between the ice-flow modeling results
and the 10Be results serve to iustrate the potential utility of the method. In
particular, it may be important for refining estimates of layer thicknesses for
ice cores where the accumulation rate is too low to preserve discernible

annual layers.
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Notes to Chapter 7

22. The low-resolution (~ .2 a!) sampling is a consequence of the Taylor
Dome core being much older at the bottom than was originally predicted
by Waddington et al. (1994). There is probably encugh ice available to
repeat this experiment at 2-3 times greater resolution.

23. The global average production of 9Be at 9 ka may have been about 5%
higher than today (Fig. 4.2) because of a lower geomagnetic field strength.
Production rates may also change because of changes in solar modulation.
This may be a source of error particularly for the 33 m section, because the
time-period measured (~22 years) is shorter than the Gleissberg solar cycle,
which has a period of about 88 years. The amplitude of the Gleissberg cycle,
however, is small, resulting in a variation of less than 10% in 10Be

production (Beer et al., 1988).




Chapter 8

A PRELIMINARY PALEOCLIMATIC INTEPRETION
OF THEWBE RECORD AT TAYLOR DOME

In spite of nearly a century cf research, the configuration of the
Antarctic ice sheet under different climate regimes is a topic of
considerable controversy (Kennet and Hodell, 1995). A long-standing
question is the contribution of Antarctic ice volume change to eustatic sea-
level variation, which depends on the relative magnitude of ice-sheet
expansion at the margin and ice-sheet thinning in the interior (Meier,
1993). As discussed in Chapter 2, the Taylor Dome ice core project was
originally inspired by the need for a local climate record to complement
the terrestrial and marine geologic record (Stuiver et al., 1981; CLIMAP,
1984) 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 (Drewry and Robin, 1983) and from the point of view of global
paleoclimate, is probably the most important area in the Antarctic. While
it is premature to consider a comprehensive analysis of the paleoclimatic
significance of the Taylor Dome retord—-given that there is potential for
improved dating control and higher-resolution geochemical analysis—the
Be and 5'°0 records presented in this dissertation do permit 3 preliminary
inte.rpretation. Of particular interest is whether the inferences made from
the gladal-geologic record of past climate conditions in the Dry Valleys and

Transantarctic Mountains are borne out in the Taylor Dome record.
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According to the terrestrial glacial-geologic record, during the sea-level
low-stand 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 gladiers remained stationary or retreated
(Stuiver et al., 1981, Denton et al., 1989a, b, Marchant et al., 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 sheet onto
the greater land area available during sea level low-stands may be partly
offset by lower accumulation rates and ice-sheet thinning.

As illustrated in Figure 8.1, the accumuiation-rate history inferred
from East Antarctic cores such as Vostok (Raisbeck et al, 1987; Jouzel et al.,
1989) is generally consistent with the gladal-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, [ calculate

accumulation rate by assuming that the 19Be flux (F) is constant:

F
accum. rate = m

Although changes in atmospheric dirculation, 1Be 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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Top) Accumulation rate at Vostok, as determined from
10Be concentrations (after Raisbeck et al., 1987).

Bottom) Schematic representation of the glacial-geologic
record from the Dry Valleys and McMurdo Sound (after
Denton et al., 1989a).
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large changes in accurnulation associated with major climate events such
as glacial-intergiacial shifts (Chapter 6).

A reduction in accumulation during times of ice-sheet expansion is
expected from the colder temperatures assodated with glacial periods
(Denton et al., 1989a; Jouzel et al., 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 overall features
(Figure 2.8), the accumulation rate histories inferred from g,
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 Cold Reversal” (ACR: Jouzel et
al., 1995) accumulation rates at Tdylor 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; Jouzel, et al., 1995).

The large 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. If this interpretation is correct,
it implies that there should be a delayed response in the Taylor Dome
record, reiative to Vostok, because of the time required for sea level and
ice-sheet configuration to respond to changing climate conditions.
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Figure 8.2 5'%0 (upper) and accumulation rate (lower, relative to the
average Holocene value) at Taylor Dome. Numbers show
approximate mid-points of marine isotope stages and the
Antarctic Cold Reversal (ACR) mentioned in the text




Specifically, 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 10Be profiles with
the Taylor Dome §'°O record and the SPECMAP record of average sea-water
§'°0 (Pisias et al., 1984; Martinson et al., 1987). The SPECMAP record,
derived from benthic foraminifera 5120 measurements on multiple deep-
sea cores, is an accepted proxy for global sea level (Chappell and
Shackleton, 1986}). Sowers et al. (1993) used the 5180 of O in air bubbles in
the Vostok ice core to place the core on the SPECMAP timescale; they
found that sea level, as recorded in SPECMAP lags global temperature, as
recorded at Viostok, by several thousand years. In constructing Figure 83, |
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 §180 of O; and CHj results at Taylor Dome (E. J. Brook,
personal communication). Also shown in Figure 8.3 is the ratio of 0Be
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 normalizes out changes in '°Be production that should be
common to both the Vostok and Taylor Dome records, thereby reducing
the error in the assumption that 19Be concentrations directly reflect

accumulation rates. Because of possible remaining errors in the
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preliminary Taylor Dome SPECMAP timescale, 5000-year average ratios
only are shown. .

Particulary notable in Figure 8.3 is the difference in timing between the
beginning of isotope stage 4 at about 75 ka, as defined by the SPECMAP
record, and the increase in 1%Be concentrations {decrease in accumulation
rates) at Taylor Dome and at Vostok, respectively. Although the Taylor
Dome timescale is at present less accurate than that of Vostok, the relative
timing of events around the beginning of isotope stage 4 is unequivocal
because of the 19Be spike which is present in both records at about 64 ka
(see Chapter 6). At Vostok, 19Be concentrations increase (i.e. accumulation
rates decrease) at about 70 ka, prior to the 64 ka 0Be spike, while at Taylor
Dome, this increase is delayed until after the 64 ka spike. There is a similar
offset between the beginning of the last glaciation as defined by the 1°Be
record; although 1%Be concentrations increase at both Taylor Dome and
Vostok at about 32 ka, prior to the marine isotope stage 2 sea-level drop,
10Be concentrations continue to increase at Taylor Dome—but not at
Vostok—through about 18 ka. The implication is that accumulation rates
at Taylor Dome are driven in part by sea-level fluctuations, presumably
through changes in conditions in the Ross Sea.

Comparison between the SPECMAP marine §!%0 curve and the ratio of
accumulation rates between Taylor Dome and Vostok further supports the
idea that the Taylor Dome record reflects Ross Sea conditions. While the

accumulation rate at Taylor Dome leads the stage 2 sea-level minimum,




the Taylor Dome/Vostok ratio appears to lag it slightly, 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 all of marine isotope stage 5, suggesting
that there was no significant change in configuration of the Ross Ice Shelf
following stage Se, 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 integlacial 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 result because the behavior of the Ross Ice
Shelf during marine isotope stage Se is often treated as an anolog for West
Antarctic ice-sheet behavior—including possible coilapse—under future
anthropogenic climate warming scencarios (CLIMAP, 1984; MacAyeal,
1995).

In summary, it appears that the Taylor Dome record supports the
inferences of Denton and others (1989%a; Stuiver et al., 1981; Marchant et al.,
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 sea-surface conditions and/or
Ross Sea ice-sheet configuration. It will be particularly interesting to
examine the Holocene portion of the record in some detail, as radiocarbon

control on glacier and ice-shelf marginal positions over the last 10,000




years continues to improve (C. Hart, pers. comm., 1996; B. Hall, pers.
comm., 1995; Licht et ai., 1996).

Whether the Taylor Dome accumulation record is a purely local signal,
reflecting changes in accumulation patterns for a small geographic area, or
is indicative of regional conditions in the western Ross Drairage remains
open to question. During the last glacial period, accumulation rates at
Taylor Dome were almost as low as at Vostok, possibly reflecting greater
continentality throughout the Transantarctic Mountains at that time.
Certainly, retreat of Taylor Glacier and Transantarctic outlet glaciers during
times of ice-sheet expansion in the Ross Sea (Denton et al., 1989b;
Bockheim et al., 1989) is consistent with the Taylor Dome accumulation
rate record, as is evidence for an advance of Taylor Glacier during marine
isotope stage Se (Brook et al., 1993; Marchant et al., 1994), when high sea
level would have precluded ice-sheet expansion. On the other hand, the
lower accumulation rates expected from lowered temperatures alone may
be sufficient to account for these observations. Further work at Taylor
Dome, particularly interpretation of the high-resolution ice-penetrating
radar profiles in terms of the spatial variability of accumulation rates
(Morse, 1996), refinement of the timescale through high-resolution trace
gas analysis (Sowers and Bender, 1995; Malaize et al., 1995), and '*Be-based
layer thickness measurements, may shed further light on this question.

Finally, determination of the deuterium excess parameter, a measurement

of the difference between 5'°0 and 8D stable isotope values (Merlivat and
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Jouzel, 1979), may provide an independent way to discern changes in sea-

surface conditions affecting accumulation at Taylor Dome.
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