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ABSTRACT

Piston coring in boreholes drilled at the UpB camp through Ice Stream B, West
Antarctica, provided the first samples of sediments ever recovered from beneath an active
ice stream. Sedimentological analyses indicate that the samples come from the layer of
weak, subglacial till underlying this ice stream (the UpB till). Textural properties of the till
and the Tertiary diatoms found in it suggest that the UpB till is recycled from the sediments
of the inferred eastern subglacial extension of the Ross Sea sedimentary basin.
Geotechnical tests show that the UpB till can be modeled as a compressible, Coulomb-
plastic material whose strength is practically independent of deformation rate but is
determined by effective stress which also determines the water content. Simulations of the
subglacial B.ehavior of such till have successfully reproduced fundamental features of the
observed. sﬁbglacial till kinematics, e.g., viscous-like vertical distribution of strain and
oscillations fin tilt rates. The compressible-Coulomb-plastic till model offers a framework
for understanding and modeling of ice stream motion and ice-till interactions. The high
porosity of the UpB till (= 0.4) suggests that effective stress is consistently very low, ca.
0.1 to 30 kPa, in the subglacial zone of Ice Stream B. These conditions are explained by
the ‘undrained-bed’ model of sub-ice-stream hydrology that includes only local exchange
of water between the water stored in the till pore space and the water stored as basal ice. In
this model, there is a negative feedback effect between the basal melting rate and till
strength which forces a steady-state in which the basal melting rate is zero and the till is
water-rich and weak. Coupling of the undrained-bed model with an equation for the
velocity of ice stream sliding yields the undrained-plastic-bed model of ice streaming (the
UPB model). In accordance with the existing observations, the physics of the UPB model

produces two stable modes: an active ‘ice-stream’ mode and an ‘ice-sheet’ mode. The
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model may experience thermally-triggered switches between the two modes and it can be
used to test the hypothesis that the West Antarctic Ice Sheet will become unstable in the

near-future.
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CHAPTER 1
General Introduction
1.1. Purpose and Structure

Modern mountain glaciers and polar ice sheets provide excellent laboratories for
studying the glaciological and glacial geological processes which help determine behavior
of the terrestrial cryosphere and the geologic record of its changes. However, much of
what determines the behavior of ice masses takes place beneath hundreds to thousands of
meters of ice, a fact that makes it difficult to understand glacier mechanics as well as the
fundamental processes of glacial erosion, transport, and sedimentation. Yet there is a clear
need for--Such understanding because ice masses play an important role in the dynamics of
the surfi'c;:'ial.jenvironment of our planet. This need is nowhere as apparent as in West
Antarctica, \;vhere the only present-day marine ice sheet is located. Marine ice sheets may
be prone fo instability, and there is heated debate as to whether the West Antarctic Ice Sheet
may collapse in the near future and accelerate the global sea-level rise [Bentley, 1997,
Bindschadler, 1997, 1998]. Since ice streams carry the majority of ice draining out of the
West Antarctic Ice Sheet, any near-future ice-sheet instability would have to involve
changes in their velocity or geometry. Thus, there is a great scientific interest in
understanding the mechanism of ice stream motion and the physical controls which
determine the stability and evolution of ice streams [Bentley, 1987].

In this context, a long-term research project focused on the West Antarctic ice
streams has been developed by the glaciological community. One of the most important
recent breakthroughs in ice stream mechanics came slightly more than a decade ago when

seismic data collected on Ice Stream B suggested that this ice stream moves over a meters-
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thick-layer of weak till rather than over a rigid bedrock as had been previously assumed
[Alley et al., 1986; Blankenship et al., 1986]. This discovery brought into sharp focus the
potential importance of subglacial sediments to ice stream mechanics and dynamics. The
mechanical behavior of subglacial till as well as its relation to subglacial hydrology became
the key issues that must be understood before a reliable model of ice-stream and ice-sheet
stability can be developed.

Given this increased awareness of the role of subglacial till in ice stream motion, a
drilling project designed to open a direct access to the sub-ice-stream environment was
initiated ten years ago [Engelhardt ez al., 1990]. One of the main goals of the project was
sampling of sub-ice-stream till. The coring effort succeeded in providing several cores of
the till from a number of locations near the UpB camp on Ice Stream B. Since 1993, the
author of this thesis had the opportunity to study sedimentological, hydrological, and
mechaniéal properties of these unique samples. The overarching goal of this research was
to proviéé the answers to two basic questions: 1) what is the origin of the weak, sub-ice-
stream till?‘-2) what is the role of ice-till interactions in determining the stability and
evolution of the ice stream?

The following five chapters (2 through 6) present the results of this research. In the
first of the five chapters, sedimentological properties of the till are analyzed and compared
to the properties of other glacial deposits. Much of this chapter has been included in a
paper published in Journal of Sedimentary Research [Tulaczyk et al., 1998]. The next
chapter, Chapter 3, represents a purely theoretical analysis of ice-till interactions and their
dependence on till properties. This chapter has been accepted for publication and
throughout this thesis I refer to it as Tulaczyk [in press]. The next three chapters are being
prepared for concurrent submission to Journal of Geophysical Research. Chapter 4
contains a model of till mechanics based on laboratory geotechnical tests performed on

samples of the UpB till [referred to as Tulaczyk et al., in preparation I]. Chapter 5
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I[referred to as Tulaczyk et al., in preparation II] gives new constraints on in situ effective
.'stress beneath Ice Stream B based on the high water content of the till. In this chapter, a
new model of sub-ice-stream hydrology is developed. This model provides a plausible
explanation for the observed high till water content and the inferred low subglacial effective
stress. .Chapter 6 merges the new views of till mechanics and hydrology into a self-
consistent analytical ice-stream model [referred to as Tulaczyk ef al., in preparation III].
The properties of the ice-stream model are analyzed in this chapter to infer what physical
controls play the most importanf role in determining ice stream stability and evolution.

Because each chapter is prepared as a self-contained manuscript, some redundancy
occurs in the information and references provided. Each chapter has its own abstract,
introduction, acknowledgments, and conclusions. In addition, the style of citations is
different for Chapters 2 and 3 than for Chapters 4 through 6. The layout of each chapter is
also designé‘d in a way similar to the layout of a submittable manuscript. The body of the
text is fdllowgved by references, tables, and figures, respectively. Two types of appendices
are used. Tile first type (designated always with an Arabic numeral, e.g., Appendix 1) is
intended to be included in the submittable manuscript and contains crucial derivations of
equations or necessary data which are better presented separately from the flow of the main
text. This type of an appendix is placed in the thesis chapters between conclusions and
acknowledgments. The second type of the appendix contains additional data or
explanations that are needed in the thesis but are not intended to be included in the
submittable manuscripts. | It is used only in Chapters 2 and 4 (Appendix 2.A and Appendix
4.A).
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1.2. Individual Contributions to the Thesis

The research described in this thesis represents an intrinsic part of the long-term
Caltech glaciological research program focused. on borehole investigations of West
Antarctic ice streams [e.g., Engelhardt et al., 1990]. The work underlying the thesis
involved a significant collaboration with the two leaders of this research program: Dr.
Barclay Kamb and Dr. Hermann Engelhardt. These two scientists are responsible for
developing the West Antarctic field program and, in particular, for collecting the subglacial
sediment samples as well as making borehole observations which have been used either in
a direct or indirect way to develop the concepts contained herein. The thesis author was not
involved in any of the field campaigns which yielded these unique samples and data.
Nevertheless, the majority of the laboratory data collection, processing, and interpretation,
as well as all of the modeling work represent his original contribution. The writing was
also perféfméd independently by the thesis author with subsequent inclusion of editorial
comments pr:ovided by Dr. Barclay Kamb, Dr. Hermann Engelhardt, and Dr. Reed Scherer
in Chaptef 2. The following paragraphs provide a more detailed discussion of the
individual contributions by the thesis author and the collaborating scientists.

Chapter 2 represents a collaboration between the thesis author, Kamb, Engelhardt,
and Scherer. Dr. Reed Scherer contributed data on diatom abundance and ages. He also
provided a short description of the methods involved in his work on diatoms as well as a
part of the discussion of the geological setting of Ice Stream B. Drs. Kamb and Engelhardt
provided the five subglacial sediment cores along with information on the procedures of
their acquisition and on the physical conditions at the base of the ice stream in the area of
sediment sampling. They have also made the x-ray radiographs of the first four sediment
cores: 89-4, 89-6, 89-8, and 89-9. The remaining laboratory analysis of the sediment

cores were performed by Tulaczyk: 1) grain-size distribution, 2) sand mineralogy, 3) sand
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- SEM micromorphology, 4) clay mineralogy, 5) pebble lithology, and 6) pebble roundness,
sphericity, and surface markings. Rowena Lohmann provided laboratory assistance with
the analysis of grain-size distribution .

The theoretical study of ice-till interactions described in Chapter 3 is entirely due to
the thesis author. This chapter is also only indirectly related to the mechanics of West
Antarctic ice streams. Chapter 4 is a result of collaboration between Tulaczyk, Kamb, and
Engelhardt. The two latter researchers collected the subglacial till samples used in
geotechnical laboratory analysis and provided the tethered stake record obtained in a
borehole drilled in the UpB area of Ice Stream B. In addition, Engelhardt performed
sixteen shear box tests and determined the Atterberg limits on samples of the subglacial till.
The author of this thesis conducted the triaxial, ring shear, and consolidation tests as well
as the modeling of subglacial till behavior. His work was greatly aided by the advise and
geotechnical ‘equipment provided by Dr. Ronald Scott (Division of Engineering and
Applied éciénces, California Institute of Technology). Chapter 5 is also a result of
collaborationi between the same three scientists. Engelhardt and Kamb supplied the
subglacial"till cores used for water content measurements and in oedometer tests. They
provided also the measured basal temperature gradient in the UpB area of Ice Stream B,
borehole data constraining subglacial effective stresses in the same area, and other
information on the nature of the sub-ice-stream hydrologic system. Engelhardt made the
water content measurements on till samples from core 89-4 and performed four oedometer
tests on till samples from the same core. Tulaczyk made the remaining water content
measurements and oedometer tests. He used these data to derive new estimates of
subglacial effective stresses and to model the subglacial and basal water flow. His finite-
element model of groundwater flow beneath Ice Stream B utilized a modified version of a
FORTRAN code provided by Dr. John Hall (Division of Engineering and Applied

Sciences, California Institute of Technology). Chapter 6 represents a modeling effort built
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' ﬁpon the collaborative work described in Chapters 4 and 5. The ice-stream model
~ discussed in this chapter was developed by the author of this thesis. Kamb and Engelthardt
providéd the expertise necessary to assure that the assumptions which underlie the model
are consistent with the existing observations of the physical conditions at the base of Ice

Stream B.
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CHAPTER 2

Sedimentary Processes at the Base of an Ice Stream and an Adjacent Ice
Sheet, West Antarctica: Constraints From Textural and Compositional

Properties of Subglacial and Basal Debris

Slawek Tulaczyk, Barclay Kamb, Hermann F. Engelhardt,
Division of Geological and Planetary Sciences, California Institute of Technology,

Pasadena, CA 91125

Reed P. Scherer

Uppsala University, Insitute of Earth Sciences, 752 36 Uppsala, Sweden

Abstract

Samples of subglacial till from beneath Ice Stream B (at camp UpB) and basal
debris from the neighboring slow-moving ice of an inter-stream ridge (the "Unicorn")
provide insights into the sedimentary environments associated with glaciologically very
different conditions beneath the West Antarctic Ice Sheet (WAIS). Piston coring in holes
bored by hot water drilling yielded five 1- to 3-meter-long undisturbed subglacial sediment
cores from the ice stream and two 0.3-meter-long cores with winnowed sediments from the
Unicomn. We analyze granulometry, composition, and particle morphology in these cores.

The UpB till is a clay-rich, unsorted, fossil-bearing diamicton whose components
bear no evidence of subglacial crushing, abrasion, or comminution. Morphology of its

quartz sands indicates a prolonged (~10° years) influence of chemical weathering. The till
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consists of material recycled from subjacent Tertiary glacimarine sediments of the Ross Sea
sedimentary basin which extends beneath this part of the WAIS. The till appears to provide
an analog for some of the Quaternary Ross Sea diamictons which have been interpreted by
numerous workers as marine tills. The Ice Stream B and Ross Sea deposits are texturally
similar to their inferred glacimarine source and both contain reworked marine diatoms
which provide evidence for glacial transport and mixing. The lack of crushing, abrasion,
and comminution beneath Ice Stream B is due to low subglacial effective pressure and a
'cushioning' effect of the fine till matrix. The UpB till is not a close sedimentological
analog of the Late Pleistocene continental tills that were significantly affected by mechanical
processes. The pervasive subglacial deformation that has been proposed as a process of till
formation and transport as well as rapid ice-stream motion may be unable to produce such
common _c_:_hatacteristics of glacial debris as striations, facets, broken particles, and glacial
flour. Our results question the proposition that subglacial deformation under low driving
stresses is a Libiquitous primary till-forming process. It is rather a secondary process that
takes place only if preexisting tills or other unlithified and unconsolidated sediments are
present beneath overriding ice.

The sediments in the Unicorn cores come from debris-laden basal ice; they were
roiled and winnowed by the jet action of the hot water drill, removing much of the clay and
producing a well-graded core by particle settling in the borehole. The winnowed sediments
of the first Unicorn core (93-10), from a borehole close to the ice stream, are
compositionally and morphologically similar to the UpB till. The till was likely frozen on
to the base of the ice since the latter stopped moving at ice stream speeds about a century
ago. The second Unicorn core (93-14), from a borehole 7 km distant from the ice stream,
has a different mineralogical composition and contains particles with clear breakage

features, indicating a different provenance and different mechanical history associated with
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ice-sheet (instead of ice-stream) erosion and transport. This Unicorn sample may represent
a frozen-on subglacial till or a glacimarine diamicton. The freeze-on is, or was, possible
beneath the slow-moving ice (1-4 m/a) because of low basal frictional heating. The high
velocity of the ice stream (ca. 440 m/a) results in basal melting, which melts out basal

debris, leaving relatively clean ice in contact with subglacial till.
2.1. Introduction

Direct observations of basal and subglacial debris from the currently existing ice
sheets were up to the present limited either to ice sheet margins (e.g., Sugden ef al. 1987)
or ice domes and divides drilled for climatic record (Gow e? al. 1968; Herron and Langway
1979). These parts of ice sheets are characterized by special glaciological conditions that
are not répresentative of many of the present-day and past subglacial environments. The
drilling p_rojé_ct developed by the Caltech glaciological group to study basal mechanics of ice
streaming -in West Antarctica offered the first opportunity to sample glacial debris and
measure physical conditions at the bed of a fast moving ice stream (Engelhardt er al. 1990).
This project is a part of a larger effort to understand the dynamics and history of the
possibly unstable West Antarctic Ice Sheet (WAIS) (Alley ef al. 1986, 1987a; Alley and
MacAyeal 1993; Bentley 1987; Bindschadler et al. 1988, 1990; Blankenship et al. 1986,
1987; Engelhardt and Kamb 1993; Hughes 1977; Kamb 1991; Scherer 1991; Whillans and
van der Veen 1993; and many others).

There is a considerable scientific interest in mechanical and sedimentary processes
operating beneath ice streams due to the need to understand the phenomenon of ice
streaming and its geologic consequences (Alley et al. 1986, 1987a, 1987b; Bentley 1987,
Blankenship et al. 1986, 1987; Clark 1992; Engelhardt et al. 1990; MacAyeal 1992;
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Punkari 1994). Ice streams control the mass balance of the WAIS, and significant portions
of the Late Pleistocene Antarctic and northern-hemisphere ice sheets may have been drained
by ice streams as well (Clark 1992; Hughes 1977;_Punkari 1994).

Based on interpretation of seismic data, Alley et al. (1986, 1987a) inferred that a
pervasively deforming, several-meter-thick subglacial till layer exists beneath Ice Stream B.
Furthermore, they proposed that such deforming till controls motion and stability of the
Ross ice streams draining the western part of the WAIS. Subsequently, Alley et al.
(1987b), Alley (1991), Clark (1991), Clark and .Walder {1994) and others suggested that
many of the Pleistocene paleo-tills in North America and Europe may have been also
generated by similar pervasive deformation of glacial beds. It has been proposed that
pervasive till deformation represents a new, distinct, and perhaps even predominant genetic
mechanism for formation of subglacial tills (Alley et al. 1987b; Alley 1991; Boulton 1996).
This proposition needs to be tested because it has far-reaching implications for the
understapdiﬂg of ice sheet dynamics and of the geologic record of glaciations (Clark 1992;
Clark and Walder 1994).

We cored an unfrozen subglacial diamicton at the base of Ice Stream B. This
material provides a sample of the extensive unconsolidated sediments present beneath the
ice stream (Blankenship et al. 1986, 1987; Rooney et al. 1991). We also retrieved basal
debris from the slow moving ice sheet bordering Ice Stream B on the south. Our sediment
samples and borehole observations provide new insights into the environment of il
formation beneath an ice stream and constrain the poorly known sub-ice geology. In this
study, we analyze and interpret texture and composition of the basal and subglacial
sediments. The data are used to constrain the processes that contributed to the formation of
the sediments and to infer the source of their material. We discuss the implications of our

findings for models of till genesis, especially for the proposed deforming-bed model.
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For terminological clarity, we follow Ronnert's (1992) use of 'basal' and
'subglacial' to refer to the position or the material in the lowermost several meters of the
glacier and in the topmost several meters below the glacier, respectively. We refer to

Dreimanis (1989) and Drewry (1986) for the definitions of other glacial geologic terms.
2.2. Glaciological Setting

Ice Stream B is one of the Ross ice stream.s flowing into the Ross 