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Preface

Many of [my students] will study rock strata on the banks and
valleys of our rivers, in order to satisfy various economic needs.

(Roman Symonowicz. Report ... to the Council of

Vilnius University 30 April 1804)

The Baltic States — Lithuania, Latvia and Estonia —
form a region that experienced substantial glacia-
tion during the Pleistocene which left a cover of
up to 160 m of glacial sediments and reached a
thicknesses of up to 310 m in buried palaeovalleys.
The subsequent deglaciation and development of
river networks during the Holocene gave rise
to the relief that we see today, producing particu-
larly interesting geomorphological features. Given
this environment, the International Commission
on the History of Geological Sciences (INHIGEO)
chose the theme ‘History of Quaternary Geology
and Geomorphology’ for its annual conference,
held in the Baltic States in 2006.

It was the first time that the Commission had met
in this region of eastern Europe. The main part of
the meeting took place in Vilnius — the ancient
and beautiful capital of Lithuania — and was fol-
lowed by a field excursion through all three Baltic
States. The presentation of the papers in Vilnius
and the discussions during the field excursion
allowed participants to examine the geological
and geomorphological phenomena of the three
countries, and their relationship to human history.

The Quaternary Period is no exception to the
idea that different conditions prevailed at different
times in different parts of the world, leading to vari-
ations in the geological record, as was stated by
Leopold von Buch in the early nineteenth century.
Thus, for example, when, 16—10 ka ago, ice sheets
covered northern Europe, the Tamala Limestone,
containing marine fossils, was being deposited in
warm shallow seas in the region of Western
Australia. With the amelioration of climate
following the ‘Ice Ages’, and the land elevation of
Scandinavia, the present relief and river networks

of the Baltic States were formed. All round the
world, rising sea levels produced changes in
coastlines and estuaries.

The conference papers considered the histories
of Quaternary geology and geomorphology in
different parts of the world, with emphasis on the
pioneers of these branches of geoscience in
central and eastern Europe. It helped participants
to improve their understanding of how Quaternary
and land-surfaces research originated and has sub-
sequently been developed, as well as understanding
the numerous particular problems associated with
Quaternary geology, compared with other parts of
the stratigraphic column.

The conference also provided a valuable oppor-
tunity for participants from countries other than
those of eastern Europe to get to know something
of the history, geology and culture of a region that
has been part of European civilization for about
a thousand years. It also offered a chance for
Lithuania and her sister states to open their doors
to the world and display the geohistorical work
that has been going on there for some considerable
time, rather little noticed by outsiders.

I am convinced that the conference generated
useful information on the themes discussed, which
will serve it as a worthy Special Publication of the
Geological Society of London, providing valuable
insights into the histories of geomorphology and
Quaternary geology in many parts of the world.
This volume should be of value to all those inter-
ested in these two important branches of Earth
science.

Let me wish this edition good fortune to survive
in the Recent Era.

Algimantas Grigelis
Convener, INHIGEO Conference Vilnius 2006
1 July 2007
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Contributions to the history of geomorphology and Quaternary
geology: an introduction

DAVID R. OLDROYD' & RODNEY H. GRAPES?

'School of History and Philosophy, The University of New South Wales, Sydney, NSW 2052,
Australia (e-mail: doldroyd@optushome.com.au)

2Department of Earth and Environmental Sciences, Korea University, Seoul, 136-701, Korea
(e-mail: grapes@korea.ac.kr)

This Special Publication deals with various aspects
of the histories of geomorphology and Quaternary
geology in different parts of the world. Geomor-
phology is the study of landforms and the processes
that shape them, past and present. Quaternary
geology studies the sediments and associated
materials that have come to mantle much of
Earth’s surface during the relatively recent Pleisto-
cene and Holocene epochs. Geomorphology, with
its concern for Earth’s surface features and pro-
cesses, deals with information that is much more
amenable to observation and measurement than is
the case for most geological work. Quaternary
geology focuses mostly, but not exclusively, on
the Earth’s surficial sedimentary cover, which is
usually more accessible than the harder rocks of
the deeper past.

Institutionally, geomorphology is usually
situated alongside, or within, academic departments
of geology or geography. In most English-speaking
countries, its links are more likely to be with
geography; but in the United States these connec-
tions are usually shared between geography and
geology, although rarely in the same institution. In
leading institutions everywhere, strong links exist
between geomorphology and such cognate disci-
plines as soil science, hydrology, oceanography
and civil engineering. Although nominally part of
geology, Quaternary geology also has strong links
with geography and with those disciplines, such as
climatology, botany, zoology and archaeology,
concerned with environmental change through the
relatively recent past.

Given that geomorphology concerns the study
of the Earth’s surface (i.e. landforms, and their
origin, evolution and the processes that shape
them) and that the uppermost strata are in many
cases of Pleistocene and Holocene age, it is unsur-
prising that this Special Publication should deal
‘promiscuously’ with topics in both geomorphol-
ogy and Quaternary studies. This particular selec-
tion has been developed from a nucleus of papers
presented at a conference on the histories of
geomorphology and Quaternary geology held in

the Baltic States in 2006, where a great deal of
what the geologist sees consists of Quaternary
sediments. However, much of the Earth’s surface
is not formed of these sediments but of older
rocks exposed at the surface by erosion and struc-
tural displacement. Here, geomorphology can seek
answers to questions regarding the past histories of
these rocks, their subsequent erosion, and present
location and form. Geomorphology also raises
questions, and may provide answers, regarding tec-
tonic issues, for example from deformed marine
terraces and offset fault systems. In all these
instances, the history of geological and geomor-
phological investigations can serve to illustrate
both the progress and pitfalls involved in the scien-
tific understanding of the Earth’s surface and
recent geological history.

There are relatively few books but a growing
number of research papers on the history of geo-
morphology. For readers of English, there is a
short book by Tinkler (1985) and a collection
edited by the same writer (Tinkler 1989), an ele-
gantly written volume on British geomorphology
from the sixteenth to the nineteenth century by
Davies (1969), and a series of essays by Kennedy
(2006). But towering over all other writings are
three volumes: those by Chorley et al. (1964) on
geomorphology up to the time of the American,
William Morris Davis (1850-1934); by Chorley
et al. (1973) dealing exclusively with Davis; and
by Beckinsale & Chorley (1991) on some aspects
of work after Davis. As envisaged by Chorley
and Beckinsale, who died in 2002 and 1999,
respectively, a fourth volume by other authors is
soon to emerge (Burt et al. 2008). A series of
essays edited by Stoddart (1997) on Process and
Form in Geomorphology (1997) also contains
valuable historical material, while papers edited
by Walker & Grabau (1993) discuss the develop-
ment of geomorphology in different countries, of
which Australia, China, Estonia, Iceland, Japan,
Lithuania, New Zealand, The Netherlands, the
USA and the USSR are specifically mentioned in
the present volume.

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 1-17.

DOI: 10.1144/SP301.1

0305-8719/08/$15.00 © The Geological Society of London 2008.
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A framework for geomorphology

Connections between geomorphology and geology
go back to the early days of Earth science, but it
is to developments in the later eighteenth century
that we often attribute the foundations of modern
links between the disciplines, notably to scholars
such as Giovanni Targioni-Tarzetti (1712—1783)
in Italy, Jean-Etienne Guettard (1715-1786) in
France, Mikhail Lomonosov (1711-1765) in
Russia and James Hutton (1726—1797) in Scotland.
Hutton gave much thought to extended Earth time,
and to the processes whereby soil and rock are
eroded from the land to the sea. In 1802, Hutton’s
friend and biographer, John Playfair (1748-1810),
not only rescued Hutton’s ideas from relative
obscurity but contributed original ideas on the
nature and behaviour of river systems. However,
the intellectual climate of the time worked against
the ready acceptance of their views.

Following the leads provided by Hutton and
Playfair, Charles Lyell (1797—-1875) also addressed
questions of extended Earth time and of erosion in
his well-known and influential three-volume trea-
tise Principles of Geology (Lyell 1830—1833). He
emphasized the differential erosive powers that
rivers or the sea could have on strata of different
hardness, and discussed cases where river systems
did not divide simply, like the branches of a tree,
but cut through higher ground or occupied the
eroded axes of anticlines. The latter phenomenon
could be explained by supposing that folding had
fractured the rocks at an anticlinal crest so that
they became more prone to erosion, with the
result that ‘reversal’ of drainage might occur. But
Lyell realized that most of the rivers draining the
Weald of SE England did not follow the main
axis of the Wealden anticline but often cut
through the North or South Downs that formed
the flanks of the fold. He attributed such anomalous
configurations to fractures that cut across the
Wealden axis and to the interaction of Earth move-
ments and fluvial erosion. Thus, Lyell invoked geo-
morphological and tectonic considerations in order
to develop a geological history of a region.

A name that often emerges in the present collec-
tion of papers is that of W.M. Davis, with his theory
of a cycle of erosion that was constructed in part on
the work of his compatriots John Wesley Powell
(1834-1902), Clarence Edward Dutton (1841-
1912) and Grove Karl Gilbert (1843-1918)
(Davis 1889, 1899, 1912). And one may reiterate
that Davis’s work was considered by Chorley
et al. (1973) to be so influential as to warrant an
entire volume of their comprehensive historical
study of geomorphology.

Davis’s initial cyclic ideas were encapsulated
in the hypothesis that, following initial structural

uplift, landforms shaped by rivers pass through
different stages of development, which he dubbed
‘youth’, ‘maturity’ and ‘old age’, until they are
reduced to a nearly level surface or ‘peneplain’.
The peneplain, for which he found evidence in the
Appalachians, could later be ‘rejuvenated’ by
uplift, thereby initiating a new cycle of erosion.
This model led to studies of ‘denudation chronol-
ogy’, or the reconstruction of landscape histories
based of the recognition of erosion cycles and pene-
plains in various stages of development. Without a
clear understanding of the processes and time
involved, however, ‘reading a landscape’ through
the lens of Davisian doctrine, or elucidating its
‘denudation chronology’, became an art form,
rather than a rigorous science. Davis’s geomorphic
model was essentially qualitative and difficult to
test but, as Charles Darwin famously wrote
regarding his notion of natural selection, ‘here
then I had at last a theory by which to work’
(Darwin 1887, p. 83).

Davis’s ideas were challenged in his own time,
particularly by German geomorphologists such as
Albrecht Penck (1858—1945), Professor of Physical
Geography at the University of Vienna and later of
Geography at Berlin, and more particularly his son
Walther Penck (1888-1923). Before the World
War I, the Pencks and Davis were on good terms,
but they subsequently drifted apart, partly owing
to world politics and partly owing to Walther’s
rejection of the idealized character of Davis’s
theory along with disagreements as to the relation-
ship between Earth movements and erosion. The
Pencks objected to the notion of discrete upward
Earth movements as the cause of topographic reju-
venation and also argued that erosion wears back a
surface just as much as down. However, Walther
Penck’s proposed model of slope retreat would
eventually yield a gently sloping surface resembling
a Davisian peneplain (Penck 1924, 1953). Penck
also envisaged an empirical relationship between
tectonic activity and slope development, owing to
the changing rates of river incision as the land
itself was raised at varying rates. This idea was
rejected vigorously by some in the English-
speaking community, with Douglas Johnson
(1878—1944), for example, describing it as ‘one
of the most fantastic ideas ever introduced into
geomorphology’! (Johnson 1940, p. 231).

Ultimately, the differences between Davis and
Penck lay in their different objectives and scientific
approaches. Davis regarded geomorphology as a
branch of geography, with geomorphic processes
furnishing the topography upon which geography
‘resided’. He, together with a number of like-
minded geologists, geomorphologists and natural
scientists, founded the Association of American
Geographers in 1904, in part as a forum for his
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views (Orme 2005). Penck, in contrast, saw the field
as being one that could elucidate problems of
crustal movements and he was apparently less con-
cerned with process and time (Hubbard 1940). It
may be noted, though, that in his old age Davis
accepted the idea of parallel slope retreat, such as
is usually associated with the name of Walter
Penck. Davis’s changed views were given in lec-
tures delivered at the University of Texas in 1929
but were not published until as late as 1980 (King
& Schumm 1980).

Another major figure in the modern formulation
of ideas on landscape evolution was the South
African geomorphologist Lester C. King (1907-
1989). Imbued with Davisian ideas and the triad
of process, time and structure, as a graduate
student of Charles Cotton (1885-1970) in New
Zealand, King nevertheless went on to challenge
much of Davisian theory. While still invoking the
cyclic concept, like Penck he emphasized the
importance of surficial processes, particularly in
relation to the role of scarp retreat and pediment for-
mation, and the considerable antiquity (e.g. Cretac-
eous) of some erosion surfaces. Given the structure
of his adopted homeland in Africa, with its exten-
sive flat-lying strata and thus many potential cap
rocks, it is not surprising that King interpreted land-
scapes primarily in terms of scarp recession with
consistency of slope form and inclination in any
area and structural setting indicating parallel
retreat. He thought that steep slopes are shaped by
gravity and turbulent water flow (e.g. in gullying),
whereas pediments, the typical landform of ero-
sional plains, are the result of surface water flow
(sheet wash), capable of transporting sediment and
‘smoothing’ the bedrock (King 1953). Pediments
or pediplains persisted until another cycle of river
incision or change in base level occurs, causing
further slope retreat.

Thus, although King concluded that the evol-
ution of landscapes by the action of running water
would occur everywhere, except in glacial and
desert areas, his ideas stemmed from observations
in a semi-arid South Africa with limited river
action, where weathering and rockfall predominate,
and where scarp retreat, which occurs everywhere,
is closely linked to pedimentation, which is of
limited importance. King’s recognition of a
Mesozoic (or Gondwana) surface on the Drakens-
berg gave support to the idea that not all landforms
are necessarily Late Cenozoic in age, as postulated
in other theories of landscape evolution (e.g. Hack
1960). Mesozoic or Early Tertiary palacosurface
remnants have been identified in many other
cratonic and old orogenic areas (e.g. China and
Australia; see articles by Branagan (2008) and
Zhang (2008), respectively, in this Special Publi-
cation), and their persistence raises fundamental

questions about the complex interaction of
surface-shaping processes such as erosion, the
effects of climate change, tectonic uplift and
deformation, etc., the duration of erosion ‘cycles’,
or rock composition and structure.

Davis’s erosion model was imbued with ideas
drawn from Darwinian biology and his interests in
entomology, and his diction was full of evolution-
ary metaphors. He was also interested in the prag-
matic philosophy of Charles Peirce, as has been
remarked by Baker (1996). By contrast, an aware-
ness of recent developments in thermodynamics
manifested itself in Gilbert’s geomorphology
through notions of dynamic equilibrium, grade
and feedback loops. Gilbert’s concept of ‘negative
feedback’ in stream systems leading to ‘graded
rivers’ occurred some 7 years before Henri Le
Chatelier (1850—1936) enunciated his well-known
principle as a general feature of chemical systems.
Gilbert wrote:

Let us suppose that a stream endowed with a constant volume of
water is at some point continuously supplied with as great a load
as it is capable of carrying. For so great a distance as its velocity
remains the same, it will neither corrade (downward) nor
deposit, but will leave the grade of its bed unchanged. But if in
its progress it reaches a place where a less declivity of bed gives
a diminished velocity, its capacity for transportation will become
less than the load and part of the load will be deposited. Or if in
its progress it reaches a place where a greater declivity of bed
gives an increased velocity, the capacity for transportation will
become greater than the load and there will be corrasion of the
bed. In this way a stream which has a supply of débris equal to
its capacity, tends to build up the gentler slopes of its bed and
cut away the steeper. It tends to establish a single uniform grade.

(Gilbert 1877, p. 112)

In the same publication, Gilbert also enunciated
‘laws’ for the formation of uniform slopes, structure
and divides, and the concept of planation. In vege-
tated areas, he believed that the ‘law of divides’
was likely to prevail; in arid regions, he favoured
the ‘law of structure’. Thus, the ‘laws’ were not
universal, in the style of Newton’s laws. Neverthe-
less, Gilbert’s work marked a significant advance in
the search for geomorphological principles and
thereby a step towards the establishment of geo-
morphology as a physical science (rather than an
historical ‘art’!). By contrast, Davis’s ‘evolutionary
geomorphology’, although attractive to his contem-
poraries and through much of the first half of the
twentieth century, has now been largely or
wholly superseded.

But Gilbert’s concept of ‘grade’ also presents
problems. It is supposedly a situation of balance
between the transport of material in a river and
the widening or deepening of the river bed by corra-
sion. According to Davis, for a ‘mature’ river ‘a
balanced condition is brought about by changes in
the capacity of a river to do work, and in the
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quantity of work that the river has to do’ (Davis
1902, p. 86). This assumes that for a given rate of
river flow, there is a limit to the load that it can
carry, and that the energy available can be used
for either transport or corrasion. But these cannot
just be summed, so that for a given stream flow if
there is an increased load there is an equivalent
decrease in corrasion. But this is simply not the
case: halving the load does not double the corrasion
(Wooldridge 1953, p. 168).

Walther Penck’s interest in the relationships
between Earth movements and landforms was
shared by the French geomorphologist Henri
Baulig (1877-1962), who was a student of Davis
for 6 years at Harvard. Baulig’s main area of
research was France’s Massif Central for which
he tried to synthesize the ideas of Davis and those
of the notable Austrian geologist Eduard Suess
(1831-1914) (Baulig 1928). During the later nine-
teenth century, Suess had sought a global under-
standing of geological phenomena in terms of the
increasingly questionable notion of a cooling and
contracting Earth, which led to lateral compressive
forces that produced great orogenies. With each
large-scale collapse of Earth’s crust, Suess believed
that there was a concomitant global lowering of sea
level as well as elevation of mountain ranges.
Worldwide erosion and sedimentation would
follow, and the ocean basins would receive sedi-
ment, leading to global marine transgressions.
These would supposedly account for the corre-
lations that might be made worldwide for different
parts of the stratigraphic column. In 1888, the
global changes in sea level, arising from spasmodic
tectonic episodes, were called ‘eustatic movements’
by Suess (English translation 1906, p. 538); and,
thus, there emerged the concept of global
‘eustasy’, based on intelligible (albeit mistaken)
explanatory principles. Suess’s ideas were attrac-
tive in Baulig’s earlier years as the basis of a
general geological theory and it is therefore unsur-
prising that Baulig sought to link them to his
geomorphological studies.

In considering the relative levels of land and sea
(globally), one could consider epeirogenic move-
ments, isostasy and eustasy (the latter being due
to epeirogeny/diastrophism or the waxing or
waning of glaciation, which could also generate
isostatic responses). And if a land surface is
reduced by erosion there will also be an isostatic
response. Despite these complexities, Baulig
favoured global eustasy as the main source of the
formation of planar erosion surfaces. This opened
the prospect of worldwide temporal correlation of
peneplains:

[R]egions, widely-spaced and totally independent from a structural
viewpoint, show perfectly clearly an exactly similar geomorpholo-
gical development since the Upper Pleistocene. This similarity, in

the present state of ideas and knowledge, admits of only one expla-
nation: that it is eustasy pure and simple.

(Baulig 1928, p. 543; translation from Beckinsale &

Chorley 1991, p. 268)

Of course, it was easy to conflate or confuse glacial
and Suessian eustasy. Nevertheless, Baulig reiter-
ated his ideas in 1935, extending his claims of
uniformity of marine terraces at distant locations
back into the Pliocene (Baulig 1935). But this
line of inquiry led to confusion as much as
to understanding.

The search for guiding principles, or ‘laws’ as
they were (or are) sometimes mistakenly called,
has been a recurrent feature of the history of geo-
morphology. As early as 1802, Playfair enunciated
a general principle that, despite many exceptions,
became known as ‘Playfair’s Law’, thus:

Every river appears to consist of a main trunk, fed from a variety of
branches, each running in a valley proportional to its size, and all
them together forming a system of vallies, communicating with
one another, and having such a nice adjustment of their declivities,
that none of them join the principal valley, either on too high or too
low alevel; a circumstance which would be infinitely improbable, if
each of these valleys were not the work of the stream that flows in it.

(Playfair 1802, p. 102)

As the field of geomorphology developed, the
search for so-called laws among drainage networks
continued to interest scholars. For example, is there
any pattern, any law-like behaviour in such net-
works? Can a mathematical model of stream
branching be discerned? Very early on, Leonardo
da Vinci (1452-1519) had noted the similarity of
branching in trees and stream systems (Shepherd &
Ellis 1977). Later, following the physician James
Keill’s (1673-1719) (1708) early anatomical
work on arterial trees, known to Hutton and Play-
fair, Julian Jackson (1790-1853) (1833) addressed
the notion of ‘stream order’ in 1834, and Harry
Gravelius (1861-1938) of the Dresden Technical
Institute later expanded on these ideas (Gravelius
1914). The largest or stem stream was designated
as being of Order 1; the first tributary was of
Order 2; and so on back to the unbranched
“fingertip’ tributaries.

This nomenclature (or taxonomy) prevailed
in Europe for a considerable time. But the US
Geological Survey hydrologist Robert Horton
(1875-1945) reversed the terminology so that
‘un-branched tributaries are of 1st order; streams
that receive lst-order tributaries, but these only,
are of the 2nd order; third order streams receive
2nd- or 1st- and 2nd-order tributaries; and so on,
until, finally, the main stream is of the highest
order and characterizes the order of the drainage
basin’ (i.e. the highest order stream extends from
source to outlet) (Horton 1945, p. 277). Sub-
sequently, the American geologist Arthur Strahler
(1918-2002) proposed an alternative system of
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stream ordering designed to give an idea of the rela-
tive power of the different waterways in a drainage
system (the higher the order the higher the power)
(Strahler 1952).

However, the Horton and Strahler schemes
were misleading, and mathematically cumbrous,
in that they ignored downstream links with
streams of lower order. Later schemes by Adrian
Scheidegger (b. 1925) (1965) and Ronald Shreve
(1966) resolved this problem. Although Horton’s
early system allowed some interesting ‘laws’ to be
defined and for drainage densities to be calculated,
by the 1970s it had come to be realized that such
relationships were in large measure a consequence
of the ordering systems used and the topological
randomness of such networks. Nevertheless, stream-
ordering systems continue to be used for ranking
purposes by drainage basin specialists.

Among Strahler’s students at Columbia Univer-
sity, Stanley Schumm (b. 1927), who spent most of
his career with the US Geological Survey and at
Colorado State University, and Mark Melton
(b. 1930) were particularly prominent. Melton did
his PhD at Columbia and moved from there to the
University of Chicago, where he was given to
understand that strongly mathematical and statisti-
cal work would be appreciated. Schumm (1956)
measured and analysed both the surface and subsur-
face processes involved in slope development in
order to provide a theoretical analysis of fluvial
erosion. Melton’s mathematically sophisticated
work used a systems approach and ergodic reason-
ing for the analysis of geomorphological problems
(Melton 1958). Perhaps unsurprisingly, he demon-
strated that channel frequency was a function of
drainage density. In these and other ways, Playfair’s
early insight on the form and interrelationships
of drainage networks was given mathematical
expression during the so-called quantitative
revolution in geomorphology during the mid-
twentieth century.

Prior to the ‘quantitative revolution’, the time-
dependent models of Davis and Penck had
incorporated into geomorphology the notion of
uniformitarianism: the assumption of gradual
change through time based on the principle that
‘the present is the key to the past’ (Geikie 1962,
p- 299). In contrast, the earlier work of Gilbert,
based on the dynamic interactions of landform pro-
cesses, was more suited to a time-independent
approach, although he did not develop a compre-
hensive model. And in 1960 such a model, based
on the study of humid temperate drainage basins,
was proposed by John T. Hack (1913-1991) of
the US Geological Survey. Hack’s model revealed
conflicts with erosion-cycle concepts and presented
time-independent equilibrium as an alternative to
the Davisian system. Instead of attributing it to

age, landscape variability was considered to result
from interacting contemporary processes wherein
a state of balance, or dynamic equilibrium, existed
between fluctuating inputs and outputs of material
and energy. According to Hack, landforms were
open systems so that similar landforms could have
different origins. For example, accordant summit
heights, invoked by Davis as evidence of former
peneplains, may originate in rocks with similar
hardness, structure and drainage density. Where
rocks differ in resistance, there is the possibility
of different levels of accordant summits, which
are not necessarily explained in terms of multiple
erosion cycles. Implicit in Hack’s work was the
assumption that there is a uniform lowering of the
landscape with little obvious change in rate and
process unless there is a change in climate, tecton-
ism or geology. Thus, Hack’s model was in broad
agreement with Penck and, provided that uplift
was slow enough to balance the rate of erosion, a
steady-state relief would result. Sudden uplift
would produce transitional relief, with relict land-
forms disappearing as a new equilibrium state
was approached.

The advantages of this dynamic equilibrium
approach to landscape evolution was that it was
not constrained by, or dependent on, a Davisian
stage, and it provided a convenient entry point
(current conditions) for understanding the system
because the past is usually poorly known. The idea
of dynamic equilibrium relies on the notion that
landscape systems near equilibrium change slowly
(time-dependent) and those that are far from
equilibrium change rapidly (time-independent).
The concept thus unites two viewpoints. But
debate continues, with arguments that equilibrium
probably never exists in the multivariant, often
chaotic and non-linear nature of Earth processes,
and that they more probably reflect disequilibrium
(e.g. Phillips 1999).

The concept of time is important to geomorphol-
ogy, but it was not until the twentieth century that
the traditional preoccupation with time-dependent
landscape evolution could be tested. The long-
established foundations of the geological timescale,
such as the principles of stratigraphy, could not
readily be applied to landforms undergoing denuda-
tion but for which there were no residual deposits.
For relatively short-term geomorphic events, time
might be measured directly during a particular
event or period of measurement, or by reference
to records over periods of recorded time. By con-
trast, for studies of landscape change over longer
periods, say from thousands to millions of years,
some means of establishing the time frame is
necessary and it is only within the past 100 years
or so, and often more recently, that such methods
have become available. They include absolute
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dating techniques, such as dendrochronology,
thermoluminescence and radiometric dating, and
the development in recent decades of a wide
range of surface-exposure dating techniques that
can provide ages for eroded rocks and surfaces.
For a review of such methods, see Walker &
Lowe (2007).

A geomorphic division of time based on whether
the variables of landscape evolution are indepen-
dent, semi-independent or dependent was proposed
by Schumm & Lichty (1965) in terms of cyclic time
(hundreds of thousands to millions of years that
would cover the duration of a Davisian cycle),
graded time (thousands to hundreds of years) and
steady time (a few days). In the first case, time is
the most important independent variable and all
others, such as climate, initial relief and geology,
are dependent on it. Graded time is a short
segment of cyclic time during which a graded con-
dition exists that involves a fluctuating dynamic
equilibrium as the reduction of relief approaches a
steady state. Steady time represents a brief period
during which some parts of the system remain
unchanged (e.g. uniform stream-flow or channel
form) and hence are time-independent.

The reintroduction of process to geomorphology
in the 1950s brought about an inquiry into the
effects of processes of different frequency and mag-
nitude, encapsulated in the benchmark studies of
Wolman & Miller (1960). In general, frequency
and magnitude are inversely related. Although rela-
tively infrequent, large-magnitude events such as
great earthquakes or major floods can have cata-
strophic geomorphic consequences. Wolman &
Miller’s work sought to show that most changes
in the landscape are carried out by frequent events
of moderate magnitude, for example by peak
annual stream flows. They suggested that such
events do most of the work in geomorphic
systems, but their model is not well supported in
areas such as Mediterranean-type regions and
desert margins, where rare high-magnitude events
clearly do most of the work, and it has subsequently
been modified (e.g. Baker 1977, Wolman &
Gerson 1978).

The foregoing gives some indications of the
background to work in modern geomorphology,
against which to evaluate many of the historical
essays in this book. In recent years, geomorphology
has continued to grow as a discipline with emphasis
on quantitative data, experimentation, predictive
modelling (e.g. Wilcock & Iverson 2003), tectonic
geomorphology (e.g. Burbank & Anderson
2001), and the understanding of links between
process and form. Much recent work is driven
by the need for hazard prediction and landscape
management in a world that is becoming ever
more crowded.

A framework for Quaternary geology

The Quaternary is the shortest and most recent of
the geological periods recognized in Earth history,
defined here as the last 2.6 Ma. It is, perhaps, the
most important period of time because, despite its
brevity relative to earlier periods, its materials
cover much of the present landscape and provide
soils and resources for agriculture and other
human activities. It has been a period of pronounced
climate change with all that implies for Earth’s land
surface, hydrosphere and biosphere. It has also
witnessed the later evolution of hominids and the
emergence of Homo sapiens. In short, it is a
period of Earth time of great intrinsic and practical
interest. It is also, as we shall show, the focus of
much controversy.

Recognition of the peculiar properties of the
Quaternary Period was slow to emerge, and
debate continues as to the precise nature of the
changes and forces involved. A major issue for
geoscientists in the early—middle nineteenth
century was the origin of the extensive surficial
deposits, from clay to boulders, found across north-
ern Eurasia and North America. The deposits were
mostly poorly consolidated, unsorted, poorly struc-
tured and devoid of guide fossils. Following the
dominant biblical beliefs of the time, these deposits
had often been ascribed to materials deposited by
the Noachian Deluge. Later, several catastrophic
episodes were thought to have interrupted geo-
logical history from time to time, as supposed
by Georges Cuvier (1769-1832) (1813). The
deposits supposedly derived from the Deluge were
termed ‘Diluvium’ and were distinguished from
‘Alluvium’, which was still to be seen being laid
down by rivers (Buckland 1819, pp. 532-533).

Roderick Murchison (1839, vol. 1, p. 509) pre-
ferred the term ‘drift’ to Diluvium, as that word
did not have any connotations of the ‘Deluge of
Holy Writ" and might be applied to deposits
of similar character from different locations and
of different ages, many of them attributable to
marine currents. The term ‘drift’ caught on and,
despite its ‘archaic’ implications, has survived to
the present in many areas. In describing his obser-
vations on coastal exposures in Norfolk in 1839,
Lyell (1840, p. 176) deployed Murchison’s term
‘drift’ as a substitute for ‘Diluvium’ and added the
suggestion that erratic boulders and the like were
emplaced as drop-stones by floating icebergs at a
time of reduced global temperature, rather than
by exceptionally violent marine currents. Thus,
where Lyell found such materials onshore, the
land surface must have been lower than at present.
The ‘iceberg theory’” accorded with Lyell’s objec-
tions to catastrophic floods as geological agents
but it initiated the unhelpful notion of ‘glacial
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submergence’: the idea that epochs of cold in
regions presently mantled in drift deposits
coincided with marine transgressions. Yet, the
involvement of the sea in drift deposits seemed
helpful in seeking to explain the occurrence of stra-
tified layers in some ‘tills’ (the Scottish term that
Lyell also employed).

The ‘glacial theory’ (or ‘land-ice theory’)
emerged through the work of Ignace Venetz
(1788—1859) and Jean de Charpentier (1786—
1855), among others, in the European Alps, and
was popularized by Louis Agassiz (1807-1873)
with his publication of Etudes sur les glaciers
(1840). It was Agassiz who brought the Swiss
land-ice theory to Britain at the Glasgow meeting
of the British Association in 1840; and then to
America with his appointment to Harvard Univer-
sity in 1846. Yet, for a time the unhelpful ‘glacial
submergence’ theory remained popular, at least in
insular Britain, as it gave an attractive explanation
of the presence of erratics over much of the low-
lying ground of northern Europe. In his Antiquity
of Man, Lyell (1863) seemingly accepted the
‘land-ice theory’ but he later reverted to his
‘iceberg theory’. Meanwhile, stimulated by writings
on climate change by the astronomer John Herschel
(1792-1871) (1830) and Joseph Adhémar (1797—
1862) (1842), the Scotsman James Croll (1821-
1890) developed the then remarkable explanation
for glacial epochs in terms of an astronomical
theory (Croll 1867) — a forerunner of the early
twentieth-century work of the Serbian mathemati-
cian Milutin Milankovi¢ (1879—-1958) (synthesized
in 1941 and republished in English in 1998).

Despite, or perhaps because of, Agassiz’s advo-
cacy of an extreme monoglacial ‘land-ice theory’
and Lyell’s focus on his ‘iceberg theory’, the
concept of widespread continental glaciation made
slow progress in the mid-nineteenth century, and
some opposition persisted to the close of the
century (Orme 2002). Eventually, the publication
of The Great Ice Age by James Geikie (1839—
1915) (1874) and The Ice Age in North America
by George Frederick Wright (1838—1921) (1889)
did much to confirm the theory. Geikie’s book
was especially influential because he moved
among influential scientists, including Thomas
C. Chamberlin (1843-1928) in North America
and Otto Torell (1828—1900) in Sweden, who
early recognized the evidence for multiple glacia-
tions. By then, evidence for extensive non-glacial
deposits of Quaternary age, such as loess and
pluvial lake deposits, was also emerging.

The term ‘Quaternary’ (‘Quaternaire’) was first
proposed by Jules Desnoyers (1801-1887) (1829)
as an ‘extra’ to the Primary, Secondary and Tertiary
subdivisions of the stratigraphic column that
had been proposed in Italy in the eighteenth

century by Giovanni Arduino (1760). The term
‘Pleistocene’ (‘Pléistocéne tirée du grec pleiston,
plus kainos, recent’) was introduced by Lyell in
1839 in the Appendix to the French edition of his
Elements of Geology (1839, p. 622), as an alterna-
tive name for his previous term ‘Newer Pliocene’,
proposed in his Principles of Geology (1833) on
palaeontological grounds. (We thank Dr G. Gohau
for checking this reference in a Paris library.)
Lyell (1833, vol. 3, p. 61) referred to post-Tertiary
sediments as ‘Recent’ and stated that ‘some
authors’ used the term for ‘formations which have
originated during the human epoch’; but he did
not favour that definition (Lyell 1833, vol. 3,
pp. 52-53). The name ‘Holocéne’ (= ‘wholly
recent’) was subsequently suggested by Paul
Gervais (1867, vol. 2, p. 32), and the term ‘Holo-
cene’ as a synonym for ‘Recent’ was ratified at
the Third International Geological Congress in
London in 1885. For Gervais, the Quaternary was
made up of the Pleistocene and the Holocene. The
latter was estimated as being some 8§—10 ka in dur-
ation. Moreover, with the general acceptance of the
idea of a ‘Great Ice Age’, the term Pleistocene came
to be used to represent the period of time when gla-
ciation was widespread in the northern hemisphere
(as suggested by Edward Forbes (1846, p. 403)).
Lyell, however, did not use the term ‘Quaternary’.

So where should the base of the Pleistocene be
located, and how should it be related to the Quatern-
ary? Maurice Gignoux (1910) suggested that the
base of the Quaternary should be defined by a site
in Calabria in southern Italy, where sediment
containing cold-water fossils (especially Cyprina
(Arctica) islandica) was seen to overlie sediments
containing fossils indicative of a relatively warm
climate. This event was not well suited for inter-
national correlation but was nevertheless accepted
at the Eighteenth International Geological Congress
in London in 1948 (King & Oakley 1950). Later,
Hays & Berggren (1971) showed that the Calabrian
deposit coincided quite closely with the top of the
so-called ‘Olduvai Normal Event’, a short episode
within the Matuyama Reversed Epoch of the geo-
magnetic polarity timescale, which occurred about
1.8 Ma. This geomagnetic marker offered the possi-
bility of unambiguous worldwide correlation, and
hence became widely accepted (Haq et al. 1977).
A proposal for a Global Stratotype Section and
Point (GSSP) for the boundary at Vrica in Calabria
was ratified by the International Commission on
Stratigraphy in 1983 and at the Moscow Inter-
national Geological Congress in 1984 (Aguirre &
Passini 1985) (initially it was set at 1.64 Ma and
later charged to 1.81 Ma).

This choice was based chiefly on ‘classical’
biostratigraphic criteria. But many students of
Quaternary geology were not happy with the
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decision, as there was substantial evidence of earlier
glaciations in other parts of the world (see, for
example, Milanovsky 2008, published in this
Special Publication). Moreover, the term ‘Quatern-
ary’ was considered by many to be outmoded, being
out of line with other stratigraphic terminology,
given that Primary and Secondary had long been
obsolete and that the Cenozoic had been divided
into Palacogene and Neogene, with the consequent
demise of the Tertiary (Fig. 1). The ‘issue of the
Neogene’ has been an important additional factor
confounding discussions of the Quaternary and the
Pleistocene. The term was introduced by the Aus-
trian Moritz Hornes (1815-1868) (1853). For back-
ground on the Neogene and Palaeogene, see
Berggren (1998).

Given the evidence for late Cenozoic glaciation
in some parts of the world earlier than 1.8 Ma, and
the fact that the Vrica GSSP was based on neither
clear-cut bioevents nor climatic criteria (Partridge
1997, p. 8), an earlier date for the boundary was
sought, particularly in the light of the discovery of
the arrival of organisms indicative of a cold
climate in the Mediterranean region prior to
1.8 Ma. Thus, the Gauss—Matuyama reversal at
2.6 Ma has been suggested as a suitable boundary
(Pillans & Naish 2004). Although glaciation is
known to have occurred in some parts of the
world earlier than 2.6 Ma, this geomagnetic reversal
meshes with determinable biostratigraphic changes
indicative of climate change, a clearly identifiable
event in oxygen-isotope stratigraphy (Shackleton
1997), and changes in grain size in Chinese loess
deposits. The chosen golden spike, in Sicily, for
the bottom of the new Gelasian Stage of the
Upper Pliocene is thought to be only about 20 ka
younger than the Gauss—Matuyama reversal (Rio
et al. 1998, p. 85), so the fit is good. Moreover,
the climatic deterioration could be related to a
change from the dominance of orbital precession
to that of the obliquity of the ecliptic, according
to Milankovi¢ theory (Lourens & Hilgen 1997,
Maslin et al. 1998).

But to place the base of the Pleistocene at
2.6 Ma would take the Quaternary down to the
bottom of the uppermost (Gelasian) stage of the
Pliocene (Fig. 1). Alternatively, it would require a
decoupling of the Pleistocene from the Quaternary;
yet, both have long been associated in geoscientists’
minds with the ‘glacial epoch’. In consequence,
some authorities have proposed that the term ‘Qua-
ternary’ should be dropped from the stratigraphic
column (e.g. Berggren 1998). In Berggren’s view,
it should (or would or could) only survive ‘for geo-
political purposes’! The issue has been particularly
sensitive because Quaternary studies are such a well-
established branch of geoscience, with the Inter-
national Union for Quaternary Research (INQUA)

having been established back in 1928. An attempt
in 1998 to have the Pliocene—Pleistocene boundary
placed at the bottom of the Gelasian by the Com-
mission for Neogene Stratigraphy of the ICS was
unsuccessful (Ogg 2004, p. 125).

Given this messy situation, various proposals
have been put forward (e.g. Suc et al. 1997;
Pillans 2004; Gibbard et al. 2005; Suguio et al.
2005). But none of these provided a neat and
consensual solution. Suc et al. (1997) favoured the
move of the base of the Pleistocene to the bottom
of the Gelasian and disuse of the term ‘Quaternary’.
Pillans (2004) believed that the Quaternary should
be preserved and should run from the bottom of
the Gelasian to the present (there being no Holocene
unit as the Neogene also runs through to the
present); but the Pliocene—Pleistocene boundary
should continue to be located at the fop of the
Gelasian; and there should be a Holocene above
the Pleistocene. This was anything but tidy.
Details of the comings and goings of the debate
may be found at www.quaternary.stratigraphy.
org.uk / meetings /Quat_TaskGroup_25Aug05.doc:
Definition and geochronologic/chronostratigraphic
rank of the term Quaternary. Recommendations
of the Quaternary Task Group jointly of the Inter-
national Commission on Stratigraphy (ICS, of
the International Union of Geological Sciences,
IUGS) and the International Union for Quaternary
Research (INQUA). The issue had to do with the
problem of synthesizing different dating methods
and the various overt institutional and invisible
networks of members of different research fields.

The debates were not confined to the Anglophone
community. The Chinese Association for Quatern-
ary Research (2005), based on the significance of
Chinese loess deposits, supported the INQUA pos-
ition, and maintained that the Quaternary ‘should
be a formal unit with full Period/System status in
geological time work™ with a base at 2.6 Ma. In
2007, the Chinese President of the IUGS (Zhang
Hongren) wrote to the bickering chairs of the
relevant ICS subcommissions, as well as the ICS
Executive, telling them, in effect, to co-ordinate
their activities and formulate a solution ready for
ratification by the IGC in Oslo in 2008. (The letter,
and many other relevant documents, may be
viewed at http://www.quaternary.stratigraphy.org.
uk.) And as it appears at the time of writing, the
Quaternary will survive as a received stratigraphic
unit (Period or System) with its base at 2.6 Ma, the
Pleistocene and Holocene being its constituent
Series or Epochs (Bowen & Gibbard 2007) (Fig. 1).

Future changes notwithstanding, the term Qua-
ternary is used in this Special Publication to refer
to the Pleistocene and the Holocene, the latter
denoting the last 10000 radiocarbon years (11.5 ka
calendar years), which is approximately equivalent
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to the end of the last ice age and the emergence of
civilized humans.

Stratigraphically, then, the Quaternary is subdi-
vided on the basis of climate into cold (glacial)
and warm (interglacial) stages. Global landscapes
cannot be explained without reference to these
alternations of cold and warmth associated with
the repeated alternations of ice advance into, and
retreat from, middle latitudes of the northern hemi-
sphere. For example, alternations of wetter and drier
conditions during the Pleistocene in the present
deserts of the northern hemisphere reflect the
pervading influence of climate changes that led,
farther north, to glacial and interglacial conditions.
Similar conditions occurred in the southern hemi-
sphere, but there the potential impacts of climate
change have been cushioned by the dominance of
oceans, such that during cold stages nival and
aeolian effects often take precedence over actual
glaciation, although multiple glaciations have
been identified in Tasmania and Patagonia. The
development of ice sheets in high latitudes also
caused the migration and compression of other
climatic zones towards the equator so that nival or
periglacial conditions extended well beyond their
present limits. The climate changes were such
that even in low latitudes many glaciers developed
on the mountains of Papua New Guinea, Borneo,
the tropical Andes and East Africa. Also,
glacio-eustatic changes in sea level are global
events. Thus, the climatic changes of the Quate-
rnary had worldwide impacts.

Nevertheless, remnants of older landscapes per-
sisted in regions beyond the reach of glaciers, and
even in glaciated areas major preglacial features
survived the passage of ice sheets, which, although
scraping away loose debris, made only minor modi-
fications to bedrock forms.

The environmental changes of the Quaternary
have been influenced in part by the continued
migration of Earth’s continental and oceanic
plates, albeit at much slower rates than climate
change, and by episodes of greater or lesser volca-
nicity, which often ejected large quantities of
climate-changing tephra into the atmosphere.
Nevertheless, for most of the climate changes
experienced in the Quaternary, there is now broad
consensus that changes in Earth—Sun relations are
broadly responsible, accompanied and aided by
complex feedback mechanisms including ocean—
atmosphere and biosphere—atmosphere linkages.
Thus, variations in the eccentricity of Earth’s
orbit, the obliquity of its axis relative to the plane
of the ecliptic and the precession of the equinoxes
have caused cyclic changes, within periods of
about 100, 41 and 21 ka, respectively, onto which
shorter, more rapid fluctuations have been
superimposed.

Modern ice sheets and glaciers are but shrunken
remnants of their former areal extents, but the
interpretation of the deposits left behind by the ice
and the landforms shaped by the moving ice has
been greatly facilitated by research on modern gla-
ciers and by imaginative theoretical ideas. The first
systematic explorations and studies of the Quatern-
ary Period were carried out in Europe and North
America, because by happy coincidence these
were glaciated lands where the geological sciences
initially blossomed and where social conditions
encouraged travel and research. The knowledge of
glacier motion and the recognition of glacial and
interglacial deposits that flowed from this research
have proved invaluable to the understanding of
Quaternary events elsewhere, for example in
Africa, Australia and South America. Similarly,
early observations in the northern hemisphere
regarding changing sea levels, now attributed to a
variety of climatic and tectonic forces, paved the
way for sophisticated studies of Quaternary land—
sea relationships elsewhere in the world.

The Quaternary Period is important for many
reasons. For the geologist, it affords insight into
relatively recent events that also contribute to the
understanding of the more distant past. For the cli-
matologist, it presents evidence of past climates in a
world beset with problems associated with continu-
ing climate change. For biologists and soil scien-
tists, events during the Quaternary help to explain
much of the Earth’s present plant and animal distri-
butions, and its soils, which are so important
to agriculture.

The Quaternary has also seen the continued
evolution of Homo sapiens. Some human impacts
have been deleterious. As with climatic changes,
their importance can be exaggerated but cannot be
ignored. Without the advent of the human mind
there would be no Quaternary, for the System
(like all the units in the stratigraphic column) is a
human construct — in this case the latest of
several known periods of climatic aberration.

The papers

The papers contained in the present volume do not
pretend to cover every aspect of the innumerable
components of geomorphology or Quaternary
geology, but they touch upon many and in a
number of cases deal with topics that are not gener-
ally known to those interested in these branches
of geoscience.

For the first paper in the present collection,
Klemun, an historian of science at the Institute of
History, Vienna University, Austria, explores the
contributions of Adolphe Morlot to the establish-
ment of the term ‘Quaternary’. Both he and Jules
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Desnoyers have been credited with introducing the
term, but, in fact, they did so independently, at
different times and places. Desnoyers simply
wanted to give a name to distinctive strata that lay
above those that Arduino had named Tertiary
back in the eighteenth century. Morlot’s proposal
came later and for quite different reasons. He
found evidence in Switzerland for two distinct
glacial episodes, separated by deposits that
suggested a milder climate: an interglacial as we
would say. These three sets of sediments, together
with those of recent times, gave four ‘layers’.
Hence, the name Quaternary. Professor Klemun’s
work is a result of her interest in the historical
development of scientific classificatory terms.

The papers by Baker (Department of Hydrology
and Water Resources, University of Arizona,
Tucson, USA) and Orme (Department of Geogra-
phy, University of California, Los Angeles, USA)
discuss issues relating to the Quaternary geology
and geomorphology of large parts of western
North America, of which both authors have detailed
knowledge. Readers are likely to be familiar with
the ‘Great Scablands Debate’ (Gould 1978),
which had to do with certain features of the topogra-
phy of eastern Washington where gigantic ripple
marks, too large to be discerned from a single
vantage point on the ground, suggested to the
Chicago geologist J Harlen Bretz (1882-1981)
that they had been produced by ‘catastrophic’ flood-
ing. Joseph T. Pardee (1871-1960) had previously
suggested large-scale flooding produced by the
unblocking of a lake ponded by a glacier (Pardee
1910). Bretz’s fieldwork in the 1920s suggested
that there had, indeed, been some such ‘cata-
strophic’ cause; and, in fact, the hypothesis that
was eventually accepted was somewhat akin to
the one suggested long before in the nineteenth
century, by Leopold von Buch, to account for the
movement of erratics in the Alpine valleys, which
was also later adopted by the ‘uniformitarian’
Charles Lyell. Yet (ironically), Lyell’s ‘uniformi-
tarian’ programme became so successful that any
seeming ‘catastrophist’ theory, such as appeared
to be suggested by Bretz’s observations, was dis-
missed for a long time.

The intricacies of this interesting debate are
carefully traced by Victor Baker, who used to
know Bretz personally and so knows his side of
the story well. Baker’s account also includes refer-
ence to the philosophical issues involved: the reluc-
tance of geologists in America in Bretz’s time to
countenance anything that hinted at catastrophism;
and the American preference at that time for what
might be called naive empiricism. For Baker,
however, a theory that ‘binds together’ a number
of distinctive facts (giving a consilience of induc-
tions) has much to recommend it. He (and we) are

devotees of the use of ‘coherence’ as a criterion in
the pragmatic pursuit of truth, the virtues of which
approach are well illustrated by the Great Scablands
Debate. Baker was the keynote speaker at the
Vilnius meeting.

The paper by Antony Orme on the Quaternary
pluvial lakes of the American West is detailed,
but at the same time offers a wide historical
sweep, from the observations of the early European
explorers in the region to the issues arising from the
use of modern dating methods in the study of these
lakes. Formerly, the study of the history of such
lakes may have seemed a somewhat esoteric under-
taking, but in more recent years it has come to be a
matter of considerable practical concern, both from
the perspective of water supplies and of data rel-
evant to current problems relating to climate
change. Here, then, is a case where the study of
the history of geology turns out to have practical
value to contemporary problems. The problem of
understanding the history of these pluvial lakes is
complex because there have been several indepen-
dent causal factors involved in their history, such
as rainfall, temperature, erosion and crustal defor-
mation. Orme’s paper is also valuable, for the pur-
poses of the present collection, in that it attends to
issues relating to dating in the Quaternary.

The theory of continental glaciation, beginning
from observations of ‘living glaciers’ and areas pre-
viously occupied by ice in the Swiss Alps, was
worked out independently by Otto Torell (1828—
1900) (in 1872), Piotr Kropotkin (1842-1921)
(between 1862 and 1876) and others in northern
Europe, to which workers in the Baltic States
made significant contributions. Raukas at the Insti-
tute of Geology at Tallinn University of Techno-
logy, Estonia, describes contributions to the
evolution of the continental glaciation theory by
(amongst others): Karl Eduard Eichwald (1795-
1876), the first person in the Baltic provinces to
consider the possibility of the wide distribution of
ice in lowland areas in 1853; Friedrich Schmidt
(1832-1908), who studied the Quaternary deposits
of Estonia, demonstrating a correlation with those
in Sweden in 1865; and the Estonian stratigrapher
Gregor Helmersen (or Gelmerson) (1803-1885)
(who became Director of the St Petersburg
Mining Academy), who rejected the drift hypoth-
esis in favour of a continental ice sheet in 1869 on
the basis of the distribution of erratic boulders,
glacial clay and striations. It was Schmidt, in
1871, who proved that during the Pleistocene the
Scandinavian ice sheet covered the Baltic Sea
depression and surrounding territories, and thereby
resolved the early controversy over continental
glaciation in northern Europe.

Milanovsky is one of the ‘grand old men’ of
Russian geology and a former head of department
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at the Moscow State University. He comes from a
family of distinguished geologists and has led a
remarkable life, including fighting with a tank unit
from Moscow to Berlin during the Great Patriotic
War! He has recounted that, when he was a young
man, he did not know whether he wished to study
art or geology but in the end he opted for
geology. Yet, his facility for drawing has been
retained through his long career, and in this paper
we see numerous examples of his quick sketches
made during the course of his fieldwork. His
special area of interest has been neotectonics; and
for the purposes of this Special Publication
volume his ‘proof’ of the occurrence of glaciation
in the Pliocene is particularly interesting, as it con-
tributed evidence that was relevant to the changes
of definition of the Quaternary and the Pleistocene
that were discussed earlier in this introduction.
Milanovsky’s use of the term ‘Eopleistocene’ in
his stratigraphic table should be noted, as that has
been the preferred term in Russia, as opposed to
Lower Pleistocene. The present paper is to be
understood as an autobiographical contribution to
the study of the history of Quaternary geology.
Ivanova & Markin, from the Earth Science
Museum of Moscow State University, Russia,
give an overview of a work by the famous anarchist
philosopher, Prince Piotr Kropotkin: Researches on
the Glacial Period (1876). This book is virtually
unknown to Anglophones and there appears to be
no copy of it in either the Library of Congress or
the British Library. It is, we are told, a rare
volume, even in Russia. Kropotkin’s book Mutual
Aid (1902) is well known in the West and makes
reference to his travels in Siberia. Early in his
career he travelled in that part of the world as a mili-
tary surveyor, and later he went to Scandinavia, as a
result of which he became interested in the ‘land-ice
theory’. His recognition of the evidence for glacia-
tion was not remarkable at the time of his travels,
but his studies of eskers were noteworthy and orig-
inal. Researches on the Glacial Period was written
when Kropotkin was in prison in St Petersburg on
account of his subversive political views, before
he made his dramatic escape to the West. It is pleas-
ing that his scientific investigations, so different
from his well-known philosophical and political
writings, should be recognized here. Kropotkin’s
work also shows that there was not a huge differ-
ence between ‘Eastern’ and ‘Western’ science in
his day. Unfortunately, not a great deal is known
in the West about early Russian geology and the
commonalities are not sufficiently recognized.
Ideas associated with the development of
Quaternary research in the Baltic countries are
also chronicled by Gaigalas from the Department
of Geology and Mineralogy at Vilnius University,
Lithuania, in terms of their geopolitical position,

economic and social conditions, establishment of
science centres, progress of geological thought,
and the natural environment. Quaternary geological
investigations in the Baltic region were, and
continue to be, an important link between the East
and West in northern Europe. Among the lineage
of those involved in Quaternary research, thf: contri-
butions of the Lithuanian geologist Ceslovas
Pakuckas (1898-1956) to glaciomorphological
investigations of the Baltic marginal highlands in
Lithuania and Poland are documented by the
paper by Gaigalas et al. Pakuckas, who is regarded
as a pioneer of modern glaciomorphological inves-
tigations, concluded that during the last glaciation
the continental glacier was not a single ice sheet
but consisted of a number of flows, each dependent
on topography and each with its specific glacial
centre. A section of organic-rich sediments that he
discovered on the banks of the Nemunas River
has recently become the stratotype of the Eemian
Interglacial in Lithuania.

Kondratiené & Stancikaité at the Institute of
Geology and Geography at Vilnius, Lithuania,
evaluate the contributions of another Lithuanian
scientist, Valerija Cepulyté (1904—1987). During
46 years of research, she deciphered different
aspects of Quaternary stratigraphy, palaeogeogra-
phy, the extent of the last glacial event (Weichse-
lian) and deglaciation in Lithuania, studies that
provided the framework for her 1963 doctorate
degree in geology. Cepulyté’s primary interests
were concerned with the development of geomor-
phological terminology and the methodology of
geomorphological mapping in relation to the
last glaciation — aspects that have influenced Qua-
ternary research both in Lithuania and elsewhere.

A former petroleum geologist, van Veen at the
Department of Earth Sciences, Technical
University Delft, The Netherlands, writes about
early ideas on glaciation in The Netherlands, using
as his ‘spyglass’ the several essays on ideas about
glaciation that were submitted as entries to prize
competitions organized by the Hollandsche
Maatschappij der Wetenschappen (Holland Society
of Sciences) and the Teyler Genootschap (Teyler
Society). In the nineteenth century, such prize com-
petitions were popular, with questions being posed
about controversial scientific problems, for which
there were no known or definite answers. Several
prize topics had to do with glacial theory, and even-
tually they yielded a submission from the Swedish
geologist Otto Torell that clinched the land-ice
theory for geologists in Germany and northern
Europe, although he did not originate this idea.
van Veen’s paper is helpful in that he delves into a
corner of the history of geoscience that can only be
studied by someone fluent in Dutch and with
access to rare publications in that language.
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Zhang, Associate Professor in the Department
of Earth Sciences, Sun Yat-sen University, Guangz-
hou, China, is involved in research in tectonic geo-
morphology, particularly in the Ordos Plateau area
of north China. He documents the punctuated
progress of 100 years of investigation of Tertiary
(Neogene) planation surfaces in China. This began
with the pioneering work of Bailey Willis in
1903-1904, who introduced the Davisian idea of
erosion cycles and recognized peneplain remnants
in north China. Zhang documents studies of plana-
tion surfaces in that part of the world between
1910 and the 1940s, in which scientists arrived at
different and similar conclusions as to their ages,
and the discovery of similar surface remnants in
south China, prompted by the inland migration
caused by the southward advance of Japanese
forces prior to and during World War II. Since the
1970s, restudy of planation surfaces over the
whole of China has been undertaken with the con-
temporary focus being on uplift of the Tibetan
Plateau and its impact on the environment.

Thick marine Quaternary sediments underlying
the Kanto Plain of Honshu, Japan are regarded as
having been deposited in a ‘Palaeo-Tokyo Bay’, a
concept first proposed by Hisakatsu Yabe (1878—
1969) in 1913 and 1914, based on molluscan
fossils that record changing sea levels during the
glacial and interglacial periods. Yajima, from the
Tokyo Medical and Dental University, describes
how this now-accepted idea came about in conjunc-
tion with resolution of the question of Pleistocene
glaciation in Japan and a change from Palaeo-
Tokyo Bay being open to the east and, at the time
of the high sea-level phase, and perhaps also to
the south, to modern Tokyo Bay which opens to
the south.

Branagan, at the School of Geosciences,
University of Sydney, Australia, is the doyen of
historians of geology in Australia. His paper gives
a comprehensive account of the earliest studies of
the rocks of the Australian coastline and, sub-
sequently, in inland regions as explorers pushed
into the continent’s interior. There they encountered
many hardships in the desert regions, but were also
able to make numerous observations of Quaternary
deposits in well-exposed country. In the first stages,
all the information was transferred to ‘centres of
calculation’ (cf. Latour 1987, chap. 6) in Europe
and published there. Subsequently, geologists
began to settle in Australia and publish there,
even though they had mostly been trained in
Europe. Thus, Branagan’s paper illustrates the first
two stages of ‘Colonial Science’, as envisaged by
George Basalla in his threefold classification of
the stages of development of science in European
colonies or settlements (Basalla 1967). In the
early work described by Branagan, much of

Australian geology was, as might be expected,
seen through European eyes.

Twidale is a geomorphologist of international
standing and Honorary Visiting Fellow in Geology
and Geophysics at the School of Earth and
Environmental Sciences at Adelaide University,
Australia. He is the author of numerous books on
geomorphology and has a special interest is desert
landscapes, particularly in Australia. His paper
provides much information about the character of
Australian deserts (which are notably different
from those in North Africa or China, say, and can
at times provide brief nutriment for abundant life
forms) and the early history of exploration in these
mostly inhospitable regions. He focuses on the
history of the study of the dunes of the Australian
deserts, and those of South Australia more particu-
larly. Like Orme, Twidale also discusses dating
problems — but as regards individual sand grains
using thermoluminescence methods as opposed to
the radiometric studies of materials chiefly used in
studying the pluvial lakes of the American West.
Some of the Australian dunes are only a few
thousand years old and thus presumably Holocene
in age. The dating of the lake-fill and alluviation
of the Australian desert lakes has furnished infor-
mation about the histories of past climates, which
is relevant to biogeography and contemporary
problems of climate change.

Oldroyd, Honorary Visiting Professor at the
University of New South Wales, Sydney, Australia,
is a historian of science who has written chiefly on
topics to do with the Earth sciences. In his contri-
bution, he examines the history of ideas about the
landforms of the Sydney Basin, with special
reference to the patterns of the area’s rivers, and
considers two important early twentieth-century
Australian geologists: Ernest Andrews and Griffith
Taylor. Both men were keen disciples of the
evolutionary ideas about landforms developed by
Davis in the United States, whose ideas were
enthusiastically applied in Australasia. From the
appearance of a geological map, the geology of
the Sydney area appears very simple, but detailed
work has revealed numerous difficulties and com-
plexities. Early studies of the area relied heavily
on geomorphological considerations, which were
used to try to probe the tectonic history of the
area. Unfortunately, surfaces that were construed
by Taylor and Andrews as being the relics of
Davisian peneplains were (we think) depositional
surfaces or ones that were generated according
to the relative hardnesses of nearly horizontal
sedimentary strata. Oldroyd shows that, even
now, there is no full consensus about the history
of the Sydney Basin, and that debates on the
matter still depend to a considerable degree on
geomorphological evidence.
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Mayer, at the Department of Earth and Marine
Sciences, Australian National University in Can-
berra, is an authority on early scientific voyages to
Australia, especially those conducted by French
explorers. His paper relates to the Tamala
Limestone, a well-known Quaternary formation
that crops out extensively along the coast of
Western Australia. Work continues on the study
of this unit, which presents problems with respect
to sea-level and climate change, and the role of tec-
tonic deformations of the crust in that part of the
world. It is noteworthy that the early investigators
were struck by the indications of changes in the
relative levels of land and sea, which was a ‘hot
topic’ in the early nineteenth century. Other
matters of interest were the discovery of the
‘living fossil’, Trigonia, which gave comfort to
those opposed to the notion of transmutation
because it indicated the possibility that various
organisms no longer extant in Europe might turn
up one day in remote parts of the world; and to
certain enigmatic calcareous structures that might
have had various origins. It was Darwin who first
suggested that the Tamala Limestone was of
aeolian origin.

From New Zealand, a biography of the inter-
nationally known geomorphologist Sir Charles
Cotton (1885-1970) is given by Grapes, a New
Zealander, now Professor at Korea University,
Seoul, and formerly at Sun Yat-sen University,
China, and Victoria University, Wellington, New
Zealand, where he had first-hand access to and
experience of Cotton’s legacy. Cotton is perhaps
best known for his textbooks, the most influential
being Geomorphology of New Zealand, first pub-
lished in 1922, as well as numerous pioneering
papers on a great variety of subjects in geomorphol-
ogy. Although much of Cotton’s earlier work fol-
lowed the ideas of W. M. Davis in terms of an
explanatory description of landforms (structure,
process, form), he also emphasized, in a qualitative
way, the importance of climate change and tectonic
movements in landscape-forming processes. Cotton
could not have been in a better place to develop
these ideas than in New Zealand, a tectonically
active country where the continuing relationship
between geologically recent Earth movements,
denudation, erosion and associated deposition is
particularly obvious.

Brook, from the School of People, Environment
and Planning, Massey University in the North
Island of New Zealand, a geomorphologist inter-
ested in geomorphic controls of landscape evol-
ution, writes on the role of an amateur in geology.
His paper recounts the pioneering studies of
George Leslie Adkin (1888-1964), a farmer,
amateur geologist and well-known ethnologist,
whose observations provided evidence for localized

glaciation and uplift in the axial Tararua Range of
the North Island. Adkin’s work was published in
1911 and helped resolve a controversy over the
extent of glaciation in New Zealand, although his
ideas, in this instance, ran counter to those of
Charles Cotton. Later studies have broadly
vindicated Adkin’s work. It has been postulated
that cooling of some 4 °C could have occurred
during the Pleistocene, resulting in a lowering of
the glacier equilibrium line by approximately
670 m, substantially below the crest of the
Tararua Range.

We wish to express our sincere thanks to the valuable
comments on a draft of this Introduction made by the
contributors of this volume. We are particularly grate-
ful to R. Twidale, A. Orme and V. Baker for their
considerable input.
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Abstract: Questions concerning periodization in geology are obviously still with us, and the same
goes for the relationships of time, change and discontinuity. The fact that such questions are
debated repeatedly in both history and geology is illustrated by the extensive discussion in
recent years about the use of the term ‘Quaternary’ as a stratigraphic unit. Thus periodization is
not merely a philosophical issue. Neither does it belong solely to the sociology or politics of
science. Rather it must be seen as an essential instrument and an integral part of an on-going
discussion of fundamental ideas about time in general.

Several texts state that it was Adolphe Morlot (1820—1867) who coined the term ‘Quaternary’,
but in fact there were earlier usages, with different meanings. This paper discusses not so much the
‘invention’ of the term Quaternary, but its range of meaning during the early phase of its introduc-
tion and development, in order to give and appropriate categorization of Morlot’s specific contri-
bution and the reason why he introduce the term Quaterndr. The discussion is based to a
considerable extent on correspondence between Morlot and Friedrich Simony (1813-1896) of

Vienna University.

Reforms of periodization constitute a vital element
in geology as well of history, with a recent contro-
versy being that concerning the subdivision of
the Cenozoic Era. The controversies centring on
nomenclature and the adoption of certain terms
such as Palaecogene and Neogene — in preference to
the terms Tertiary, Quaternary and Pleistocene —
provide ample illustration (Gibbard et al. 2005).
As is well known, the terms Quaternary and Pleisto-
cene were coined in the nineteenth century. In the
course of time, however, they have been associated
with various concepts and meanings. Arising from
the present controversies about the term Quaternary
as a chronostratigraphic unit, as William Berggren
(1998) stressed the necessity of looking at the his-
tories of the terms and analysing their specific con-
notations and their various contemporary levels of
meaning: ‘[w]hat appears to be absent from the
debate is an awareness of the history and variability
of the terms in question, that might suggest points of
view that are not apparent from the trenches’
(Berggren 2005, p. 1). Thus, discussing the inven-
tion and establishing of the term Quaternary and
its range of meanings in a comparative way seems
to be a worthwhile exercise. The focus on the first
phase of the introduction and development of the
term Quaternary, in the context of broader
geological concepts, in order to be able to categor-
ize Morlot’s contributions seems justified for it was
with Morlot that the conceptualization of the
term and the periodization with which it was
linked in German-speaking countries began, and
priority has been given to him — particularly in

German sources (e.g. Wagenbreth 1999, p. 117) —
for the use of the term. This paper will seek to
assess Morlot’s contribution in terms of its
wider context.

The beginnings in France: the first
appearance of the term ‘Quaternary’

The term Quaternary (Quaternaire ou Tertiaire
recent) was proposed by Jules Pierre Francois
Stanislaus Desnoyers (1800—1887) in 1829 as the
fourth, and final, subdivision of the previously pro-
posed threefold subdivision of the geological record
(Primary, Secondary and Tertiary) for the rocks in
the Loire—Touraine Basin and Languedoc, which
were demonstrably younger than those of the
Seine—Paris Basin (Desnoyers 1829). Desnoyers
was not only a geologist but also an historian and
archaeologist. He was Secretary of the Société de
I’histoire de France, and in the year after the publi-
cation of his paper on the Quaternary he was one of
the founding fathers of the Société géologique de
France in Paris. Desnoyers coined the term ‘Quatern-
ary’ to describe a sequence of rocks apparently
younger than what were then regarded as the youngest
Tertiary deposits. He discovered that the marine
sandy deposit (known as ‘Faluns’), which was filled
with sea shells and coral, and the marls near Tours
in the Loire Basin, overlay a freshwater deposit that
constituted the highest subdivision of the Paris
group and extended without further subdivision over
the plateau between the Seine and Loire Basins.

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 19-31.
DOI: 10.1144/SP301.2  0305-8719/08/$15.00 © The Geological Society of London 2008.
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That was the starting point for the argument that a new
stratigraphic category (or unit as we would say) had to
be defined; and ‘Quaternary’ was chosen:

[L]a série des terrains tertiaires s’est prolongée, et méme a com-
mencé dans les bassins plus nouveaux, long-temps peut-étre
apres que celui de la Seine a été entierement comblé, et que ces
formations postérieures, Quaternaires pour ainsi dire, ne doivent
pas plus conserver le nom d’alluvions que les vrais et anciens
terrains tertiaires, dont il faut également les distinguer.
(Desnoyers 1929, p. 193)

Desnoyers subdivided this unit into three parts,
from younger to older: (3) Recent; (2) Diluvium;
(1) ‘Faluns de Touraine’ (shelly marls of the
Touraine), etc. In retrospect, it can be seen that
this original definition included what Charles
Lyell (1797-1875) was later to include in his
Miocene, Newer Pliocene and Recent (Lyell
1830-1833). Subsequently, Lyell proposed the
term ‘Pleistocene’ for his younger Pliocene in an
appendix to a French translation of his Elements
of Geology (Lyell 1839). So Desnoyer’s ‘Quatern-
ary’ was not the same as that which followed and
continues into modern times.

In Lyell’s writings, the change from a biostrati-
graphic to a chronostratigraphic unit was completed
over many years (Berggren 2005, p. 1). He sub-
sequently modified his chronology by defining the
most recent phase as ‘Post-Tertiary’ and dispensing
with the term Pleistocene. But he was, in any case,
aware of the significance of Desnoyer’s advance
and said of it that ‘a new chronological system
had been founded’ (Lyell 1857, p. 146). Lyell
judged this method to be analogous to the then
much-praised method of establishing species in
botany and zoology. However, he emphasized that
the difficulty of the determination of species and
the obvious artificiality of the system of classifi-
cation would increase as more facts became
known (Lyell 1857, p. 147).

It is interesting to note that Desnoyers used the
term ‘Quaternairies’ very sparingly in his
134-page paper. Nevertheless, the name and
meaning of the term were quickly adopted, although
subsequently modified. Marcel de Serres (1783—
1862), Professor at the University of Montpellier,
used the term ‘Quaternaire’ in 1830, considering
it to be synonymous with the term ‘Diluvium’, as
first proposed by Gideon Mantell (1790—1852) in
1822 and William Buckland (1784-1856) in 1823
for deposits of the Biblical Deluge (Serres 1830;
Berggren 2005, p. 7). It was subsequently used in
this sense by German geologists. For example, in
1844 Carl Cisar von Leonhard (1779-1862) dis-
cussed whether diluvial debris belonged ‘to the
last of the great upheavals’ and mentioned the fact
that there were investigators who classified such
upheavals as evidence of different periods’

(Leonhard 1844, pp. 232 and 233). Moreover, the
term Quaternary was given a faunal connotation
by Henri Reboul (1833) (1763-1839). He distin-
guished it as containing living species of animals
and plants, as opposed to the Tertiary, which was
believed to hold mostly, if not exclusively, extinct
species (which was not, of course, Lyell’s view).

De Serres first ‘introduced’ prehistoric humans
into the concept of Quaternary, suggesting that the
first evidence for them was to be found in that
period. After the excavations at the Grotto of
Aurignac by Edward Lartet (1801-1871) in 1863,
this ‘archaeological’ aspect was reinforced. Such
works show that there were various quite different
criteria for characterizing the Quaternary in the
few years of its existence.

The Viennese palaeontologist Moriz [sic]
Hornes (1815-1865), Curator of the Mineralogical
Collection of the Royal Museum of Natural History
in Vienna, observed in 1853 that Miocene and Plio-
cene molluscan fauna had closer affinities to one
another than to the Eocene faunas. He therefore
wanted to refer to them collectively as Neogene.
In creating this term, Hornes referred specifically
to the stratigraphic subdivisions of the Molasse
Mountains — proposed in 1838 by Heinrich Georg
Bronn (1800-1862), Professor of Zoology at
Heidelberg — and to the younger ‘Alluvial’ subdivi-
sion (Hornes 1853). In Hornes’ original definition
the Neogene spanned the time interval from the
Miocene to Pliocene and up to Recent.

Adolphe Morlot: biography and an
outline of the secondary literature

According to the Polish/French cultural historian,
Krzysztof Pomian, every period is determined in
two ways: by facts and by concepts (Pomian
1984). So far, the criteria for the concepts that we
have been discussing have been essentially biostra-
tigraphic or biochronological in nature. However,
Adolphe Morlot’s concept, which was based on
stratigraphy and climatology, also included the
then controversial notion of the glacial theory and
differed from the biostratigraphic approach.

In several texts, Morlot is mentioned in various
contexts as far as his involvement with the initial
use of the term Quaternary is concerned. William
Sarjeant simply asserted that Morlot was the
‘originator of the term “Quaternary”’ (Sarjeant
1980, vol. 3, p. 1751), not mentioning others
before Morlot at that point in his bibliography.
Moreover, Sarjeant failed to state what Morlot
meant by the term.

In the introductory part of his chapter on
Quaternary geology in his Geschichte der Geologie
in Deutschland [History of German Geology],
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Otfried Wagenbreth (1999, p. 117) emphasized that
the ‘most recent layers of the surface of the earth
were called Quaternary by the Swiss scholar
A. v. Morlot as an extension of the term “Tertiary”’
[‘Die jlingsten Schichten der Erdoberfliche wurden
von dem Schweizer A. v. Morlot in Fortfiihrung des
Begriffes “Tertidr” als Quartér bezeichnet’]. In the
Geschichte der Geologie und Paldontologie
[History of Geology and Palaeontology] by Karl
Alfred Zittel (1899, p. 717) it was briefly stated
that: ‘in 1839, Lyell suggested the term Pleistocene
for Buckland’s Diluvium; in 1854 Morlot’s sugges-
tion was Quaternary’ [‘Lyell hat 1839 fiir das
Buckland’sche Diluvium den Namen Pleistocin,
Morlot 1854 die Bezeichnung Quaternir’].

First, in anticipation of my further investigation,
it should not be thought that I am arguing from the
vague statements cited above that it was Morlot
who gave the term ‘Quaternary’ an ‘official’ charac-
ter or, less dramatically, that he was responsible for
coining the name in 1854: the term Quaternary was
already accepted in German textbooks (Morlot
1854a). In that same year, for example, Carl Vogt
(1817-1895), in an overview in his geology text-
book, gave the Pleistocene Era a further name,
that of ‘Quaternary Formations’ (tidal deposits,
loess, erratic phenomena) (Vogt 1854, p. 624).
But Morlot gave the term a new twist — namely a
glacial connotation. (However, Edward Forbes
(1846) had previously given a glacial signification
to the term Pleistocene — which Lyell opposed.
And if not ascribed to the Deluge, erratics were gen-
erally associated with glaciation in some way.)

The differing statements on the importance of
Morlot’s contribution to the introduction of the
Quaternary in German-speaking countries made
me curious, especially as there was not only a
lack of precision but also different ways of under-
standing his concept. But through them I became
acquainted with Morlot as an interesting personality
and his work increasingly attracted my interest.

Adolph von Morlot (1820—-1867), the son of a
Bernese patrician family, studied mathematics,
first in his home town and then in Paris at the
College St Barbe. His lecture notes in algebra and
geometry from 1838 to 1841, which are among
his Berne papers, are evidence of his excellent
education (Burgerbibliothek Bern, Manuscripta
Historia helvetica 45, 23). From Paris, Morlot
proceeded to Freiberg in order to study mining. In
1844 Carl Friedrich Naumann (1797-1873) tra-
velled in the area around Riidersdorf in Saxony,
prompted by Carl Bernhard von Cotta (1808—
1879), who was fascinated by the glacial striae in
the Swiss Jura, and was accompanied by the
24-year old Morlot. While Naumann (1844) was
hesitant in ascribing the striaec to some previous
glaciation, Morlot, who was familiar with such

phenomena and the discussions of them from his
home country, Switzerland, went a step further
and solved the question by means of a bold hypoth-
esis. To him, findings such as boulders and the so
called ‘Gletschertopfe’ (‘glacier pots’), as well as
the scratches on the backs of shells, were evidence
of a former glaciation of the entire region. He pos-
tulated that a Scandinavian glaciation had extended
southwards to central Saxony in historical times.
This fact has previously been remarked by Eisz-
mann (1974), who called Morlot the founder of
the theory of inland glaciation. However, this
theory was not credited to Morlot in his own time.

The idea and theory of the Ice Age

The impulse for the general theory of an Ice
Age started in Switzerland with the work of a
construction engineer from Wallis, Ignatz Venetz
(1788—-1859). He was responsible for repairs to
bridges and roads, and during his official travels
he found stone rubble and moraine in many places
far from modern glaciers (Truffer 1990, pp. 7-27,;
Roten & Kalbermatter 1990, pp. 33—46). He there-
fore proposed that they could be related to a former
period of glaciation of considerably greater scope
than that known in Switzerland at present (Kaiser
1990). Venetz also gave a glacigenic explanation
for the existence of erratic blocks. He lectured on
his ideas in 1822, but his innovative explanation
was only published in 1833 (Venetz 1833). These
thoughts were taken up by Jean de Charpentier
(1786-1855), Director of the salt mines in Bex.
He collected evidence for this theory, such as the
accumulation of erratic blocks, and he, too, was
soon voicing his ideas, at meetings of the Lucerne
Society (Charpentier 1836, 1837), although in the
face of opposition or even derision from others in
the scientific community.

From 1832 Louis Agassiz (1897-1873) taught
natural history at the new college (not then a univer-
sity) in the little town of Neuchatel, and developed
into the leading authority on fossil fish. When
Agassiz visited his former teacher, de Charpentier,
in Bex in the summer of 1836 and met up with
Venetz, he accepted the invitation to examine the
moraines and erratic blocks. Agassiz had become
dissatisfied with the older explanations (or non-
explanations) and was converted, so to speak, to
the group of Ice Age proponents. What was import-
ant now was to press on with the collection of the
countless indications of glacial activity in the
Rhone Valley and in the Jura, in order to have
sufficient facts to support the argument. There was
soon a vigorous debate between British and Swiss
geologists, and joint excursions were undertaken in
Scotland and Switzerland, with Buckland being a
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convert to ‘Agassiz’s theory’ (as it soon became).
But Lyell was only finally convinced as late as 1857.

The specific term ‘Ice Age’ was coined by the
German botanist Karl Schimper (1803—1867).
Agassiz gave it a ‘catastrophist’ connotation,
which he supported with appropriate linguistic
imagery. For example, he wrote: ‘Accordingly,
the phenomenon of temperature reduction at the
end of a geological period could be viewed as
analogous to the stiffening [or rigor] that occurs
on the death of an individual, and the increase in
temperature as parallel to the development of a
characteristic warmth as a being comes into
existence’ (Agassiz 1841, p. 396). This was, in a
way, a form of the ancient macrocosm/microcosm
analogy, although Agassiz probably only used the
comparison as a rhetorical device.

Personal contact between Morlot and de Char-
pentier can be proved by the exchange of letters
between them that are preserved from 1844 (Burger-
bibliothek Bern, Manuscripta Historia helvetica, 45,
9/No. 126). With Agassiz, Morlot seems to have
started personal contact in 1844, as is documented
in his personal correspondence (Burgerbibliothek
Bern, Manuscripta Historia helvetica, 45,9 /No. 2).

The theory of (in)land glaciation underwent the
same fate as the Ice Age theory: neither was gener-
ally accepted at first. However, the theory of inland
glaciation subsequently received general approval,
especially when it was discussed again in Otto
Torell’s lecture to the German Geological Associ-
ation in Berlin in 1875 (Torell 1875) (see van
Veen 2008 in this volume). In 1875 Torell also
referred to Riidesheim (Torell 1875, 1880), a site
that was important for Morlot in 1844 and which
had in the meantime become famous and was
visited by Lyell in 1851, and to the Hohburger
Berge (Hohburg Mountains) near Wurzen. In that
year (1875), if not earlier, the ‘drift theory’ col-
lapsed. (This theory went back to Murchison and
Lyell, and postulated a sea reaching from Scandina-
via to central Europe and transporting icebergs
southwards, leaving behind boulders.)

In 1854, in a letter to Friedrich Simony (1813—
1896) — the leading geographer and glaciologist in
Vienna and Professor of Geography at the Univer-
sity of Vienna — Morlot described his version of
the development of the outdated theories as a dialo-
gue that took place between de Charpentier and
Léonce Elie de Beaumont (1798 —1874). This docu-
ment shows how Morlot ridiculed Lyell’s theory of
‘drift’ or Leopold von Buch’s (1774—1853) ‘mud
theory’ (diluvium). Morlot found it amusing that,
during an expedition, de Charpentier called out to
Elie de Beaumont in jest:

‘Watch the blocks swimming’, while in reality they were rather
rolling over the smaller Polish plains in the rather shallow river,

just as the big block of the Pallas statue [Pallas Athene, also
Athene Parthenos, the Greek goddess] is rolling on metal balls
to Petersburg. E. de Beaumont took this joke seriously & the
learned orthodox world that rejects the well-founded glacial
theory, believes the utter stupidity without a second’s thought:
that stone can swim in a mixture of the same stone with water!
(Morlot to Simony, 8 January 1854, ONB, Vienna, 463/28-17)

While the ‘drift’ theory had a substantial number
of followers in German-speaking countries, at first
no one believed in the glacial theory in the form
suggested by de Charpentier and Agassiz (Agassiz
1841; Charpentier 1841). This is why Morlot’s
astute study of 1844 on inland glaciation was
quite courageous. And up to the turn of the
century (1900), geologists sometimes rejected
glacial phenomena, even when they referred to
Morlot’s correctly interpreted classical site in
Saxony.

The young, well-educated and aspiring geologist
Morlot was attracted to Vienna after his time in
Freiberg (i.e. after 1845), where, together with
renowned investigators such as Ami Boué (1794—
1881), Wilhelm Haidinger (1795-1871) and
Franz von Hauer (1822-1899), he belonged to a
group that, in connection with the Mining
Museum at the Royal and Imperial Chamber for
Minting and Mining, no longer did geological
work privately but instead at the public’s expense.
Thus, the discipline was free to expand in the
Habsburg Empire, and Vienna began to develop a
favourable climate for the sciences in general and
geology in particular, especially after the revolution
of 1848, when the university was reformed and
several associations and institutions for the natural
sciences were founded.

Morlot, who came to Vienna with the recom-
mendation of his teacher Bernhard von Cotta, was
soon employed (in 1846) by the Geognostic
Mining Society of Inner Austria (=Carinthia,
Styria, Carniolia and Istria), and was responsible
for geological mapping in the Austrian Alps from
1846 to 1850 in the course of the first pre-state
geological mapping of Inner Austria. He soon
published a large number of small but important
papers (Morlot 1847a, 1848, 1850a—f) in the
course of his employment, and especially a geologi-
cal map of the Eastern Alps (Morlot 1847b). But he
was unsuccessful in joining the Geologische
Reichsanstalt in Vienna (founded in 1849, the first
state-funded Geological Survey of the Habsburg
Monarchy). He would undoubtedly have liked to
participate in the mapping of the countries belong-
ing to the monarchy. But having lost the opportu-
nity of employment in Vienna, he returned to
Switzerland, where he published further geological
papers and then, after 1860, dedicated himself to
archaeology. Respecting the wishes of his father,
who found him a position (a fact revealed by one
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of Morlot’s letters to Friedrich Simony), Morlot first
obtained a post as Professor of Geology at the
Academy and the College in Lausanne (1851-
1853), before he retired from teaching. After
1860, he devoted himself to archaeology (Morlot
18594, 1865).

Morlot and periodization: the connections
between geology and archaeology,
archaeology and ethnology, geology,

and evolution

Just as the discussions on the origin of the glaciers
often referred to northern Europe, the origin of
mankind was also linked to that region, and archae-
ology was mainly professionalized in Denmark
(Morlot 1860a). Perhaps the common root for
Morlot’s fascination with both types of phenomena
can be found there. On his journeys through Car-
inthia he had already shown an interest in Celtic
culture (Morlot to Simony, 19 November 1848,
ONB, Vienna, 463 /28—1). Subsequently, Morlot
transferred his knowledge of strata, as basic units
for structuring knowledge, from geology to archae-
ology and pre-history, respectively, and applied this
to the first Celtic pile dwellings at the Lake of
Zurich (Ziirichsee), which were discovered by
Ferdinand Keller (1800—1881) (Keller 1865—1866).
It was also Keller who, in 1832, used the illustrations
of a travel report on a pile-dwelling village in (what
is now) Papua New Guinea, called Dorei, for a
visual reconstruction of such lake-dwelling cultures
(Kauz 2000). Thus, a connection was established
between the stages in historic cultures and present-
day ethnology. Morlot encapsulated this way of
thinking, emphasizing the analogies between physical
geography and geology, on the one hand, and ethnol-
ogy and archaeology, on the other:

Ethnology is to ancient history what physical geography is to
geology, namely a set of signposts or a thread to guide us
through the complicated realm of the past, or a fixed departure
point for any comparative research that has as its goal the under-
standing of humans and their development. (Morlot 18594, p. 6)

Transferring structurally founded elements from
one field of knowledge into another one is an
interesting process, and one that is often at work
in historical investigations. The connection
between geology and archaeology, as well as the
borrowing from the geological repertoire in order
to establish archaeology — something that Morlot
called for in his archaeological work (Morlot
1859a) — has not received much discussion from
historians of science (but see Rudwick 1997 on
‘transposed concepts’). But this phenomenon
need only be mentioned briefly here, as Morlot
was only concerned with a geologically based

determination of age. The starting point for his
arguments in archaeology or ancient history was
the work of Lyell and ethnology, which could be
used to demonstrate stages in a culture. As in
geology, layered artefacts found their positions
according to the geological principle of superposi-
tion. This was a useful preliminary induction, but
the methods taken over from geology remained
rather inaccurate. So Morlot, who — unlike some
of his contemporaries — initially kept prehistoric
man out of his geological work (Morlot 1854a),
dedicated the last phase of his life to the periodiza-
tion of early human history. A letter to Franz Hauer
(1822-1899), the first geologist of the Geological
Survey in Vienna, demonstrates how deeply inter-
ested Morlot was, as early as 1849, in the exact
determination of geological and historical periods:

Now we have found the thread (Faden) for measuring, or at least
estimating, the years of the geological periods. They are obviously
connected to the duration of the species. We have the total duration
of mankind, i.e. also that of the present period, which has a certain
connection and relation to the previous one. — exactly in harmony
with the hint I obtained eight years ago from Agassiz. [Nun ist der
Faden gefunden zur Messung, oder vorderhand nur wenigstens zur
Schitzung in Jahreszahlender geologischen Perioden. Sie hingen
offenbar mit der Dauer der Spezies zusammen, die Totaldauer
des Menschengeschlechts haben wir, also auch die der gegenwiir-
tigen Periode, die in einem bestimmten Zusammenhang Verhiltnis
zu der friiheren steht, Ganz nach dem Fingerzeig, den ich vor acht
Jahren von Agassiz erhielt.]

(Geologische Bundesanstalt Wien, Morlot to Hauer, 3 May 1849)

The exact categorization, which, according to
his notes (Burgerbibliothek Bern, Manuscripta
Historia helvetica, 45, 21/No.10, fol.1/7) Morlot
called absolute chronology, and which was also dis-
cussed by Lyell, had the function of establishing
‘grades’ or steps in the unified process of ‘perfec-
tion of civilization’, by analogy with evolution. In
this respect, however, Morlot thought along a
different track, compared to Lyell, and his ideas
about change could be described as directionalist
or progressionist. In geology, however, Morlot
argued along non-directionalist lines.

Archaeology, together with anthropology and
researches in history, had long sought to prove
and support the theory of progression. When, no
later than the middle of the nineteenth century, the
narrow time frame of the history of humans was
broken open by finds of fossilized hominids and
artefacts, and chronological calculations expanded
dramatically, the ‘revolution of time’ (Stocking
1968) took place. Those pre-historic discoveries
(Van Riper 1993) deserved the status of an ‘inaugu-
rating moment’ along the path to Darwin’s notion of
the ‘origin of species’. Evolutionary theory experi-
enced a breakthrough insofar as the necessary time
span was provided by expanding the geological
timescale, as was necessary in order to locate the
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progressing development within the realm of
human understanding. Both fields, geology and
archaeology, were linked in Morlot’s understanding
of the question of periodization when accessing the
past. He was concerned with the internal differen-
tiation and subdivision of the larger historical
epochs and argued successfully for the division of
one of the epochs of ancient history, the Hallstatt
Period, into two different phases; the older and
younger ‘Irontime’ — or Iron Age (Morlot 1859a).
This crude division was accepted and has been
retained through to the present.

Morlot’s connection between stratigraphy
and glaciology: the ‘double glaciation’

Let me now return to the aspect of periodization and
Morlot’s research on the Quaternary. As mentioned
earlier, when I began my investigation of this topic I
read in several places that Morlot had coined the
expression ‘Quaternary’. But we recall that French
works (i.e. the publications of Desnoyers, Serres
and Reboul) were clearly ahead of Morlot’s sugges-
tion. Morlot, of course, knew this French literature,
including the text that I mentioned at the beginning
of this paper. He did not refer to it expressis verbis,
but he used it, as he coined the German term ‘Qua-
terndr’ (which has obvious linguistic analogy to the
French word ‘Quaternaire’), something for which
we find evidence in handwritten notes (paper
inside a letter from Morlot to Simony in 1854,
ONB, Vienna, 463/28: see Fig. 1) and his publi-
cations in 1854 (Morlot 1854a, 1859b). The fact
that as late as 1897 Meyer’s renowned Encyclope-
dia of Conversation still gave ‘Quartir’ as a
synonym for ‘Quaterndr’ shows the lasting influ-
ence this term enjoyed — which is unusual for the
German language — although in 1859 in his
review journal, Bronn had already adapted
Morlot’s term to the German language and
changed it to ‘Quartér’ (Bronn 1855, p. 719).

For more than a decade, between 1842 and 1860,
Morlot was deeply interested in traces of glaciers in
the ‘erratic period’, as he called it, a fact that is
amply documented in his correspondence with
Simony, who, in turn, was greatly interested in con-
temporary glaciology. Simony, initially Warden of
the Provincial Museum in Klagenfurt (see Klemun
1992) and after 1849 incumbent of a newly
created chair of Geography at the University of
Vienna, was particularly interested in movement
in the ice cover, which he considered to be a
cause of the physical configuration of the Salzkam-
mergut. Morlot’s observation that ‘diluvial’ layers
in the Rhone Valley, the classical place for de
Charpentier’s and Agassiz’s researches, are over-
lain and underlain by erratics prompted him, in

1854, to develop the idea of two periods of glacia-
tion. But in the handwritten notes he sent to
Simony on the periods of glaciation, Morlot
attached no special importance, in his initial
thoughts and arguments, to the localities.

Starting tours from Lausanne in 1854, Morlot’s
first area of analysis was a locality on the Baye de
Clarins River on the northern side of Lac Leman,
near the village of Tavel, not far from Montreux.
There he found terraces of the ‘older diluvium’ [=
alluvial sediment] overlain by ‘erratics’ [glacial
deposits]. He assumed that the alluvial sediment
was older than the other glacial deposits found in
other localities around Lake Geneva. This obser-
vation he presented at a Session of the Société Vau-
doise de Science Naturelles (Morlot 1854b, p. 39,
1854c¢, pp. 41-45, 1860b, pp. 830-838). When
Morlot described his observations to the famous
Alpine geologist and professor at the newly
founded technical university in Zurich, Arnold
Escher von Linth (1807-1872), he defended his
idea of a two-phase glaciation by asking: if this
material were from the Wallis, ‘how could it have
crossed Lake Geneva without the help of glaciers?’
(Wissenschaftshistorische Sammlungen der Eidgen-
Ossischen Technischen Hochschule Ziirich, Morlot
to Escher, No. 1272, 20 February 1854). He fol-
lowed the bed of the Baye de Clarens River for
about 300 feet from the bridge. There he found
glacier scratches that were ‘very distinct and
strong, having a perpendicular position in relation-
ship to the direction they should have might be
expected’. And he came to the conclusion that:

here, we have an example of superimposition of the so-called older
diluvium onto very characteristic erratics [glacial deposits] caused
by magnificent exposure, a finding that is due to the fact that Rock
X protected the erratics from being washed away by the turbulent
river. Such observations must be very rare, first because they are
restricted to the weaker strata of the diluvium, and second
because the diluvial rivers wash away and change the erratics
almost everywhere. One must be careful not to confuse the
actual diluvium with the alluvion glaciere, which formed numer-

ous terraces in the Wadtland.
(Wissenschaftshistorische Sammlungen der Eidgendssischen
Technische Hochschule Ziirich, Morlot to Escher, No. 1272, 20
February 1854)

From today’s point of view, Morlot had a very
important idea and was capable of good obser-
vation, but his conclusions and observations on
the subject of this locality met with no response;
And according to Henri Masson (pers. comm.):
‘In fact this locality does not show a superposition
of two glacial deposits, but the superposition of an
alluvial deposit on the glacial one, a thing which
is indeed quite common’.

Nevertheless, Morlot looked further for evi-
dence that would support his idea, as he was not
yet fully satisfied with his solution to the problem.
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Fig. 1. Handwritten paper in a letter from Morlot to Friedrich Simony of 1854, ONB, Vienna, 463 /28, in which
he proposed his ideas of a double glaciation. A translation of this paper is given in the Appendix.
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In 1857 he found a second locality situated on the
southern side of Lake Geneva, about 6 km SE of
the town of Thonon, on the Dranse River, and this
was a good place for his observation of the superpo-
sition so as to demonstrate a double glaciation
(Morlot 1859c¢ printed in 1861).

This place near Thonon soon became well
known and the botanist Oswald Heer (1809-
1883) referred to it in his book Die Urwelt der
Schweiz [On the Primeval World of Switzerland],
giving us an idea of what Morlot saw:

The principal evidence for these two glacial periods was found by
Professor Morlot in the Dranse Gorge near Thonen. There, at the
lowest level, is a twelve-foot layer with scratched stones of
Alpine chalk, and above that a 150-foot deposit of layered scree
(diluvium); and on this, more scratched and erratic boulders.
Between the formation of the first and the third deposit caused
by a moraine is the deposit of stratified materials, and these
show by their considerable volume that the glaciers had disap-
peared here for a long time.

(Heer 1865, p. 531)

It should be remarked that there is no source known
to me that would indicate that Morlot himself
claimed to have proposed the expression ‘Quater-
nédr’. But he ensured his fame through his hand-
written paper inside a letter from Morlot to Simony
in 1854 (ONB, Vienna, 463/28) (see Fig. 1) in
which he proposed his ideas of a double glaciation.
This document was published in various periodicals
and was also distributed in manuscript form (Morlot
1854a, b, p. 39; Bronn 1855, p. 719).

Morlot differed from other authors, such as Vogt,
who postulated a ‘parallelism of [terminology for] the
Tertiary and Quaternary formations’ in his Lehrbuch
der Geologie und Petrefactenkunde (Vogt 1854,
p- 624) and equated Lyell’s Pleistocene with Quatern-
ary formations. Morlot restricted his understanding of
Quaternary to the post-Pliocene. But those restric-
tions were compensated for and supported by a differ-
entiation within the categories themselves; and this
can be seen as Morlot’s prime contribution. He
linked research on the Ice Age with stratigraphy.
Moreover, he differentiated between fwo glacial
periods that were separated by a diluvial period and
which, together with the modern period, constituted
a (fourfold) ‘Quaternary epoch in Switzerland’ (i.e.
cold—warm—cold—warm [last = Present]). Thus,
Morlot’s concept of the Quaternary depended on
distinct durations or subdivisions of the glaciation
processes. It arose from the recognition of a multiple
(actually ‘double’) glaciation in Switzerland, for
which he discovered an illustrative locality on the
Dranse River near Thonen.

However, Morlot traced this ‘new’ idea back to
Venetz. It was he, in fact, who was first convinced of
a double glaciation, but his ideas were only pub-
lished in 1861 (Venetz 1861; Kaiser 1990). (For
more about Venetz and his biography, see Truffer

(1990, pp. 7-32). For Venetz as an engineer, see
Roten & Kalbermatter (1990, pp. 33—46). And for
the glacial studies of Venetz see Kaiser (1990,
pp. 53—124). All these articles were published in
the Swiss local journal Mitteilungen der Natur-
forschenden Gesellschaft Oberwallis.) To Simony,
Morlot wrote that no less a man than Venetz —
who had given both de Charpentier and Agassiz
the idea for the glacial theory with his reflections
on glacial movement — already envisaged a
double glaciation: ‘Venetz had known for a long
time that there had been two glacial periods separ-
ated by the Diluvian, but his friends laughed at
him and so he kept silent’ (Morlot to Simony, 28
June 1852, ONB, Vienna, 463/28). This statement
certainly had a real foundation, as the Swiss geol-
ogist Bernhard Studer (1794-1887) was also
struck by the indications of two ice ages as a
result of climatic factors (Studer 1844, p. 310).
But he subsumed these phenomena within the
period of the Pleistocene.

Also, in a letter to Escher von der Linth in 1853
(Wissenschaftshistorische Sammlungen der Eidgen-
ossischen Technischen Hochschule Ziirich, Morlot
to Escher, No. 1271, 3 May 1853), Morlot empha-
sized that Robert Chambers (1802—1871) from
Edinburgh had told him personally that he supposed
that there had been two different phases of glacia-
tion. As Escher was evidently sceptical of Morlot’s
theory, Morlot emphasized the difference between
‘direct observation and mere deduction’. He con-
sidered three alternatives: (1) two glaciers; (2) two
diluvia; and finally (3) two glacial periods. He
decided in favour of the third alternative, as, in his
opinion, it corresponded with all the observed
‘facts’ (Wissenschaftshistorische Sammlurgen der
Eidgendssichen Technischen Hochschule Ziirich,
Morlot to Escher, No. 1273, 27 May 1856).

Oldroyd (1996, p. 50) has previously mentioned
that ‘the glacial theory provides a fascinating
example of the phenomenon of the theory-
ladenness of observations’. When the few geol-
ogists — particularly those in Switzerland — had
finally ‘cognitively adopted and accepted’ the
theory of glaciation, they saw the landscape with
different eyes. Morlot had known of the glacial
concept from about 1842 and worked on the collec-
tion of evidence in the field, even during his work as
geologist/surveyor in Inner Austria. In 1848 he was
already stressing to Simony that in a geological rep-
resentation of the former extent of glacial tracks,
traces or marks of the erratic period were indicated
on the map: ‘I am pleased that you have had at least
one opportunity to see typical glacial tracks. When
all visible localities in the whole valley have been
dealt with, the phenomenon is truly magnificent
and impressive’ (Morlot to Simony, 8§ November
1848, ONB, Vienna, 463/28—1).
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When reading Albrecht Penck and Eduard
Briickner’s Die Alpen im Eiszeitalter [The Alps in
the Glacial Period] today, first published in 1909
and written by the most prominent glaciologists of
the Eastern Alps, one cannot fail to notice how
often Penck referred to and praised Morlot’s argu-
ments, almost 50 years after his work (Penck &
Briickner 1909). The authors mentioned Morlot in
the same breath as John Playfair, Ignatz Venetz,
Jean de Charpentier, Louis Agassiz, Friedrich
Simony, Oswald Heer and James Geikie (Penck &
Briickner 1909 vol. 1, p. 1). According to Penck
& Briickner, Quaternary research was justified
when three criteria were fulfilled: (1) the expansion
of the former glaciers; (2) the periodic recurrence of
glaciers; and (3) the influence of those glaciers on
the Earth’s surface form. Morlot took into consider-
ation — at least in part — all three aspects, as is
shown in a handwritten draft document giving an
overview of his ideas (paper in a letter from
Morlot to Simony in 1854, ONB, Vienna, 463 /28).

In the first ‘period of glaciation” Morlot assumed
the greatest expansion of glaciation; in the inter-
mediate period, the glaciers had vanished, and
‘the elephant [was] living in Switzerland’, as he
put it. This period lasted 60 000 years, according
to Morlot’s estimate. In the second glaciation, a
smaller area was covered with glaciers, but ‘the
continent [wa]s elevated, the elephant disappear[ed]
and man arrive[d] on the scene’ (paper accompany-
ing a letter from Morlot to Simony of 1854, ONB,
Vienna, 463/28). Morlot assigned the formation
of loess to this second period of glaciation. Then,
together with the modern warm epoch, there were
the four divisions of his ‘Quaternér’. The idea of a
double glaciation was soon taken up and discussed
by other researchers in respect of questions in the
Swiss Alps (e.g. Gras 1860, p. 741).

Why has Morlot’s contribution been so
largely forgotten?

The term ‘Quaternary’ did not gain acceptance in
the Habsburg countries. Even Morlot’s friend,
Franz von Hauer (1822-1899), could not bring
himself to abandon the old terms ‘Diluvial’ and
‘Alluvial’ in his widely read geology textbook
(Hauer 1875). In 1854 Mori[t]z Hornes (1815—
1865) had studied the close relation between the
Miocene fauna of the Vienna Basin and the Plio-
cene fauna of Sicily and Cyprus. As the two
faunas were difficult to distinguish, he decided to
subsume them both under the term ‘Neogene’.
This idea preoccupied Austrian geologists and
diverted them from Morlot’s initial ideas. In the
first complete mapping of the countnes belonging
to the Monarchy, co-ordinated by Hauer and

conducted by the Geologische Reichsanstalt,
Quaternary formations were categorized as Tertiary
and were coloured on the maps in the same way as
Tertiary formations — something that Penck later
pointed out and criticized. The collective resistance
towards the Ice Age theory on the part of the leader-
ship of the Imperial Institute in Vienna probably
allowed no room in the discussions for innovative
reinterpretations of traditional stratigraphy. Such
discussions are ultimately documented in the end
product — the map — which has to give expression
to the widest possible consensus. But the best
informed students of the Ice Age in the eastern
Alps, Albrecht Penck and Eduard Briickner,
commented:

by virtue of Hauer’s summary geological map of the Austrian
Monarchy (Sheet 6), these erroneous interpretations of the
glacial deposits in the eastern Alps, particularly in the Drau
region, as Tertiary have been widely disseminated. If the theoreti-
cal standpoint of the older geologists was far removed from those
of today, at least they observed with sharp eyes.

(Penck & Briickner 1909, vol. 3, p. 1064).

Yet, attribution of the Quaternary gravel deposits to
the Tertiary was maintained even in later editions of
the map.

The idea of interglacials that was developed by
many protagonists at the same time and moreover
the evidence — the most important result of
Morlot’s research — was, however, adopted by
Heer in his aforementioned famous work Die
Urwelt der Schweiz, with explicit reference to
Morlot (Heer 1865, p. 531). Heer was able to
support the theory of this intermediary phase
biostratigraphcally by investigating the Schiefer-
kohlenflora with more data than were available to
Morlot. Thus, Heer is usually associated with ‘dis-
covering’ the interglacial period, even though he
explicitly associated himself with Morlot (and the
idea appears, in fact, to go as far back as Venetz).

It was Marc Bloch (1953, p. 28), the founder of
the important French historical approach known as
Annales, who maintained that for historians period-
ization should not consist of defining epochs, but
should involve posing questions and problems that
should guide scientists in the categorizing process.
In his attempts at periodization, Morlot asked a
variety of questions and brought together different
approaches and factors for consideration. This
was, together with his observations and evidence
found in the field, the basis of his creative achieve-
ment and the innovative nature of his contribution
to the debate on the Quaternary.

Appendix

Handwritten paper in a letter from Morlot to Friedrich
Simony of 1854, ONB, Vienna, 463/28, in which



MORLOT AND THE QUATERNAR 29

Morlot proposed his ideas of a double glaciation (see
Fig.1).

On the Quaternary Period in Switzerland
A. von Morlot

It has hitherto been assumed that the erratic formation is
younger that the so-called older diluvial period, or
simply, the Diluvial Period; and one can, in fact, see in
the corresponding sequence of layers around Geneva
what is also the case at Heidelberg and Vienna, since the
erratic loess formations there lie on the diluvial layer,
exactly as in Lombardy. There is just one problem with
the fact that the material of the diluvial terraces is quite
Alpine in these places too, but it could not have got
there by means of a normal flow from the Alps, for
example at Morsee on Lake Geneva; and then the erratic
Till in the north proves to be overlain by the lines of the
old sea-shore, and these clearly correspond to our Diluvial
Period. On the other hand, both in Scotland and
Switzerland two different phases of the Glacial Period
have been demonstrated. And near Vivis, at one well
exposed site, the distinct layering of the Diluvial
Period may be seen within the very typical erratic
formation. We reach the conclusion: that the two
phases of glaciation were separated by the Diluvial
Period, a period during which the glacier left not
only the lower levels but all the principal valleys,
since the diluvial terraces may be traced far up these
[valleys].

We arrive thus at the following subdivision of the
Quaternary Period.

1. First Glacial Period. that of its greatest extent,
when Lower Switzerland was almost completely
covered with ice and the Rhone Glacier, for
example, is of the size attributed to it by J. von Char-
pentier in his classic work. Does not seem to have
lasted long.

2. Diluvial Period. The glaciers have completely disap-
peared, even in the main valleys. Elephants live in
Switzerland. To judge from the corresponding
cones in the Wildbach cutting by Lake Geneva, this
lasted as long as the Modern Period, and thus, accord-
ing to Lyell, over 60 000 years.

3. Second Glacial Period. which was of smaller scope;
Lower Switzerland was to a large extent free from
ice; the Rhone glacier, for example, did not cross
the [hills of the] Jorat [district north of Lake
Geneva in the Vaud Canton] nor reach the foot of
the Jura, but remained within the basin of Lake
Geneva, filling this to a few hundred feet higher
than modern sea level and ending around Geneva.
The age of the formation of loess. Elephants inhab-
ited the country. To judge from the relevant layers:
of long duration.

4. Modern Period. The glacier disappears, the continent
rises by a small amount and the rivers excavate a
deeper course in their former diluvial flood areas

so that these take on the appearance of terraces.
Elephants disappear and humans arrive.

D. Oldroyd (Sydney) encouraged me to pursue the topic
further, with numerous suggestions as to content. I am
also indebted to H. Masson (Lausanne) for valued infor-
mation on the Swiss locations that Morlot visited. I
thank them both.
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The Spokane Flood debates: historical background and
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Abstract: The 1920s—1930s debates over the origin of the ‘Channeled Scabland’ landscape of
eastern Washington, northwestern USA, focused on the cataclysmic flooding hypothesis
of J Harlen Bretz. During the summer of 1922, Bretz began leading field parties of advanced
University of Chicago students into the region. In his first paper, published in the Bulletin of
the Geological Society of America, Bretz took special care not to mention cataclysmic origins.
However, in a subsequent paper in the Journal of Geology, to the editorial board of which he
had recently been added, Bretz formally described his hypothesis that an immense late Pleistocene
flood, which he named the ‘Spokane Flood’, had derived from the margins of the nearby
Cordilleran Ice Sheet. This cataclysm neatly accounted for numerous interrelated aspects of the
Channeled Scabland landscape and nearby regions. Nevertheless, the geological community
largely resisted Bretz’s hypothesis for decades, despite his enthusiastic and eloquent defence
thereof. Resolution of the controversy came gradually, initially through the recognition by J. T.
Pardee of a plausible source for the flooding: ice-dammed Pleistocene glacial Lake Missoula in
northern Idaho and western Montana. Eventually, by the 1960s, the field evidence for cataclysmic
flooding became overwhelming, and physical processes were found to be completely consistent
with that evidence. The controversy is of philosophical interest in regard to its documentation
of the attitudes of geologists toward hypotheses, which illustrate aspects of geological reasoning
that are distinctive in degree from those of other sciences.

J Harlen Bretz (there can be no period after the
‘J’ — it was the man’s entire first name) was born
in 1882. He initiated one of the great debates in
the history of geomorphology. While not revolu-
tionary in its implications, the debate is, neverthe-
less, instructive for how it illustrates the workings
of science; where the latter is defined not as a
sterile collection of facts, or even as a logical appli-
cation of method, but rather as the collective work-
ings and attitudes of human beings passionately
dedicated to the search for truth.

The subject of the debate is an unusual land-
scape in eastern Washington, northwestern United
States, described by Bretz (1928a, pp. 88—89) as
follows:

No one with an eye for land forms can cross eastern Washington
in daylight without encountering and being impressed by the
‘scabland.” Like great scars marring the otherwise fair face to
the plateau are these elongated tracts of bare, black rock carved
into mazes of buttes and canyons. Everybody on the plateau
knows scabland .... The popular name is a metaphor. The
scablands are wounds only partially healed — great wounds in
the epidermis of soil with which Nature protects the underlying
rock . ... The region is unique: let the observer take wings of the
morning to the uttermost parts of the earth: he will nowhere
find its likeness.

The controversy that led to the debate arose
because of the interpretation that Bretz made, as
he sought to find a single hypothesis that would

explain the disparate relationships in this landscape.
Bretz (1928a, p. 89) argued as follows:

The volume of the invading waters much exceeds the capacity
of the existing streamways. The valleys entered become river
channels, they brim over into neighboring ones, and minor
divides within the system are crossed in hundreds of places .. ..
The topographic features produced during this episode are
wholly river-bottom modifications of the invaded and overswept
drainage network of hills and valleys. Hundreds of cataract
ledges, of basins and canyons eroded into bed rock, of isolated
buttes of the bed rock, of gravel bars piled high above the valley
floors, and of island hills of the weaker overlying formations are
left at the cessation of this episode . ... Everywhere the record
is of extraordinary vigorous sub-fluvial action. The physiographic
expression of the region is without parallel; it is unique, this chan-
neled scabland of the Columbia Plateau.

Introduction

The unique character of the dry river courses
(‘coulees’) of eastern Washington State was recog-
nized by Reverend Samuel Parker (1838), who pro-
vided some of the first scientific observations of the
region. He also offered the first, and most prevalent,
hypothesis for the origin of the Grand Coulee; he
proposed that it was an abandoned former channel
of the Columbia River. Lieutenant T. W. Symons
subsequently made a government survey of Grand
Coulee, describing his travel: ‘north through the
coulée, its perpendicular walls forming a vista

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 33—50.
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like some grand ruined roofless hall, down which
we traveled hour after hour’ (Symons 1882). In
his report, Symons (1882) proposed the hypothesis
that the diversion of the Columbia through the
Grand Coulee was caused by a glacial blockage of
the river immediately downstream of its junction
with the coulee. This view was generally accepted
for the next few decades (Russell 1893; Dawson
1898; Salisbury 1901; Calkins 1905).

The Grand Coulee was traversed in 1912 by the
American Geographical Society’s Transcontinental
Excursion. This led to several international papers
on the coulee authored by participants on the excur-
sion. Henri Baulig, Université de Rennes, described
the loess, coulees, rock basins, plunge pools and dry
falls (‘cataract desechée de la Columbia’) for the
area (Baulig 1913). He also noted the immense
scale of the erosion (Baulig 1913, p. 159): ‘peut-étre
unique du relief terestre, — unique par ses dimen-
sions, sinon par son origine’. Karl Oestreich, Univer-
sity of Utrecht, considered the Grand Coulee to be
‘eines machtigen Flusses Bett ... ohne jede Spur
von Zerfall der frischen Form” (Oestreich 1915).
He provided another excellent set of descriptions,
including features that he recognized to require
a special explanation, including granite hills
exhumed from burial by the plateau basalt layers,
and almost perpendicular coulee walls locally
notched by hanging valleys. Oesterich (1915)
proposed that the hanging valleys resulted from
glacial erosion of the coulee, but that the deepening
of the coulee came about by enhanced fluvial erosion
from the glacially enhanced and diverted Columbia
River. He also recognized that the coulee was cut
across a pre-glacial divide, which he correctly
noted to lie just north of Coulee City.

An influential report was written by Oscar
E. Meinzer, who later founded many of the hydro-
logical science programmes of the US Geological
Survey. Meinzer (1918) proposed that the glacially
diverted Columbia River ‘cut precipitous gorges
several hundred feet deep, developed three
cataracts, at least one of which was higher than
Niagara ... and performed an almost incredible
amount of work in carrying boulders many miles
and gouging out holes as much as two hundred
feet deep’. He also recognized that the dipping
surface to the basalt on the northern Columbia
Plateau was important for generating a steep water-
surface gradient to the Columbia River water that
was diverted across the plateau by glacial blockage
of its pre-glacial valley. The resulting increased
velocity of the river water was thus capable of the
enhanced erosion indicated by the scabland.

The Channeled Scabland

The cataclysmic flooding hypothesis for the origin
of coulees on the Columbia Plateau centred on

the work of J Harlen Bretz. Although formally
introduced by papers in 1923 (Bretz 1923a, b), the
idea of cataclysmic flooding causing the scablands
was a certainly a matter of informal discussion
before that time. McMacken (1937) credited the
hypothesis to A. P. Tooth, of Lewis and Clark
High School in Spokane, Washington. Bretz
undoubtedly knew of this via his friend and bene-
factor, Thomas Large, also of Lewis and Clark
High School. Nevertheless, Bretz (pers. commun.
1978) recalled that around 1909, while he was
teaching high school science in Seattle, Washington,
he became intrigued by an unusual landform on
the newly published Quincy topographic sheet of
the US Geological Survey. The map clearly
showed the Potholes Cataract of the western
Quincy Basin (Fig. 1). Bretz wondered how such a
feature could have been formed without an
obvious river course leading to it. His questions to
geology faculty members at the University of
Washington provided no satisfactory answer.

Bretz conducted extensive studies of the glacial
geology of the Puget Sound region near Seattle,
and in 1910 he left his high school teaching job to
pursue graduate studies in glacial geology at the
University of Chicago. Working with Professors
R. D. Salisbury and T. C. Chamberlin, Bretz obtained
his PhD in 1913, basing his dissertation on the Puget
Sound glacial geology (Bretz 1913). After a 1-year
appointment at the University of Washington,
Bretz returned as a beginning faculty member at the
University of Chicago. He began teaching field
courses in geology, including an advanced summer
course that he taught in the Columbia Gorge, where
the Columbia River crosses the Cascade Range
between Washington and Oregon.

One of Bretz’s early papers derived from the
Columbia Gorge fieldwork. It dealt with the wide-
spread erratic boulders that were widely distributed
in the region. Thomas Condon, University of
Oregon, had earlier described these boulders, and
also popularized the idea that they were rafted to
their locations by berg ice during a marine submerg-
ence (Condon 1902, p. 62). He described the sub-
mergence of the Willamette Valley as an ocean
sound, as follows:

that fine old Willamette Sound...may in the days of the
Mammoth and the Broad Faced Ox have welcomed to its scores
of sheltered harbors, the ancient hunter who, in his canoe, if he
had one, floated one hundred feet or more above the present
altitude of the church spires of Portland and Salem.

Bretz (1919) proposed that the inundation of the
lower Columbia River (Fig. 2) had been of fresh-
water, not marine water as advocated by Condon.
Bretz reasoned that the immense discharge of the
late Pleistocene Columbia River, swollen by
glacial melt-water, had maintained the freshwater
flow at a time of diastrophic movements that
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Fig. 1. Topographic map of the Potholes cataract, one of three cataract spillways on the west side of Quincy Basin
in the channelled scabland. (From the US Geological Survey Quincy topographic quadrangle map, with
7.6 m-contour interval and 1.6 x 1.6 km numbered section squares).

otherwise would have led to submergence.
Nevertheless, he found this explanation problemati-
cal in that the duration of ponding had been so brief
that it did not create the expected shoreline features
or lacustrine plains. The only evidences for the
regional extent of ponding were isolated berg
deposits and associated silts that Symons (1882)

and Russell (1893) had ascribed to a Pleistocene
‘Lake Lewis’. Moreover, Bretz could not find
evidence of similar inundation or submergence in
southwestern Washington State, where he would
have expected the hypothetical diastrophism to
have also operated. Finally, Bretz was concerned
that other known examples of late Pleistocene
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Fig. 2. Hypothesized submergence map of the lower Columbia River system, including the ‘Willamette Sound’
(NE to SW diagonal ruling) at about 120 m above modern sea level, and the area of ‘Lake Lewis’ (NW to SE diagonal
ruling) at about 380 m above modern sea level (Bretz 1919). Ponded elevations were determined from the heights

of ice-rafted erratic boulders.

submergence involved the invasion of marine
waters into subsided areas from an immense
glacial load had been removed by the rapid retreat
of ice sheets. No such Pleistocene glacial load
seems to have existed in the Columbia Gorge, yet
an immense area (Fig. 2) had clearly been inundated
by freshwater during the late Pleistocene.
Beginning in the summer of 1922, Bretz spent
eight successive field seasons with parties of
advanced geology student in areas of eastern
Washington State upstream of the areas described
in his 1919 paper. His first season of work led to a
paper (Bretz 1923a) that was the text of on oral
presentation made to the Geological Society of
America on 30 December 1922. In that paper
Bretz provided detailed descriptions of physiogra-
phical relationships in the region, noting the
sharp distinction between the Palouse Hills of
loess and the eroded tracts of scabland. Although
Bretz (1923a) did not directly invoke cataclysmic

processes, he did note that the indicated bedrock
channel erosion required prodigious quantities of
water. Referring to the three outlets at the
south end of the Hartline Basin (Dry Coulee,
Lenore Canyon and Long Lake Canyon), Bretz
(1923a, pp. 593-594) stated that ‘these are truly
distributary canyons. They mark a distributive or
braided course of the Spokane glacial flood over a
basalt surface which possessed no adequate
pre-Spokane valleys’. He also noted that the
flows of the glacial melt-water transformed
pre-glacial valleys into channels. Referring to
Pine Creek valley, south of Spokane, Bretz
(1923a, p. 584) wrote:

The valley during this episode in its history was but a channel. The
glacial stream filled it from side to side for a depth of tens of feet.
This is shown a few miles above Malden, where the stream flooded
over a low shoulder of basalt, cutting a channel in the rock at least
40 feet deep, though the main valley alongside was a wide open
and received gravel deposits.
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Bretz also recognized that the extent of removal
of the Palouse loess cover, the scarps eroded into
the loess and the steep gradients of the channel-ways
were all important. He wrote (Bretz 1923a, p. 588):

The scablands of the Palouse drainage, with channeled basalt
deposits of stratified gravel, and isolated linear groups of
Palouse Hills, their marginal slopes steepened notably, bear abun-
dant evidence of a great flood of glacial waters from the north. This
flood was born of the Spokane ice-sheet. Its gradient was high,
averaging perhaps 25 feet to the mile, and it swept more than
400 square miles of the region clean of the weaker material consti-
tuting the Palouse Hills. The hills which have disappeared aver-
aged 200 feet in height, and in some places the glacial torrents
eroded 100 to 200 feet into the basalt.

The hypothesis of a truly catastrophic flood
appeared in Bretz’s second scabland paper (Bretz
1923b). In this paper Bretz also introduced the
term ‘channelled scablands’ to refer to areas of loes-
sial soil removal and fluvial scour into the under-
lying basalt rock. Bretz (1923b) provided the first
detailed geomorphic map of the entire channelled
scabland region, showing its overall pattern of anas-
tomosing channel-ways. The paper also contained
the first interpretation of the mounded scabland
gravel deposits as subfluvially emplaced gravel
bars. Great depths of water were indicated by the
need to submerge these bars and by the indicated
crossings of divide areas. He concluded (Bretz
1923b, p. 649) that ‘[i]Jt was a debacle which
swept the Columbia Plateau’. The age of this
flood, he reasoned, was tied to a glaciation that
had occurred prior to the latest Pleistocene glacia-
tion, known as the Wisconsin Glaciation. This
older glaciation he named the Spokane Glaciation
(Bretz 1923a), and its associated debacle was
dubbed the Spokane Flood.

It may not be a coincidence that the second
paper, with its potentially controversial advocacy
of catastrophism, appeared shortly after two import-
ant events in Bretz’s career: (1) he was promoted to
the tenured rank of Associate Professor; and (2) he
was named to the editorial board of the Journal
of Geology, the journal in which the second
paper appeared.

In a subsequent paper, Bretz (1924) described
the process of subfluvial quarrying that could gener-
ate a scabland of anastomosing channels and rock
basins cut into the basalt. The process was described
for the modern Columbia River at The Dalles,
Oregon, but he concluded that only large, vigorous
streams could produce these landforms. Bretz
(1925a, p. 144) then proposed a test of his cataclysmic
flood hypothesis:

A crucial test...is the character of the Snake and Columbia
valleys beyond the scablands, for these valleys received all the
discharge of the great glacial rivers .... If there is no evidence
for a greatly flooded condition of these valleys then the
hypothesis is wrong . . ..

Bretz (1925b) traced the Spokane Flood
evidence downstream to the Snake and Columbia
rivers (Fig. 3). Just below the confluence of those
two rivers, where all the floodwaters from various
scabland channels had to converge at the Wallula
Gateway, he estimated the floodwater depth to be
over 200 m above the modern river level. Flood
depths of at least 120 m were maintained through
the Columbia River gorge all the way to Portland,
Oregon, where a huge flood delta was deposited
over an area of 500 kmz, with bars over 30 m
high on its surface. Bretz (1925b) also made the
first estimate of the flood discharge, calculated
at Wallula Gap using the Chezy Equation.
The calculation was actually made by Bretz’s
colleague, D. F. Higgins, who found a discharge of
nearly 2 x 10°m® s~ ' (about 160 km® day ') and
flow velocities of 10 ms™'.

These phenomenal quantities of water led Bretz
(1925b) to think about possible sources. Only two
hypotheses seemed reasonable: (1) a very rapid
and short-lived climatic amelioration that would
have melted the Cordilleran Ice Sheet; or (2) a
gigantic outburst flood induced by volcanic activity
beneath the ice sheet. The latter phenomena were
known to occur in Iceland, where they are known
by the term ‘jokulhlaup’ (which Bretz spelled as
‘jokulloup’). Bretz devoted much of the summer
field season of 1926 to a search for the source of
flooding. In an oral presentation at the Madison
meeting of the Geological Society of America, 27
December 1926, Bretz (1927a, p. 107) concluded:
‘Studies in Washington and British Columbia
north of the scabland strongly suggest that basaltic
flows which were extruded beneath the Cordilleran
ice sheet produced the great flood’.

The Great Debate

The ‘Great Scablands Debate’ (Gould 1978) took
place on 12 January 1927, at the 423rd meeting
of the Geological Society of Washington, held at
the Cosmos Club in Washington, DC. The entire
meeting was devoted to the presentation and
subsequent discussion of Bretz’s talk, entitled
‘Channeled Scabland and the Spokane Flood’
(Bretz 1927b). In his presentation Bretz provided
an overview of his hypothesis and a detailed
listing of the numerous, otherwise anomalous
phenomena that were explained by it. His talk was
then followed by well-prepared criticisms from
selected members of the audience, which consisted
mainly of scientists from the United States Geologi-
cal Survey.

W. C. Alden objected to: (1) the immense
amounts of water ascribed to rapid melting of
the ice sheet; and (2) the requirement that all the



W Areas of channeled scabland
Areas of scabland

 p—

Areas of ponded water

2 50 miles

&
L
i

W7 ¥

meELLs o

\,‘,?G\er‘

Fig. 3. Sketch map of regions affected by the Spokane Flood extending 500 km from Spokane, Washington, in the NE, to Portland, Oregon, in the SW (Bretz 1925b).

8¢

ADIVE d A



SPOKANE FLOOD DEBATES 39

scabland channels developed simultaneously over a
relatively short period of time. Although he had not
visited the field areas, Alden believed these objec-
tions to be very serious. James Gilluly expanded
on both of Alden’s points with quantitative argu-
ments that longer time periods needed to be
involved than what Bretz had proposed. Moreover,
he calculated that the indicated discharges of water
could not be produced either by a climatic amelior-
ation or subglacial volcanism. E. T. McKnight then
raised specific objections about field relationships
for coulees in the southern part of the scablands,
and G. R. Mansfield objected to the rapid erosion
of basalt by floodwaters.

Oscar E. Meinzer expanded upon ideas that he
had proposed earlier (Meinzer 1918). He stated
that the Columbia River, greatly swollen by
glacial melt-water, could easily have carved Dry
Falls and deposited the great gravel fan of the north-
ern Quincy Basin. He interpreted the gravels of the
Quincy Basin as constituting a series of terraces.
The high-level crossing of divides could then be
explained by successive abandonment as the
Columbia progressively cut down to lower levels.
Nevertheless, from past work (Schwennessen &
Meinzer 1918) he realized that Bretz (1923a) was
correct in that the four great spillways out of the
Quincy Basin had floors at approximately equal
elevation. However, instead of accepting Bretz’s
interpretation of coincident spillway operation
during large-scale ponding of floodwater, Meinzer
proposed that the spillways were cut one at a
time, but that subsequent Earth movements later
brought them to equivalent altitudes. Bretz (pers.
commun. 1978) recalled that Meinzer first
formulated this unusual hypothesis in response to
a question that had Bretz asked him while he
was defending his PhD thesis at the University
of Chicago.

Bretz answered all these criticisms, both at the
meeting itself (Bretz 1927b) and in subsequent
papers. However, there was one, relatively minor
comment to which Bretz did not reply. This con-
cerned the effects of aspect on rates of talus
accumulation, and it was made by J. T. Pardee,
who earlier in the same summer as Bretz’s first
scabland field season had been sent by his super-
visor Alden to study the scabland area SW of
Spokane. Pardee (1922) reported in print that the
area had been glaciated, but he provided few
details and never published further results that
were anticipated in his preliminary report. Bretz
(pers. commun. 1978) suspected, from correspon-
dence with Pardee in the 1920s, that the latter was
considering a flood hypothesis for the origin of
the scablands. Pardee (1910) had earlier documen-
ted the presence of an immense late Pleistocene
lake in the western part of Montana. Named

Glacial Lake Missoula, this lake had been
impounded by the Cordilleran Ice Sheet, when it
cut across the drainage of the modern Clark Fork
River, which trends northwestward from western
Montana. The lake held as much as 2000 km® of
water, derived from melt-water inputs from sur-
rounding glaciated areas.

Did Pardee suspect that his Glacial Lake
Missoula had released an immense cataclysmic
flood? If he did, Bretz surmised, his superior,
Alden, had dissuaded him from the idea. Several
years after the affair, David White, who was
Alden’s superior, showed Bretz a memorandum of
22 September 1922, in which Alden had written to
White concerning Pardee’s scabland studies: ‘very
significant phenomena were discovered in the
region southwest of Spokane . .. . The results so far

. require caution in their interpretation. The
conditions warn against premature publication’.
Also in 1922, correspondence between local
Spokane residents Thomas Large and Barton
W. Everman (Baker 1996a) indicated that Pardee
informally told Everman that ‘sub-glacial water
erosion’ involving water under pressure beneath
ice was a possible hypothesis to explain the scabland
erosion. Moreover, Pardee wrote to Bretz in 1925,
suggesting that Lake Missoula be considered as a
possible source for the Spokane Flood. In a 1926
letter to J. C. Merriam, Bretz wrote that Pardee
proposed Lake Missoula as the Spokane Flood
source, and that even Alden, ‘our ultra-conservative
in Pleistocene geology’, agreed that fluvial processes
were involved in the origin of the scablands.

Initially, Bretz seems to have resisted Pardee’s
suggestion of Glacial Lake Missoula as the source
of the Spokane Flood. As noted above, he was intri-
gued by the possibility of subglacial volcanism.
He also believed that Cordilleran ice had covered
the area between the Lake Missoula ice dam and
the heads of the scabland channels south of
Spokane, a distance of 100km. In 1927 he
thought that the Spokane Flood was older than the
latest Pleistocene glaciation that had formed Lake
Missoula, and he also thought the Lake Missoula
could not have supplied enough water to have inun-
dated all the scabland channel ways. By 1928,
however, Bretz resolved that the source of the
Spokane Flood had to be Lake Missoula. Following
attendance at Bretz’s presentation of this idea at a
scientific meeting, Harding (1929) published the
first formal paper on this hypothesis without
acknowledging either Bretz or Pardee as its
source. Bretz made a more extensive presentation
of the concept to the Geological Society of
America annual meeting in Washington, DC, on
26 December 1929. In the published abstract of
this paper, Bretz (1930a, p. 92) stated: ‘[i]t is
suggested that bursting of the ice barrier which
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confined a large glacial lake among the mountains
of western Montana suddenly released a very
great quantity of water which escaped across the
plateau of eastern Washington and eroded the
channeled scablands’. In subsequent publications
(e.g. Bretz 1932a), Bretz clearly illustrated the
relationship of Glacial Lake Missoula to the
Channeled Scabland.

After the Washington meeting, Bretz continued
to answer in print the various criticisms of his
Spokane Flood hypothesis (Bretz 1927¢, 1928b).
He added many specifics to hypothesis, including
an extensive study of the scabland bars, with

detailed descriptions, published in the Bulletin of

the Geological Society of America (Bretz 1928c).
An especially eloquent paper was published in
The Geographical Review (Bretz 1928a), the
journal of the American Geographical Society. The
latter society also supported Bretz by publishing a
handsome monograph on the Grand Coulee (Bretz
1932a). The results of Bretz’s last field seasons,
1928-1930, were presented in papers concerned
with valley deposits east and west of the Channeled
Scabland (Bretz 1929, 1930b). He showed that these
tributary valleys contained deposits that indicated
emplacement by phenomenally deep floodwater
that flowed up the tributaries, away from sources
in the scabland channels. Along the Snake River,
he traced these deposits to beyond Lewiston,
Idaho, about 140 km upstream of the nearest scab-
land channel (Bretz 1929, p. 509):

Up-valley currents of great depth and vigor are essential .... No
descending gradient of the valley floor can be held responsible.
The gradient must have existed in the surface of that flood. The
writer, forced by the field evidence to this hypothesis, though
warned times without number that he will not be believed, must
call for an unparalleled rapidity in the rise of the scabland rivers.

Alternative hypotheses

The 1933 International Geological Congress field
trip provided a kind of transition point in regard
to the Spokane Flood controversy. Although Bretz
successfully campaigned to include a field excur-
sion to the Channeled Scabland, and even wrote
the guidebook for that excursion (Bretz 1932b), he
had to resign from leadership of the trip in order
to participate in the Louise A. Boyd Greenland
Expedition of the American Geographical Society.
His substitute leader was Ira S. Allison of Oregon
State College, who was sympathetic to the
Spokane Flood hypothesis. Allison (1932) had
even used it to explain landforms in the vicinity
of Portland, Oregon. Although he subsequently
developed his own hypothesis for the scablands
(Allison 1933), he presented Bretz’s views quite
fairly during the field trip. Allison (pers. commun.

1978) recalled that the international audience of
field- trip attendees included several famous geol-
ogists, including Alex Du Toit of South Africa
and Edward Bailey of Scotland. They were very
keen observers, who looked at the field evidence
on their own, rather than waiting for the pronounce-
ments of the field-trip leader. This was exactly the
kind of scrutiny for his hypothesis that Bretz
himself urged.

Allison’s (1933) hypothesis was not a denial of
the ‘Spokane Flood,” but instead a modification of
its details. He proposed that the critical factor in
the flooding was not the immense volume of
water, but instead the effects of floating berg ice.
He presented compelling evidence, noted earlier
in less detail by others (e.g. Condon 1902; Bretz
1919), that extensive Late Pleistocene ponding of
water had occurred all the way from the Columbia
River Gorge to Wallula Gap. The ponding was
inferred to have arisen from blockage by ice of
constricted reaches of the Columbia River in
the gorge. The Columbia River, swollen by
iceberg-rich melt-water, was impounded by this
temporary dam until the inundation reached into
eastern Washington. As the water rose to higher
levels it spilled across secondary drainage
divides, just as Bretz had inferred for the flooding.
It thereby created the enigmatic hanging valleys/
channel-ways, high-level gravel deposits and
widely distributed erratic boulders. Allison’s
purpose in proposing this hypothesis was made
clear by the concluding sentence in his paper:
‘[plerhaps this revision will make the idea of
such a flood more generally acceptable’ (Allison
1933, p. 722).

Glacial hypotheses for the origin of the Chan-
neled Scabland were proposed by several investi-
gators. Charles Keyes, who published widely on
many geological topics (he owned the journal Pan
American Geologist), made a cursory inspection
of the regional geography from topographic maps.
His paper (Keyes 1935) concluded that both
Moses Coulee and Grand Coulee had formed
because of supra-glacial streams that had formed
along the axes of the waning ice lobes of the Cordil-
leran Ice Sheet. These streams were then super-
imposed on the bedrock surfaces, thereby
explaining their crossing of pre-glacial drainage
divides. The explanation derived from a presumed
analogy to late-glacial Laurentide Ice Sheet lobe
in central Idaho, and it did not consider the
morphology of bedrock erosion, giant gravel bars
and other evidence of cataclysmic flooding.

E. T. Hodge of Oregon State College, Corvallis,
was a fairly persistent critic of the Spokane Flood
hypothesis, who gave numerous seminars and oral
papers attacking it during the 1930s. His alter-
native explanation (Hodge 1934) was that the
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seemingly enigmatic features summarized by Bretz
could all be explained by complicated alternation
of ice advances and drainage changes. He argued
that basalt could be quarried by glacial erosion
during ice-sheet advances, and that channel com-
plexes could derive their fluvial aspects from the
diversion of melt-water streams around blocks of
stagnant glacial ice and jams of berg ice that
would result from glacial recessions. The pub-
lished versions of this hypothesis were only pre-
sented in outline form as generalizations, and
never contained detailed reference to actual
field relationships.

Many of Hodge’s criticisms were published
from 1935 to 1937 as abstracts and notes in the
Geological Newsletter of the Geological Society
of the Oregon Country, which Hodge founded in
1935. The society was apparently founded in part
because of a dispute arising from an invitation
extended to Bretz to speak on the Spokane Flood
at a scientific meeting in Pullman, Washington.
Bretz (pers. commun. 1978) recalls that Hodge
was so incensed at the invitation that he wrote to
the chairman of the meeting demanding that he be
allowed to formally debate Bretz after the invited
address. When this was refused, Hodge founded
his society in order to have it meet concurrently in
Pullman. Bretz eventually acceded to an informal
debate with Hodge on the day following his
formal presentation. After Hodge began the debate
with another retelling of his glacial hypothesis,
Bretz responded with the suggestion that any
interested parties should simply drive out across
the Palouse Hills from Pullman to the nearby
Cheney—Palouse scabland tract, and look at the
field evidence. En route Bretz demonstrated, with
an ordinary kitchen colander, how above a certain
elevation the loess consisted of silt only, but
below that level, in scarps near the scabland
tracts, granules and pebbles of basalt and erratic
granite indicated that the water flows 30 m deep
or more were responsible for their deposition. At
the former Palouse—Snake divide, subsequently
crossed by floodwater, Bretz pointed out giant
gravel bars, prow-pointed hills of loess, abandoned
cataracts and spectacular scabland erosion. Thus,
the point was made that the field evidence, not
Bretz’s rhetoric, was the rebuttal to his critics.

Another glacial hypothesis was proposed by the
eminent glacial geologist W. H. Hobbs, University
of Michigan. Hobbs (1947) stated that he was
stimulated in his study by a map of the Channeled
Scabland presented during a lecture on evidence
for the Spokane Flood. He immediately recognized
in the pattern of scabland erosion and the nearby
loess accumulation a pattern that he believed to
be associated with large ice sheets, like that of
Greenland, for which he had made extensive

observation. With grants from the Geological
Society of America and the American Philosophi-
cal Society, Hobbs spent two field seasons attempt-
ing to prove his initial hypothesis. He proposed
that a lobe of the Cordilleran Ice Sheet, which he
named the ‘Scabland Glacial Lobe’, had occupied
much of the Channeled Scabland (Hobbs 1943).
This lobe had eroded much of the scabland topo-
graphy, while the anticyclonic winds blowing off
it had deposited the adjacent loess of the Palouse
Hills. Most of the scabland gravel deposits, he pro-
posed, were moraine remnants that had been modi-
fied by glacier-border drainage. Although it was
presented orally at meetings of the Geological
Society of America (Hobbs 1945), the full manu-
script exposition this hypothesis was rejected
for publication during successive peer reviews
by both of the professional societies that had
sponsored the research. The manuscript was
subsequently printed privately (Hobbs 1947) and
distributed by its author.

The most serious challenge to the Spokane
Flood hypothesis was posed by Richard Foster
Flint of Yale University. Flint had a brief associ-
ation with Bretz, who served on Flint’s PhD exam-
ining committee at the University of Chicago in
1925, when Bretz was an associate professor.
The two men had very different personalities,
which seem to have influenced their approaches
to science. Both men worked in the rapidly
advancing subject of glacial geology, and Flint
eventually became known for writing the most
widely used textbooks in the field (Flint 1947,
1957, 1971).

Some of Flint’s early research at Yale was
focused on the Connecticut River valley
ice-stagnation features, associated with the Late
Pleistocene ice sheet that had covered New
England (Flint 1928, 1932). Interestingly, these
same features had been extensively studied by the
famous Yale geologist James Dana, who had inter-
preted them to be evidence of an immense flood that
had emanated from the glacial margin (Dana 1882).
Flint achieved part of his early reputation by
showing that his famous Yale predecessor had
been wrong in arguing for a cataclysmic flood
origin of the Connecticut valley landforms.

One of Flint’s colleagues at Yale, Aaron
Waters, recalled (pers. commun. 1978) suggesting
to Flint that he would find more interesting
examples of ice stagnation on the Waterville
Plateau of eastern Washington, where the dry
climate meant that landforms were not obscured
by vegetation. This is the area where the Okanogan
Lobe of the Cordilleran Ice Sheet had advanced
across the northwestern Columbia Plateau, block-
ing the Columbia River valley, thereby diverting
its flow and/or any cataclysmic flooding across
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the plateau in into the Channeled Scabland. During
the 1930s Flint published several papers on the
glacial features of the region (Flint 1935, 1936,
1937). Waters (pers. commun. 1978), who had
been born on the Waterville Plateau, recalled
being so incensed by Flint’s publications that he
initiated his own studies of glacial features in the
region. Waters (1933) proposed a cataclysmic
flood origin for landforms along the Columbia
River downstream of the impoundment created by
the Okanogan Lobe, which presumably failed to
generate the flood. Flint (1935) disputed Waters’
interpretation. Eventually, Waters” growing interest
in volcanic geology and his involvement in World
War II intervened with his geomorphological
research programme so that he never completed
his flood-related research.

Flint (1938a, p. 463) described his entry into the
Spokane Flood controversy as follows:

I'have had the opportunity to examine . . . this system during three
field seasons’ study .... During that time it gradually became
apparent that the published explanations of the genesis of these
drainage ways did not meet the requirements of the field data as
I saw them, and, accordingly, a fourth season (Summer, 1936)
was devoted to an intensive examination of one of the principal
drainage tracts of the complex.

His paper presented many detailed field descrip-
tions to make the case that the Cheney—Palouse
scabland tract, easternmost in the channelled
scabland, was the product of ‘leisurely streams
with normal discharge’ (Flint 1938a, p. 472). Flint
also enhanced his growing international reputation
by the publication of a German-language version
of his Cheney—Palouse paper (Flint 1938b).

Flint (1938a) accepted Bretz’s (1923b, 1928c¢)
observations that scabland fluvial gravel often: (1)
occurred in the lee of island-like areas; (2) had
rounded upper surface morphologies; and (3) exhib-
ited a parallelism of surface slopes with the dip of
underlying fore-set bedding. Nevertheless, he pro-
posed these ‘bar-like’ morphologies were merely
the expressions of ‘non-paired, stream-cut terraces
in various states of dissection’ (Flint 1938a,
p- 475). It was an idea that Bretz (1923a) had
briefly entertained, then rejected after further field
examination (Bretz 1923b, 1928c¢). Flint ascribed
the dissection to a downstream base-level reduction.
Terrace remnants were preferentially preserved in
the lee of island-like areas. The low precipitation
of the region and the high infiltration capacity of
the gravel alluvium prevented gulleying, so that
the terrace remnants developed rounded ‘bar-like’
slopes by dry creep. Flint also found places where
the surfaces of the deposits did indeed truncate
their internal forest bedding.

Flint (1938a) traced the coarse-grained
Cheney—Palouse scabland deposits downstream

into the Pasco Basin, where he inferred that the
deposits changed in facies from sand and gravel to
silt and fine sand containing erratic stones. He
named this fine-grained facies the “Touchet beds’.
These deposits had already been described by
Bretz (1929, pp. 516-536; 1930b, p. 414), who
ascribed them to Spokane Flood water hydraulically
ponded upstream of the Wallula Gateway, and by
Allison (1933), who ascribed them to normal
pro-glacial runoff impounded by ice jams. Flint
(1938a) proposed that the damming was provided
by a landslide or glacial ice in the Columbia
Gorge, as earlier suggested by Russell (1893). Fol-
lowing Symons (1882), Flint named the resulting
water body ‘Lake Lewis’ (see Fig. 1).

At this point Flint had the necessary com-
ponents for his alternative to the Spokane Flood
hypothesis. First, the pro-glacial melt-water
streams of normal discharge overran the northern
margin of the Cheney—Palouse tract (diagram 1
in Fig. 4). However, as Lake Lewis formed down-
stream, the ‘leisurely’ scabland streams aggraded,
forming a thick fill (diagram 2 in Fig. 4). This fill
blocked pre-glacial tributaries to the scabland
tracts, forming marginal lakes that accumulated
fine-grained sediments, while the main streams
shifted laterally to cut scarps in the loess hills
bounding the scabland valleys (diagram 3 in
Fig. 4). Finally, when Lake Lewis drained, the
streams gradually incised into the fill, thereby
forming non-paired terrace remnants, some of
which resembled ‘bars’ (diagram 4 in Fig. 4).
Moreover, the enigmatic notched spurs and slot-
like hanging valleys crossing divides could all
result from superposition of normal streams from
the widespread fill, instead of being eroded by the
spilling of Spokane Flood water across divides
when the pre-glacial valleys could not convey its
cataclysmic discharges.

Flint’s argument that relatively small streams
could cut produce scabland-like erosion in rock
was based on examples along the Snake River in
Idaho. He correctly noted the presence of scabland
landforms near Twin Falls, Idaho, where the
Snake flows in a deep, narrow canyon (Flint
1938a, p. 492):

The ... [basalt] flows yielded to the hydraulic force of the Snake
River as similar flows on the Columbia Plateau yielded to
the hydraulic force of proglacial streams, yet I am not aware
that unusual floods have been held to have affected the upper
Snake River.

This line of argument fell into disfavour when
Malde (1968) demonstrated that the area was inten-
sely scoured by another cataclysmic flood, the late
Pleistocene overflow of Lake Bonneville. The
latter was quite similar in its dynamics to Bretz’s
scabland flooding (O’Connor 1993).
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Fig. 4. Diagrams illustrating Flint’s fill hypothesis for the origin of a scabland tract (Flint 1938a): (1) normal
pre-glacial valleys with tributaries eroded into the nearby Palouse loess hills; (2) melt-water stream from nearby glacier
front has aggraded the scabland valley floor and begun to backfill tributaries (stippled pattern); (3) many tributaries are
completely backfilled, and the main valley stream has migrated to cut scarps on the bordering loess hills; and (4) fluvial
dissection has eroded into bedrock and left remnants of the formerly extensive fill, some of which resemble ‘bars’, and
also produced ‘divide crossings’ by superimposition across spurs.
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Resolution

The beginning of change in the mostly skeptical
reaction to the Spokane Flood hypothesis came
during the course of another scientific meeting.
Ironically, however, unlike the 1927 Geological
Society of Washington meeting (‘Great Scablands
Debate’), Bretz was not in attendance. On 17-23
June 1940, the American Association for the
Advancement of Science (AAAS) met in Seattle.
The association’s geological section included a
session, ‘Quaternary Geology of the Pacific North-
west’, held in the afternoon of Tuesday 18 June. The
session paper titles suggested that non-cataclysmic
origins of the Channeled Scabland would be advo-
cated. A post-meeting field trip to the Channeled
Scabland was led by Flint. Although Bretz had
been invited to attend, he declined, replying that
all his ideas and supporting evidence were in
print. If critics would just pay attention to the field
evidence, it would speak for itself.

The early papers in the AAAS session merely
reiterated the various alternatives for the origin of
the Channeled Scabland. Hodge (1940) provided
yet another retelling of his generalized scenario
involving glacial erosion and complex damming
and diversion of melt-water streams. Allison
(1940) provided a critique of Flint’s fill hypothesis,
contrasting it with his own ice-jam theory. In a sub-
sequent, more extended article, Allison (1941) out-
lined what he believed to be the key shortcomings
with regard to Flint’s hypothesis. First, Flint’s
(1938a) ‘leisurely streams with normal discharge’
were completely inadequate to explain the field evi-
dence of anastomosing scabland channels and rock
basins, all eroded deeply into bedrock. Second, the
scabland gravels were not contemporaneous with
the Touchet Beds of Flint’s ‘Lake Lewis,” propos-
ing instead that the Touchet lacustrine sequence
was younger than the gravels, and therefore unre-
lated genetically to them. Finally, Allison agreed
with Bretz that the mounded gravels and other
peculiar shapes of scabland erosional and deposi-
tional landforms required shaping by extraordinary
fluvial processes. Nevertheless, he still held that
such processes could be generated by the action of
ice, leading to the complex jamming of various
channel ways.

The surprise of the 1940 AAAS meeting came
from an unexpected source. A meeting attendee,
Howard A. Meyerhoff (pers. commun. 1978),
related that no one in attendance expected that
any speaker would directly support Bretz’s
Spokane Flood hypothesis. The eighth speaker of
the session was Joseph Thomas Pardee, whose
paper was entitled ‘Ripple marks (?) in glacial
Lake Missoula’ (Pardee 1940). Pardee, who appar-
ently was not a dynamic speaker, quietly described

Camas Prairie, an intermontane basin in north-
western Montana. On the floor of this basin were
ripple marks, composed of coarse gravel and
exhibiting a size that was ‘extraordinary’. These
ripples were up to 15 m high, and were spaced up
to 150 m apart (Fig. 5). The ripples had formed in
a great ice-dammed lake, Glacial Lake Missoula,
which Pardee (1910) had earlier documented to
cover an immense area in western Montana. This
late Pleistocene lake had held about 2000 km® of
water, and it was impounded to a maximum depth
of about 600 m behind a lobe of the Cordilleran
Ice Sheet occupying what is now the modern
basin of Lake Pend Oreille that in northern Idaho.
In his presentation, and in a subsequent extended
paper (Pardee 1942), Pardee presented his new evi-
dence that the ice dam for Glacial Lake Missoula
had failed suddenly, with a resulting rapid drainage
of the lake. Evidence for the latter included the
ripple marks, plus severely eroded constrictions
in lake basins and giant gravel bars of current-
transported debris. Some of the latter accumulated
in high eddy deposits, marginal to the lake basins,
and showing that the immensely deep lake waters
were rapidly draining westward.

Remarkably, Pardee ended his paper at that
point, without saying where the immense flood of
2000 km® of water, 600 m deep at its breakout
point, would eventually go as it entered the Columbia
River system in northeastern Washington. Never-
theless, the obvious connections to the Channeled
Scabland and the Spokane Flood were made by
members of the audience in the formal discussion
that followed Pardee’s paper. A group of 34
participants from the meeting, but not including
Pardee, then attended an extended field excursion,
1 day of which was devoted to the scablands.
Richard Foster Flint, who had not attended the
session with Pardee’s paper, joined the group to
lead the scabland field visit. To his surprise, at
each of the stops he had chosen to illustrate his
hypothesis for scabland origins, Flint found
that many of the trip participants, notably Aaron
Waters, countered the Flint story with well-
reasoned cataclysmic flood explanations, all of
which were firmly tied to a source at Pardee’s
Lake Missoula.

Pardee retired from the US Geological Survey
on his 70th birthday: 30 May 1941. The manuscript
of his 1942 paper was submitted to the Geological
Society of America several months later. This
timing ensured that the paper would not have to
pass the required formal review by Alden,
Pardee’s former supervisor, who was also a long-
time critic of the cataclysmic flood hypothesis.

In the summer of 1952, Bretz returned to the
Channeled Scabland for an intensive programme
of field investigations. The purpose was to use
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new data that had been obtained through surveys for
the Columbia Basin Irrigation Project of the United
States Bureau of Reclamation. In this new work,
Bretz was joined by George E. Neff of the Bureau
of Reclamation, and by Professor H. T. U. Smith,
University of Massachusetts, who was obliged to
act as a ‘skeptic for all identifications and interpret-
ations’ (Bretz et al. 1956, p. 761). In an obvious
reference to Chamberlin’s (1890) ‘multiple
working hypotheses’ method, Bretz et al. (1956,
p- 960) stated that: ‘[t]he field work was carried
out with three men working together as a check
on the “ruling-theory” tendency’. This new study
was supported by a grant from the Geological
Society of America. Bretz also received encourage-
ment from several prominent geologists, among
them: (1) Waters, who advised, ‘the best thing
you can do to convince your reader is to beg,
cajole, even browbeat him into really looking at
the region’s topographic maps’; and (2) fluvial geo-
morphologist J. Hoover Mackin, who said: ‘to
understand the scabland, one must throw away
textbook treatments of river work’ (Bretz et al.
1956, p. 960).

The published results of the new study (Bretz
et al. 1956) contain an immense amount of data.
Excavations from the irrigation project and new
topographic maps all showed that the gravel hills
interpreted as bars by Bretz (1928¢) were indeed
subfluvial depositional bed forms of immense
scale. Most convincing of all was the presence of
giant current ripples on many of these bar surfaces.

At Staircase Rapids Bar, for example, the new maps
and photographs showed an extensive set of these
ripples on the surface that Flint (1938a, p. 486)
had specifically described as a river terrace.

The 1956 paper and subsequent elaborations
(Bretz 1959, 1969) successfully countered all oppo-
sition to the cataclysmic flood origin of the Chan-
neled Scabland, and the original hypothesis was
also extensively modified. It was no longer ‘the
Spokane Flood’, but instead became the Missoula
Floods (Bretz 1969). Nevertheless, there was a lin-
gering suspicion that one was dealing with an
unusual exception to a general rule. Bretz (19284,
p- 119) had himself claimed: ‘The unique assem-
blage of forms ... described here as the channeled
scabland . . . records a unique episode in Pleistocene
history . ... Special causes seem clearly indicated’.
Standard textbooks continued to treat the topic as
controversial (Thornbury 1969). In the most
widely used textbook on glacial and Quaternary
phenomena, perhaps the most spectacular ice-age
phenomenon was accorded but a single sentence,
as follows (Flint 1971, p. 232): ‘Similar features,
collectively known as channelled scabland, were
widely created east of the Grand Coulee by over-
flow of an ice-margin lake upstream’. Nevertheless,
a succession of studies developed Bretz’s insights
into the cataclysmic flood (e.g. Trimble 1963;
Richmond et al. 1965; Malde 1968; Baker 1973,
1974, 1981). Bretz outlived most of his critics
(Fig. 6) and by the 1980s the controversy shifted
from whether cataclysmic flooding had occurred

Fig. 6. Professor J Harlen Bretz (left) at his home with Victor R. Baker (right). Photographed in 1977 by Rhoda Riley.
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in the channelled scabland to: (1) how many cata-
clysms were involved (Baker & Bunker 1985;
Waitt 1985); and (2) how the general processes of
cataclysmic flooding impacted other regions, both
on Mars (Baker 1978, 1982) and on Earth (Baker
et al. 1993).

Implications

During the intense debates over the Spokane Flood,
Bretz held to a particular view of how hypotheses
function in the Earth sciences. He wrote (Bretz
1928b, p. 701):

Ideas without precedent are generally looked on with disfavor and
men are shocked if their conceptions of an orderly world are chal-
lenged. A hypothesis earnestly defended begets emotional reaction
which may cloud the protagonist’s view, but if such hypotheses
outrage prevailing modes of thought the view of antagonists
may also become fogged.

On the other hand, geology is plagued with extravagant ideas
which spring from faulty observation and misinterpretation. They
are worse than ‘outrageous hypotheses,” for they lead nowhere.
The writer’s Spokane Flood hypothesis may belong to the latter
class, but it cannot be placed there unless errors of observation
and direct inference are demonstrated.

The reference to an ‘outrageous hypothesis’
derives from a 1925 address delivered by William
Morris Davis, and subsequently published with
the title ‘The value of outrageous geological
hypotheses,” in which he claimed (Davis 1926,
p- 464): ‘[w]e shall indeed be fortunate if geology
is so marvelously enlarged in the next thirty years
as physics has been in the last thirty. But to make
such progress violence must be done to many of
our cherished principles’. Davis was not so much
looking to the proposing and testing of hypotheses
as he was to having a serious engagement with
them (Davis 1926, pp. 467—468):

The idea is set forth simply as an outrage, to do violence to certain
generally established views about earth’s behavior that perhaps do
not deserve to be regarded as established; and it is set forth chiefly
as a means of encouraging the contemplation of other possible
behaviors; not, however, merely a brief contemplation followed
by an off-hand verdict of ‘impossible’ or ‘absurd,” but a contem-
plation deliberate enough to seed out just what conditions would
make the outrage seem permissible and reasonable.

According to the discredited philosophy of
logical positivism (which was falsified by its own
criteria through the efforts of its own adherents),
science (for which the logical positivists took
physics as their model) advances by logical prop-
ositions and their experimental verification. The
latter criterion was modified to falsification, and
more complex criteria have been devised by the
various analytical philosophical successors to
logical positivism. That much of this is of little rel-
evance to classical geology has been argued

elsewhere (Baker 1996b, 2000). William
Whewell, one of the few philosophers of science
to have had any familiarity with geology, suggested
from his historical studies of science that the
validity of hypotheses (we would now say their
productivity or fruitfulness for inquiry) was demon-
strated by their ability to bring together disparate
observations under an overarching explanation
and to produce explanatory surprises, such that
previously unknown phenomena are also found to
fit under that explanation (Whewell 1840) — a pro-
cedure that he called ‘consilience of inductions’
(which involved a kind of coherence theory of
truth). Hypotheses are not mere propositions to be
tested. They are ‘working’ elements of inquiry, inti-
mately connected to the phenomena that they
explain, and are subject to modification.

The idea that the Spokane Flood hypothesis
explains an entire assemblage of features was
pervasive throughout Bretz’s papers. In an oral
meeting presentation on scabland bar mor-
phologies, size, composition, internal structure
(fore-set bedding) and distribution on the land
surface (including on the summits of prominent
pre-glacial divides), Bretz (19284, p. 160)
concluded:

The hypothesis of a ‘Spokane Flood’ alone seems capable of
explaining the assemblage. Various alternatives proposed by
others or constructed by the author have uniformly failed to
explain the field evidence.

Another component of Bretz’s reasoning was
that a geological hypothesis is not merely tested
against the existing data. Rather, the hypothesis is
used as a guide to further field study. This is, of
course, the ‘working’ component of Chamberlain’s
(1890) conception of ‘hypothesis’. Bretz (19305,
p. 386) made this point as follows:

The flood hypothesis was not to stand or fall on data then in
hand ... it could be critically tested by further field study.
Certain relationships in unexamined areas must exist if it were
incorrect . . ..

What is discovered in the course of that ‘further
field study’ is to be judged for consistency with the
original hypothesis, or its subsequent modification.
Moreover, that judgement is not up to the hypothe-
sizer; it is instead a matter for the larger science
community that is dedicated to the truth in this
matter. Bretz (1930b) also refused to separate the
act of hypothesizing from the data collection used
to test the hypothesis. Instead, he claimed (Bretz
1929, p. 541):

The final accepted explanation for channeled scabland must
be built on, limited by, and constructed to include, all the field
evidence .... The data in this paper constitute a category of
facts not known when the flood hypothesis was first proposed.
The relations to that hypothesis are to be decided by the reader.
The writer asks only that, if his interpretation be rejected,
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the date herewith presented be organized to make some
coherent explanation.

In all of these attitudes toward his hypothesis,
Bretz was following pragmatic practices that had
been promoted by his fellow geologists (e.g.
Gilbert 1886; Chamberlin 1890; Davis 1926). The
philosophical bases for these practices require expo-
sition beyond the limits of this paper, but they can be
found in Baker (19960, ¢, 1998, 19994, b, 2000).

The differences in attitude between Bretz and
his critics or competitors were often subtle. Like
Bretz, many of the latter were honestly searching
for an explanation for the scabland phenomena.
Nevertheless, unlike Bretz, they committed the
No. 1 error for pragmatic inquiry: they placed an
artificial limitation on that inquiry. ‘Do not block
the way of inquiry’ is absolutely essential to all
reasoning (Peirce 1992). The limitation imposed
by Bretz’s critics was the version of uniformitarian-
ism promoted by Charles Lyell and others, to the
detriment of sound geological inquiry (Baker
1998). Bretz was under no such limitation. Shortly
before his death, upon receiving the 1979 Penrose
Medal, the highest honour of the Geological
Society of America, Bretz (1980, p. 1095) wrote,
in his acceptance, and last published work:
‘Perhaps I can be credited with reviving and demys-
tifying legendary catastrophism and challenging a
too rigorous uniformitarianism’.

I thank the late J Harlen Bretz for enthusiastic communi-
cations, interviews and insights that greatly aided both
my own early studies of cataclysmic flooding and
also my exploration of the historical dimensions to the
controversy for which his contributions played such a
pivotal role.
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Abstract: Scientific investigations of Pleistocene pluvial lakes in the American West occurred in
five phases. The pioneer phase prior to 1870 saw former lakes identified by missionary priests, fur
trappers, military expeditions and railroad surveyors. The classic phase, between 1870 and 1920,
linked initially with independent surveys and, after 1879, with the United States Geological
Survey and with irrigation and mining ventures, saw most lakes identified and described by
such worthies as Gilbert, Russell, Gale, Waring and Thompson. A consolidation phase from
1920 to 1955 provided synthesis and new data but, in the absence of age controls, saw much specu-
lation about temporal links between pluvial lakes, glacial stages, and climate forcing. The initial
dating phase between 1955 and 1980 saw radiocarbon dating applied to late Pleistocene lakes and
their Holocene relics and successors. The integrative phase since 1980, supported by enhanced
field, remote sensing, laboratory and dating techniques, has seen an array of issues involving
pluvial lakes linked to changes in regional ecology and global climate. In the above sequence, pro-
gress from one phase to the next reflected changes in the intellectual climate and advances in
scientific methods. Today, we reflect on the episodic but cumulative increase in knowledge
about late Pleistocene pluvial lakes, especially for Lake Bonneville, Lake Lahontan and the
eastern California lake cascade. The record of earlier Pleistocene lakes, in some cases successors
to Miocene and Pliocene lakes, is less certain because of deformation and erosion or burial.
Continuing challenges involve evaluation of the Pleistocene lake record as a whole in the
context of late Cenozoic tectonic and climate change, and of contemporary environmental and

water-resource issues.

The modern drylands of western North America
include numerous internal drainage basins that
contained lakes during the wetter stages of the
Pleistocene Epoch. These pluvial lakes have
attracted scientific and commercial interest since
the mid-nineteenth century, while renewed con-
cerns for climate change and water resources have
stimulated much recent research. The Pleistocene
lakes have all decreased in volume during the
drier Holocene, and those that have desiccated
entirely are often termed dry lakes or playas.
These playas may still support shallow lakes after
ephemeral floods or more prolonged wet spells,
such as those linked with El Nifio events.

This paper provides a short history of scientific
research on the Pleistocene pluvial lakes of the
American West, most of which occur in the inter-
montane Basin and Range Province. These lakes
are pluvial in that they formed in response to
more effective precipitation and runoff during
Pleistocene cold stages, and have diminished
in size and often desiccated under warmer drier
Holocene conditions. Despite early assumptions,
however, recent research cautions against the easy
equation of pluvial and glacial stages. Certainly,
many closed basins that have dried out during
the Holocene were occupied by lakes during

Pleistocene cold stages, but some lake highstands
preceded or followed glacial maxima. Nor can
synchronous water-level fluctuations between
neighbouring lake systems be assumed, essentially
because storm tracks, water storage, evaporation
and linkages between lakes varied in time and
space. The history of pluvial-lake research is thus
replete with changing interpretations as more data,
better techniques and improved models have
served to supplant or enhance earlier views.

This paper identifies five major phases of
interest in the Pleistocene pluvial lakes of the
region: (1) a pioneer phase before 1870; (2) a
classic phase from 1870 to 1920; (3) a consolidation
phase from 1920 to 1955; (4) an initial dating phase
from 1955 to 1980; and (5) an integrative phase
since 1980. The timing of these phases is designed
to be helpful rather than rigid. For example, the
classic phase could be restricted to the research of
Gilbert and Russell, mostly published by 1890,
but work of comparable merit over the next 30
years deserves inclusion here. Further, the appli-
cation of dating methods to questions of lake age,
initiated with radiocarbon dating in the 1950s, con-
tinues today with a wider variety of techniques. This
analysis is selective rather than exhaustive; it
attempts to capture the essence of each phase by

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 51-78.
DOI: 10.1144/SP301.4  0305-8719/08/$15.00 © The Geological Society of London 2008.
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reference to the principal themes and players
involved, to scientific methods then in use and to
the intellectual climate of the time. Late Pleistocene
lakes are emphasized because their record is more
visible, but earlier lakes and Holocene events are
discussed as appropriate.

Physical setting

The Pleistocene pluvial lakes of the American West
lay mostly within the Basin and Range Province
that extends diagonally through 15° of latitude
and 20° of longitude, from southern Oregon in the
NW to Chihuahua, Mexico, in the SE (Fig. 1).
Most lakes occurred within the Great Basin of
western Utah, Nevada and eastern California.
Here lay the large Pleistocene systems of Lake Bon-
neville, Lake Lahontan and the eastern California
lake cascade (Fig. 2). Pluvial lakes also occurred
in the Mojave Desert, Mexican Highlands and
Sacramento Mountains, and a few existed on the
Columbia and Colorado plateaus. The Salton
Trough contained a sequence of lakes that formed
from channel switching of the Colorado River
delta but responded to climate change similarly to
pluvial lakes. These pluvial lakes were distinct
from the ice-dammed lakes that temporarily
existed in the Columbia River basin south of the
Cordilleran ice sheet, the glacial and ice-marginal
lakes of the Rocky Mountains, and lakes of tectonic,
volcanic and glacial origin within the Pacific
Mountain System.

Many Pleistocene lakes in the American West
were the most recent expressions of lakes that had
existed episodically earlier in Cenozoic time
(Orme 2002). The stage was set initially by the
Laramide Orogeny (80—40 Ma) that expelled
Cretaceous seas, raised the Rocky Mountains, reac-
tivated older orogens and formed intermontane
basins, such as the Uinta Basin in Utah in which
the lacustrine Green River Formation accumulated
during Palacogene time. While relative relief
remained low, these lakes experienced fine-clastic
and carbonate sedimentation and nutrient-rich
ecologies under subhumid climates. Later, as
North America’s active western margin impinged
on the East Pacific Rise, extensional tectonics and
block faulting formed many closed basins for
Neogene lakes in the evolving Basin and Range
Province. In rain shadows afforded by the rising
Pacific Mountain System, these basins became
more isolated and subject to coarse-clastic and eva-
porite sedimentation and nutrient-poor ecologies
under drier conditions. Although these lake deposits
were usually deformed and dissected or buried by
later events, their basins were often reoccupied by
Pleistocene lakes.

During  Pleistocene  cold  stages, the
intermontane basins and plateaus formed by
Neogene tectonism lay well south of the Cordilleran
and Laurentide ice sheets (Fig. 1). However, the
southward deflection of moisture-bearing storms
by the strong glacial anticyclone over northern
North America brought much rain and snow to the
region which, with meltwater from mountain gla-
ciers and reduced evaporation, provided abundant
runoff to lake systems. The cooler climates of the
glacial stages also favoured downslope movement
of alpine, subalpine and forest biota toward the
lakes, followed by their upslope retreat during
warmer, drier stages. Thus, in addition to physical
properties, relict lake deposits contain a biogenic
record of climate change. The desert and semi-
desert conditions of today’s mostly dry lake
basins are simply the latest expressions of a
sequence of late-Cenozoic environmental changes.

The pioneer phase, before 1870

Archaeological evidence reveals a long association
of indigenous peoples with the lake basins of the
American West. Prehistoric human immigration to
North America, which began in earnest during the
terminal Pleistocene, came too late for early
migrants to see the pluvial lakes at their optimum,
but Holocene peoples seem to have been fully
aware of the resources available around surviving
lakes. Artifacts, campsites and petroglyphs near
many former lakes testify to frequent, if seasonal,
human occupance that preceded the first contact
with Europeans and persisted well into historic
time. For the most part, however, summer heat
and drought made these lake basins unattractive
for permanent settlement.

The first written records of former lakes occur in
the diaries of travellers venturing beyond Spanish
colonial centres in New Spain (central Mexico).
From early northern outposts, such as Santa Fé
(founded in 1609), San Xavier del Bac (1700) and
Tubac (1752), missionary priests and military
expeditions travelled across the Mexican High-
lands, the Sonora and Mojave deserts, and the Col-
orado Plateau (Fig. 3). Driven mainly by religious
zeal and political motives, these were not scientific
expeditions in a strict sense, but, armed with quad-
rant and compass and estimating distance in terms
of an hour’s plodding on horseback, they did
reveal features of interest to later scientists. Their
logs and maps refer often to lagos and lagunas
(lakes), ciénagas (marshes), pozos (waterholes)
and fules (rushes of swampy bottomlands or
tulares). A map prepared by Bernardo de Miera y
Pacheco (1777) during the Dominguez—Escalante
expedition across the Colorado Plateau from Santa
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Fig. 2. Late Pleistocene lakes and glaciers of the Great Basin and Mojave Desert (developed from Snyder et al. 1964;
Morrison 1965; Currey et al. 1983; Benson et al. 1990; Hershler et al. 2002; and the author).

Fé in 1776—1777 shows Laguna de los Timpanogos
(Utah Lake), with a hint of drainage northward to
the Great Salt Lake, and a Rio de San Buenaventura
flowing SW into Laguna de Miera (possibly
Sevier Lake). The diary of Francisco Garcés, who
travelled from Tubac to California and back in
1775-1776, recognizes a former lake in the

Mojave  Desert, following his  eastward
descent from the Tehachapi Mountains on 18 May
1776, thus:

96th day. Travelling two and a half leagues in the same direction
over an immense plain that clearly was in former times a lake-bed,
I found another hole with a little water in it.

(Garcés 1777, p. 59).
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The immense plain was later named the Antelope
Valley, and the lake bed was the floor of Pleistocene
Lake Thompson.

These Spanish forays notwithstanding, most
early nineteenth-century maps of North America
left the intermontane region blank (e.g. Arrowsmith
1802), and a map prepared by Alexander von
Humboldt in 1811 from Spanish sources did little
more than suggest an inland sea, perhaps the mythi-
cal Mer de I’Ouest of earlier mapmakers (Humboldt
1811). The Louisiana Purchase of 1803, which
transferred vast, nominally French, lands to the
United States, triggered several expeditions into
the intermontane region from the east, just as
British and Canadian fur interests were probing
from the north. Thus, between 1824 and 1830,
Peter Skene Ogden (1794—1854) of the Hudson’s

Bay Company surveyed the Humboldt River and
former lakes along its course across northern
Nevada, and Jedediah Smith (1798—1831) of the
Rocky Mountain Fur Company explored the Great
Basin (Goetzmann & Williams 1992). Although
these were not true scientific expeditions, the infor-
mation obtained challenged beliefs of earlier travel-
lers and mapmakers in a Mer de 1’Ouest and a Rio
de San Buenaventura that drained to the Pacific
Ocean.

Meanwhile, on gaining independence from
Spain in 1821, Mexico claimed the 42nd parallel
as its northern border — but this was far from
Mexico City. American interest in the region thus
accelerated, driven by the dubious concept that it
was the nation’s ‘manifest destiny’ to control all
lands from the Atlantic to the Pacific, and aided
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by agents such as Benjamin Bonneville (1796—
1878) and Joseph Walker (1798-1876), and
scouts like James Bridger (1804-1881) and Kit
Carson (1809-1868). The author Washington
Irving (1783—-1859) was so impressed with Bonne-
ville’s exploits that, in maps for popular histories,
he renamed the Great Salt Lake after him (Irving
1836, 1837). In 1838 the US Army’s Corps of
Topographical Engineers was formed for the
specific purpose of mapping the western frontier —
and beyond. Among its personnel, Lieutenant John
Charles Frémont (1813—1890) is credited with
naming the Great Basin and recognizing that, con-
trary to earlier belief, it had no outlet to the sea
(Frémont 1845).

Territorial rivalries within the region were even-
tually resolved in favour of the United States by the
Oregon Treaty with Britain in 1846, the Treaty of
Guadalupe Hidalgo with Mexico in 1848, and the
Gadsden Purchase in 1854. The political stage
was thus set for more incisive surveys. Of the
topographical engineers, Major William Hemsley
Emory (1811-1887) mapped dry lakes near the
border during the 1846—1848 war with Mexico
(Emory 1848), and Captain Howard Stansbury
(1806—-1863) surveyed 13 former shorelines
around the Great Salt Lake in 1849-1850 and
observed that ‘there must have been here at some
former period a vast inland sea’ (Stansbury 1852,
p- 105). By now, with Swiss palaeontologist Louis
Agassiz (1807-1873), author of Etudes sur les
Glaciers (1840), at Harvard University, and with
qualified support from Edward Hitchcock (1793—
1864) of Ambherst College, concepts involving
former continental glaciation and related climate
change were being debated by American scientists.

The discovery of gold in California in 1848, the
anticipation of further mineral wealth in the inter-
montane West, and the political and commercial
desire to link the Atlantic and Pacific coasts of the
enlarged nation provided the stimulus for the
Pacific railroad surveys, authorized by Congress
in 1853. Although these surveys focused primarily
on potential railroad routes, the Corps of Topogra-
phical Engineers were accompanied by geologists
and other scientists charged with identifying and
cataloguing resources in the areas traversed. Of
the several railroad surveys, three routes directly
involved pluvial lakes (Fig. 4). First, a survey
party led by Captain John Gunnison reached
Sevier Lake in 1853 and was continued across
northern Utah Territory in 1854 by Lieutenant
Edward Beckwith. The latter surveyed from the
Great Salt Lake westward down the Humboldt
River near the 4lst parallel of latitude, and
approached the Sierra Nevada via Mud Lake and
Honey Lake. Second, the party led by Lieutenant
Amiel Whipple across central New Mexico Terri-
tory near the 35th parallel in 1853 and 1854

encountered pluvial lakes in the Mojave Desert.
Third, Lieutenant Robert Williamson’s survey
from central California in 1853 traversed the
Mojave Desert en route to the Salton Trough. This
southern route was continued eastward in 1854
and 1855 by Lieutenant John Parke, whose parties
surveyed from Yuma to the Rio Grande along the
32nd parallel and mapped Playa de los Pimas
(Wilcox Playa) and other pluvial lakes in southern
New Mexico Territory.

The Pacific railroad surveys led to the publi-
cation, between 1855 and 1861, of 13 volumes
entitled Reports of Explorations and Surveys, to
Ascertain the most Practicable and Economical
Route for a Railroad from the Mississippi River to
the Pacific Ocean (US War Department 1855—
1861). A sampling of their geology chapters
reveals much of interest. Thus, Thomas Phipps
Blake (1826-1910) described former lakes
encountered by Williamson’s 1853 survey and
co-ordinated findings from other surveys. From
shoreline elevations defined by barometer, and
from recognition of tufa, lake clays and the
molluscs Amnicola, Anodonta, Physa and Planor-
bis, he identified a former late Holocene freshwater
lake in the Salton Trough, which he attributed to
beheading of the Gulf of California by a prograding
Colorado River delta. On 17 November 1853,
he wrote:

These evidences of a former submergence were so vivid and con-
clusive that it became evident to everyone in the [wagon] train that
we were travelling in the dry bed of a former deep lake and
extended sheet of water, probably an Ancient Lake or an
extensive bay.

(Blake 1857, p. 97).

Blake distinguished between horizontal beds of the
dry Holocene lake and deformed beds of former
Pliocene and Pleistocene lakes, and viewed earth-
quakes as the cause of their deformation.

Thomas Antisell (1817-1893) of the Parke
surveys in 1854 and 1855 found the Rio Mimbres
terminating in lagoons in the Chihuahuan Desert,
noted the pluvial origins of Soda Lake in the
Mojave Desert and from the freshwater clam
Anodonta identified former lake beds (Lake
Manix) along the Mojave River farther west
(Antisell 1856). He described sediment gradation
and salt precipitation at Soda Lake, and summarized
the dry lake thus:

The aspect of the playa is remarkably forbidding; a wide expanse,
unclad with herbage, bounded by lurid purplish hills without
timber, smooth as a bowling green, and glittering in the sun like
a snow field, dry brown slopes rising to the margins of the
rocks, forms a most dismal picture, and gives an idea of incomple-
teness and desolation.

(Antisell 1856, p. 102)

Just before the Civil War, Captain James
H. Simpson’s quest for a good wagon road across
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Fig. 4. Railroad survey routes most relevant to identification of pluvial lakes, 1853—1855 (based on Antisell 1856;

Blake 1857; US War Department 1855-1861).

the northern Great Basin in 1859, when eventually
reported (Simpson 1876), included studies by
geologist Henry Engelmann. Above the existing
Great Salt Lake, Engelmann (1876) found water
marks, shingle benches, calcareous tufa, elevated
lake muds containing the freshwater genera Amni-
cola, Helix, Lymnaea and Spherium, and salt beds
rich in magnesium sulphate, calcium sulphate
and sodium chloride. Such findings paved the
way for further exploration after the Civil War
(1861-1865). In 1866, the army’s Corps of
Topographical Engineers was merged with its
Corps of Engineers, whose work had been mostly
farther east.

The classic phase, 1870-1920

Between 1870 and 1920, scientific understanding of
Pleistocene lakes in the American West advanced

significantly. By 1870, growing acceptance of
glacial theory had evoked interest in the broader
effects of climate change beyond the ice front,
stimulated by the findings of European scientists.
During the 1860s, for example, Thomas Francis
Jamieson (1829-1913) surmised that relict lakes
in central Asia had formed originally during
glacial stages when evaporation was reduced
(Jamieson 1863); Louis Lartet (1840-1899)
inferred higher levels for the Dead Sea during the
ice age (Lartet 1865); Alfred Tylor (1823-1884)
popularized the term pluvial to explain river
gravels in western Europe which he thought had
been deposited under rainier conditions that
coincided with glaciers farther north (Tylor 1868);
and James Croll (1821-1890) was speculating on
Earth’s orbital variations as causes of climate
change (e.g. Croll 1864). Within the United
States, in the aftermath of the Civil War, the
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eastern scientific community was pondering many
of these issues, just as the political establishment
and allied commercial interests were again focusing
their eyes towards the distant west.

The classic phase of field research in the
American West was facilitated by completion of
three transcontinental railroads: across northern
Utah Territory in 1869, across central New Mexico
Territory in 1881, and through the Gadsden Pur-
chase in 1883. Beyond the railheads, however,
travel remained challenging and was achieved
mostly by saddle horse, pack mule and wagon
across difficult terrain in a continental climate of
winter cold and snow, and summer heat, thunder-
storms and flash floods. Gradually, new railroad
links, many directed along the north—south axes
of closed basins, improved access. In the haste to
tap mineral wealth, however, survey findings were
often ignored and railroads built across supposedly
dry lake beds. Thus, the Tonopah and Tidewater
Railroad (1905-1940), built across Soda and
Silver dry lakes in eastern California, was swept
away by floods in 1910, 1916 and 1938 (Myrick
1963). Conversely, the transcontinental route of
1869, which ran originally to the north of the
Great Salt Lake, was rerouted across the dry lake
bed in 1904 and soon suffered from subsidence
and flooding. After 1900, motor vehicles began
offering greater mobility.

Four major government-sponsored expeditions
penetrated the intermontane region after the Civil
War: the United States Geological and Geographi-
cal Survey of the 40th Parallel (1867—1873) led
by civilian geologist Clarence King (1842-1901)
under orders from the Corps of Engineers; the
United States Geographical Survey West of the
One Hundredth Meridian (1867—1879) under Lieu-
tenant George Montague Wheeler (1842—1905),
Corps of Engineers; the United States Geographical
and Geological Survey of the Rocky Mountain
Region (1867-1879) led by John Wesley Powell
(1834-1902) and later funded by the Smithsonian
Institution; and the United States Geological and
Geographical Survey of the Territories (1869—
1879), supported initially by the General Land
Office and led by veteran geologist Ferdinand
Vandeveer Hayden (1829-1887). These were
reconnaissance surveys that focused primarily on
topographical, geological and resource mapping.
In the broader political arena, the surveys were
designed to support America’s westward expansion,
but in reality they were confounded by competition
for funds, personnel and equipment. The achieve-
ments of their principal scientists have been much
reviewed, notably those of Powell along the
Colorado River (Chorley et al. 1964), of Clarence
Edward Dutton (1841-1912) on the Colorado
Plateau (Orme 2007) and of Grove Karl Gilbert

(1843-1918) on the Henry Mountains and Lake
Bonneville (Pyne 1980; Yochelson 1980; Sack
1989; Oviatt 2002). Eventually, in 1879, overlaps
between the three remaining surveys were resolved,
after much political wrangling, by the formation of
a single United Sates Geological Survey (USGS),
with Clarence King as its Director. The USGS
inherited the scientific work and many of the
personnel from the earlier surveys.

Among the most noteworthy studies to emerge
from these surveys was Gilbert’s research on
pluvial Lake Bonneville (Gilbert 1875, 1890). The
bathymetry of the Great Salt Lake, which had
risen 3 m since Stansbury’s survey in 1850, was
resurveyed by King in 1869 and Hayden from
1868 to 1871. Gilbert’s research there began with
the Wheeler survey (1871-1874), expanded with
the Powell survey (1875-1879) and concluded
with the USGS in 1880-1881. However, owing to
administrative duties with the USGS, Gilbert’s
monograph on Lake Bonneville was delayed until
1890. By then, it was dated and, although numbered
Monograph 1, had been preceded by other
works including, in 1885, Monograph 11 on Lake
Lahontan by I.C. Russell.

Gilbert brought to the West an awareness of lake
systems from his earlier work with the Ohio
Geological Survey in 1869-1871, for whom he
had mapped glacial Lake Maumee (Gilbert 1873).
He applied Washington Irving’s name Lake Bonne-
ville to the pluvial lake in 1872, defined its former
shorelines and maximum extent (51 700 kmz), and
measured historic fluctuations of the Great Salt
Lake (Gilbert 1875). In brief, Gilbert recognized
two major highstands: the Bonneville stage during
which the lake spilled northward through Red
Rock Pass to the Snake River; and the Provo stage
110 m lower when the lake, now controlled by a
bedrock sill in the pass, was invaded by river
deltas that invited correlation with the cold wet con-
ditions of a glacial stage. Gilbert provided valuable
insights on lakeshore processes (Fig. 5) (Gilbert
1884; Kraft 1980), lake and delta sedimentation
during lake ‘highstands’ (Gilbert 1884, 1890;
Hunt 1980), and river and evaporite sedimentation
during lowstands. From the domed form of former
shorelines across the Bonneville Basin, he also
identified isostatic responses to water loading and
unloading (Gilbert 1890; Mabey 1980). While
lacking absolute chronology, he outlined a temporal
framework for the late Pleistocene and Holocene
history of Lake Bonneville, thereby contributing
to debates involving climate change, and also
speculated about earlier lakes in the basin. Gilbert’s
work heralded a progressive phase of research into
pluvial lakes and served as a model for careful
reasoning based on field observations and hypoth-
esis testing. Whereas some of his ideas may not



Fig. 5. Shoreline features of Lake Bonneville at the north end of the Oquirrh Mountains, Utah (plate XVI by H. H. Nichols, artist, and G. K. Gilbert, geologist, in Gilbert 1884).
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be wholly sustainable today (see Sack 1989), his
work at the time was a remarkable achievement
and served as the foundation for later research.

Having impressed as an assistant to Gilbert on
Lake Bonneville in 1880, Israel Cook Russell
(1852-1906) was dispatched to NW Nevada in
1881 and 1882 to study Lake Lahontan, curiously
named by King after Baron Louis-Armand de la
Hontan (1666—1715), sometime explorer of the
distant Mississippi valley. Russell (1885) provided
the first clear sense of the complex linkages
between the many lakes that, at maximum stage,
combined to form this, the second largest lake
system (22 300 km?) in the Great Basin. He inferred
from geomorphological, stratigraphic and geo-
chemical principles that the pluvial lake had two
Pleistocene highstands (Lower Lacustral Clay and
Upper Lacustral Clay, separated by Medial
Gravel), but had desiccated before modern
Pyramid, Winnemucca and Walker lakes formed
in the basin. He also distinguished between
lithoid, thinolitic and dendritic tufas within the
former lake.

Late in 1882, Russell moved south to study the
Mono Basin, completing the fieldwork the follow-
ing summer. Following Gilbert’s belief that glaciers
from the Wasatch Range had entered Lake Bonne-
ville during the Bonneville highstand, Russell
(1889) now showed how glaciers from the Sierra
Nevada had penetrated the high shorelines of
Mono Lake (Fig. 6). Certain assumptions would
later be challenged, notably his belief that lake
highstands coincided with glacier maxima, that
the lake never overflowed, and that temperature
change was the primary force driving glacier and
lake fluctuations. His seminal work at Mono Lake
was honoured when Putnam (1949) named its
Pleistocene predecessor Lake Russell. After 13
years with the USGS, Russell joined the University
of Michigan in 1892, where he wrote a textbook on
lakes dedicated to Gilbert (Russell 1894). The
map for his 1889 report, while showing lakes
Bonneville, Lahontan, Mono and Owens, revealed
no pluvial lakes in southern Nevada, the eastern
Mojave Desert or Arizona.

Gilbert and Russell paved the way for further
research but, with the heady years of military
expeditions and scientific discovery now passed,
later work was stimulated mainly by surveys of
water resources and irrigation potential, and by
the economic prospects of evaporite minerals in
former lake basins. Pluvial lakes certainly aroused
intrinsic scientific interest, but it was the political
forces emanating from Washington, DC, and state
capitols that drove the search for irrigation water
and mineral resources, and therefore much of the
agenda of the USGS and state agencies. Irrigation
had emerged as an important political issue in the

1870s and, although no panacea for the arid West,
soon began driving public policy (Rabbitt 1979).
Mormon settlers had been irrigating land near
Great Salt Lake since 1847, the Owens and
Mojave rivers had been diverted for irrigation in
the 1860s, and Oscar Loew (1876) of the Wheeler
survey had suggested irrigating dry lakes in the
Mojave Desert with Colorado River water. As
second director of the USGS from 1881 to 1894,
Powell became embroiled in irrigation strategies
driven by political whims. He formed an Irrigation
Survey in 1888, but congressional discontent led to
its closure in 1890. But the die was cast, water
issues raged, and in that year the USGS formed a
Hydrographic Division with funds for stream
gauging and, in 1896, for groundwater studies. By
now, the United States Department of Agriculture
was also engaged with western irrigation issues.

From the 1870s onward, the groundwater
resources of the Mojave Desert were being tapped
for irrigation and domestic use. By 1890, more
than 100 wells were tapping groundwater beneath
the Antelope Valley (Hinton 1891), and by 1921
there were 500 wells (Thompson 1921, 1929).
These revealed abundant artesian water trapped
beneath thick compact clay of very low per-
meability, leading Thompson (1929) to speculate
on the former existence of a large perennial lake,
later named Lake Thompson (Miller 1946).
Farther east, Thompson (1929) reported on shells
and blue clay 30—60 m beneath Harper dry lake
and on dissected lake beds along the middle
Mojave and Amargosa rivers. Identifying former
highstands, he proposed the name Lake Mohave
(now Mojave) for the pluvial lake that once
covered Soda and Silver dry lakes and speculated
on overflow northward to Death Valley. Thompson
(1921) also suggested links between the Mojave,
Amargosa and Owens river systems based on
relict fish faunas, and between Bristol and Cadiz
dry lakes (Lake Amboy), but rejected any connec-
tion with Danby dry lake farther SE.

Water-resource investigations also confirmed
pluvial lakes elsewhere in the region (Fig. 2).
Waring (1908, 1909) mapped lakes Alkali,
Alvord, Catlow, Chewaucan, Malheur, Warner
and others in SE Oregon; Meinzer (1911) described
the beach ridges of pluvial Lake Estancia in New
Mexico; Meinzer & Kelton (1913) identified
former Lake Cochise around Wilcox Playa in SE
Arizona; and Schwennesen (1918) defined pluvial
lakes in SW New Mexico, confirming a lake
origin for the 20 m-high beach ridge encircling
pluvial Lake Cloverdale, earlier viewed as a
human earthwork.

Meanwhile, when Los Angeles city engineers
began casting their eyes on potential water supply
from the Owens River in 1903, they opened a new
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Fig. 6. Mono Lake basin and invading glaciers in late Pleistocene time (plate XXIX by W. D. Johnson, topographer,
and I. C. Russell, geologist, in Russell 1889). Mono Lake in 1883, as depicted by Johnson and Russell in plate XIX, is

outlined for comparison.

chapter on the study of pluvial lakes. Gilbert (1875)
and Russell (1885) had found evidence of former
pluvial conditions at Owens Lake, the river’s down-
stream terminus; and Lee (1906) now showed that
the historic saline lake, which had fallen from
1096 m above sea level in 1872 to 1087 m in

1905 owing to irrigation and reduced precipitation,
was the successor to a large freshwater pluvial lake
that had spilled southward to Searles Lake. Lee
(1912) suggested that this former lake had risen to
1155 m; and Gale (1914), by reference to Lake
Bonneville and Lake Lahontan, correlated beach
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ridges with two Pleistocene glacial stages. Gale
(1914) reported a pluvial highstand of 687 m for
Searles Lake, almost 200 m above the playa floor,
and described its spectacular 30-m high tufa
crags, The Pinnacles, around its southern margin.
He then invoked overflow from there to a high
lake in Panamint Valley, where he found boulder
deltas and shells of Amnicola, Carinifex, Pompho-
lyx, Lymnaea, Physa and Valvata embedded in
relict tufa. Gale (1914) further speculated about
water spillage through the Wingate Pass (603 m)
to a former lake in Death Valley that he had ident-
ified from shallow probes. Thus, the concept of an
integrated late Pleistocene system of lakes and

streams, the Owens River cascade, was formulated
(Figs 7 & 8).

Contrary to Russell’s emphasis on temperature
change, Gale favoured precipitation as the primary
control over pluvial-lake fluctuations, and argued
that lake maxima would have occurred during or
shortly after the initiation of glacier retreat. To
him, the lake waters were:

derived partly from the normal precipitation, but chiefly from the
release by melting of the immense storage in the fields of glacia-
tion. This affords an explanation for the apparent localization of
the larger Quaternary lakes in the Great Basin.

(Gale 1914, p. 320)

Fig. 7. The Eastern California Lake Cascade at its potential later Pleistocene maximum. Not all lakes or linkages
existed simultaneously. Mono Lake became isolated and Lake Manly was deprived of Owens River inflow before the
close of Pleistocene time; Lake Tecopa drained after 160 ka; and Lake Manix drained around 20 ka (based on Orme &

Orme 2008 and textual references).



PLUVIAL LAKES 63

i fﬂ;";’; Henads Eastern California Lake Cascade
\ e [—
L_3000m EZ\J Pleistocene volcanic field San B iy
Mountaing

Fig. 8. The Eastern California Lake Cascade, showing in profile the later Pleistocene lakes and their potential linkages

(developed from Orme 2002).

Mineral resources had been a focus of earlier
surveys in the region and mining interests ensured
that they remained so during the early years of the
USGS. However, the metallic minerals of most
value were in the hard rocks of the mountains or
in Cenozoic alluvial deposits of the foothills,
rather than in pluvial lakes. Evaporite minerals
had been found in Cenozoic lake beds but distance
to market and cheaper imports limited mining ven-
tures (Bailey 1902; Campbell 1902). This was to
change with the approach of World War I in
1914, which exposed America’s dependency on
foreign imports of minerals with agricultural, indus-
trial and military value, notably of nitrate from
Chile. Thereafter, the saline deposits of pluvial
lakes featured prominently in mining activity,
which in turn stimulated research on those lakes.

Sodium borate (borax) had been found at Searles
Lake in 1862 but shipment by wagon to Los
Angeles, or after 1882 to the Mojave railhead,
was a tedious affair and, faced with competition
from elsewhere, it was not until the Trona
Railway was completed in 1914 that these deposits
were more thoroughly exploited. Hoyt Stoddard
Gale (1876—1949) published the first major
evaluation of evaporite minerals beneath Owens,
Searles, Panamint and Death Valley dry lakes, and
identified the sequence of solute precipitation and
evaporation, from carbonates through sulphates,
chlorides and borates, to nitrates (Gale 1912a, b,
1914). From their nature, Gale (1912a) questioned
Gilbert’s 1875 idea that saline minerals were to be
found beneath most former lake basins, arguing
instead that massive evaporites were to be found
only in the deepest and largest lakes.

Meanwhile, Lake Manix was defined by John
Peter Buwalda (1886—1954) from dissected late
Pleistocene lake beds along the Mojave River east
of Barstow. Noted earlier by Antisell (1856),
Buwalda (1914) now described upper and lower

lake beds of grey-green clay and sand, separated
by coarse fluvial sand and gravel, and containing
extinct mammals, fish and molluscs. He attributed
the sequence to Pleistocene climate changes
similar to those at Lake Lahontan, invoked Earth
movements to explain lake-bed deformation, and
breaching of a downstream ridge by overflow to
explain how the lake emptied and its floor
became dissected.

Deformed lake beds of much earlier age were
also encountered during this classic phase and
assigned to earlier Cenozoic epochs beyond the
scope of this paper. Nevertheless, speculation
developed regarding the significance of certain
lake beds that contained both Pliocene and earlier
Pleistocene fossils, notably those flanking the
Owens Valley and lakes Bonneville and Lahontan.

The consolidation phase, 1920-1955

The history of science is replete with phases of
exploration and discovery alternating with phases
of synthesis and classification. The study of
pluvial lakes is no exception. A consolidation
phase began around 1920 which saw scientists
synthesize, correlate and augment earlier findings,
but generate less new information, mainly because
most lakes had already been identified and, apart
from increasing use of aerial photography, the tech-
niques needed to spur further advances had yet
to develop.

Synthesis was exemplified in two reviews of late
Pleistocene lakes that bracket this phase, those by
Meinzer (1922) and Snyder et al. (1964). Oscar
E. Meinzer (1876-1948) showed 68 ‘ancient
lakes’ on his map of the Basin and Range Province,
most of which had been found by Gilbert and
Russell — mainly in the northern Great Basin —
and a further 25 mapped farther south by USGS
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hydrologists. Observing that these lakes decreased
southward in number and size, owing to increased
evaporation and/or decreased precipitation during
the Pleistocene, he stated:

I believe these basins afford a feasible approach to the problem of
past climate that has not been exploited. I hope that with further
work it will be possible to make a quantitative estimate of
Pleistocene climate by comparing the Pleistocene and present
hydrology of the basins.... The range in humidity (aridity)
among the various basins in the Pleistocene epoch was apparently
as great as the difference in a given basin between the Pleistocene
and the present.

(Meinzer 1922, pp. 547, 549)

Snyder et al. (1964) showed 110 pluvial lakes for
the Great Basin and western Mojave Desert, and
defined their essential dimensions and whether or
not they spilled to the outside (shown revised and
augmented as Table 1).

Correlation of pluvial lakes with glacial stages
was a logical extension of advances in glacial
geology wherein, from evidence in mid-continent,
several Pleistocene glaciations of North America
had been defined. Russell (1889, 1895) had ident-
ified three glacier advances at Mono Lake and
suggested that the rise and fall of Lake Lahontan
might have occurred in step with the advance and
retreat of continental glaciers. Atwood (1909)
defined two glacial stages in the Wasatch
Mountains and endorsed Gilbert’s belief that the
Bonneville highstand coincided with maximum gla-
ciation. Whereas correlation of pluvial lakes with
glacial conditions farther north was defensible, the
question of which glacial stage posed problems, as
shown when Hay (1927) — based on vertebrate
fossil evidence — correlated Lake Bonneville with
the Nebraskan stage, the earliest of the then
accepted Pleistocene mid-continental glaciations.

Recognition by Elliot Blackwelder (1880—1969),
of Stanford University, of four or five glaciations in
the Sierra Nevada encouraged their correlation with
pluvial episodes in the Great Basin, especially with
the more recent Tahoe and Tioga glaciations of
presumed early and late Wisconsin glacial age,
respectively (Blackwelder 1931). Finding six high
shorelines of Mono Lake notched into moraines
deposited locally by Tahoe glaciers, Blackwelder
assumed that they post-dated the Tahoe stage but
could not be more specific. Below the Wasatch
Mountains, however, he found deltas of the
Bonneville lake stage covering glacial moraines that
he considered equivalent in age to the Tioga
glaciation of the Sierra Nevada. From this relation-
ship, he concluded that the last glacial maximum
predated the Bonneville highstand. Farther from
the glaciers, Blackwelder and his student Elmer
Ellsworth could do no more than equate highstands
at Searles Lake and in the Mojave Desert with
the Tahoe and Tioga glaciations (Ellsworth 1932;

Blackwelder & Ellsworth 1936; Blackwelder 1941,
1954). Correlations were a recurrent feature of this
phase, with ages of approximately 65 and 25 ka
being assigned on geomorphological and astro-
nomical inferences, to the Tahoe and Tioga
stages, respectively (e.g. Antevs 1945). The correla-
tive potential of volcanic tephra trapped in lake
sediment was also realized (e.g. Allison 1945), but
tephra chronologies awaited the development of
suitable dating techniques.

Meanwhile, the record of pluvial lakes continued
to expand, for example in the upper Owens River
basin (Mayo 1934). In Death Valley, where Noble
(1926) had noted multiple shorelines on a basalt
hill (Shoreline Butte), Blackwelder (1933) con-
cluded that a lake at least 180 m deep had existed
during Tahoe time. He named this Lake Manly
after William Lewis Manly (1820-1903), who had
led an 1849 emigrant party that had strayed into
Death Valley to safety in 1850. Further, from alter-
nating evaporites and clays, he surmised that ‘Lake
Manly was merely the last of a series of Death
Valley lakes’” (Blackwelder 1933, p. 470). Although
he sought vainly for physical evidence, Blackwelder
speculated from relict fish evidence that this high
lake might have spilled southward to Lake Mojave
and then eastward via lakes Amboy and Danby to
the Colorado River.

Direct climatic correlations of pluvial lakes were
also attempted. Ernst Valdemar Antevs (1888—
1974), the Swedish-American scientist, concluded
from climatic data that pluvial Lake Estancia in
New Mexico post-dated the last glacial maximum
and reached its highest stage around 10-12ka
when both temperature and precipitation were
higher than today (Antevs 1925, 1935, 1945). In
contrast, the USGS hydrologist Luna B. Leopold
(1915-2006) used a water-budget approach to
argue that lower temperature as well as higher pre-
cipitation would have been needed to maintain the
lake and that it reached its highest level during the
last glacial maximum (Leopold 1951).

Significantly, Antevs, during a symposium on
Great Basin natural history held in Salt Lake City
in 1942, suggested that the glacial anticyclone over-
lying the Cordilleran—West Laurentide ice sheets
during the late Pleistocene had deflected Pacific
storms southward, thereby bringing year-round pre-
cipitation, lower temperatures and reduced evapor-
ation to the Great Basin (Antevs 1945, 1948; Oviatt
2002). Then, as anticyclonic conditions over these
vast ice sheets began discouraging deep incursions
of cyclonic precipitation, ice wastage began to
exceed nourishment and the southern ice front
retreated northward, even though the Pacific—
North American atmospheric circulation system
did not change significantly. Based on these
assumptions, Antevs theorized that Pacific storms
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Table 1. Selected late Pleistocene pluvial lakes of western North America

Lake Basin area Lake area Water depth ~ Spillway  Historic surface

maximum (km?)' maximum (kmz)2 estimate (m)3 elevation (m, asl)’
(m, asl)

Bonneville 140 000 51 700 370 1551 1280

Lahontan 114 700 22 300 280 (Pyramid) none® 1177 (Pyramid)

1 Diamond 8200 760 40

2 Gilbert 1400 540 80

3 Madeline 2200 780 40

4 Tahoe 1400 550

Eastern California cascade

5 Mono (Russell) 2100 790 230 2179

6 Long Valley 1000 230 80

7 Owens 11 000 530 70 [120] 1146 1081

8 Searles 16 400 910 200 689 493

9 Panamint 19 900 770 280 603 317

10  Harper 1900 220 40

11 Manix 9400 410 120 571 dissected

12 Mojave 10 500 200 12 287 276

13 Tecopa 10 600 260 eroded  dissected

14 Manly 45 000 1600 180 none —86

Other California lakes
15  Cahuilla

16  Goose (CA/OR) 2900 950 50 ?

17 Pahrump (CA/NV) 2600 630 ?

18  Saline 1700 none

19 Surprise 3800 1310 200 none

20  Thompson 5600 950 20 [80] ? 692
Other Oregon lakes

21 Alkali 2000 550 80 none

22 Alvord 6100 1270 60 none

23 Catlow 7700 900 20 none

24 Chewaucan 3900 1200 90 none

25  Malheur 14 100 2380 20 [130] ?

26  Silver-Fossil 5200 1520 30 none

27  Warner 6900 1250 70 none

Other Nevada lakes

28  Clover 2600 890 none

29  Dixie 6300 1090 70 none

30 Fish 2800 480 ?

31  Franklin (Ruby) 4900 1220 60 ?

32 Hubbs 1600 530 80

33 Long (Meinzer) 1900 920 90 ?

34 Newark 3600 930 90 none

35 Railroad 9200 1360 100 none

36  Spring 4300 870 80 none

37  Steptoe 4600 1190 110 ?

38  Toiyabe 3400 650 52 none

39  Waring 9200 1330 50 none

Arizona

40  Cochise 190 150

41 Red 320 40 none 839
New Mexico and Chihuahua

42 Animas 390 10 none 1263
43 Cloverdale 30 20 ? 1561

(Continued)
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Table 1. Continued

Lake Basin area Lake area Water depth ~ Spillway  Historic surface
maximum (kmz)1 maximum (kr112)2 estimate (m)3 elevation (m, asl)5
(m, asl)

44  Estancia 4000 1170 50 none 1860

45  Lucero (Otero) 470 20

46  Playas-Hachita 220 none 1302

47  San Agustin 650 50

48  King (Salt Basin) 900 20 none 1097

49  Trinity 200 10 none 1425

50 Palomas (CH) 60 000 (El Barreal, Guzman, Santa Marid, El Fresnel)

Information is based initially on Snyder er al. (1964) for the Great Basin, and then modified and augmented from later studies referenced in
this paper. Selected lakes are located in Figures 2—4.

'Maximum basin area rounded to nearest 100 km?.

*Maximum lake area rounded to nearest 10 km?.

3Most estimates of water depth, rounded to nearest 10 m, reflect the elevation difference between the maximum highstand of a late Pleistocene
lake and the present dry lake bed. This estimate assumes no post-lake erosion, sedimentation or tectonic activity. Where known, the thickness of
late Pleistocene lake sediment beneath a dry lakebed is added (in square brackets) to the shoreline level to provide an optimum depth for the late
Pleistocene lake.

4Spillway elevation is the level to which the upstream lake must fill today before spilling downstream. Owing to subsequent isostatic and
tectonic deformation, erosion and alluviation, this is not necessarily the late Pleistocene spillway elevation. ‘None’ implies that the lake
did not spill to an external drainage system.

The historic surface is the average elevation above sea level of either: (a) the historic lake where it exists; or (b) the undissected dry
lakebed, which owing to Holocene deflation or sedimentation rarely coincides with the late Pleistocene lakebed.

®Lake Lahontan contained internal sills that determined linkages within the larger lake: Mud Lake Slough 1177 m, Emerson Pass 1207 m,

Astor Pass 1222 m, Chocolate Pass 1262 m, Darwin Pass 1265 m, Pronto Pass 1292 m, Adrian valley 1308 m.

maintained their southerly track to feed local
mountain glaciers and that pluvial lakes ‘may
have attained their maxima during the first stage
of the retreat of the ice sheets’, but at about the
same time as local mountain glacier maxima
(Antevs 1945, p. 1). This was an early attempt to
invoke Pacific—North American ocean—atmos-
phere teleconnections, positive and negative feed-
backs and lag effects to explain pluvial-lake
responses. However, although favoured by Antevs
(1938a, b), attempts to link lake changes with
Earth’s orbital variations, following Croll (1864)
and now resurrected by Milankovitch (1930),
remained a challenge for the future.

As this phase progressed, knowledge about
pluvial lakes was augmented by mineral studies,
now joined by the search for oil and gas. The
quest for nitrate identified a 260 km? Pleistocene
lake (Lake Tecopa) along the Amargosa River
in easternmost California (Noble et al. 1922) and
improved understanding of pluvial lakes in the
Chihuahuan Desert (Noble 1931). There were also
retrograde steps, as when Jones (1925) concluded
from geochemical evidence that Lake Lahontan
had experienced only one lake cycle that had been
completed within the past 2000 years.

The ecology of former lakes also attracted
interest with respect to fossils preserved within
their deposits, notably the rich avian and mamma-
lian faunas in dissected late Pleistocene beds at

Lake Manix (Compton 1934) and in deformed
Pliocene—Pleistocene lake beds south of Owens
Lake (Schultz 1937). Similarities between fish
genera (Cyprinodon, Catostomus, Sipalates), now
isolated in the region’s closed basins, encouraged
speculation about former links between drainage
systems, and between the Great Basin and the
Colorado River. Such links, proposed on physical
grounds by railroad geologists of the 1850s, and by
Newberry (1871), Jordan (1878) and ichthyologist
Snyder (1914), were now revisited by Noble et al.
(1922) and Blackwelder (1933). Miller (1946) and
Hubbs & Miller (1948) then showed convincingly
how past and present biogeographies of fish popu-
lations could be used to test theories about previous
drainage links and subsequent biological isolation,
speciation and evolutionary divergence.

The early dating phase, 1955-1980

Until radiometric dating methods began to be
applied to pluvial lakes in the 1950s, lake ages
had been presumed from correlations involving
stratigraphy, palacontology, sedimentation rates,
geomorphology, soils and the like. There were
some enterprising approaches, such as the use of
chlorine and sodium concentration rates to derive
an age of 3500—4200 years for Owens Lake since
it last overflowed and became a closed geochemical
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system (Gale 1914), but these involved assumptions
that could not be tested at the time. Antevs (1938b),
who favoured mid-Holocene drought, suggested
that Gale’s value could reflect the lapse of time
since the later Holocene rebirth of the terminal lake.

Shortly after the discovery of radioactivity in the
1890s, the radioactive decay rates of certain min-
erals were applied to questions of geological age,
for example by Holmes (1911) who used the
uranium-lead method to derive an age for Precam-
brian rocks. Initially, however, such methods lacked
the resolution for use with more recent materials.
Discovery of the relatively short-lived radioactive
isotope '*C in the 1930s and development of radio-
carbon dating in the late 1940s (Arnold & Libby
1949) offered a new approach. With a '*C half-life
of 5568 + 30 years (the Libby half-life, later cor-
rected to 5730 + 40 years), and subject to various
limitations, radiocarbon dating could be used to
constrain the age of the latest Pleistocene lakes
and their Holocene relics back to at least 40 000
years BP (before present, where present is AD
1950). The information obtained on these lakes
during the previous 100 years certainly provided
good opportunities for testing the method. Labora-
tory analysis also improved as Libby’s initial solid
carbon approach gave way to increasingly sophisti-
cated gas-counting and liquid-scintillation counting
techniques in the 1950s. During this early dating
phase, however, and despite a growing awareness
of the problem, there was little or no attempt to cali-
brate radiocarbon years with calendar years based
on tree rings and other records. Thus, in this sec-
tion, ka* is used to designate uncalibrated radio-
carbon years before the present (i.e. '*C years BP,
rounded to 0.1 ka*).

Searles Lake was among the first pluvial lakes to
be treated by radiocarbon dating when Willard
Frank Libby (1908-1980), then at the University
of Chicago, reported ages of between 24 and
10.5 ka* years for the Parting Mud that lay
between salt deposits (Libby 1955). To Flint &
Gale (1958), the Parting Mud—Upper Salt couplet
indicated a deep freshwater lake, fed by the
Owens River, that later evaporated in a closed
basin. Stuiver (1964) confirmed these radiocarbon
ages, defined three phases of effective wetness
based on sedimentation rates, and reflected on
sample contamination caused by the incorporation
of older and younger carbon. The Bottom Mud—
Lower Salt couplet below the Parting Mud was
attributed to an earlier lake whose evaporative
phase was dated between 32 and 24.5 ka* by com-
paring '“C and *°Th ages (Peng ez al. 1978). Scholl
(1960) attributed the spectacular pinnacles at
Searles Lake to two phases of tufa precipitation
coinciding with deep lakes during Tahoe
(>32 ka*) and Tioga (23—-10 ka*) times.

Radiocarbon-age determinations were soon
extended to Lake Bonneville and Lake Lahontan,
for which Broecker & Orr (1958) derived 52 radio-
carbon ages from freshwater carbonates (shell, marl
and tufa). These ages, as reported at the time,
revealed low lake levels from before 34 to 25 ka*,
a highstand from 25 to 14 ka*, later oscillations
with highstands at 11.7 and 10 ka*, and a fall to
low Holocene levels after 9 ka*. They suggested
that spillage through Red Rock Pass may have
occurred as late as 11.7 ka*. This chronology
had implications for climate change and, although
later revised, provided a basis for debate. The
authors thought that a doubling of precipitation
and a 5°C fall in temperature relative to
modern annual values would suffice to form
these lakes.

Radiocarbon ages were often questioned by
scientists whose concepts disagreed with the new
findings. Thus, Antevs (1953), familiar with varve
chronologies from eastern North America and
northern Europe, questioned the validity of certain
terminal Pleistocene ages based on samples whose
'2C and "*C values he suggested had been contami-
nated. In general, however, scientists welcomed the
opportunities provided by radiocarbon dating and
sought to address issues as they arose, including
sampling contamination and diagenetic alteration,
calibration, and relations of complex carbonates,
such as composite tufas, to former lake levels.
Thus, Broecker & Kaufman (1965) produced a
revised chronology for lakes Bonneville and
Lahontan by comparing 80 new radiocarbon ages
with 2°Th-?**U isotope measurements. The
latter, one of several U-series disequilibrium
methods then being developed to fill the time
gap between radiocarbon and potassium-—argon
(**K-*Ar) dating, was found to be useful for
dating calcium carbonate deposited in lakes and
for defining ages beyond the temporal range of the
radiocarbon method. As reported in 1965, they
identified four highstands at 17, 14.5, 12 and
9.5 ka*, with a final downcutting of Red Rock
Pass around 12 ka*.

Roger Morrison (1914-2006), however, showed
that certain radiocarbon ages based on tufa were
reversed relative to chronologies based on soil stra-
tigraphy (Morrison 1964). Despite these ambigu-
ities, Morrison’s careful soil studies confirmed
most of the earlier work by Russell (1885) and
Antevs (1945, 1948) but refuted that of Jones
(1925) based on geochemical inferences.

Morrison (1964) concluded that the fluctuations
of Lake Bonneville and Lake Lahontan were both
similar and synchronous, and that these lakes
reached high levels when the Sierra Nevada glaciers
were most extensive. Morrison’s bold correlations
were widely cited during the latter half of this
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phase but, like many earlier concepts, were chal-
lenged as more data and improved age constraints
emerged. The need for care in selecting tufa
samples was revisited by Benson (1978), whose
Lahontan chronology avoided tufas presumed con-
taminated by younger carbon, recrystallization,
and mixing of lake and ground water. Problems
posed by small samples and by discrepancies
between radiocarbon years and calendar years
were also recognized.

Radiocarbon ages for Lake Mojave showed that
the main lake event ended around 14.5 ka*, and was
followed by shallow oscillations during the 13.75—
12, 11-9 and 8.5-7.5 ka* intervals (Ore & Warren
1971). Such evidence suggested a more complex
scenario for hydroclimatic forcing of the terminal
Pleistocene lake record, the implications of which
have since been revisited (e.g. Enzel er al. 2003).

During this phase, advances in isotope geochem-
istry opened more geochronological avenues, such
as dating volcanic ash in lake sediment by using
the potassium—argon method that had been formu-
lated around 1950 (Wilcox 1965). In addition,
palaeomagnetic signatures of datable changes in
Earth’s magnetic field began to be identified in
lacustrine stratigraphy (Cox et al. 1965).

While the potential of these dating techniques
was being pursued, pluvial lakes continued to be
explored from surface exposures and cores, and
remotely from increasing use of aerial photography
and, later in the phase, from satellite-based cameras
and sensors. The USGS renewed studies of saline
deposits in the Great Basin and Mojave Desert in
1952, publishing many core logs by 1960. Deep
cores from the Owens (280 m), China (213 m),
Searles (267 m) and Panamint (303 m) basins
revealed pluvial events preceding the latest
Pleistocene (Smith & Pratt 1957). Although these
events were too old for radiocarbon dating, sedi-
mentation rates for Searles Lake suggested that
the Bottom Mud was of early Wisconsin age and
that the underlying Mixed Layer was of Illinoian
age (Smith 1962). In Panamint Valley, Smith
(1976) found evidence for five or six deformed
shorelines which, extrapolating from a limiting
minimum '*C age determination for a shoreline at
648 m, ranged, he suggested, from 111 to 15 ka*.
Hunt & Mabey (1966) supported Blackwelder’s
belief in a Tahoe and Tioga age for Lake Manly,
while Hooke (1972) invoked a '*C age of 26—
10.5 ka* for the lake’s last highstand, and Hooke
& Lively (1979) derived U-series ages for tufas
showing earlier highstands between 225 and
135 ka. Interfingering muds and evaporites were
also mapped in the Bristol, Cadiz and Danby dry
lakes (Kupfer & Bassett 1962). To the north, from
interbedded lake and tephra deposits around Mono
Lake, Lajoie (1968) identified successive deep

Pleistocene lakes below 2188 m, the altitude of
the spillway to Adobe Valley and the Owens
River system (Fig. 7). From sedimentation rates
on Paoha Island, he estimated that the lake had
existed for at least the last 170 000 years. Lajoie
et al. (1982) concluded that deltas had formed
when Sierra Nevada glaciers reached their
maximum between 26 and 18 ka*, but that Mono
Lake rose to its last highstand after glaciers
had receded.

Pluvial lakes throughout Nevada were also more
thoroughly described during this phase (Mifflin &
Wheat 1979), while soil stratigraphy became an
important investigative tool for Lake Bonneville
and Lake Lahontan (Hunt er al. 1953, Morrison
1964, 1965; Sack 1989). Gilbert’s early recognition
(1875, 1890) of isostatic deformation at Lake
Bonneville was now expanded to explain models
of crustal viscosity and lithospheric loading (e.g.
Crittenden 1963). In Chihuahua, Mexico, Reeves
(1969) suggested that lagunas El Barreal,
Guzman, Santa Marfa and El Fresnal had formerly
combined to form pluvial Lake Palomas, which as
late as early Holocene time covered 5600 km? in a
in a closed drainage basin covering 60 000 km?.

During this phase, the retrieval of lake data from
much deeper boreholes than had been available
earlier also raised questions about the recurrence
of pluvial cycles throughout later Cenozoic time.
For example, a petroleum test hole in the western
Mojave Desert in 1952 passed through 30 m of
Lake Thompson deposits to penetrate fluvial and
lake deposits of presumed early Pleistocene—
Miocene age to a depth of 1700 m (1007 m below
sea level) without reaching hard bedrock (Dibblee
1963). Beneath Lake Bonneville, a 307 m-core on
the south shore of the Great Salt Lake revealed
sequential lacustrine and alluvial events after 3 Ma,
including, above the 99 m-deep Matuyama—
Brunhes magnetic boundary (c. 790 ka), cyclic
alternations involving 28 discrete soils interspersed
with lake sediment (Eardley er al. 1973).

The integrative phase, since 1980

Around 1980, the early dating phase, which invited
local and regional correlations, passed into an
integrative phase as more advanced spatial and
temporal methods were applied to questions at con-
tinental and global scales over deeper Pleistocene
time. This latter phase has undoubtedly been stimu-
lated by increasing concern among scientists, and
belatedly in government, for issues of environ-
mental degradation and climate change. Earlier
studies of pluvial lakes have been revisited,
revised and expanded, and much new work has
been initiated. This resurgent interest has yielded
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a plethora of high-resolution data that has greatly
enhanced knowledge of Pleistocene environmental
change and posed questions regarding the nature
and rate of present and future change. Assessments
of recent research have been the focus of many
reviews, for example by Smith & Street-Perrott
(1983), Sack (1989), Negrini (2002), Reheis et al.
(2002b) Benson (2004) and Phillips (2008). This
paper concludes with a brief sample of research in
this integrative phase, designed to relate recent
work to five principal avenues of enquiry -
geochronology, subsurface geology, geomorphol-
ogy, ecology and climatology — and to the
context afforded by earlier studies.

First, advances in geochronology have been pro-
moted by the refinement of radiocarbon dating and
the application to pluvial lakes of dating methods
often conceived earlier but for which adequate
technology had been lacking. Thus, the advent
of accelerator-mass spectrometry (AMS) in the
late 1970s and further advances in gas- and
liquid-scintillation counting methods have per-
mitted high-precision analyses of minute radio-
carbon samples from the past 60 000 years (e.g.
Thompson et al. 1990; Stuiver et al. 1998).
Within this time frame, however, recognition of
the widening discrepancy, with age, between radio-
carbon years and calendar years has stressed the
need for calibration with tree rings, varves and
marine corals (Stuiver et al. 1998), and continuing
refinement of calibration methods and standards
(e.g. Bondevik er al. 2006). Increasingly during
this phase, published research has specified
whether ages are presented in radiocarbon years
or calibrated calendar years before present, or
both, with minor age discrepancies reflecting differ-
ent calibration schemes and their continuing refine-
ment. In the present context, and ignoring standard
deviation errors, uncalibrated radiocarbon years
before present are, as previously mentioned, desig-
nated as ka* ('4C years BP, rounded to 0.1 ka*), but
with calibrated calendar years before present added
in parentheses as ka (i.e. cal years BP, rounded to
0.1 ka). Calibrated ages are based on the Cologne
Radiocarbon Calibration & Palaeoclimate Research
Package (CalPal2007_HULU). Generalized ages
based on other methods, again ignoring standard
errors, are simply designated as ka and Ma.

Beyond radiocarbon dating, AMS technology
has also led to significant advances in the appli-
cation of other cosmogenic isotopes to lake fea-
tures. Notable among these has been the use of
isotopes with half-lives that fill the gap between
the relatively short-lived "*C and the long-lived
U-series, ‘°K-%Ar, and *°Ar-*Ar methods.
These include surface-exposure dating using cos-
mogenic radionuclides, such as 4ICa (half-life
130000 years), °Cl (300000 years), 2°Al

(730 000 years) and '°Be (1.5 Ma) (Dorn & Phillips
1991). Thus, based on *°Cl accumulated in shingle,
a barrier beach in Death Valley has been dated
around 153 ka, or around the Illinoian glacial
maximum (Phillips, in Orme & Orme 1991).
Saline sediment from Searles Lake has also been
dated by **Cl (Phillips et al. 1983). Tephrochrono-
logy, aided by electron microprobes, has provided
useful age constraints, especially for lakes in the
NW Great Basin close to Cascade volcanoes (e.g.
Davis 1983; Negrini 2002).

Second, advances in coring technology and
laboratory methods have led to a better understand-
ing of pluvial lakes through deeper time. Thus, a
323 m-core (OL-92) from Owens Lake, constrained
by mass-accumulation rates, magnetostratigraphy,
tephrochronology and radiocarbon dating, pene-
trated the 790-ka Matuyama—Brunhes magnetic
reversal and the 760-ka Bishop volcanic ash near
its base, and revealed a shallow lake until 450 ka
and then a deeper lake suggestive of tectonic subsi-
dence (Smith & Bischoff 1997). The core showed
almost constant sedimentation rates but changes in
sediment chemistry (e.g. CaCOs, organic C) and
clay minerals (e.g. illite, smectite) revealed lake
cycles dominated by 100 000-year periodicities
(Bischoff et al. 1997). Because oolites occurred
only in the topmost deposits, it was assumed that
climate since around 5 ka has been drier than at
any time over the past 800 000 years. Farther
south, a 930 m core (KM-3) from Searles Lake has
revealed climate changes since 3.2 Ma, constrained
by U-series and K—Ar ages, with muds reflecting
deep water fed by Owens River inflow in a wet
climate, and evaporites indicating dry conditions
(Smith 1984). Climate trends leading to increased
regional runoff are recorded later in Searles Lake
than in Owens Lake (because the latter had first to
overflow), whereas trends leading to decreased
regional runoff and desiccation are recorded earlier
in Searles Lake than in Owens Lake (Smith &
Bischoff 1997). A 186 m core (DV93-1) from
Death Valley, dated using the ***Th/***U method,
has revealed perennial lakes up to 300 m deep
during cold wet intervals from 186 to 135 ka, and
again from 35 to 10 ka, whereas mudflats and salt
pans characterized the intervening cool dry con-
ditions from 135 to 35 ka, and after 10 ka (Fig. 9)
(Lowenstein 2002; Forester er al. 2005). Although
these three cores are comparable, except for
hydrological lags, they raise questions about the
timing and magnitude of relative inputs from
the Owens, Amargosa and Mojave rivers, and the
role of links within and beyond these rivers.

Deep cores well constrained by tephra have also
been retrieved elsewhere, for example a 300 000
year-record from Lake Chewaucan in the NW
Great Basin (Allison 1982), and a 3 Ma-record
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Fig. 9. Palaeoclimate record for Death Valley, California, for the last 200 000 years from core DV-93—1, an
example of research during the integrative phase (Lowenstein 2002). (A) Lake levels and palacoenvironments.

(B) Ostracodes. (C) U-series ages of high-shoreline tufa. (D)

Maximum homogenization temperatures of

fluid inclusions in halite. (E) Sulphate minerals. (F) Weight per cent calcite. (G) U-series ages, interpolated ages

and marine oxygen isotope stages.

from Tulelake (Lake Modoc) just outside the Great
Basin in northern California (Adam et al. 1989).
Further, older cores, such as that retrieved earlier
from the Great Salt Lake (Eardley er al. 1973),
have been reinterpreted using improved techniques
and better understanding of palaeoenvironmental
evidence (Oviatt et al. 1999).

Third, renewed surface investigations have
refined the understanding of late Pleistocene and
Holocene lake fluctuations. Whereas cores provide

valuable temporal data, such records lack a spatial
dimension, other than by inference. Herein lies the
significance of datable shoreline features that
define the dimensions of former lakes, although
unambiguous interpretation is often complicated
by later erosion and tectonic activity, and by the
preferences of different investigators. Furthermore,
earlier "*C-based chronologies have been revised,
for example for Lake Bonneville where Scott et al.
(1983) rejected dates for tufa and marl, and for
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shells older than 20 ka* or whose *°Th ages were
much greater than '*C ages. Even as debate con-
tinues, late Pleistocene events at Lake Bonneville
are presently thought to involve prolonged closed-
basin oscillatory transgressions from before 30 to
15.3 ka* (before 34 to 18.4 ka), followed by the
open-basin Bonneville and Provo shoreline phases
from 15.3 to 14.2 ka* (18.4-17.4 ka), separated
by downcutting of the Red Rock Pass threshold
around 14.5 ka* (17.6 ka) and concluding with
episodic closed basin regressions after 14.2 ka*
(17.4 ka), which lowered the lake to near-modern
levels by 12 ka* (14 ka) (Currey et al. 1983; Scott
et al. 1983; Currey 1990; Oviatt et al. 1992, 2005;
Sack 1999). A minor transgression occurred
within the interval 11-10ka* (12.9-11.5 ka),
forming the Gilbert shoreline, before the lake fell
towards the late Holocene modern level of the
Great Salt Lake.

Farther west, dated features have shown how
Lake Lahontan has risen and fallen many times
since 40 ka in response to climate forcing and chan-
ging intrabasin linkages (Benson et al. 1990). In the
tradition of Gilbert (1890), who revealed up to 75 m
of isostatic deformation at Lake Bonneville, central
Lake Lahontan has been found to have risen 22 m
from hydroisostatic rebound and faulting since its
last highstand at 13 ka* (15.9 ka) (Adams et al.
1999). The Pyramid Lake sub-basin of the Lahontan
system also saw a terminal Pleistocene highstand at
around 10.8 ka* (12.8 ka) and again in late
Holocene time (Briggs et al. 2005).

At Owens Lake, dated transgressive and regres-
sive sediment facies have defined the timing and
extent of lake oscillations from around 31 ka* (35
ka) into Holocene time, with a highstand at
around 20 ka* (23.5 ka) during the last glacial
maximum, and two prominent terminal Pleistocene
highstands at around 12.2 ka* (14.3 ka) and
10.9 ka* (12.8 ka), the latter during the earlier
wetter phase of the Younger Dryas cold phase
(Orme & Orme 2008). The late Pleistocene shore-
line sequence at Owens Lake and the lake’s
former spillway to the south have since been dis-
rupted by tectonic and magmatic forcing (Orme &
Orme 2008).

In Death Valley, Hooke (1999) has correlated
shoreline fragments 90 m above sea level with
core evidence for a 186—120 ka-deep lake and,
allowing for later crustal warping and transpression,
has speculated, somewhat controversially, about
expansion of that lake southward into the eastern
Mojave Desert. Surface evidence has also been
invoked to refine Holocene lake changes, notably
at Mono Lake (Stine 1990), Lake Mojave (Enzel
et al. 1989, 2003) and in the Chihuahuan Desert
(Castiglia & Fawcett 2006).

Surface investigations of older lake beds, com-
bined with climate and tectonic modelling, have
raised questions about the forces shaping Pliocene
and early Pleistocene events. Lake Lahontan, for
example, may have been much larger during early
and middle Pleistocene time, a possibility best
explained by invoking wetter climates and later tec-
tonic changes (Reheis et al. 2002a, b). Late Plio-
cene lake beds in the Waucoba embayment east of
Big Pine indicate a westward shift in deposition
caused by uplift of the White—Inyo Mountains rela-
tive to Owens Valley (Bachman 1978). Further, dis-
sected lake beds interbedded with airfall tephra
reveal that a climate much wetter than today sus-
tained Lake Tecopa from 3 Ma until its downstream
sill was breached after 160 ka (Hillhouse 1987;
Morrison 1991). Such evidence implies that the
Sierra Nevada, possibly 1000 m lower around 3 Ma
than today, may have presented a less effective
barrier to eastbound Pacific storms well into Pleisto-
cene time (Huber 1981; Phillips 2008).

Fourth, although ecological studies of pluvial-
lake biota are by no means new, the exchange of
information and ideas across disciplinary bound-
aries has increased significantly. Studies of
diatoms, ostracodes, molluscs, insects, fish, pollen,
and plant and animal megafossils trapped in lake
sediment have refined changes in temperature, sal-
inity, water volume and depth, and basin environ-
ments for Pleistocene lakes. Following Hubbs &
Miller (1948), recent studies of the depauperate
fish fauna of the Great Basin have shown that lin-
kages with neighbouring basins have existed on
and off since Miocene time and that small isolated
fish populations are prone more to extinction
than to speciation (Smith et al. 2002). For Lake
Bonneville, fossil ostracodes retrieved from the
GLADS800 core reveal four major glacial—
interglacial sequences after 280 ka (Balch et al.
2005), while pollen studies have shown that the
last two pluvial optima, during Marine oxygen
Isotope Stages (MIS) 6 and 2, saw a regional veg-
etation mosaic of cold-dry pine woodland and sage-
brush steppe (Davis 2002). Extinct mammalian
faunas have also received more attention (e.g.
Jefferson 1991). Such data feed readily into
studies of climate change.

Finally, the search for climatic meaning from
increasingly sophisticated data and, conversely, the
application of climate models to empirical data,
have led to advances in palaeoclimatology, includ-
ing correlations with marine isotope stages. Better
understanding of past climates in turn provides
useful information against which to measure
present climate trends and to plan accordingly.

Pluvial lakes have climatic meaning over a wide
range of scales. Atlocal scales, clastic and evaporite
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sediment (e.g. Smith 1984; Lowenstein 2002),
transgressive—regressive facies (e.g. Orme &
Orme 2008), oxygen isotope indicators (e.g.
Benson 2004), and biotic proxies such as diatoms,
ostracodes and pollen (e.g. Bradbury 1997) reveal
much about alternating wet and dry conditions
within lake basins. Past wind regimes, inferred
from beach properties, lake bathymetry and wave
variables, suggest that sustained wind speeds
during pluvial maxima were twice those of today
(Orme & Orme 1991). Post-pluvial wind erosion
is measurable at Lake Thompson where Holocene
deflation of the former lake’s depocentre has
brought moderately deep-water deposits from
around 20 ka* (c. 24 ka) to within 4 m of the
modern playa surface (Orme 2008).

At the regional scale, the onset and cessation
of glaciogenic rock-flour deposition in pluvial
lakes constrain the timing of Pleistocene glacia-
tions in nearby mountains (e.g. Bischoff &
Cummins 2001). Oxygen isotope data from lake
organisms have been compared with a 500 000
year vein-calcite record from Devils Hole,
Nevada, to establish regional palacotemperature
trends (Winograd et al. 1992; Smith et al.
1997). Evidence from the smaller Holocene
successors to Pleistocene lakes offers valuable
insight into regional wet and dry trends lasting
from several decades to centuries, notably from
the Carson Sink and Pyramid Lake in the
Lahontan Basin (Adams 2003; Mensing et al.
2004) and from Mono Lake (Stine 1990). Such
information is relevant to water-resource plan-
ning in the face of likely prolonged droughts in
the future, particularly as many large cities in
the American West now rely extensively on
water imported from distant drainage basins.

At the continental scale, pluvial lakes have
attracted interest as surrogates for Pleistocene cli-
mates across North America. Thus, the deep lake
in Death Valley has been correlated with the
[linoian glaciation (MIS 6). Later, during the last
glacial maximum (MIS 2), most pluvial lakes in
the southern Great Basin (30—35°N) rose to high
levels between 25 and 18 ka, and then receded
from 18 to 15 ka. This implies that maximum con-
tinental glaciation and optimum pluviation were
responding to comparable climate forcing, with
Pacific storm tracks forced far to the south by the
strong glacial anticyclone over northern North
America (Antevs 1945). In contrast, in the northern
Great Basin (c. 40°N), lakes Bonneville, Lahontan
and Franklin reached their highest levels at around
18—16 ka, thus lagging behind the last glacial
maximum (Thompson et al. 1990). This implies
that eastbound storm tracks moved north as conti-
nental glaciation waned. Further, following Croll
(1864) and Milankovitch (1930), evidence from

lake sediment has revealed cycles that have been
linked to Earth’s orbital variations (e.g. Smith &
Bischoff 1997; Woolfenden 2003).

Terminal Pleistocene lake oscillations also
invite speculation about climate change during the
transition from MIS 2 to MIS 1. Because
glaciogenic inputs to Owens Lake fell rapidly
after 15.5 ka (Bischoff & Cummins 2001), trans-
gressions around 15—12 ka were probably triggered
not by glacial meltwaters but by continental-scale
climate changes involving increased precipitation
and runoff and/or reduced evaporation. A later
transgression, recorded from Lake Bonneville
(Oviatt et al. 2005), Lake Lahontan (Benson &
Thompson 1987; Briggs et al. 2005), Mono Lake
(Benson et al. 1998) and Owens Lake (Orme &
Orme 2008), more certainly correlates with the
cold moist phase of the Younger Dryas interlude
(13-11.5 ka) now recognized across the northern
hemisphere. Thus, by Younger Dryas time, pluvial
lakes in and around the Great Basin had approached
synchrony. These oscillations reflect climate
changes operating at millennial or shorter time-
scales that were superimposed onto global
warming trends, and invite correlation with high-
resolution 3'%0 records derived from Greenland
ice cores (e.g. Grootes & Stuiver 1997) and
marine sediments (e.g. Bond ef al. 1993).

Thus, following Meinzer (1922) and Antevs
(1945), climate concepts involving latitudinal
shifts in the path of the polar jet stream across
North America have been resurrected to explain
phased pluvial-lake stages across the region on
timescales of 10*—10° years (Negrini 2002; Enzel
et al. 2003; Benson 2004), while more frequent
oscillations have been explained in terms of
ocean—atmosphere—cryosphere feedback mechan-
isms over timescales of 10°~10" years. Even so,
spatial heterogeneity and many anomalies still con-
found such analyses (Mock & Bartlein 1995).

Overview and prospect

Research on the Pleistocene pluvial lakes of the
American West developed in five phases. First,
the pioneer phase before 1870 identified the
surface features of many lakes. Second, the classic
research of Gilbert and Russell on lakes Bonneville
and Lahontan in the 1870s and 1880s provided
broad explanations of late Pleistocene lakes, but
raised more questions than could be answered at
the time. Third, the consolidation phase between
1920 and 1955 saw much correlation, notably
based on Blackwelder’s glacial chronology for the
Sierra Nevada, and speculation by Antevs concern-
ing the relationship of lake changes to climate
forcing. Fourth, radiocarbon dating from the
1950s onwards stimulated geochronologies for
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late Pleistocene and Holocene lakes, even as cores
and deformed surface exposures began revealing
more about earlier Pleistocene lakes. Fifth, since
1980, pluvial lakes have been re-examined from
broader perspectives of climate and environmental
change over deeper time, and the archives contained
within them reinterpreted in response to changing
scientific concepts and societal needs.

This progress has been cumulative but episodic.
The pioneer surveys before 1870 laid the foundation
for more discerning studies by Gilbert and Russell,
which in turn set the framework for research linked
with water and mineral resources before 1920.
Lacking age constraints, however, progress then
stalled. The resurgence of interest that accompanied
the advent of radiocarbon dating has accelerated in
recent decades, stimulated by cross-disciplinary
studies and a broadening range of investigative tech-
niques. In retrospect, each phase clearly reflected the
political, social and economic realities of its time,
which in turn shaped the intellectual climate and
the resources available. But each phase also pro-
vided the foundations upon which subsequent
research was built, even as changing realities and
new scientific concepts challenged earlier notions
and generated the driving force for further enquiry.

Research into past and present lakes of the
American West continues apace, driven by chan-
ging concepts and needs, not the least of which is
the necessity to understand better the temporal
and spatial changes that affect the region’s
water resources.

Despite recent advances, many challenges
remain. For example, the Holocene desiccation of
Pleistocene lakes and the fluctuations of their suc-
cessor lakes demand more study as the prelude to
understanding continuing climate change; lake
changes across the Pleistocene—Holocene boundary
need further investigation as surrogates for less
accessible environmental changes across earlier
glacial—-interglacial transitions; pluvial-lake beha-
viour during the last interglacial—glacial transition
needs better understanding in order to reveal more
about the onset of terrestrial cold beyond the ice
front; and, for the less certain records of pluvial
lakes from the earlier Pleistocene, it is important
to define the relative roles of climate and tectonism
in forcing the changes observed. Historic studies of
the pluvial lakes of the American West, as discussed
here, provide the essential foundations for future
research, even as investigative technologies
improve and research agendas change with scienti-
fic advances and societal needs.

The author warmly appreciates the thoughtful and con-
structive reviews of this paper provided by F. M. Phillips
and D. Sack, the cartographic expertise of C. Langford,
and the editorial input of D. R. Oldroyd.
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Evolution of the theory of continental glaciation in northern
and eastern Europe
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Abstract: The theory of continental glaciation was worked out independently in different
countries, but the idea that glaciers had formerly expanded over much larger areas than today
was born in Switzerland (Venetz-Sitten, von Charpentier, Agassiz et al.). From the region of
‘living glaciers’ in the Alps, scientists could make direct comparisons between areas now occupied
by ice and those evidently abandoned by ice. Otto Torell in northern Europe and Piotr Kropotkin in
Russia are most often named the ‘fathers’ of the glacial theory. But, in fact, Karl Eduard Eichwald
(1795-1876) was the first in the Russian Baltic provinces to consider the possibility of the wide
distribution of ice in lowland areas. The glacial theory was strongly supported by the academician
Friedrich Schmidt (1832-1908), and features of several glaciations in northern and eastern Europe
were first mentioned by Constantin Grewingk in 1879.

The theory of continental glaciation was developed
independently in different countries. In northern
Europe the starting points are often connected
to the well-argued reports by Otto Martin Torell
(1828-1900) in the Stockholm Royal Society in
1864 and at the German Geological Society in
Berlin in 1875, from which the glacial theory was
eventually considered to be scientifically proven.

But long before Torell, the glacial theory had
been worked out in mountain areas where scientists
could measure the movement of ‘living glaciers’. In
1821 Ignaz Venetz-Sitten (1788—1854) argued
before the Helvetic Society at Luzern that at some
time in the past glaciers had been much more exten-
sive; and in 1829 he stated that not only the Alps but
the whole of northern Europe had once been gla-
ciated (Andersen & Borns 1994). In 1824 the Nor-
wegian geologist, Jens Esmark, reached a similar
conclusion concerning glaciers in the mountains
of Norway. In 1832, the German professor
R. Bernhardi (1797-1849) advanced the idea that
glacier ice from the far north had once extended
across Europe to reach Germany in the south
(Kahlke 1984).

In 1834 Johann Georg von Charpentier (1786—
1855), a member of the Helvetic Society at
Luzern, strongly supported Venetz’s views (Ander-
sen & Borns 1994). In 1837 the young zoologist
Louis Agassiz (1807—1873) read his epoch-making
paper before the Helvetic Society, ‘picturing a great
ice period’ caused by climatic changes and marked
by a vast sheet of ice extending from the North Pole
to the lowlands. The substance of the address was
published in 1840 in his famous work Etudes sur
les glaciers (Agassiz 1840). Nowadays, most of

glacial geologists and physical geographers
acknowledge the pioneering role of Agassiz in the
propagation of the glacial theory. He spoke much
about glacial ages but paid less attention to the
mechanisms of ice motion and the glacial
theory itself.

What happened in northern and eastern
Europe?

In its early stage of development, the glacial theory
was based principally on the occurrence of erratic
boulders, which essentially differed from the
bedrock on which they were lying. Erratic boulders
had long been known but the prevalent theories of
their origin were based on the idea of transport by
rivers and marine ice. However, it was difficult to
attribute huge boulders — for example, Muuga
Kabelikivi in Estonia with a diameter of 58§ m —
to this kind of transportation (Fig. 1).

Estonia is extremely rich in erratic boulders and
glacial rafts. Most of the boulders with a circumfer-
ences above 30 m (or more than 10 m in length)
known in northern Europe occur in Estonia, where
their number reaches 62. In addition, there are
some 1900 boulders with lengths of more than 3 m
(Raukas 1995). Many giant erratic boulders have
been found in the sea. For instance, 2—3 km NE of
the island of Osmussaar in NW Estonia, there are
boulders up to 100 m in diameter and nearly 30 m
high. These are supposed to have been carried
there by a glacier from the circular ridges of the
nearby Neugrund Meteorite Crater, 3—4 km north
of the boulder locality (Suuroja 2006).

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 79—86.
DOI: 10.1144/SP301.5 0305-8719/08/$15.00 © The Geological Society of London 2008.
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Fig. 1. Muuga Kabelikivi near Tallinn in Estonia. Photograph by the author.

It was no mere chance that Estonia was among
the regions where the idea of ancient glaciations
was first advanced. This was favoured by the proxi-
mity of the territory to the former centre of glacia-
tion and by the similarity of local boulders to the
Finnish basement. As early as 1815 the Russian
mineralogist, Vassiliy Severgin, advanced the bold
idea that boulders in northern Estonia had origi-
nated in Finland and had been carried south by ice
(Severgin 1815). However, in his later papers, evi-
dently under the influence of Lyell’s ‘drift
theory’, he favoured the idea that they had been
transported by icebergs and powerful tidal streams.

Karl Eduard Eichwald (1795-1876) (Fig. 2),
zoologist and palaeontologist of Tartu University,
later professor in Vilnius, Kazan and Sankt-
Peterburg, was the first in the Russian Baltic pro-
vinces who clearly stated that at least northern
Estonia had once been covered by an active
glacier, which shaped the topography and carried
boulders across its shores. By the mid 1840s, Eich-
wald (1846) had reached the conclusion that the
boulders occurring in diluvial formations had been
detached from the Scandinavian mountains by
glaciers and transported to Estonia by marine
ice. Probably, he was influenced by Roderick
Murchison, Edouard de Verneuil and Alexander
Keyserling, who a year earlier had vigorously
denied the idea of glacial transport of erratic
boulders in his study area (Murchison et al. 1845).
However, Eichwald had collaborated with Louis
Agassiz in a study of Devonian placoderms and
was well acquainted with Agassiz’s idea of a great
ice age. Therefore, in this paper he probably tried
to combine both concepts (Raukas 1982).

Some years later he (Eichwald 1853) supported
the idea that the ancient ice sheet had extended
over vast areas and reached at least as far as NW
Estonia, leaving behind not only the boulders, but
also scratches on the surface of carbonate rocks.
Judging by several papers, local geologists were

Fig. 2. Karl Eduard Eichwald (1795-1876). Archive of
Tartu University.
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well acquainted with Agassiz’s ideas. For instance,
Wangenheim von Qualen (1852) stressed that Agas-
siz’s theory could not be allied to the territory of
Russia, and that the boulders were transported
there by water with the help of bottom ice and ice-
bergs. This example shows how in eastern Europe
the glacial theory was already a subject of active
debate in the 1840s—1850s.

Eichwald also co-operated with Otto Hermann
Wilhelm Abich (1806-1866), who worked in
Germany in the 1830s and was well acquainted
with Agassiz’s work in the Alps. In 1842 Abich
was recommended for the post of professor at
Dorpat (Tartu) University, where he worked until
1847. At the very beginning of his Tartu tenure,
he studied the Caucasus where he found irrefutable
traces of ancient glaciations and confirmed that the
hypothesis Agassiz had proposed for the Alps was
also valid for the Caucasus (Raukas 1982).

Although Torell published his land-ice theory in
1872 in the Proceedings of the Royal Swedish
Academy (Torell 1872), a number of outstanding
geologists had already travelled to Sweden to
study glacial phenomena in 1864 following
Torell’s historic speech to the Stockholm Royal
Society. Among them was the most prominent
Russian geologist of the nineteenth century, the
first head of the Russian Geological Committee,
academician Gregor Helmersen (1803-1885)
(Fig. 3). After a trip to Scandinavia in 1864, he
visited Estonia and northern Livonia to study
erratic boulders and local geology.

In 1865 Helmersen travelled in Karelia, Finland
and Tver Province. The information he obtained
from a very large territory served as the basis for
his well-known monograph ‘Studien iiber die Wan-
derblocke und die Diluvialgebilde Russlands’, in
which he rejected the drift hypothesis (Helmersen
1869). Helmersen considered the distribution of
erratic boulders and the formation of boulder
clays and striations to be the result of the combined
action of a continental ice sheet, icebergs and ero-
sional processes on land. This conclusion is quite
close to modern ideas.

One of the strongest supporters of the glacial
theory in Tsarist Russia was the academician
Friedrich Schmidt (1832-1908) (Fig. 4). During
the summer of 1864 he studied the Quaternary
geology of Estonia, and the following year pub-
lished the results under the title, ‘Untersuchungen
iber die Erscheinung der Glazialformation in
Estland and auf Oesel’ (Schmidt 1865), in which
he demonstrated the undoubted correlation of
Estonian and Swedish glacial deposits. He main-
tained that these deposits had been transported
and deposited by an ice sheet spreading from
Scandinavia and Finland over the whole of the ter-
ritory that he had studied. He did not refute the

Fig. 3. Academician Georg Helmersen (1803—1885),
the first Head of the Russian Geological Committee.
Archive of Tartu University.

Fig. 4. Academician Friedrich Schmidt (1832-1908).
Archive of Tartu University.
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possibility that glaciers from the mountains of
Scandinavia could have descended into the basin
of the Baltic Sea where large icebergs broke off
and moved southward.

Several years later, Schmidt proved beyond
reasonable doubt that during the glacial epoch the
Scandinavian ice sheet had extended over the
Baltic Sea depression and surrounding territories
(Schmidt 1871). As a typical glacial sediment on
carbonate bedrock he described the rihk/riihk —
basal till with angular limestone pebbles and
cobbles (Fig. 5).

In the Russian literature, much attention is paid
to the studies of Piotr Alekseyevich Kropotkin
(1842-1921), son of the General. Being well off,
he could travel. In 1869, while investigating
erratic boulders on the Island of Suur-Tiitarsaar,
he concluded that they had been carried there by
continental ice (Kropotkin 1869). On 24 October
1873, Kropotkin argued before the Russian Geo-
graphical Society that in the past glaciers had
covered the territory of Finland. In the same year
he published his report of the Olekma—Vitim
expedition in Transbaikalia. Here he found polished

Fig. 5. Typical local till (termed ‘rihk’ by Friedrich
Schmidt) on the carbonaceous bedrock in northern
Estonia. Photograph by the author.

and scratched boulders in the river valleys, and
concluded that they had been transported and rede-
posited by a large and thick glacier which had for-
merly covered the surrounding mountains
(Ivanova & Milanovsky 2006). In his lecture
before the Russian Geographical Society, on 21
March 1874, he stressed that continental ice
covered vast portions of the European part of
Russia. In 1876 Kropotkin published his volumi-
nous book Researches on the Glacial Period, in
which he described in detail different aspects of
the morphology, structure and origin of glacial
and glacially related deposits and landforms
(Kropotkin 1876). As the book was published in
Russian, it remained practically unknown in
Western countries. However, by that time the
glacial theory had already been widely accepted.

Louis Agassiz’s pioneering ideas were supported
in many classic papers; for example, by
T. F. Jamison (1862) and Archibald Geikie (1863)
in the UK, and by Timothy Conrad (1839) and
Edward Hitchcock (1841) in North America (cited
in Flint 1965 and Kahlke 1984). Agassiz himself
arrived in the United States in 1842 to become a pro-
fessor at Harvard where he hastened the wide accep-
tance of the glacial theory. Publication of a
voluminous (575-page) book, The Great Ice Age
and its Relation to the Antiquity of Man by Geikie in
1874, indicates that in the 1870s the glacial theory
had been accepted practically everywhere. From
time to time, however, there appeared groups of scien-
tists who interpreted the glacial deposits as being of
marine origin based on the presence of marine fauna
in tills, and even went so far as to ignore or downplay
the glacial evidence. Such ideas were especially
strong in the former Soviet Union in the 1960s and
1970s. However, as demonstrated by Dreimanis
(1970), marine fossils in the Quaternary deposits are
insufficient evidence for marine deposition because
fossils can be redeposited.

One or More Glaciations? Further
Developments of the Glacial Theory

It was originally assumed that northern and eastern
Europe had only been affected by one glaciation,
but in 1879 Constantin Caspar Andreas Grewingk
(1819-1887) (Fig. 6), Professor of Mineralogy at
Tartu University, established that southern Estonia
and northern Latvia (Livonia) had, in fact, been gla-
ciated at least twice (Grewingk 1879).

In the Alps, the possibility of more than one gla-
ciation had been known much earlier. By 1822
Venetz had already recorded a layer of lignite
between two horizons containing glacial deposits
near the shore of Lake Geneva, Switzerland. He
suggested that the lignite represented a warm
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Fig. 6. Constantin Caspar Andreas Grewingk (1819—
1887), who suggested two glaciations in the Baltic area
in 1879. Archive of Tartu University.

period that separated two glacial periods (Andersen
& Borns 1994). In 1879 Albrecht Penck, in northern
Germany, proposed three glaciations. Between
1901-1909 he and Eduard Briickner presented con-
vincing field observations that indicated four glacial
advances (Penck & Briickner 1909). Even up until
now, the exact number of glaciations is unclear
and depends on the definition of glaciation and
interglaciation. The Baltic States were covered by
ice at least six or seven times.

Before the glacial theory was widely accepted,
poorly sorted unconsolidated surficial deposits
were thought to be the result of the Biblical flood
of Noah. In Germany, the term diluvium was widely
used. In the British Isles, the same material was
called drift, a term also used to describe sediments
transported along coasts. With the acceptance of
the glacial theory to explain the origin of these
deposits, glacial drift has come to be the general
English term for all sediments transported and
deposited by glaciers or associated rivers. Currently,
the Scots term #ill is used in the English literature
for glacial deposits, while in various languages of
eastern Europe the term moraine is used for both
glacier-depositional landforms and deposits.

During the early studies of glaciers, attention
was essentially focused on glacial morphology.
Data on sediments were gathered mainly alongside
or down-valley from modern Alpine glaciers, where
superglacial till was distinguished from basal till.

A basal compact till overlain by a looser and
coarser laminated upper till was also distinguished
in lowland areas. Earlier, the American
T. C. Chamberlin (1883, 1884), one of the founders
of modern Quaternary geology, differentiated three
classes of drift: subglacial till or ‘true till’; upper till
(englacial or superglacial till); and subaqueous till
(berg till, floe till), and explained their formation.
He emphasized that glaciers were merely assumed
to be the chief agents; but that secondary and
associated agencies were also very important.

Concerning the subglacial transport of debris,
two mechanisms were considered in northern and
eastern Europe during the nineteenth and the first
half of the twentieth century: glacial drag under
the ice sole; and transport of debris in the basal
part of glacier ice. It was emphasized that till was
left behind by passive melting of stagnant ice.
Also, two types of marginal landforms were differ-
entiated — push moraines and lateral moraines.
Only in the 1970s, was it postulated that till had
mostly accumulated below the moving ice and a
classification proposed for dynamic facies and sub-
facies of ground moraines (in the sense of till)
(Lavrushin 1970), resulting in several descriptive
names of genetically diverse moraines (tills);
for example, facies of plastic flow, monolithic
moraine, facies of large rafts, facies of imbricate
or scaly moraine, and facies of altered moraine.

The Finnish investigator Hans Magnus Hausen
(1884-1979), who worked in the NW portion of
the East European Plain at the beginning of the
twentieth century was the first to attempt a recon-
struction of glacial retreat during the last glaciation.
In his famous monograph ‘Materialen zur Kenntnis
der Pleistozénen Bildungen in den russischen Ost-
seeldndern’ (Hausen 1913) he presented palacogeo-
graphical schemes that showed successive locations
of the active margin of the glacier and the distri-
bution of proglacial lakes. Nowadays, most geol-
ogists working in this area support the concept of
limited stadial movement of ice cover and the
large amount of stagnant ice. However, researchers
still disagree as to the extent and thickness of these
dead-ice fields. In the course of deglaciation, active,
passive and dead-ice conditions probably under-
went a gradual change depending on the climate
and bedrock topography. Flow tills and collapses
of ice cavities were common in dead-ice areas,
which is why organic layers with different ages
often occur in unusual stratigraphic positions and
why they show both horizontal and vertical displa-
cement (Raukas & Karukidpp 1994).

At the beginning of the last century a great
contribution to the glacial theory was made by the
Swedish geologist Gerard de Geer (1912), who
divided the deglaciation history of Scandinavia into
three major stages — Daniglacial (20 000—13 000
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years ago), Gotiglacial (13 000—10 000 years ago)
and Finiglacial (10 000—8000 years ago) — each
of which had different palaeoglaciological con-
ditions. de Geer also introduced a new and precise
varvological method of investigation, which
enabled the establishment of a real geochronology
based on counts of annual sediment layers covering
the last 12 000 years.

Contemporary studies show (Raukas & Karu-
kipp 1993) that the Daniglacial was characterized
by the development of a thick cover of glacial depos-
its in the marginal areas of an extensive glacier. Dif-
ferentiated accumulation of glacial deposits as
insular heights on ice divides and accumulative for-
mations between ice streams are typical of the
Gotiglacial. The Finiglacial was characterized in
erosional glacial formations, radial eskers and drum-
lins. The Finiglacial ice lobes are bounded by end
moraines, marginal eskers and glaciofluvial deltas.
In contrast to the Dani- and Finiglacial, the Gotigla-
cial stage was specified by a high activity of glacial
streams and lobes, and a highly variable glacial mor-
phogenesis in different areas.

For more than a century, indicator boulders have
been studied in detail in different countries. They
show precisely the direction of ice movement, and
promote resolution of several stratigraphical and
palaegeographical problems. Altogether about 100
different indicator boulders have been described
in the Baltic States alone. The results are summar-
ized in the monograph, Crystalline Indicator
Boulders in the Baltic States (Gudelis 1971).
Thanks to common efforts of scientists of different
countries, the deglaciation history in northern and
eastern Europe has been dated extensively using a
variety of methods including '*C, varve chrono-
logy, electron spin resonance (ESR), thermolumi-
nescence (TL), optically stimulated luminescence
(OSL) and '°Be dating.

In the second half of the century, the great influ-
ence of subglacial topography on the movement of
ice was pointed out by different authors. The Scandi-
navian continental glacier had a radial-sectoral
structure and formed concentric belts around a
glacial centre (Aseyev 1974). Glacial streams with
different speeds and energy alternated regularly
with ice-divide areas. Glacial accumulation was
concentrated into interlobate subglacial uplands,
resulting in the formation of a peculiar type of
uplands — accumulative insular heights. The for-
mation of such heights included subglacial, engla-
cial, frontal and stagnant ice stages of
morphogenesis (Karukdpp et al. 1999). These
heights have a bedrock core and are composed of
several till beds with related intermorainic deposits.

Glacial accumulative insular heights, some
thousands of square kilometres in area, form sub-
meridional systems comprising from two to four

Fig. 7. Time-transgressive reconstruction of the glacial
dynamics and morphogenesis of the SE sector of the
Scandinavian ice sheet at the end of the Weichselian
Glaciation (after Karukdpp 1997): 1, glacier margin; 2,
ice flow direction in the final stage of its activity; 3,
bedrock upland of ice shed; 4, accumulative insular
height; 5, interlobate complex of landforms; 6, ice shed
between glacial flows; 7, local ice shed.

units each, possessing a typical hummocky dis-
sected topography and separated from each other
by lowlands projecting high above their surround-
ings. The topmost parts of the heights are rep-
resented by high hummocky topography with a
complicated structure of glacial deposits, while
the landforms gradually diminish in size towards
the lower peripheral areas of heights. Establishment
of two main types of macrotopography — hum-
mocky island-like uplands; and glacial lobe
depressions with almost flat or slightly undulating
topography (Fig. 7) — opened the way to the princi-
pally new palaeoglaciological and palacogeogra-
phical conclusions in the East European Plain.

Conclusions

Since the middle of the nineteenth century many
important studies have been conducted on the
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glacial geology in northern and eastern Europe. The
glaciation theory was first proposed in Switzerland,
and embodied the idea that glaciers were formerly
more extensive on a huge scale than they are at
present. In the Alps, in the area of ‘living glaciers’,
scientists could make direct comparisons between
areas now occupied by ice and those evidently
abandoned by ice. After the victory of the continen-
tal glaciation theory many scientists forgot the
different possibilities for boulder transportation
and accumulation of boulder clays. To better
understand the different possibilities of glacial
accumulation, we should look at the modern classi-
fications of tills and related deposits; for example,
in the final report of the INQUA Commission on
Genesis and Lithology of Glacial Deposits
(Goldthwait & Matsch 1989), which presented a
consensus of the ideas of over 100 INQUA
members from five continents. Different deposi-
tional processes and environments are presented
in modern classifications, including the deposition
of boulder clays in marine environments (marine
or basin tills, iceberg tills, etc.). The sediment
character is controlled by a number of parameters,
especially the place of deposition in relation to the
ice and to the water bodies of various types. It
means that modern views must be taken into con-
sideration in the evaluation of old theories and old
papers, and in the estimation of the role of one or
another person in the history of science.
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Origin and development of ideas on Pliocene and Quaternary
glaciations in northern and eastern Europe, Iceland,
Caucasus and Siberia

EVGENY E. MILANOVSKY

Department of Geology, Moscow State University, 119899 Moscow, Russia
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Abstract: A personal account, illustrated by the author’s sketches, of ideas about glaciation, neo-
tectonics and Quaternary geology, discussing the author’s observations made during the course of
his work undertaken in eastern Europe and Siberia, the Caucasus and Iceland. The paper is at the
same time a contribution to autobiographical literature and to studies in the history of geoscience.
The author’s discovery of evidence for Pliocene glaciation in the Caucasus is noteworthy.

The present paper presents a short survey of the
origin and development of ideas about Pliocene
and Quaternary glaciations of northern Europe
(including Iceland), in mountainous regions of
southern Europe (including the Caucasus Moun-
tains and the Alps), and in regions of western and
eastern Siberia. I have been fortunate to have had
the opportunity to participate in field studies of Plio-
cene and Quaternary glacial deposits and geomor-
phological features of many regions of Eurasia,
such as the Caucasus and the Alps, Iceland, the
Scandinavian peninsula, the mountain ranges of
Central Asia, and the plains and highlands of
Europe, Western and Eastern Siberia, etc. The
results of personal observations and research, as
well as analysis of the enormous amount of data
collected and published in the nineteenth and twen-
tieth centuries by many Russian and western Euro-
pean geologists, allow me to offer this short essay in
which I characterize some principal features in the
development of our knowledge of the history of
late Cenozoic glaciations in Eurasia and note pro-
blems requiring further investigation.

Glaciation of the Alpine region

I begin by recalling some brief but important
comments on the study of the great and high moun-
tainous Alpine region, visited during an INHIGEO
excursion in Switzerland in 1998, led by an out-
standing authority on Alpine geology, Professor
Rudolf Triimpy (Zurich). There one can still see
relics of numerous extensive Quaternary glaciers,
and can understand how what is now called the
Pleistocene glaciation was convincingly established
in the 1820s—1840s by Ignaz Venetz, Jean de
Charpentier and Louis Agassiz (Hallam 1983). At
the end of the nineteenth century, more detailed

researches of Quaternary glacial deposits in the
Alpine region revealed the existence of five separ-
ate Pleistocene glaciations — Donau (Danube),
Giinz, Mindel, Riss and Wirm - named after
Alpine rivers.

One of the greatest modern Alpine glaciers (La
Mer de Glace), then covering an area of 277 kmz,
remained at the highest (4807 m) summit in the
Western Alps — the Palaeozoic granite massif of
Mont Blanc (Fig. 1). About 130 km north of the
Western Alps, on the southern slope of the not par-
ticularly high Jura Mountains, near Neuchatel, there
is a huge (more than 1000 m?) erratic block (nick-
named ‘Pierrebot’), composed of Palaeozoic
granite (Fig. 2), thought to have been transported
from the top of Mont Blanc during the Wiirm
glacial epoch by a very thick alpine glacier and
transported over the subalpine foredeep depression
to its present deposition site (Fig. 3). This
example convincingly demonstrated the reality of
the transfer process of the great masses of
moraine materials by glaciers during the
Quaternary glaciations.

Problems of Quaternary glaciations
in eastern Europe and Siberia

On the vast plains of NE Europe and Siberia, the
origin of sediments, which we now with confidence
identify as glacial moraine deposits, remained
unclear until the early 1870s. In the 1820s and
1830s some European geologists had suggested
the occurrence of a former glaciation in Norway,
Germany and Scotland, but the ideas of Charles
Lyell, who suggested the popular ‘drift hypothesis’
to account for the displacement of erratic boulders
by floating ice (Lyell 1863), and of Roderick
Murchison (1845), who supported Lyell’s ideas

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 87—115.
DOI: 10.1144/SP301.6  0305-8719/08/$15.00 © The Geological Society of London 2008.
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Fig. 1. Panorama of the Mont Blanc granite massif (4807 m). View from the north (from Chamonix resort).

during his geological expedition to European Russia ~ such as Shchurovsky (1856), G. P. Helmersen
in 1840-1841, impeded recognition of former gla-  (1869) and, especially, F. B. Schmidt (1865)
ciations on the East European Plain. By the middle  (Fig. 4) were inclined to accept the reality of
of the nineteenth century some Russian geologists, Quaternary glaciation in the northern part of
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Fig. 2. ‘Pierrebot’: an erratic block of Palacozoic granite (>1000 m®) near Neuchétel, transported during the
Wiirm Glaciation 130 km NNE from Mont Blanc to the southern slopes of the Jura Mountains.
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Fig. 3. Alpine mountain system during the Late Pleistocene (Wiirm) glaciation: 1, high mountainous central part
of the Alpine system, covered during the Late Pleistocene (Wiirm) glacial epoch by a thick glacial sheet; 2,
transport direction of erratic blocks of Palacozoic granite from the summit of Mont Blanc to the

southern slopes of the Jura Mountains.

Fig. 4. Academician F. B. Schmidt (1832—1908).

eastern Europe. But it was only at the beginning of
the 1870s that the outstanding Swedish geologist
and the founder of the Swedish Survey, O. M.
Torell (1828-1890), and the talented young
Russian geographer and geologist, Prince Piotr
Alexeevich Kropotkin (1842-1921), who after-
wards became a famous revolutionary and theorist
of anarchism, discovered and convincingly traced
the extensive ancient glaciation in Eastern Siberia,
and later in Finland and Sweden (Fig. 5).

The scientific activity and ideas of Kropotkin,
summarized in his classic monograph Researches
onthe Glacial Period (Kropotkin 1876), are described
elsewhere in this volume (Ivanova & Markin 2008).
Kropotkin’s remarkable book initiated an intensive
study of Quaternary glacial processes through the
enormous territories of Russia. It should be stressed
that, according to Kropotkin’s thinking, published in
the 1870s (Kropotkin 1873, 1874), there had only
been one glacial epoch on the plains and heights of
European Russia and Siberia during the Quaternary.

The next important step in the development
history of the study of ancient glaciations in
northern Eurasia at the end of nineteenth and begin-
ning of twentieth century was associated with the
work of the famous Russian geologist, Academician
Alexsey Petrovich Pavlow (1854-1929) (Fig. 6),
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Fig. 5. P. A. Kropotkin (1842-1921).

Professor of Moscow University, and later his
numerous students who formed the so-called
‘Pavlov school of geology’.

During the 40 years preceding the Russian
Revolution of 1917, significant progress was made
in researches on the Quaternary glacial period in
European Russia. The systematic geological
mapping of this vast region started in the 1880s.
The areas of the Baltic Shield and the Polar Urals
were recognized as the main centres of glaciation,
and the glaciers’ maximal extension to the south
was delineated. The study of stratigraphical and
lithological successions in various sections of the
Quaternary deposits of the Russian plain revealed
the presence of alternating glacial (moraine-type)
and non-glacial horizons, indicating the existence
in this region during the Pleistocene of several
glacial and interglacial epochs. This phenomenon
was for the first time established by Pavlow in
1888 in the western part of the Middle Volga
region, and it was confirmed near Moscow in
1890 by his pupil N. I. Krishtafovich. Later,
Pavlow recognized on the East European Plain
at least three glacial epochs in the Quaternary
(Pleistocene), separated by interglacial epochs
(Pavlow 1922). In the later years of his life
Pavlow accepted the existence in European Russia
of an even earlier, Late Pliocene, glacial epoch.
However, some Russian geologists continued to
recognize only one Pleistocene glaciation. It is

Fig. 6. Academician A. P. Pavlow (1854—1929).

interesting to mention that even after World
War II a well-respected Ukrainian palaeozoologist
and geologist, Academician I. A. Pidoplichko, pub-
lished a substantial monograph in four volumes,
Concerning the Glacial Period (Pidoplichko
1946—-1956), which supported Lyell’s explanation
of the drift origin of boulders in the Quaternary
deposits on the Russian Plain.

Even today, there remain divergent opinions
about the origin of the glacial boulder- and pebble-
bearing thin-bedded Quaternary sediments in the
northern parts of the West Siberian and Pechora
plains. One group of geologists considers them to
be proper glacial sediments, whereas another
group construes them as glacial-marine sediments,
including coarse clastic materials, transported by
icebergs and floating blocks of ice. A third
group of geologists has attempted to interpret
these problematic rocks as a combination of the
two opinions.

Most Russian and Ukrainian geologists now
recognize the evidence of several Quaternary
glacial and interglacial epochs in the late Cenozoic
of eastern Europe. However, in 1948 some of them,
in particular the authoritative Russian researcher,
V. I. Gromov (1948), believed that during the
greater part of the Pleistocene in the northern
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parts of eastern Europe and Western Siberia there
were permanent ice sheets, which periodically
expanded or retreated (but did not disappear).
These changes were associated with global climatic
changes. Among the Russian polyglacialists there
were, however, different opinions about the
number of individual Quaternary glaciations. Most
of them recognized the existence of three or four
glacial epochs, while S. A. Yakovlev (1956) and
A. 1. Moskvitin (1967) maintained that there were
up to six, or even eight, glacial events.

Before the pre-War Soviet Union, an authorita-
tive group of specialists in the study of Quaternary
glaciations on the East European and West Siberian
regions was gradually formed. Among them
(unfortunately, now all are deceased) were such
outstanding geologists as G. F. Mirchink (Fig. 7),
V. 1. Gromov, A. I. Moskvitin, E. V. Shanzer,
S. A. Jakovlev, I. P. Gerassimov, K. K. Markov
and G. I. Goretsky.

Among the Quaternary moraines and fluviogla-
cial deposits on the East European Plain the exist-
ence of formations belonging to three main glacial
epochs was firmly established, and dated as Early,
Middle and Late Pleistocene (Fig. 8). The main
centres of these glaciations were situated in the
central and eastern parts of the Baltic Shield
(Fig. 9) and in the northern part of the Urals.

Fig. 7. Professor G. F. Mirchink (1889-1942).

Moraines and fluvioglacial deposits of one of the
earliest in the eastern Europe Oka (or Berezina)
Glaciation, belonging to the Early Pleistocene,
were correlated with glacial deposits of the Early
Pleistocene Elster (or Crakow) Glaciation in
Central Europe and with the Mindel Glaciation of
the Alps; the moraines and fluvioglacial deposits
of the Don (or Dnieper) and Moscow glacial
epochs in eastern Europe — with deposits of the
Saale Glaciation in Central Europe, the Riss Glacia-
tion in the Alps, and the late Pleistocene moraines
and fluvioglacial deposits of the Waldai (or Ostash-
kov) Glaciation in eastern Europe — were correlated
with the Vistula Glaciation in Central Europe and
the Wiirm Glaciation in the Alps (Table 1).

After World War II, and especially in recent
decades, this correlation scheme was subjected
to criticism and modification by some Russian
geologists; for example, S. M. Shik (1998), N. V.
Makarova and V. [. Makarov (Makarova &
Makarov 2004). It was noted that the maximal
extension south of the Scandinavian (Baltic)
glacial sheet occurred not only in the central part
of Europe but also in its eastern part, and had
taken place in the early Pleistocene. In particular,
on the East European Plain the Dnieper and Don
‘tongues’ of the Scandinavian glacial sheet had
their greatest extension to the south in the early
Pleistocene. Now, most Russian experts in Quatern-
ary stratigraphy, taking into consideration both
palaeontological and and palynological data, attri-
bute the Don (or Dnieper) Glaciation to the Early
Pleistocene of the Russian Stratigraphic Column
for the Quaternary and correlate it with the Elster
(Crakow) Glaciation, or even with an earlier glacia-
tion, of the western European chronological scale
for the Quaternary (see Fig. 9 and Table 1).

The late Russian geophysicist and Head of the
Earth Sciences Museum of Moscow University,
Professor S. A. Ushakov, analysing data relating
to the Baltic glacial sheet area during its greatest
extension, estimated that this gigantic glacier or
ice sheet was approximately 3 km thick at its
apex during the Early Pleistocene (Ushakov
pers. commun.).

Beside the Baltic glacial sheet, similar, but not so
extensive, glacial sheets existed during the glacial
epochs of the Pleistocene in some other high
regions of Eurasia such as the Polar Urals in the
NE part of Europe and on the Putorana and
Taimyr plateaus (Fig. 10) in the northern parts of
Central Siberia. At times, especially during the
Middle Pleistocene, they had merged with each
other and united with the great Baltic ice sheet and
the smaller glacial sheets on the northern parts of
the British Isles and with the other glacial sheets
on the archipelagoes of Novaja Zemlya, Severnaja
Zemlya, Novaja Sibir, Svalbard, Franz Joseph
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Fig. 8. Distribution of Quaternary glacial sheets of different ages and some other elements of the Quaternary
palaeogeography of the East European plain (compiled by Milanovsky in 1966).
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Fig. 9. Maximal distribution of the Quaternary continental glaciations and permafrost regions of northern Eurasia (compiled by E. E. Milanovsky).
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Table 1. Chronological correlation of the Pliocene and Quaternary Glaciations in Eastern Europe, Great Caucasus and Siberia with the same
in Central Europe and the Alps, compiled by Milanovsky (1998)
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Fig. 10. Reconstruction of the glacial sheets of northern Eurasia in the Late Pleistocene (Wiirm) epoch (based on Grosswald 1983). Key: 1, ocean free of glaciers; 2,
freshwater basins; 3, dry land, free of ice; 4, glacier boundaries; 5, lines of movements of glaciers: along the Earth and floating glaciers; 6, levels of intracontinental
basins (relatively modern ocean); 7, currents of near-glacial waters.
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Land, etc., forming one great North Eurasian glacial
sheet (Fig. 10). It is plausible to assume that on some
of these islands and archipelagoes, and in some parts
of the Baltic, sheet glaciers first appeared not at the
beginning of the Pleistocene but, in fact, had
already occurred in the late Pliocene.

With regard to the palaeogeographic conditions
that existed in the Pleistocene at localities of rela-
tively shallow sea basins, such as those of
Barents, Kara, Laptev, East Siberian and some
other seas of the Arctic Ocean, the Russian glacio-
logist M. G. Grosswald (1983) expressed the inter-
esting, although somewhat questionable, idea that
during the Pleistocene glacial epochs these basins
were covered with thick icy ‘cuirasses’, similar to
the contemporary shelf glaciers that cover the
southern parts of the Ross and Wedell seas around
Antarctica, as if ‘soldered’ to the glacial sheet.
According to Grosswald’s hypothesis, such glacial
sheets or ‘cuirasses’ covered the shelves of the
Barents and Kara seas and other polar North
Eurasian glacial sheets during the last Pleistocene
glaciation (Fig. 11) and during the stages of its
degradation (Fig. 12). During the glacial epochs in
the Pleistocene and probably already in the late
Pliocene, these Arctic seas, as well as the islands
within them, preserve evidence of glacio-eustatic
sea-level falls (Grosswald 1983).

Interglacial epochs of the Pleistocene and Holo-
cene (the last 10 ka) are correlated with significant
glacio-eustatic rises of sea level and, consequently,
with transgressions and regressions of marginal seas
of the Arctic Ocean, the Black Sea and the Baltic
Sea in the Holocene. They also correlate with the
marine ingressions in the valleys of the Severnaya
Dvina, Pechora, Ob’ and Yenisei rivers (which
flow northwards into the Arctic Ocean). By con-
trast, transgressions and ingressions in the isolated
Caspian Lake/Sea coincided with the end of the
glacial epochs and with the beginnings of the
interglacial epochs.

On the West Siberian Plain, the first (Shaitan)
glaciation only began at the end of the Early
Pleistocene (Table 1), i.e. later than the first glacia-
tion on the East European Plain. The most signifi-
cant Samarovo Glaciation in the middle part of
the Middle Pleistocene spread southwards to
60°N—-62°N. The less important Taz Glaciation
took place at the end of Middle Pleistocene. The
relatively limited Zyrian (or early Zyrian) and
Sartan (or late Zyrian) glaciations in Siberia
occurred in the Late Pleistocene (Table 1). The
glacial sheets in Western Siberia spread SE from
the Polar Urals and SW from the Putorana Highland
in the NW part of the East Siberian Plateau. They
completely (or almost completely) joined in
the central part of the West Siberian Plain. These
glaciers formed temporary glacial and moraine

barriers, which dammed the northward flow of the
main West Siberian rivers (Tobol, Irtysh, Ob’ and
Yenisei). This process led to the creation of a
series of extensive lakes and the huge West Siberian
Lake situated to the south of this glacial barrier.
During such epochs the waters partly escaped to
the SW into the basins of the Aral and Caspian
lakes/seas. Some geologists, however, believe
that a considerable part of the quasi ‘glacial’
sediments in the northern part of Western Siberia
in fact represent the rocks of marine-glacial origin
or may even be of marine origin.

In Eastern Siberia, where climatic conditions in
the Quaternary were colder and drier than in
Western Siberia and eastern Europe, the epochs of
global cooling intensified the process of freezing
and formation of a permafrost zone (Fig. 10),
whose thickness reached up to several hundred
metres and even 11.5 km. However, glacial sheets
of relatively limited dimensions had periodically
appeared on the Eastern Siberian highlands of
Putorana, Anabara, Taimyr, Transbaikalia and
Anadyr, and also on the high mountainous ridges
of Altai, Western and Eastern Sayan, Stanovoj,
Verkhoyanskij, Chersky and Koryak, and on the
ridges of the Kamchatka Peninsula.

Some peculiarities of glaciations
in Iceland

The history of glaciations in the Neogene and
Anthropogene is unusual and particularly interest-
ing in the islands of Greenland and Iceland. In
Greenland, and especially in the northern part, the
world’s largest ‘non-continent’ island, between
60° and 83°N, glaciation probably began in the
Miocene. On the smaller island of Iceland, situated
between 64° and 67°N, glaciation began in the
Pliocene, and the rather numerous oldest glacial
sediments—moraine horizons, lying between date-
able basaltic lava flows, are about 3 Ma, i.e.
Middle Pliocene (Fig. 13). Research in Iceland
has been carried out since 1971 by the Iceland
Geodynamic Expedition of the Soviet Academy of
Sciences under the leadership of its corresponding
member V. V. Beloussov, and with the author’s par-
ticipation for three summer seasons. The results are
described in a series of monographs entitled Iceland
and the Mid-Oceanic Ridge published by Nauka
between 1978 and 1980. In particular, the problems
of late Cenozoic and contemporary glaciations in
Iceland are considered in detail in the volume
Stratigraphy: Lithology by Achmetjev et al. (1978),
and in the volume Geomorphology: Tectonics
(1979) by Milanovsky et al. (1979). The scheme for
the geological structure of Iceland that was compiled
is shown in Figure 14.
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Fig. 13. Geological profile along the western flank of neotectonic zone of Iceland, showing alternation of Pliocene basaltic lavas and numerous horizons of tillites
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(moraines) of Middle Pliocene age — approximately 3 Ma (Wensink 1964). Key: 1, subaeral basalts; 2, pillow lavas of basalts; 3, volcanoclastics; 4, volcano-sedimentary

deposits; 5, moraines (tillites).

As mentioned earlier, the oldest horizons of
glacial sediments (moraines), interlayered with
basaltic lavas in the NW and eastern parts of
Iceland, were formed between 3 and 2 Ma (Fig. 13).
Lava sheets in the NW part of Iceland are gently
inclined to the SE; and in the eastern part to the
west or NW. They dip toward the island’s axial rift
zone. During several glacial epochs, beginning from
the Middle Pliocene, and especially in the Late
Pliocene and Pleistocene, when the most of Iceland
was buried beneath a thick (>1 km) ice cover, volca-
nic activity, especially in the main eastern rift zone,
continued, and the thickest glacial ‘cover’ (up to
1.2 km) was formed above this wide zone of the
eastern rift depression (Fig. 14).

The numerous active volcanic vents of central
and linear types in the eastern rift zone, extending
through the whole island from SW to NE, led to
melting of the overlying glaciers; and under the
thick glacial cover the melting of ice led to the for-
mation of small cavities, filled with thermal waters,
which had the form of ‘caverns’ and ‘passages’,
hidden beneath the icy ‘armour’.

Eruptions from the volcanic vents of central and
linear type beneath these water reservoirs often led
to the opening of their ‘roofs’ and to sudden cata-
strophic expulsion of powerful hot-water fountains
and mud flows or debris streams — so called
Jokulshlaup or jokulklaup — which flowed down
or under the inclined surfaces of the glaciers to
the coast.

In the course of such volcano-glacial processes
occurring within the glacial sheets, peculiar volca-
nic structures were formed — peculiar with respect
to the hyaloclastic moberg or lakagigar ridges
produced by subglacial eruptions. The so-called
volcanic ‘table mountains’ (stapi) are widely
distributed and typical of several of the central
regions of Iceland (Fig. 15a, b). They were
formed within the thick glacial sheets above vol-
canic orifices. Inside the glacial sheets were
formed cylindrical reservoirs filled with water,
into which basaltic lava was intruded from below,
which, at the contact with the water, formed
‘pillows’ to produce thick complexes of basaltic
pillow lavas (Fig. 15). Only the thin uppermost
part of the volcanic edifice formed higher than the
surface of the water, filling the cylindrical water
reservoir. This consists of normal basaltic lava.

During the main glacial epochs of the
Quaternary — in the Early, Middle and Late Pleisto-
cene — almost all of Iceland was covered with a
thick glacial sheet. Its thickness ranged from 1 to
several kilometres (at present it is no more than
1 km thick), and its area considerably exceeded
that of modern Iceland (1030 km?). Thick tongues
of the Icelandic glacial sheet extended radially to
the ocean to produce icebergs — a process that
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Fig. 15. Typical structures of Late Pleistocene volcanic table mountains. (a) Herdubreid, Late Pleistocene volcanic
table mountain (1682 m), NE Iceland (drawing by E. E. Milanovsky in 1972). (b) Schematic cross-section of

the Late Pleistocene volcanic table mountain in Iceland (based on Seemundsson 1967). Key: 1, near-top basaltic
lavas; 2, line of water level; 3, breccias of the subwater slope of the volcano; 4, stratified hyaloclastites; 5, pillow

breccias; 6, pillow lavas; 7, diluvium.

continues to this day at the SE margin of the largest
Icelandic glacier, Vatnajokull. Under the thickest
central part of this glacier, having the form of a
cone with a height of 1725 m above sea level, was
the summit of Iceland’s highest volcano, Grimsvétn.
This edifice is now dissected by several canyons that
channel melt water to the numerous fjords on the
northern and NE coasts of Iceland.

The central part of Grimsvotn now has the form
of a glacial dome, which has a maximum height of
about 2 km at Kverktjoll. Glaciers extend from the
dome to the SE and southern coasts of Iceland,
and are the source of numerous small icebergs
(Figs 16-18).

To the north, the glacial sheet of Vatnajokull has
been subjected to intensive melting and erosion.
Numerous rivers, abounding in waterfalls, flow
northward along submeridional gorges cut into the
basalt to the coasts of the Greenland and Norwegian
seas (Fig. 19).

The so-called ‘Primary Dettifoss’ surface and
many others surfaces of the Pleistocene glacial
sheet in the NE part of Iceland can be reconstructed
from the summit heights of the numerous volcanic
table mountains, taking into consideration the
absolute heights of the summits of the numerous
Pleistocene volcanic table-mountains (Fig. 20).

The well-known Hekla (Fig. 21), Iceland’s most
active volcano, is a stratovolcano, but also forms
part of a volcanic ridge.

Ideas on former glaciation of the Caucasus

Geological and glaciological research in the Cauca-
sian mountains began after the area was acquired by
Russia in the 1850s—1860s, i.e. later than in the
Western Alps. From the very beginning Russian
scientists believed in the existence of a significant
former glaciation in the Greater Caucasus, for
the simple reason that these mountains are much
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Fig. 16. Glacial ‘tongue’, Hofsjokull, descending from the great glacial sheet of Vatnajokull to the southeast
to Hornafjordur (Horna Fiord) of the Norwegian Sea (drawing by E. E. Milanovsky in 1972).
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Fig. 17. Near Lake Jocudlgarlon, a glacial lake with numerous small icebergs at the edge of the Breidamerkiirjokull
(southeastern tongue of the Vatnajokull Glacier) (drawing by E. E. Milanovsky in 1972).

Fig. 18. Southern border of the Vatnajokull glacial sheet and the dust storm on the sandur [=outwash] plain; Skeidara

sandur to the south (drawing by E. E. Milanovsky in 1972).

higher than the Alps. The size of glaciers in
this region is similar to that in the Alps, where
extensive Pleistocene glaciation had already been
convincingly established in the first half of
nineteenth century.

Between 1844 and 1850, Professor Hermann
Wilhem Abich (1806—1886), a pioneer of Cauca-
sian geology, was invited to Russia from
Germany - initially as a professor of Dorpat

(Tartu) University and later for work in the Cauca-
sus, where he collected and described the first
scientific data on the present and former glaciations
of the Greater Caucasus and the Armenian High-
lands (Fig. 22), producing several publications
on the glaciation of the region (Abich 1853, 1870
[1871], 1871, 1878, 1878—-1887). In particular,
he was the first scientist to visit the highest volcanic
mountains of Elbrus (5642 m) (Fig. 23) and Ararat
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Fig. 19. Dettifoss Waterfall at the canyon-like cataract gorge near the Jokulsd 4 Fjollum River, flowing northwards
from the Vatnajokull glacial sheet in southeastern Iceland into the wide Oxarfjordur (Axarfjord) of the Greenland Sea

of the Arctic Ocean (drawing by E. E. in Milanovsky in July 1973).
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Fig. 20. Reconstruction of the Iceland Pleistocene glacial sheet surface, based on the heights of the volcanic table

mountains in northeastern Iceland: surface shown by the dashed line of summit heights.
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Fig. 21. The largest active volcano in Iceland, Hekla (1491 m), situated at the southern part of island. Near the summit

it is covered by small glaciers and with basaltic lava flows and volcanic cones on its slopes resulting from the last

eruption in 1970 (seen from the north) (drawing by E. E. Milanovsky in August 1973).
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Fig. 22. The German geologist: Wilhelm Abich
(1806-1886).

(5165 m) (Fig. 24) in the Armenian Highlands, as
well as Kazbek volcano (5033 m) in the central
part of the Great Caucasus (Fig. 25). At the southern
foot of Elbrus, near the source of the Baksan River,
he found and described indications of a very recent
advance of glaciers that had descended from this
largest Caucasian volcano. One ‘tongue’ of the
Elbrus glacier ‘invaded’ a pine forest at the bottom

il

Fig. 23. The Mount Elbrus Volcano, from the SW. In
the foreground are rocks of the pre-Mesozoic basement
overlain by andesite lavas of Q,_3; and above them
lavas, Qq, erupted from the eastern volcanic cone of
Elbrus.

of the Azau River basin. Now, 150 years after
Abich’s observations, the termination of the Azau
Glacier has retreated several kilometres; this is
typical of many Caucasian glaciers, most of which
are now retreating.

In the second half of the nineteenth century,
glaciologists discovered terminal moraines in
some U-shaped valleys in the central part of the

Fig. 24. View of Little and Great Ararat volcanoes from the Ararat Valley, drained by the Arax River.
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Fig. 25. Kazbek Volcano: view from the east (from a camp in the valley of Gudoshauri Aragvi).

Greater Caucasus. The moraines correspond
to different stages of the still-continuing Late
Pleistocene—Holocene glaciation. Remnants of
older U-shaped troughs are preserved in the slopes
of these wvalleys, which were produced by
valley-type glaciers formed during earlier glacial
epochs, but these glacial features remain
poorly studied.

In the first half and middle of the twentieth
century, many Russian geologists and geomor-
phologists worked in the different parts of
Caucasus. A. P. Gerassimov (1911), A. L. Reinhard
(1936, 1947), V. P. Rengarten (1932), Gerassimov
and K. K. Markov (1939), L. A. Vardanyants
(1932, 1948), N. V. Dumitrashko (1949), P. V.
Kovalev (1960), S. L. Kushev (1964), G. K.
Tushinsky (1949, 1958), L. I. Maruashvili (1971),
I. N. Safronov (1960), E. E. Milanovsky (1960,
1964, 1966), A. V. Kozhenikov and Milanovsky
(1984), Kozhevnikov, Milanovsky and Yu. V.
Sayadyan (1977), and many others proposed a
detailed time scale for the Quaternary Caucasian
glaciations, similar to that proposed for the Alps
between 1901 and 1909 by Penck & Briickner
(and included the Danube-Giinz—Mindel-Riss—
Wiirm glacial epochs). However, detailed corre-
lation between the Alpine and Caucasian timescales
remained uncertain. Initially, it was suggested, by
analogy with the Alps, that during their maximum
advance the ancient glaciers on the northern
slope of the Central Caucasus extended to the
Cis-Caucasian fore-deep plain, because moraine-
like accumulations were found in some places con-
sisting of large boulders and blocks transported

from the inner part of the Caucasus. In the
1950s—1960s, it was established that these deposits
of coarse clastic material were transported and
deposited mainly by periodic catastrophic mud
flows from the mountains into the fore-deep
plains. In fact, in contrast to the Alps, even during
the coldest stages of the Pleistocene the glaciers
on both slopes of the Greater Caucasus did not
reach the foothill plains, but ended in the trough-
like valleys within the Caucasian mountains. Both
present and former glaciations reached their
maximum intensity in the highest, central part of
the Greater Caucasus, where many summits are as
high as 4000—5000 m and even exceed 5600 m on
Mount Elbrus (Fig. 23). The mountains in the
eastern part of the Greater Caucasus are also high
(up to 4000 m and more), but the climate in this
part of Caucasus is dry. Correspondingly, indi-
cations of the present and former glaciations on
the eastern Caucasus are much more limited than
in the central area. In the Lesser Caucasus and in
the Armenian volcanic highlands the mountains do
not exceed 3000—4000 m (with the exception of the
Mount Ararat), and the local climate is even more
arid. Ancient glaciation was insignificant in this
region, and now only small glaciers exist on Great
Ararat (5000 m) and on Lesser Ararat (4000 m).
In most Eurasian mountainous systems the in
situ pre-Wiirm and pre-Riss moraines have been
eroded. However, in many places of the central
high mountainous part of the Greater Caucasus,
and especially on its northern slopes, moraines
have been preserved under Late Pliocene—
Holocene lavas, ignimbrites and tuffs that were
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erupted during several phases in the Elbrus (Fig. 23)
and Kazbek (Fig. 25) areas. The stratigraphic and
geomorphological correlation of glacial deposits
and young volcanic rocks provides a unique oppor-
tunity to date glacial deposits ‘protected’ by their
volcanic cover.

In the 1950s and 1960s the author and his
colleagues from the Moscow University (A. V.
Kozhevnikov and N. W. Koronovsky) analysed the
relationships between late Cenozoic glacial and vol-
canic complexes in the central part of the Greater
Caucasus. We proposed a chronostratigraphic
scale for the late Pliocene—Holocene glaciations in
the Caucasian region, based on the universally
adopted stratigraphic scheme for the Caucasus.
The late Pliocene rhyolite—dacite ignimbrites are
particularly important for age determination of
late Pliocene and Eopleistocene glacial sediments.
The volcanic rocks, underlying and overlying
the oldest moraines, are widely distributed on
the northern slopes of the Central Caucasus and in
the Elbrus volcanic area. They extend from Elbrus
volcano in the west to the Verkhniy Chegem High-
land in the SE, and the Nizhiniy Chegem Highland
to the NE (Fig. 26). The isotopic age of the ignim-
brites is 2.8 Ma (Lipman et al. 1993).

On the eastern slope of Elbrus volcano,
Milanovsky & Koronovsky (1961) found the
oldest moraine deposits in the Caucasian region
(belonging to the Elbrus Glaciation) (Fig. 27).
This 20 m-thick moraine occurs at an altitude of
approximately 3700 m and overlies weathered
Palacozoic basement, while layered ignimbrites
overlie it unconformably. These ignimbrites are,
in turn, unconformably overlain by Holocene
moraine of the modern Elbrus glacial sheet. The
moraine deposits of the older Elbrus Glaciation
are clearly older than 2.8 Ma and, taking into
account the unconformable contact of the overlying
ignimbrites, the moraine could be as old as 3.0—
3.5 Ma. It would thus correspond to the beginning
of the Late Pliocene and would coincide with the
first glaciation in Iceland. This means that the
axial zone in the central segment of Greater Cauca-
sus, situated at 42°-43°N, experienced uplift to
attain an altitude of at least 2000—3000 m and
was thus capable of producing glaciation. It is
necessary to take into account the fact that the
Elbrus volcano was active and formed a sizable
caldera during the Late Pliocene and Quaternary.
The moraine deposits of the Elbrus Glaciation
occur inside the eastern slope of this caldera and
were involved in its relative subsidence.

In the Verkhniy Chegem Volcanic Highland, at
an altitude of 3500 m, rhyolite—dacite ignimbrites,
2000-3000 m thick, are conformably overlain
(but with a hiatus) by 50 m of typical moraine
deposits of the Chegem Glaciation (Fig. 28). This

moraine includes large boulders of Palaeozoic
granites and metamorphic rocks, and is covered,
with a hiatus but without unconformity, by andesitic
flows. These lavas were erupted from the volcanic
centres on the Verkhniy Chegem Plateau and
have preserved the moraine deposits from erosion.
The eruption of andesite represented the last,
post-caldera phase of the eruptive cycle in the
Verkhniy Chegem volcanic area that began with
deposition of voluminous ignimbrites. The age of
the Chegem Glaciation, which occurred between
these two volcanic phases, was evidently not
very different from the age of the underlying
rhyodacite ignimbrites and that of the overlying
andesite lavas. Although the andesites have not
been dated, the Chegem Glaciation may correspond
to the interval of 2.8—2.5 Ma; but in any case, it
occurred more than 2 Ma ago. It is obvious that
the moraines, as well as the andesite lavas overlying
them, are located at at an altitude of 3.5 km on the
surface of the volcanic plateau that was formed
before intensive uplift of the Chegem volcanic
highland and erosion to form the gorge of the
Chegem River, whose bed is at a height of
1500 m, or some 2000 m below the Chegem
Glaciation moraine.

Other moraine remnants of the Chegem
Glaciation occur further east, on the watershed
between the left tributaries of the Terek River
(Chegem, Nalchik, Cherek Bezengiysky and
Cherek Balkarsky) at an altitude of about 2500—
3500 m, or more than 1000 m above the present
beds of these rivers. The fluvioglacial sediments
of the Elbrus and Chegem glaciations belong to a
sheet- or half-sheet-type glaciation and accumu-
lated when the internal parts of the rapidly rising
mountain ridge of the Greater Caucasus were not
yet deeply dissected by rivers.

In contrast, the later Quaternary glacial epochs
of the Greater and Lesser Caucasus belong to the
mountain-valley type. The glaciers were confined
to cirques and U-shaped valleys. The valleys were
successively deepened by excavation during
several glacial and interglacial periods, which
took place during an arch-like uplift of the
Greater Caucasus, the amplitude of which was
more than 1000 m. Detailed geological and
geomorphological studies of successive Quaternary
glaciations on the northern slopes of the Central
Caucasus, in the U-shaped valleys of the major Cau-
casian rivers (Kuban, Terek, and their tributaries
Malka, Baksan, Chegem, Cherek and Urukh)
provide a basis for the chronostratigraphic corre-
lation of the Quaternary glaciations in the Caucasus.

This chronostratigraphic scale consists of three
main glacial and interglacial epochs, subdivided
into phases and stages, corresponding to the Early
Pleistocene, the Middle Pleistocene and the Late
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Fig. 26. Map of Pliocene, Eopleistocene and Middle Pleistocene glaciations in the central part of Great Caucasus (compiled by E. E. Milanovsky).
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Present glacier of Elbrus {(on the line of crossection)

Upper Pliocene (2,8 min y.) striped rhyolite and rhyo-dacite ignimbrites
similar to the same of Upper Chegem volcanic highland

Coarse clastic non-sratified moraine-like deposits consisting of big
bou!ders and angular fre_zgments mainly of Palaeozoic granites and
gneisses, Jurassic argillites and massive rhyo-dacite lavas in the sandi-

o a P Early-Mi.ddle Pliocene_weathen‘ng crust consisting of products of
PR+ mechanical and chemical weathering of Upper Palaeozoic grey granites

and migmatites
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Fig. 27. Map showing traces of Middle (?)—Late Pliocene Elbrus Glaciation on the eastern slope of Elbrus
Volcano under the ‘liparite peak’, between the Jrik—Chat and Jika—Uchen—Kez glaciers. The geographic position
is shown on the right (compiled by E. E. Milanovsky and N. V. Koronovsky).

Pleistocene—Holocene. The Quaternary glacial
epochs, named by the author as the Eltiibii, Terek
and Bezingi glaciations (Fig. 29) are chronological
equivalents of the Mindel, Riss and Wiirm—Biihl
epochs in the Alps (Milanovsky 1966).

During the Quaternary, rivers gradually dee-
pened and narrowed their valleys in response to
nearly 1000 m of uplift of the Greater Caucasus.
During the course of intensive glacial erosion, the
valleys became U-shaped troughs, whereas during
interglacial epochs river erosion transformed them
into V-shaped gorges or canyons (Fig. 30a—c).
Fragments of the bottoms and ‘shoulders’ of the
relatively broad troughs of the Early Pleistocene
Eltiibii Glaciation are preserved in the upper parts
of the slopes, between 400 and 700 m above the
present river bed. In some places, especially in
the Chegem Valley near Eltiibii Village and in the
upper part of the Baksan Valley, remnants of the
Quaternary moraine are preserved on the valley
shoulders. The relatively narrow and deep troughs
of the Middle Pleistocene Terek Glaciation occur

on the inside of the Early Pleistocene Eltiibii
troughs. As a rule, fragments of their bases can be
traced at 180-350 m above the present valley
bottoms. Even narrower and deeper troughs of the
Late Pleistocene Bezengi Glaciation occur inside
the troughs of the Terek Glaciation. In some
places there are moraine deposits on the bottom of
the Middle Pleistocene troughs. In the upper part
of the Baksan and Terek valleys this moraine is
covered by Middle Pleistocene lavas, confirming
that it belongs to the Terek Glaciation. The
bottom of the troughs, formed by the Late Pleisto-
cene—Holocene Bezengi Glaciation, are usually
near the elevation of the present rivers beds. Most
belong to the late Bezengi Phase, which began
about 25 000 ka, reaching its maximum 15 000—
20000 ka, and is still continuing (Fig. 30). In
some valleys the bottom of the Late Pleistocene
troughs is below the level of presen river bed —
for example, in the upper part of the Baksan
Valley it is 100 m lower (Fig. 30a), in the upper
part of the Kuban Valley it is 200 m lower and in
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the upper part of the Terek Valley as much as 300—  Conclusions
450 m lower (Fig. 30c). In these areas drilling has ) )
revealed the presence of thick glacial, fluvioglacial A chronological scheme of the Pliocene—

and glacio-lacustrine sediments. The glacial depos-
its of the Bezengi Glaciation, formed during its
second phase and during several stages of retreat,
and the topographic features of glacial deposition
and erosion are well preserved and exposed. In
several U-shaped valleys, lacustrine sediments
accumulated in glacial lakes during the different
phases and stages of the Bezengi Glaciation.
These temporary lakes formed between the termin-
ation of the valley glaciers and dams formed by
moraines or landslides, or they have an
avalanche origin.

Quaternary glaciations in different regions of
northern Eurasia, resulting from 150 years of
research, has been given in Table 1. The distribution
and development of glaciations depend on geo-
graphic position, climatic conditions, topography
and neotectonic movements in the regions where
the glaciations occurred.

(1)  The correlation scheme suggests that between
3.0 and 3.5 Ma there was repeated alternation
of cold and relatively warmer climates, par-
ticularly in northern Eurasia, but probably
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over the whole of the Earth’s surface. Glacia-
tion periodically occurred on vast plains, pla-
teaus and in mountainous regions of Eurasia,
whereas during the warmer periods glacial
sheets considerably diminished or completely
disappeared. The first evidence of the
Cenozoic global-scale cooling is recorded in
Antarctica, were glaciation began in the Oli-
gocene (Dingle & Lavelle 1998). In parts of
northern Eurasia and North America the first
glaciation occurred in the Pliocene, but in
Greenland it may have started in the Late
Miocene. In general, glaciation in the
western part of northern Eurasia reached its
maximum between 0.7 and 0.4 Ma, i.e. in
the Early Pleistocene according to the
Russian Chronostratigraphic Scale, whereas
in the western part of northern Eurasia it
occurred about 0.2 Ma ago, i.e. by the end
of the Middle Pleistocene.

The regional extent of glaciations, and the
maximum thickness and volume of glacial
sheets in different parts of northern Eurasia,
depended on climatic factors such as average
annual temperature, relative humidity and the
amount of precipitation in the form of snow.
During the Pliocene and Quaternary, both the
average annual temperature and precipitation
decreased considerably towards the east of
northern Eurasia. This eastward increase in
aridity manifested itself in a decrease of gla-
ciation intensity, and in the gradual delay of
the beginning of the first and of the maximal
glaciation. For instance, in Scandinavia and
on the plains of Central and eastern Europe
glaciation started in the Eopleistocene, reach-
ing its maximum in the Early Pleistocene,
whereas on the West Siberian Plain the first
glaciation took place at the end of the Early
Pleistocene and reached its maximum in the
Middle Pleistocene. Its extent was consider-
ably smaller than the Early Pleistocene glacia-
tion in Central and eastern Europe. In East
Siberia the first glaciation took place at the
end of the Early Pleistocene, with its
maximum in the Middle Pleistocene, but it
was even more restricted than in West
Siberia, occurring only on the plateaus, high-
lands and mountains, where precipitation was
more abundant.

At the same time the dominant arid climate
in the east led to an extensive development of
permafrost. In the eastern parts of Europe (on
the Kola Peninsula and Pechora Lowlands)
permafrost is limited to north of the Arctic
Circle (67°N), to 60°N in West Siberia. In con-
trast, in the northern part of the West Siberian
Lowlands and to east of the Yenisei River,

3

“

permafrost exists practically everywhere at
latitudes higher than 48°-50°N, near the
southern border of Russia, in North Mongolia
and North China. In many places in East
Siberia the depth of permafrost attains
1000 m or even 1500 m.

The orographic factor also played an
important role. Decrease in the average
annual temperature is in direct correlation
with altitude, so that precipitation is in the
form of snow during the winter. In the high
mountains between 40°N and 52°N, such as
the Alps, the Greater Caucasus and the
Altai, the first glaciation started in the Late
Pliocene (Alps, Caucasus) or in the Eopleisto-
cene (Altai), whereas farther north, on the
plains of Eurasia, glaciation began only at
the end of the Eopleistocene in Europe or in
the Early Pleistocene in Siberia.

Although the elevations of the Greater
Caucasus are higher than those of the Alps,
ancient and present glaciations are much
more important in the Alps. During the
Wiirm glacial period almost the whole of the
Alps, except for small peaks on the water-
sheds, were covered by a thick (up to 1000—
2000 m) ice sheet, which spread out onto the
northern piedmont plains in some places.
However, in the Greater Caucasus the glaciers
of the Late Pleistocene (Bezengi Glaciation)
remained confined to cirques and U-shaped
valleys as 50—60 km-long ice-‘tongues’, cov-
ering only about 12% of the whole area. Their
thickness did not exceed a few hundred
metres. These differences between the Alps,
the Tien-Shan, mountainous regions of
Siberia and the Greater Caucasus reflect a
general eastward increase in aridity in north-
ern Eurasia.

Neotectonic factors, such as the intensity,
extent and timing of uplift, also played a very
important role in the development of the late
Cenozoic glaciation. The first significant gla-
ciation in the centre of the Great Caucasus
and in the Alps took place in the first half of
the Late Pliocene (2.5-3.0 Ma), i.e. much
earlier than the first glaciation on the plains
of eastern and Central Europe. It was almost
synchronous with the first glaciation in
Iceland, near the Arctic Circle. This shows
that the axial zones of the alpine orogenic
systems were already uplifted to the altitudes
that were necessary to produce glacial sheets.
Markov et al. (1965) estimated that the
mountains were 2000-3000 m or even
3000-4000 m high. The present altitudes are
of the order of 4000—5000 m in the Great
Caucasus (5600 m on Elbrus volcano) and
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3000—4800 m in the Alps. The amplitude of
neotectonic uplift after the first glaciation,
i.e. during the last 2.5 Ma, was at least
1000-2000 m in the axial zones of the
central Greater Caucasus and 500—1500 m in
the Alps. Erosion produced deep river valleys
on the slopes of the Greater Caucasus. In the
process of intensive uplift, the Late Pliocene
and Eopleistocene sheet-type glaciers were
gradually replaced by mountain-valley- or
trough-type glaciers during the Pleistocene.

(5) In contrast to the glaciated mountainous
regions of Eurasia, the central part of the
Greater Caucasus reveals the close interaction
of glacial and volcanic processes with
volcano-tectonic deformation, in particular
caldera formation. Alternation of glacial
epochs and phases of volcanic activity led to
the formation of a relatively hard volcanic
‘armour’ that protected moraines from total
denudation in the Caucasus. For instance, in
the Verkhniy (=Upper) Chegem Highlands
and on the Elbrus volcanic massif, Late
Pliocene glacial deposits were preserved in
calderas. Glaciation there may have been syn-
chronous with subglacial volcanic eruptions,
such as are represented as a widespread
phenomenon in Iceland.

The author of this paper would like to express his
gratitude to the Russian Science Programme, Grant
NSCH-5280.2006.5, for financial support for this work.
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Abstract: The notable Russian scientist Piotr Alekseevich Kropotkin (1842—1921) is well known
in Western countries for his writings on anarchist philosophy and various historical and political
themes, but his geological and geographical work is less familiar, and his great treatise on Qua-
ternary geology is virtually unknown in the Western world. The present paper provides a
summary account of Kropotkin’s Quaternary studies and his travels in the glaciated regions of
Siberia and Scandinavia. He was an exponent of the ‘land-ice’ theory and traced the movements
of glaciers in Scandinavia, paying particular attention to the form and structure of eskers.

Kropotkin’s career

Kropotkin’s treatise, Researches on the Glacial
Period (Kropotkin 1876), had a profound impact
in Russia and convinced the majority of Russian
scientists of the validity of the glacial theory. His
work showed a development of this theory and of
the methods of glacier research employed in
Western Europe and America. Researches is a fun-
damental monograph in which the author discussed
different aspects of the morphology, structure and
origin of glacial (and glacially related) sediments,
and the forms of glacial landscapes.

Kropotkin (see Fig. 1) was born, in Moscow on 9
December 1842, into an ancient aristocratic family,
descended from the legendary Rurik, a founder of
the Russian state more than 1000 years ago. Rurik
or Riurik (Russian: Propuk, Old East Norse: Rgrik;
c. 830—c. 879) was a Viking chief who captured
Ladoga in 862, built the settlement of Holmgard
near Novgorod and founded the Rurik Dynasty,
which ruled Russia until the seventeenth century.

The future famous scientist and political philo-
sopher graduated from the exclusive St Petersburg
Page Corps in 1862, with excellent marks. The
Page Corps was founded in St Petersburg in 1759
as a school for training pages and chamber pages.
To meet the need for trained officers for the Imper-
ial Guard it was reorganized in 1802 into an edu-
cational establishment similar to a cadet school,
accepting pages from the royal court only. Thus, it
became a privileged military establishment in
Imperial Russia that prepared aristocratic children
for military service. Kropotkin’s great opportunity
for scientific exploration occurred when he was
posted to Siberia shortly thereafter.

Kropotkin’s creative career can be divided
into three quite distinct periods as follows
(Markin 1985).

1862-1867

Kropotkin worked as aide-de-camp to the military
chief-of-staff of the Transbaikal region, and partici-
pated in several East Siberian scientific expeditions.
In 1865 he became a member of the East Siberian
Branch of the Russian Geographical Society and
helped organize five scientific expeditions into
unexplored regions: Lake Baikal, the Amur river,
Mountains Sayan, Manchuria, and the Patom High-
lands between the Vitim and Olekma rivers. He
described parts of these territories and compiled
maps of the mountain relief of Eastern Siberia
(Postnikov 1993, 2002). Kropotkin’s researches
were of a high quality and he was awarded a gold
medal by the Royal Geographical Society for his
work. In the course of his travels in the different
regions of Siberia he found numerous indications
of a former glacial period. In 1868 he presented a
report at the First Congress of Russian Naturalists.
Before then, in 1867, he wrote the manuscript of
an article, ‘On traces of the Glacial Period in
Siberia’, but this was only published for the first
time in 1998 (Kropotkin 1998b).

1867-1876

Returning to St Petersburg, Kropotkin worked in
collaboration with the Russian Geographical
Society, where he was elected a Secretary of its
Physical Geography Section (1868). He worked
on the completion of his Siberian materials and
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Fig. 1. Photoportrait of Piotr A. Kropotkin (1886). State
Archives of the Russian Federation, Fund 1129.

published them as ‘Report of the Olyokma—Vitim
Expedition” (1873) and ‘Introductory outline of
East Siberian orography’ (1875). He also proposed
some other important projects, including a great
plan for the exploration of the Arctic seas. In
1871, the Society dispatched Kropotkin on an offi-
cial journey to Finland and Sweden to study the evi-
dence there for former glaciation. This expedition
was highly successful and on his return he began
to write his principal scientific book: Researches
on the Glacial Period.

Unfortunately, however, Kropotkin was not able
to complete this task as he was arrested on account
of his political views and activities, and spent 2
years (1874—1876) in the prison of St Petersburg’s
Peter-and-Paul Fortress. However, he continued his
scientific work while in prison and completed the
first volume of his monograph on glacial theory,
supplemented by a short summary of the contents
of the second volume. An unfinished manuscript
of the second volume has been preserved and was
published in 1998, but it did not appear during his
lifetime.

1876-1917

With the assistance of friends and supporters,
Kropotkin made an ingenious dramatic (and
famous) escape from prison, following which he

travelled to Western Europe via Finland. As a pol-
itical refugee, he lived mostly in Britain, near
London. But he was again arrested for his political
activities and spent 2 years in prison in France. In
England he worked as a scientific publicist and con-
tributor to scientific magazines and newspapers
(e.g. Nature, Nineteenth Century, Geographical
Journal and Proceedings of the Royal Geographi-
cal Society). He also collaborated with the Royal
Geographical Society. In 1893 he was elected to
the British Association for the Advancement of
Science. From 1888 to 1891 Kropotkin was head
of a section on ‘Recent Science’ for the magazine
Nineteenth Century.

Kropotkin’s main scientific works published in
the period when he was in the West were: ‘La plas-
ticité de la glace’ (1884), ‘The glaciation of Asia’
(1897a), Anarchism: Its Philosophy and Ideal
(1897b), ‘Some of the resources of Canada’
(1898), Fields, Factories and Workshops (1899),
Modern Science and Anarchism (1903), Mutual
Aid: A Factor of Evolution (1902) and ‘Desiccation
of Eur-Asia’ (1904). He published about 200
articles in the 9th, 10th and 11th editions of the
Encyclopaedia Britannica, mostly on topics con-
cerned with Russia. He was also the author of the
Great French Revolution (1909). These works
were published in Russia after 1917.

Old age: 1917-1921

Returning to Russia in 1917, after the Revolution,
Kropotkin lived in Petrograd, then in Moscow
and, finally, in the small town of Dmitrov, about
100 km north of the centre of the capital, where
he established the Dmitrov Museum of Regional
Studies. He preserved an interest in glaciation and
glacial theory throughout his life. One of his last
projects was a plan of a book entitled Glacial and
Lacustrine Periods (1919), but it was only pub-
lished in 1998 (Kropotkin 1998a). Kropotkin died
on 8 February 1921, and was buried with honour
in Novodevichy Cemetery, Moscow.

Early ideas on glacial theory

Before considering Kropotkin®  glaciological
researches, we should briefly recall some aspects
of the early history of glaciation investigations in
Western Europe.

The first steps in the study of what came to be
called Pleistocene glaciation were made by Ignaz
Venetz, Jean de Charpentier and Louis Agassiz in
the Alps in the 1820s—1840s. In addition, some
geoscientists suggested the existence of former gla-
ciation not only in the Alps but also in the uplands
and plains of Norway (Jan Esmark), Germany
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(Reinhard Bernhardi, Karl Schimper) and Scotland
(Louis Agassiz, William Buckland and Thomas
Jamieson).

In 1833 Charles Lyell proposed the so-called
‘drift hypothesis’ to account for the dispersal of
erratic boulders by floating ice, which was sup-
ported by the majority of geologists at the time.
Among them was Roderick Murchison, who tra-
velled through European Russia in 1840-1841.
Some Russian geologists (Grigorii Shchurovsky
[1856], Friedrich Schmidt [1865] and Grigorii
Helmersen [1869]) also generally supported the
drift hypothesis.

The originally Estonian stratigrapher, Friedrich
Bogdanovich Schmidt (1832—1908), described the
Quaternary boulder-bearing sediments of the
Baltic States. He also indicated that clastic
materials were transported there from north to
south (i.e. from Finland and Sweden), based on
the analysis of the direction of the scratches or stria-
tions observed below the boulder-bearing deposits.
At the same time, Schmidt in Russia and some
Scandinavian geoscientists interpreted asar (or
eskers) as marine coastal banks or strand-lines,
formed under the influence of ice blocks floating
in the cold seas of the Glacial Period. These geol-
ogists thus attempted to combine the elements of
the drift and glacial hypotheses. Later, following
Kropotkin, Schmidt became a strong supporter of
the land-ice theory. The most complete and

convincing justifications in favour of the concept
of the great Pleistocene glaciation in northern
Eurasia were given in the 1870s in the classic
works by Otto M. Torell (1828-1900) (see van
Veen 2008 in this volume), who was the founder
and first Director of the Geological Survey of
Sweden, and by Kropotkin.

The present paper deals mainly with the period
when Kropotkin was collecting scientific infor-
mation on the evidence of glaciation and was creat-
ing a version of the theory of a glacial period. He
was the first to discover traces of former glaciers
in Siberia and, subsequently, he recognized
similar indications in Finland and Sweden.

The Siberian investigations

In 1864-1866 Kroptkin was a young officer in the
East Siberian Administration, working as a military
geographer/cartographer. During this period he
organized and carried out expeditions to Eastern
Sajan across the Great Hingan Range in Manchuria,
later to East Sajan Ridge (1865) and the Patom
Highlands (1866). Figure 2 shows the main routes
of Kropotkin’s expeditions in the Baikalian
region. In this territory scientists found the first
time traces of former glaciation.

During his expeditions in Eastern Siberia, Kro-
potkin found and examined polished and scratched

L

=~ Sajan expedition 1865

Fig. 2. The main routes of Kropotkin’s expeditions in Eastern Siberia, 1865—1866 (Markin 2002, p. 192).
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Fig. 3. Landscape of the Muya River valley. Modern photograph, from Markin (2002, p. 96).

boulders in the river valleys (see Figs 3 & 4). He
also discovered granite boulders, evidently not in
situ and undoubtedly transported from adjacent
regions. Moreover, he noted the indications of
glacial smoothing and glacial furrows on hard
rock surfaces beneath the cover of boulder-clay
(till). He concluded that the boulders could only
have been transported and redeposited by a large
and thick glacier, which formerly covered the
surrounding mountains and extended down to an
altitude of 700 m. (The present glaciers in Eastern
Siberia do not come lower than 3000 metres:
Kropotkin [1873].)

Kropotkin explained these unusual structures
by invoking the idea of the action of a moving
glacier mass that ground up and smoothed every
form of relief.

The Scandinavian investigations

In 1871 the Geographical Society sent Kropotkin to
Finland and Sweden to study the evidence of former
glaciations in that part of the world (Kropotkin
1874). During this expedition he collected valuable
field data and studied various collections in Swedish

Fig. 4. Dome-like form of ridges rounded by a former glacier in the Oka Valley, Eastern Sayan Mountains
(Supplement to Researches on the Glacial Period, 1876, p. 43).
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museums. His data and his critical analysis of the
international literature convinced him that the
former glaciation had had a very wide extension
in the northern hemisphere. His observations in
Scandinavia and Siberia, and his outline of the prin-
cipal problems and hypotheses concerning the
glacial period, were collated and published in
Researches on the Glacial Period.

Researches on the Glacial Period was written —
much of it in prison — during the years from 1871 to
1876. Fascinated by the problem of a former conti-
nental glaciation in Siberia, Kropotkin studied the
available European and American literature on the
topic, and in his book he referred to the publications
of William Hopkins, Charles Lyell, John Tyndall,
Edward Forbes, James Croll, James Dana, Adolf
Nordenskiold, Theodor Kjerulf, Axel Erdmann
and Hampus von Post, among others. He also
utilized the researches of Russian geologists
and geographers such as Alexander Voeikov,
Grigorii Helmersen, Friedrich Schmidt and
Stepan Kutorga.

The Russian Geographical Society, together with
Kropotkin’s brother Alexander, helped Kropotkin
prepare his manuscript for publication in the
Memoirs of the Russian Geographical Society. The
volume appeared in 1876, almost simultaneously
with Kropotkin’s escape from the prison hospital.
Only the first volume was published, although it
was supplemented by a short summary of the con-
tents of some chapters from the second volume
(see Fig. 5). Some fragments from the second

volume were subsequently found in archives and
published in Moscow in 1998 (Kropotkin 1998b).
The left-hand page in Figure 5 reads:

Memoirs of the Imperial Russian Geographic
Society

On General Geography (Sections of Mathematical
and Physical Geography).

Volume Seven.

Edited by

A. Kropotkin and Iv. Poliakov.

With maps, section and pictures in a separate
brochure.

S. Petersburg.

1876.

The right-hand page in Figure 5 reads:

Researches on the Glacial Period.

P. Kropotkin.

L. On the glacial deposits of Finland (Report on the
journey into Finland and Sweden in 1871 on
behalf of the Imperial Russian Geographic
Society).

II. On the foundation of hypotheses concerning the
glacial period.

With maps, section and pictures in a separate
brochure.

S. Petersburg.

M. Stasjulevich typography.

Vassilijevsky Island, 2 L, 7.

1876.
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Fig. 6. Photoportrait of Academician Fedor
Bogdanovich Schmidt (1832-1908). State Archives of
the Russian Federation, Fund 1129.

Fig. 7. Photoportrait of Academician Grigorii Petrovich
Helmersen (1803—1885): the first Director of the
Geological Committee of Russia. Archives of the
Department for the History of Geology, Vernadsky State
Geological Museum, Moscow.

The first volume of Kropotkin’s treatise
consisted of 828 pages (16 chapters), and a separate
fascicle with supplementary illustrations, including
100 maps, cross-sections and original drawings. In
13 chapters Kropotkin gave a description of his
routes and data of his observations of alluvium,
the traces of different glaciers, and the forms of
relief. In addition, information was given on the
investigations of Pungaharju Mountain and the
lakes and ridges of South Finland. In Chapter 14
(‘On the basis of the glacial hypothesis’) and in
Chapter 15 (‘The furrowing of rocks’) he con-
sidered the processes involved in the formation of
glacial covers, the plasticity and brittleness of ice,
and different explanations of the movement of gla-
ciers. Chapter 16 was devoted to the forms of moun-
tains and rocks. All the illustrations were drawn by
the author himself.

In the second (posthumous) volume, Kropotkin
included chapters on ‘Boulders’, ‘On the classifi-
cation of post-Pleistocene alluvium’ and ‘Moraines
and oses’ (Kropotkin 1998b).

Kropotkin’s Scandinavian expedition started out
from the Russian town of Vyborg, close to the
Finnish border (formerly the Finnish Viipuri), and
then continued into Finland, visiting such places

Fig. 8. Photograph of Kropotkin (right) and his
colleague Michail P. Rebinder (left). State Archives of
the Russian Federation, Fund 1129.
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as Pungaharju Ridge, the Imatra Waterfall, Savon-
linna, Yoensu, Scansland, Turku (Abo), Kuopio,
Tampere, Kajana and other localities. The party
then moved on to Sweden, observing the Uppsala
and Enkoping eskers, and visiting the towns of
Goteborg, Nykoping and Norrkoping. During the
last part of the Scandinavian journey (from Tavat-
shus to Helsinki) Kropotkin passed along the line
of a new railway, thus enabling hum to observe
numerous fresh sections.

Friedrich (Fedor) Schmidt (see Fig. 6), and the
geologists Gregor Helmersen (or Gelmerson)
(Fig. 7) and Michail Rebinder (dates not known)
(see Fig. 8), all specialists in the geology of
Finland, participated in the first part of the Kropot-
kin’s Scandinavian expedition and they discussed
together the peculiarities of the landscape near the
town of Vyborg.

Helmersen interpreted the scratched boulders
and the polished, rounded surfaces of the low
granite hills as the result of water action. He had
been under the influence of Charles Lyell and sup-
ported the old hypothesis of ‘drift’ (transport of
boulders, etc., by floating icebergs). But Kropotkin
and Schmidt considered that the granite boulders
could only have been moved by large masses of
ice, moving over land and leaving marks on the
rocks as they slowly passed over them.

In both Finland and Sweden Kropotkin observed
interesting forms of relief (d@sar or eskers) stretching
as linear ridges. As is the Swedish word for esker
(plural dasar). The Russian term is os (or oz, if the
Cyrillic script is transliterated). Kropotkin drew
the dsar that he investigated on a hypsometric
map prepared by Edvard Erdmann (1840-1923)
for the Swedish Survey, and also indicated the

Fig. 9. Hypsometrical map of the southern part of the Scandinavian Peninsula (by Edvard Erdmann): scale 1: 9 000 000
(Supplement Researches on the Glacial Period, p. 15). Lines with small dashes on their right sides, asar; I'e, Gévle;

CM, Stockholm; J, Uppsala; Hio, Norrkoping; X, Oslo.
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names of the various towns and lakes in Russian
(see Fig. 9). In Stockholm, Kropotkin met the
famous explorer and geographer Nils Adolf Erik
Nordenskiold (1832-1901) (see Fig. 10), with
whom he established a friendship.

The Swedish geologists (Erdmann, amongst
others) had supposed that dsar were of marine
origin. But Kropotkin noticed that their directions
usually corresponded to the lines of glacial move-
ment, running down from the Scandinavian moun-
tains. The boulders and the glacial marks
(striations) on rocks clearly demonstrated the direc-
tion of movement and it was evident to Kropotkin
that a huge glacial mass had moved southward
without regard to the relief. It had crossed the
Scandinavian Melar lowland (Melar or Melur =
type of vegetation found in Iceland; here the
name refers to a plain in Sweden), and then
moved uphill — the mountains could not stop it!
Such independence of relief is typical for large gla-
ciers. Indeed, a glacier in part creates the relief.
Asar are the most interesting forms of
post-glacial relief.

Kropotkin first observed dsar in Finland in the
‘Pig Mountains’ — or Pungaharju. In Sweden, he
studied in detail the large and famous Uppsala ds,
located near the ancient university town of
Fig. 10. Photoportrait of N.A.E. Nordenskiold. State Uppsala. Kropotkin drew a cross-section of this ds
Archives of Russian Federation, Fund 1129. and different parts of the outcrop (see Fig. 11).

Figure 12 shows various profiles of an as
near Hyvittis (or Huittinen). Figure 13 shows the ridge
of the Uveskul ds (near Alvaervi), and a section of

w

A - glacial rocks
B - sands
C —sands and clays

Fig. 11. Cross-sections of the Uppsala ds (Kropotkin 1876, Supplement, figs 17-20, pp. 17 and 18). Top: general
profile: E-W. q, glacial detritus; b, sands and gravel; c, pebbles; d, sands, gravel and silt; e, layered clay; f, talus;
g, elliptical boulders. Centre left: cross layers in the upper parts of the cover. a, grey sand with ripple marks;

b, greenish sand; ¢, muddy-brown sand; d, grey sand; e, talus. Centre right: eastern part, viewed from the north.

a, grey sand with ripple marks; b, c, e, fine layered sands; d, coarse sands; f, fine pebbles. Botfom: eastern part, viewed
from the north. a, glacial detritus; b, sands and gravel; c, sands and clay.
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Fig. 12. As near Hvittis: different sections of the outcrop (Kropotkin 1876, Supplement, p. 17). Top left: a, pebbles;
b, glacial detritus; c, talus. Top right: a, fine yellow glacial detritus; b, the same with white flour; ¢, the same but
washed. Bottom left: a, stratum of sand with small pebbles; b, typical yellow glacial detritus. Bottom right: inclined
layers above talus. a, sand; b, pebbles with sand; c, glacial detritus.

-

e

Fig. 13. Ridge of the Uveskul ds with glacial detritus (Kropotkin 1876, Supplement, p. 20).
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Fig. 14. Section of ds near Kuopio (Kropotkin 1876, Supplement, 20). a, glacial gravel wash, with angular, glacial
detritus; b, the same, but with small and slightly rounded clasts; c, fine layer gray sand; d, the same with pebbles; e,
yellow sand with pebbles in the lower part of the outcrop.

Fig. 16. Moraine near Korpilaksa (Kropotkin 1876, Supplement, p. 18).
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another one near Kuopio is shown in Figure 14.
Figures 15 and 16 represent moraines at Lohikoski
and Korpilaksa, respectively. All these were dsar and
moraines investigated by Kropotkin in Finland.

Also in Finland, Kropotkin noticed that the lakes
have a preferred orientation. He compared the
direction of lake banks, ridge moraines, and marks
on boulders and rocks, and concluded that all
three phenomena were produced by a single
cause — a large glacier.

As is well known, dasar are linearly elongated,
narrow ridges with steep slopes of material of glacio-
fluvial origin, composed of cross-bedded sands,
gravels and pebbles. They have the appearance of
embankments, their heights may reach 100 m and
they may extend to hundreds of kilometres in
length. The smallest dsar have a height of about
2-3m and are only a few hundred metres long.
All asar are situated at the bottom of depressions
and/or valleys. In plan, they are seen to curve or
meander. The formation of d@sar is thought to be
related to the filling of subglacial tunnels and fissures
by moraine-type materials. Most of the classic
eskers are situated in Sweden and other Baltic
countries, but they also occur elsewhere, such as in
Ireland for example. They are formed as a result of
deltaic accumulation as ice melts and retreats. But
their main mass is formed within or beneath the gla-
ciers. The direction of ice movement (NE-SW in
the Swedish cases examined by Kropotkin) is indi-
cated by the orientation of the dsar.

Asar are the most interesting forms of post-
glacial relief. But Kropotkin found the main evi-
dence of their glacial origin in their internal compo-
sition. The material is mostly unsorted, and
typically has glacial detritus in the form of a
rounded, fine dust (flour). The preservation of struc-
tures in such material is impossible in the presence
of moving water. In Kropotkin’s opinion, therefore,
the Scandinavian dsar were formed from material
accumulated in tunnels within (or beneath) glaciers.
The Swedish geologists had interpreted dasar as
marine deposits, but Kropotkin essentially achieved
the modern understanding.

Perhaps the most significant part of Kropotkin’s
work, which preserves its value up to the present,
was his original concept of the dynamics of a con-
tinental ice sheet as a result of its slow plastic
flow, induced by its weight. The flow was believed
to start from the highest ‘internal’ area of the ice
sheet, where the ice was thickest and might be
several kilometres thick. However, some aspects
of Kropotkin’s glacial theory do not correspond to
modern opinions. For instance, he only recognized
the occurrence of a single glaciation.

In his monograph, Kropotkin discussed different
aspects of glacial geomorphology in detail, as well
as the structure and origin of glacial (and glacially

related) sediments, and the forms of glacial land-
scapes. His main conclusion was that the existence
of a specific complex of indications of glacial
activity in former times confirmed the reality of a
great continental glaciation of the northern hemi-
sphere during the Pleistocene. His ideas have sub-
sequently been confirmed by modern Russian
geologists working on the widely distributed evi-
dence of glaciation in Siberia.

The tradition at Lomonosov Moscow State Uni-
versity is to preserve the memory of outstanding
Russian and foreign scientists. The Earth Science
Museum continues this fine tradition. The Glacial
Period exhibition is located in the Earth Science
Museum in the hall devoted to the Cenozoic Era.
The results of Kropotkin’s scientific investigations
are outlined in posters and a bronze bust of him is
located there.

The Moscow side-street where Kropotkin was
born is named after him, as is the local Metro
station. A memorial museum located at his last
place of residence in Dmitrov was opened in 2007.

References

KROPOTKIN, P. A. 1873. Report of the Olyokma—Vitim
Expedition on investigations of the cattle route from
Nerchinsk to Olekma Districts. Russian Geographical
Society, 3 (in Russian).

KROPOTKIN, P. A. 1874. On the study of glacial deposits
of Finland. Russian Geographical Society, 10, Section
1, 323-332 (in Russian).

KROPOTKIN, P. A. 1875. Obshchy ocherk orografii Vos-
tochnoi Sibiri [Introductory outline of East Siberian
orography]. Proceedings of the Russian Geographical
Society on General Geography, 9 (in Russian).

KROPOTKIN, P. A. 1876. Researches on the Glacial Period.
Russian Geographical Society, 7 (in Russian).

KROPOTKIN, P. A. 1884. La plasticité de la glace. Revue
scientifique, 33, 37—48.

KROPOTKIN, P. A. 1897a. The glaciation of Asia. Report
of the 67th Meeting of the British Association for the
Advancement of Science. Section C, Geology,
London, 19, 774-7175.

KROPOTKIN, P. A. 1897b. Anarchism: Its Philosophy and
Ideal. T. H. Kneell, London.

KROPOTKIN, P. A. 1898. Some of the resources of
Canada. Nineteenth Century, 43, 494—514.

KROPOTKIN, P. A. 1899. Fields, Factories, and Work-
shops. Hutchinson & Co., London.

KROPOTKIN, P. A. 1902. Mutual Aid. A Factor of Evol-
ution. Heinemann, London.

KROPOTKIN, P. A. 1903. Modern Science and Anarchism
... Translated from the Original Russian by
D. A. Modell. Social Sciences Club, Philadelphia, PA.

KROPOTKIN, P. A. 1904. The desiccation of Eur-Asia.
Geographical Journal, 23, 722-734.

KROPOTKIN, P. A. 1909. The Great French Revolution,
1789-1793 Translated from the French by
N. F. Dryhurst. Heinemann, London; G. P. Putnam’s
Sons, New York.



128 T. K. IVANOVA & Y. A. MARKIN

KROPOTKIN, P. A. 1998a. Lednikovyi i ozernyi periody
(Glacial and Lacustrine Periods). In: Natural
Science Works. Science, Moscow (in Russian).

KROPOTKIN, P. A. 1998b. Natural Science Works:
Science Heritage. Science, Moscow (in Russian).

MARKIN, V. A. 1985. Peter Alekseevich Kropotkin.
Science, Moscow (in Russian).

MARKIN, V. A. 2002. The Unknown Kropotkin. Olma
Press, Moscow (in Russian).

POSTNIKOV, A. V. 1993. Kartografia v tvorchestve
P. A. Kropotkina [Cartography in the work of
P. A. Kropotkin]. In: P. A. Kropotkin i Sovremennost.
Moscow Branch of the Russian Geographical Society,
Moscow, 80-93.

PosTNIKOV, A. V. 2002. Kartografia v tvorchestve

P. A. Kropotkina [Cartography in the work
of P. A. Kropotkin]. Trudy Mezhdunarodnoy
Nauchnoy  Konferentsii, Posvyashchennoy 150-

letiyu so Dnya Rozhdeniya P. A. Kropotkin,
Issue 4. Institut Ekonomiki RAN, Kommissiya po
Tvorcheskomu Naslediyu P. A Kropotkin, Moscow,
72-88.

VAN VEEN, F. R. 2008. Early ideas about erratic
boulders and glacial phenomena in The Netherlands.
In: GRAPES, R. H., OLDROYD, D. R. & GRIGELIS,
A. (eds) History of Geomorphology and Quaternary
Geology. Geological Society, London, Special Pub-
lications, 301, 159-169.



Quaternary research in the Baltic countries
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Abstract: The development of Quaternary research in the Baltic countries was determined by
geopolitical position as well as by economical and social conditions, the formation of science
centres, the progress of geological thought, the natural environment and the specific geological
development of this area of Eastern Europe. One of the peculiarities of Baltic Quaternary research
was that it was undertaken initially by French, German, Russian, English, Finnish and Polish scho-
lars, and later by Lithuanian, Latvian and Estonian researchers. The different nationalities infused
Quaternary research with a variety of ideas and methods of study. Thus, within the course of inves-
tigations of both Quaternary and bedrock geology, specific periods related to progress in science
and historical events in the Baltic States can be recognized: (1) scholastic period, drift hypothesis,
Ice Age, glacialism, polyglacialism (Russian Empire administration until 1914); (2) geomorpho-
logical investigations (independent republics interwar years 1918—1939); (3) detailed investi-
gations and mapping (Soviet administration 1940—1990); and (4) modern Quaternary studies
(restoration of independence of Baltic States from 1990).

Investigations of Quaternary geology in the Baltic
region were, and are, an important link between
the East and West in northern Europe, which was
covered with ice during the Pleistocene derived
from Scandinavian glaciation centres (Fig. 1).
Quaternary glacial deposits from 10 glaciations or
major stadials from the Fennoscandian ice centre
are extensively distributed in the Baltic States.
The first glaciations covered the Baltic area before
800 000 years ago and the maximum thickness of
glacial deposits was more than 300 m. The Baltic
countries were probably freed from the continental
ice sheet in Dani- and Gotiglacial times, i.e.
approximately 18 000—11 000 years ago.
Quaternary research has undergone a long and
complicated development in the Baltic countries,
determined by their geopolitical position and
dependence on Russia in particular, as well as econ-
omic and social conditions and the formation of
science centres. The foundation of universities in
Vilnius (in 1579) and Tartu (in 1632) can be
regarded as starting points affecting the develop-
ment of natural sciences and its progress. Geology
began to be taught as a part of natural philosophy
in Vilnius University, and the development of
Quaternary geology was related to the founding of
the Principal School of the Great Duchy of Lithua-
nian (in 1773) and the establishment of a Natural
History Department at the Vilnius University in
1781. However, the earliest investigations in
Quaternary geology in the Baltic countries began
a year earlier in 1780, when Jean-Emmanuel
Gilibert (1780) published observations on surface
sands during a trip from Grodna (in present
Belarus) to Vilnius in Lithuania. This was followed

by a note on the occurrence of Quaternary
sediments in Latvia (Fischer 1784).

One of the peculiarities of Baltic Quaternary
research is that it was initially conducted by
French, English, German, Russian, Finnish and
Polish scholars, and only later by Lithuanian,
Latvian and Estonian researchers. The national
traits of all these researchers affected the ideas
and methods applied to their Quaternary studies.
The dependence of the Baltic countries on other
states and the resolution of their people to gain inde-
pendence was another important factor influencing
scientific research. Thus, investigations related to
both Quaternary and general bedrock geology can
be subdivided into specific periods related to his-
torical events affecting the Baltic countries as
detailed below.

Periods of Quaternary research

The history of investigating Quaternary geology of
the Baltic countries may be divided into several
periods, each reflecting a stage in the development
of scientific thought and progress of investigation.

Scholastic period, drift hypothesis, Ice Age,
glacialism, polyglacialism (Russian Empire
Administration until 1914)

During this period, the Baltic countries were part of
the Northwest Administrative Region of Russia,
and geological research was directed from
Russian institutions and carried out by researchers
from Russia, Poland, Finland and local German

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 129-140.
DOI: 10.1144/SP301.8  0305-8719/08/$15.00 © The Geological Society of London 2008.
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Fig. 1. Map showing location of the Baltic States in the Peribaltic region.

colonists. Only in Lithuania Minor (Klaipéda
Region), which was under the Administration of

Eastern Prussia, were studies undertaken by
German scientists, mainly from Konigsberg
University.

After the closure of Vilnius University (estab-
lished by Stephan Batory, King of Poland and
Lithuania in 1579) in 1832 by the Tsarist govern-
ment, followed by the Vilnius Medical-Surgical
Academy in 1837, the Baltic region came under
the control of geological research institutions of
the Russian Empire (the Geological Committee of
Russia established in 1882 and the Mining Depart-
ment of Russia, which had been established since
1805). At the same time, scholars from Tartu
(Dorpat) University, as well as Konigsberg and
Warsaw universities, showed considerable interest
in the Quaternary geology of the region.

Erratic boulders had been noted by the earliest
natural historians of the Baltic countries, and the
first hypotheses of their origin appeared in the seven-
teenth century when it was considered that the
boulders originated from volcanic eruptions on the
Moon, or were the products of exploded planets
(Raukas 1971). From the beginning until the
middle of the nineteenth century the erratics were
considered either to have had a catastrophic flood
(diluvial) origin or had been derived from icebergs
(drift origin). The first published note on the erratic
boulders was by the academician Vasiliy
M. Severgin (1803), who observed them during a
journey from Vilnius to Grodna in 1802. He

compared the Lithuanian boulders, with those in St
Petersburg, noting that their surface appearance
was different, and concluded that they were
derived from different places and were of different
rock types. Erratic boulders that are common in all
the Baltic countries were subsequently described
by others such as Jan von Ulman (1827), Frederik
Dubois de Montpereaux (1830), Eduard Carol
Eichwald (1830), Ignacy Jakowicki (1831) and
Roderick Murchison (1845), to name the best
known. They recognized boulder rock types, and
on this basis attempted to locate their provenance
and in doing so determine their transport direction.
For example, some researchers (Rasoumowsky
1816) considered that the majority of boulders
were derived from Fennoscandia — and identified
rapakivi granite from Vyborg, quartzite from
Shoksha and sandstone from the Onega Lake
beaches. However, at that time there was no
systematic study of the erratic boulders in the
Baltic countries. This only came later, when the
theory of continental glaciation became generally
accepted, thus greatly expanding the possibilities
for the study of Quaternary geology. In the begin-
ning, most investigators adopted the idea of a
single glaciation, mainly because the drift theory
of the origin of glacial deposits dominated the think-
ing for much of the nineteenth-century.

The most important contributions to the study of
Quaternary geology of the Baltic region are sum-
marized below. The famous geologist and professor
at the Freiberg Academy of Mining in Germany,
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Fig. 2. Abraham Gottlob Werner (1749—1817).

Abraham Gottlob Werner (1749-1817) (Fig. 2),
was extremely influential in the development of
geological thought at Vilnius University at the end
of the eighteenth century. Werner’s Neptunistic
ideas were adopted and clarified in a thesis by
Roman Symonowicz published in Vilnius (Symo-
nowicz 1806). At Vilnius University, Werner’s
Neptunism survived the longest — for example, as
propounded by Symonowicz (1806), Felix Drze-
winski (1816) and Ignacy Jakowicki (1825, 1827)
— not only because of Werner’s eminence, but
also because of the geology of Lithuania, which
favoured interpretation in terms of the Neptunist
hypothesis. The drift hypothesis prevailed and no
Lithuanian observers immediately adopted Jean
Louis Rodolphe Agassiz’s idea of an Ice Age to
account for the occurrence of the erratic boulders
in the region, although the idea that icebergs were
responsible for the peculiarities of relief of
Vilnius region had been known for some time.
Eduard Carol Eichwald (1795-1876) (Fig. 3),
palaeontologist at Tartu University, professor at
Vilnius, Kazan’ and St Petersburg universities,
paid particular attention to the regional distribution
of sands and regarded them as the result of shallow
marine sedimentation. In his earlier work (Eichwald
1830) he was a supporter of the drift theory, and,
although drawing attention to the widespread distri-
bution of erratic boulders, he did not attempt to

Fig. 3. Eduard Carol Eichwald (1795-1876).

determine their origin at this time. Later, in 1853,
he was the first in the Baltic provinces to consider
the idea of continental glaciation, and the Baltic
States were among the first places where this
theory was developed. Eichwald (1853) thought
that all the erratic boulders had been transported
by, and were deposited from, an ice sheet. He also
noted that erratic boulders from the bed of the
Dané River near Klaipéda were similar to rock out-
crops in Finland and Sweden.

Carl Friedrich Schmidt (1832-1908) (Fig. 4), a
full member of the St Petersburg Academy, can be
regarded as the founder of Quaternary geology in
Estonia, and was one of the creators of the theory
of continental glaciation (Schmidt 1865). In
Russia, Piotr A. Kropotkin’s work concerning con-
tinental glaciation was published in 1876. Schmidt
was the first to discover remains of the freshwater
snail Ancylus fluviatilis on Saaremaa Island, and
from this he established the freshwater pre-Littorina
stage in the Quaternary history of the Baltic. He
also recognized many unique landforms, namely
the meteor craters at Kaali and Ilumetsa, the astro-
bleme at Palukiila, coastal dunes on Curdnian spit
(Kursiy Nerija), natural monuments (the largest
crystalline boulders in northern Europe); and he
drew attention to the extensive insular heights in
the East European Plain, examples of which were
practically unknown elsewhere in the world. Later
in his career, he contemplated the idea of several
glaciation events. As early as 1879, Carl Andreas
Constantin Grewingk (1819-1887) (Fig. 5) had
maintained that the Baltic States were glaciated at
least twice, and that the glaciers had formed the
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Fig. 4. Carl Friedrich Schmidt (1832—1908).

Fig. 5. Caspar Andreas Constantin Grewingk (1819—
1887).

topography and left tills of different colour and
lithology (Grewingk 1861, 1879). As professor at
Tartu University, he was the author of the first stra-
tigraphic scheme of Quaternary deposits of the
Baltic countries.

After examining erratic boulders, together with
field observations in extensive areas of the islands
in the Riga Gulf and environs of St Petersburg,
Jozef Siemiradzki of Dorpat (Tartu) University con-
cluded that boulder deposits in the eastern part of
the Baltic region (granite, porphyry, red quartz
sandstone) had been transported mainly from
Finland and environs of the Ladoga and Onega
lakes, whilst those found in the western part were
mainly derived from Sweden, including sedimen-
tary rocks containing Silurian fossils (Siemiradzki
1882). The Upper Silurian fauna of the erratic
boulders studied by Czestaw Chmelewski in 1900
confirmed their provenance.

In Lithuania, the initiator of detailed studies of
Quaternary geology was Antanas Giedraitis
(Anton Giedroy¢) (1848—1909) (Fig. 6), who was
a proponent of the idea of several glaciation
events (polyglacialism) (Giedroy¢ 1886). After
describing many Quaternary exposures, he was
able to identify two well-developed till horizons
in the Augustow and Kaunas provinces, and a
third horizon in the Vilnius region. Following on
from Giedroy¢’s work, one of the most significant
contributions to Quaternary geology in the late
nineteenth—early twentieth centuries was made by

Fig. 6. Anton Giedroy¢ (1848-1909).
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the Russian palaeobotanist, Nikolai Krischtapo-
witch (1910), who examined all the main Quatern-
ary exposures described by Giedroy¢ and was able
to identify interglacial deposits.

Finally, the Finnish researcher, Hans Magnus
Hausen (1884-1979) (Fig. 7), is known for
several outstanding contributions to Baltic Quater-
nary geology. He was the first to attempt a
reconstruction of the glacial retreat during the
Last Glaciation in the Eastern Baltic using palaeo-
geographical maps showing successive ice-
marginal positions and ice-dammed lakes (Hausen
1912, 1913).

In summary, although some observations and
publications concerning Ice Age deposits in the
Baltic contries were made during the latter part
of the eighteenth century, this early period of
Quaternary studies, ending in 1914, was one
characterized by the accumulation of descriptive
data. The drift theory of the origin of glacial
deposits was dominant in the earlier part of this
period with ideas changing towards the notion
of continental glaciation in the latter part
and with a polyglacial origin for the Quaternary
deposits  taking hold in  the early
twentieth century.

Fig. 7. Hans Magnus Hausen (1884—1979).

Geomorphological investigations (World
War I and independent republics interwar
years 1918—-1939)

World War I (1914-1917) changed the political
and economic situation of the Baltic countries.
Only short-term investigations by German
geologists — for example Hans Mortensen, Ernst
Karl Kraus and others such as H. Philipp, Fr.
Wahnschaffe and F. Schucht — were undertaken
at that time, with the former compiling a morpho-
logical map of Lithuania from aerial observation
(Mortensen 1924).

After World War I, the Baltic countries gained their
independence, and national researchers of all three
Baltic States — Lithuania, Latvia and Estonia — took
over geological investigations. During this time,
national research centres and schools at the univer-
sities of Kaunas, Riga and Tartu were established.
In the Vilnius area, which was under Polish occu-
pation, investigations continued to be carried out
by Polish geologists (Halicki 1934).

Geomorphological investigations are a charac-
teristic feature of this period (Vaitiekinas 1960,
1969). Baltic scientists took an active part in gather-
ing material to produce the Quaternary map of
Europe, but this was not published immediately
owing to the start of World War II. In Lithuania,
important investigations were carried out by
Mykolas Kaveckis, Juozas Dalinkevicius and Ceslo-
vas Pakuckas; in Latvia by Ernst Karl Kraus, Aleksis
Dreimanis, and others such as Z. Lancmanis,
1. Sleinis and V. Zans; and in Estonia by August
Tammekann, Karl Orviku, Johannes Gabriel
Grand, Paul William Thomson and A. Laasi. Valu-
able glaciomorphological conclusions were made
on the basis of these investigations, such as the deter-
mination of the limits of the greatest extent of the last
glaciations, recognition of three stages of the Last
Glaciation and the oscillatory nature of moraines.

Together with geomorphological investigations,
stratigraphic surveys were also carried out at this
time, which led to the discovery of interglacial
and interstadial intertill peat and gyttja horizons in
Lithuania (Pakuckas 1935), Latvia (Zans 1936)
and Estonia (Orviku 1939). As well as valuable
palynological ~ data  obtained from these
sections, the petrography of tills in the Vilnius
region of East Lithuania were described by
Jaroszewicz-Ktysziniska (1938) and in Latvia by
Dreimanis (1939). The first data were also obtained
on the bedded character and thickness of glacial
deposits coinciding with ideas on Pleistocene tec-
tonics enunciated by Kraus (1924, 1928).

The more detailed and systematic studies of this
1914-1940 period revealed both the common dis-
tribution of Quaternary sediments in the Baltic
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countries and provided information on important
mineral resources. It also heralded the beginning
of stratigraphic studies of glacial deposits.

Detailed investigations and mapping (Soviet
administration 1940—1990)

In 1940 the Baltic States lost their independence
and at first were incorporated into the Soviet
Union, with Quaternary research co-ordinated by
central Soviet institutions and only localized inves-
tigations being made; for exmaple, glaciolacustrine
varved clay prospecting. In 1941, the institutions of
the Geological Survey were founded.

During the German occupation between 1941
and 1944, soil and agricultural mapping for coloni-
zation purposes was instigated, including research
related to mineral resources of Quaternary deposits.
In Lithuania, the study of the Quaternary deposits
was undertaken by Bronislaw Halicki and his assist-
ants. Halicki compiled geological maps of several
localities in the valleys of the Nemunas and Neris
rivers, and proposed a stratigraphic scheme for the
Lithuanian Pleistocene. The results were published
in 1950 (Halicka & Halicki 1950). Also, during this
time, Quaternary deposits in Lithuania were corre-
lated with four glaciations by Juozas Dalinkevicius
(1944), based on an analysis of the results of
previous research.

The second Soviet occupation of the Baltic
countries lasted from 1944 to 1990, and during
these years a policy of industrialization and collec-
tivization resulted in the acceleration of geological
and, in particular, Quaternary investigations. Exten-
sive geological and geomorphological mapping, at
scales of 1:200 000 and 1:50 000, of all the Baltic
Republics was carried out, with the rapid develop-
ment of geological work associated with the train-
ing of highly skilled specialists. During this time
Quaternary geology was established as an indepen-
dent branch of geology in the Baltic countries, and a
large amount of data relating to Quaternary strati-
graphy, geomorphology, palacogeography, paly-
nology, lithology, erratic boulders and isotopic
characteristics were accumulated from geological
surveys and deep boreholes (e.g. Viiding et al.
1971; Danilans 1973; Gudelis 1973; Raukas
1978). Quaternary and geomorphological maps of
the Baltic Republics, on a scale of 1:500 000 with
explanatory notes and compiled on the basis of
stratigraphic—genetic principals, were compiled in
1978 based on data provided by the geological
boards of Estonia, Latvia, Lithuania and the north-
western region of Russia (Grigelis 1980a.b).
These maps showed the distribution of the deposits
of the last and penultimate advances of the Quatern-
ary glaciers, as well as post-glacial sediments,

delineated rock composition, marginal glacial
deposits, major topographic forms (drumlins,
kames, eskers), the ancient coastline of the Baltic
Sea, the thickness of the deposits and the deglacia-
tion boundaries of the Last Glaciation, with an inset
map illustrating the ‘Degradation scheme of the last
Baltic glaciation” on the scale of 1:1 700 000. The
relief of the sub-Quaternary surface was shown to
have a major effect on the distribution and thickness
of glacial sediments and buried valleys in sub-
Quaternary surface (Melesyté 1976).

Pleistocene glaciosedimentation cycles were
distinguished on the basis of correlation of the
ages of glacial deposits (Gaigalas 1979), and the
lithogenetic, lithostratigraphic and palaeogeo-
graphic importance of glacial deposits was empha-
sized. Sources of fragmental material and the
directions of ice movement during different times
during the Pleistocene were determined, and ques-
tions of ground-moraine formation solved. A
genetic classification of glaciofluvial deposits was
also developed based on their different textural,
compositional and structural properties (Jurgaitis
1984), and criteria for the recognition of different
types of glaciofluvial deposits were proposed. In
1955 a new stage in the elaboration of a regional
stratigraphical scheme of the Baltic Quaternary
was initiated at a regional conference in Vilnius,
resulting  in  stratigraphic ~ charts  being
proposed and modified (Grigelis 1978; Krasnov &
Zarina 1986). Because fossil-bearing interglacial
sediments are rare, only generalized regional
stratigraphic schemes of Quaternary sediments
could be made with help from the results of pre-
vious research on the structure and composition
of tills.

Modern Quaternary studies (restoration of
independence of the Baltic States from 1990)

A new stage in Quaternary research began after the
collapse of the USSR when the Baltic Republics
once more regained their independence. Research
became centred on geochronology (radiometric
and dosimetric), palaeobotany, stratigraphy and
lithology, and the interaction between climate,
man and environment. These investigations were,
and remain, an important link between east and
west in the northern European region that had
been ice-covered during the Pleistocene. The
geology of the Baltic States was shown on
1:200 000-scale maps (including maps of Quater-
nary deposits, geomorphology and bedrock topo-
graphy), with large areas also mapped on a scale
of 1:50 000. The Baltic area also became the
principal research region for the well-known Saale
Complex (Middle Pleistocene Interglacial—Glacial
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transitions) of the Quaternary in Europe (Table 1).
Absolute dating of sediments helped to solve the
problem of the existence and timing of the Intergla-
cial period within marine oxygen isotopic Stage
(MIS) 7 (Gaigalas 2004; Gaigalas et al. 2007).
Insular (interlobe, island) highlands in the Baltic
countries are now recognized as unique deposi-
tional forms of glacial relief that are rare in the
other regions of ancient glaciation (Fig. 8). Accord-
ing to recent data (Raukas 1993; Raukas et al.
1995), these depositional features developed
between active ice flows (lobes) during the course
of subglacial, englacial, marginal and stagnant ice
stages. As the eastern Baltic area was probably
free of continental ice in the Dani- and Gotiglacial
times, between about 18 000 and 11 000 years
ago, it is a key region of the Quaternary strati-
graphic record. The most important type sites are
shown in Figure 9. The catalogue of stratotypes
for the Quaternary of the Baltic Region was com-
piled for the first time (Kondratiené 1993), and
the stratotypes make up the basis for the stratigra-
phical division of the Quaternary deposits of the
Baltic States (Table 2). Taking into account the
specificity of palaecogeographic conditions during
the Quaternary, stratigraphic units are recognized
on the basis of many criteria, including geomorpho-
logical, so that a particular stratotype is not based on
one section, but on a certain area (Baltriinas 1995).
As a result, the areal stratotype was established.
According to the Regional Stratigraphic
Scheme of the Quaternary Deposits, up to five inter-
glacial layers and up to nine independent till beds
can be differentiated. The Merkiné (Eemian,

Mikulinan) and Buténai (Holsteinian, Likhvinan)
interglacial deposits are considered as key horizons
(Sidaraviciené Lithuanian stratigraphic units 1999).
In the Baltic States both are represented by intergla-
cial marine and continental lacustrine-bog deposits,
and are clearly differentiated by palynological data;
the possibility of comparing the Baltic Quaternary
scheme with those of neighbouring countries was
suggested by Kondratiené 1996).

Activities of the International Geological Corre-
lation Programme Projects have proved successful
in many fields of Quaternary geology: such as
stratigraphy, geomorphology, palaeogeography,
lithology and isotopic investigations, and, today,
specific features of Quaternary sediments continue
to be studied. These include peculiarities of
Quaternary sediments, surfaces of pre-Quaternary
rocks, Quaternary sediments resulting from
endogenous and exogenous processes, sedimen-
tation and palaeogeography of glacial deposits,
sedimentation of inter-till clast deposits, specific
features of changes of vegetation and climate
during interglacial periods, and the genesis of
periglacial deposits.

With respect to resources, Quaternary clay, sand
and gravel in the building material industry, and
peat in agriculture, are mostly used. Groundwater
from Quaternary sediments is the main source of
potable and curative water in the Baltic countries.
Amber reserves rewashed from Palacogene deposits
are found in the south of the Baltic region. Large
accumulations of erratic boulders of crystalline
origin occur on the surface. Some regions have
rich peat deposits. Placers of heavy minerals
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Fig. 8. Schematic geomorphological map of the Baltic States (Aboltin§ 1993). Highlands: 1, insular
exaration-accumulative (depositional) (plinth-type heights); 2, insular glacio-structure-accumulative (depositional);
3, ice marginal glacio-structural-accumulative (depositional); 4, interlobate high. Lowlands: 5, glacio-depressional
lowlands (till plains, drumlin fields, ribbed moraines, uval moraines (moraine ridges), flutings, eskers and local
ice-dammed lake plains); 6, abrasion-accumulation (depositional) plains of the Baltic Ice Lake and younger stages of
the Baltic Sea; 7, largest spillway valleys; 8, largest lakes. Major lowlands: ME, Middle-Estonian Lowland;

MG, Middle-Gauja Lowland; ML, Middle-Latvian Lowland; EL, East-Latvian Lowland; MLL, Middle-Lithuanian
Lowland; WLI, West-Lithuanian Lowland. Major higlands: R, Rietumkursa; A, Austrumkursa; S, Sakala;

P, Pandivere; O, Otepaa; H, Haanja (together with the Aluksne Highland); V, Vidzeme; L, Latgale; Z, Zemaitija;
BR, Baltic Ridge (together with the Augs$zeme Highland); ZK, Ziemelkurzeme.
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Fig. 9. The most important ice-marginal zones, interstadial and interphasial sections in the Baltic States (INQUA
1995). Compiled by O. Aboltins, A. Gaigalas, M. MeleSyté & A. Raukas. Stages and stades: I, Brandenburgian (Grida);
1L, Frankfurthian (Ziogeliai); III, Pomeranian (AukStaiiai); IV, South-Lithuanian; V, Middle-Lithuanian; VI, Luga
(North-Lithuanian, Linkuva, Haanja); VII, Otepéd (Pliens); VIII, Sakala (Valdemarpils); IX, Pandivere (Neva);

X, Palivere. Sections: 1, Antaviliai; 2, Buivydziai; 3, Kamariskés; 4, Druskininkai; 5, Manciagire; 6, Krikstonys;

7, Lieclautse; 8, Burzava; 9, Kanini; 10, Rauna; 11, Bridagi; 12, Upité s; 13, Aloja; 14, Kurenurme; 15, Saldus;

16, Priekulé; 17, Nopaitis; 18, Manturiai; 19, Gumbiné (Gusev); 20, Gabiauriskis; 21, Pamerkés; 22, Zervynos;

23, Rudnia; 24, Studenets; 25, Dulupite; 26, Kunda; 27, ‘Progress’; 28, ‘Sarkanais Mals’; 29, Tetele; 30, Rezekne;
31, Viljandi; 32, Tartu; 33, KalnCiems; 34, ‘Purmali’; 35, Prangli; 36, Viitka; 37, Petruse.
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Table 2. Regional stratigraphic scheme for the Pleistocene of the East Baltic area (Raukas 1993)

Main subdivisions | Super stage Stage Substage
Holocene
2 Latvia Baltija, stadial
5 é Gruda, stadial
& 5] Lejasciems, interstadial
o) 4
Varduva, stadial
Merkiné interglacial
5 Upper Ugandi (Medininkai), stadial
§D Middle Ugandi (Snaigupélé), interstadial (?)
= Lower Ugandi (Zemaitija), stadial
Buténali, interglacial
N Upper, stadial
§ o Dainava Middle, interstadial
3
.‘% é’ ‘g Lower, stadial
) <
~ 2 Turgeliai, interglacial (?)
3 Upper, stadial
Dzukija Middle, interstadial
Lower, stadial
Katleriai Zidini, interglacial
Lower, glacial
Giliai (cold)
- g Silelis (mild)
Q <
z £ Jundzikis (cold)
— -
A Slavé (mild)
Slavénai (cold)
o
8
‘5 Upper Pliocene (Anyksciai stage)
~

(ilmenite, rutile, zircon) are associated with the
underwater slope of the Baltic Sea. Sapropel
accumulations and bog (limonitic) ores are also
found in Holocene deposits.

Concluding remarks

Quaternary geological research in the Baltic States
of Lithuania, Latvia and Estonia since the middle
of the nineteenth century has provided evidence
confirming continental glaciation in northern
Europe, and support for the idea of multiple glacia-
tions and has contributed to the advancement of

glaciomorphological studies. Between World War
I and II Quaternary investigations in the Baltic
Republics provided crucial material for the compi-
lation of the 1:1 500 000 International European
Quaternary map, the publication of which was
delayed until after World War II. Also, during this
time, the first steps were made towards climatostra-
tigraphic correlation that provided the basis for the
establishment of glaciomorphological zones. The
most recent Quaternary geological research in the
Baltic Republics is concerned with medium- and
large-scale mapping that has allowed the establish-
ment of climatostratigraphic divisions and the
creation of regional stratigraphical schemes.
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Nowadays, the territories of all three Baltic
countries have Quaternary geological, bedrock
topography and geomorphological maps on the
scale of 1:200 000, with large areas mapped on
scales of 1:25 000 or 1:50 000. All known gravel
and construction sand deposits are correlated with
Quaternary glacial and aquaglacial, as well as
aeolian, deposits. Large volumes of fresh under-
ground water are also utilized.

The authors are very grateful to Professors R.H. Grapes
and D.R. Oldroyd, and an anonymous reviewer, for con-
structive comments and suggestions, as well as improve-
ments to the English and revision of the manuscript.
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Abstract: The contributions of the Lithuanian geologist Ceslovas Pakuckas (1898-1956) (in
Poland — Czestaw Pachucki) to Pleistocene geology are of major significance, and he is regarded
as the pioneer of modern glaciomorphological investigations of the Baltic marginal highlands
in Lithuania and Poland. Pakuckas published his first paper on the glacial morphology of south
Lithuania in 1934, followed in 1936 with one on the orientation marginal moraines in the east
Lithuanian highlands and their origin, and in 1938 with another on the glacial morphology of
south Lithuania. His ideas on glacial morphology were presented at the First Conference of
Lithuanian and Latvian geologists held in Kaunas in 1940. Working in Poland after World War
II, Pakuckas continued his glaciomorphological research and compiled data on the correlation of
end moraines of NE Poland and south Lithuania with those in west Belarus as well as the Peribalti-
cum. He concluded that during the Last Glaciation, the continental glacier was not a single ice sheet
but consisted of a number of flows, each dependent on topography and each with its specific glacial
centre. In Lithuania, Pakuckas defined one large field of lateral moraines, the so-called Baltic High-
land consisting of the Stiduva, Dziikija and Aukstaitija highlands. He traced this formation SW as the
Mazurian arc of lateral moraines (in NE Poland) and found that the §venéionys—Naroch or north

Belarus field of lateral moraines extend to the NE of the Baltic Highland.

The pioneer of modern glaciomorphological inves-
tigations of the Baltic margin highlands in Lithua-
nia (pre-World War II) and Poland (post-World
War II) was the Lithuanian geologist, Professor
Ceslovas Pakuckas (or Czestaw Pachucki, as he is
named in Poland) (1898-1956) (Fig. 1).

In 1922 Pakuckas finished his secondary school
education in Kaunas, Lithuania. Higher education at
the universities in Miinster and Vienna followed,
and he obtained his doctorate in Vienna in 1927
with the thesis ‘Die Nachtrige zur mitteleren
und oberen Trias—Fauna von der Insel Timor’
(Indonesia) (‘Additions to the Middle and Upper
Triassic fauna of the island of Timor’). His first pos-
ition was as a teacher in a ‘gymnasium’ in Klaipéda,
Lithuania and from 1930 he became an assistant and
Privatdozent in the Lithuanian University in
Kaunas. In 1934 he passed the ‘Habilitation’ exam-
ination at Vytautas, the Great University in Kaunas.
Two publications in the Transactions of the Faculty
of Natural Science and Mathematics at the Lithua-
nian University followed; ‘Papilés oksfordo ir kelo-
véjo amonity fauna’ [‘The Oxfordian and Kelloway
ammonite fauna of Papile’] in 1932, and ‘Papilés
juros stratigrafiné apzvalga remiantis amonity
fauna’ [‘A stratigraphic overview of the Jurassic

deposits of Papilé on the basis of their ammonite
fauna’] in 1933.

In 1933, after a visit to Sweden and attending
lecture courses of the prominent Quaternary geo-
logists Lennart von Post and Gerhard de Geer,
Pakuckas began his studies of modern glaciomor-
phology in Lithuania. With Kaunas University
professors Mykolas Kaveckis and Juozas Dalinke-
viCius, Pakuckas took an active part in gathering
material in Lithuania for the Quaternary map of
Europe, involving mapping in southern Lithuania
near Poland. A geomorphological map of Lithuania
on a scale of 1:750 000 was compiled in 1936
(Fig. 2), on which glaciomorphological information
relating to eastern Lithuania was included
(Pakuckas 1936, 1938). This map was first pub-
lished in a manual for high schools (Pakuckas &
Viliamas 1938) (Fig. 3).

Pakuckas published his first paper on the
glacial morphology of southern Lithuania in 1934,
which dealt with the Lithuanian territory south of
the 55th parallel (Pakuckas 1934). From the
glaciomorphological point of view this territory
can be divided into two different landscapes: (1) a
plain of ground moraines or gently rolling
country; and (2) a hilly zone in the south. The

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 141-147.
DOI: 10.1144/SP301.9  0305-8719/08/$15.00 © The Geological Society of London 2008.
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Fig. 1. Ceslovas Pakuckas (Czeslaw Pachucki) as
Professor at Marie Curie-Sklodowska University, Lubin,
Poland (about 1960).

geological boundary between these two landscapes
followed approximately the geomorphological
changes. Starting from the German frontier near
Pilupénai, the boundary extends east through
Pajievonys, Bartninkai, Kalvarija, Liudvinavas,
§km NW from Prienai, Darsuniskis, Kruonis and
Ziezmariai  (the locality between Kruonis
and Vievis). This line marks the northern limit of
the Suvalkai Highlands, which is an extension of
the ‘Baltic Highlands’. To the north of this bound-
ary is the plain of ground moraines, whereas to
the south there is a distinctly hilly landscape. In
the hilly zone, there is a continuous chain of term-
inal moraines, characterized by varied relief, with
sands, gravels and numerous boulder erratics.
North of the chain of terminal moraines there
follows a pronounced hilly landscape, consisting
mostly of clay. To the south, spread numerous
sandurs (Icelandic word for outwash plains),
although these are not to be found near every part
of the chain. In the extreme western and eastern
limits (near Vistytis and Vievis) the terminal mor-
aines follow a southeasterly direction, passing line-
arly into the Lithuania (Fig. 4).
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Fig. 2. Quaternary map of Lithuania compiled by M. Kaveckis, J. Dalinkevicius and Pakuckas in 1936 (Pakuckas &
Viliamas 1938). Galinés morenos, End moraines; Kalvotas Zemévaizdis, hilly landscape; Pagrindiné morena, ground
moraine; Ozai, eskers; Drumlinai, drumlins; Keimai, kames; Priesméliai, sandy loam; Smélynai (sandrai), outwash
plain; Riedulynai, boulder fields; Sluoksniuoti moliai (varvos), varved clay; Moliai, clay; Durpynai, peat-bogs.
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Fig. 3. Title page of the manual Geology and Physical
Geography (in Lithuanian and published in 1938 in

Kaunas) by Pakuckas & Viliamas with a dedication from
Pakuckas to his son, Aloyzas, dated 13th January 1953.

In the area from Kalvarija to Auksdvaris, the
terminal moraines have a curved form with their
convex sides facing south. The most southern arc
is to be found in the Kucitinai—Veisiejai section.
Another arc begins about 10 km north of the first
and follows the line: Lazdijai—Seirijai—Merkiné—
Nedzingé—Onuskis. This is the longest chain of
terminal moraines in southern Lithuania, where it
stretches continuously for about 120 km. In front
of this chain there is a level area of sandur.

A third morainic arc (Nemunaitis—Daugai) is
somewhat shorter, but it is clearly pronounced.
It is followed by sandur on its southern or
frontal side. A fourth arc extends between
Alytus and Aukstadvaris. Between Aukstadvaris
and Vievis terminal moraines follow a NW-SE
direction as almost straight belts. However, one
of these, east from Semeliskés, trends in a
north—south direction. Apart from these two
straight belts, sandur are scarce and are only to
be found in small areas. The western part of

this region has only a few lakes, while in the
eastern part there are numerous lakes, and many
of them are of rinne type (tunnel valley).
Sizable streams flowing beneath the ice and not
loaded with coarse sediment cut shallow trenches
in till and other loose material at the surface. The
rinne valleys of the Baltic region are thought to
have originated in this way.

In 1936 Pakuckas published a paper dealing with
orientation of marginal moraines of the
eastern Lithuanian highlands and their origin
(Pakuckas 1936). In 1938, he published another
article on the glacial morphology of southern
Lithuania (Pakuckas 1938). His generalized
glacial-morpological ideas and conclusions were
presented in 1940 at the First Conference of Lithua-
nian and Latvian geologists held in Kaunas. These
conclusions were:

e that during the advance of the Last Glaciation,
the ice sheet consisted of a number of flows;

e cach one was dependent on the topography;

e cach had its own specific glacial centre;

e the Lithuanian glacier (from the Zemaiiai high-
land to Zarasai) flowed from SW Finlang, the
Gulf of Bothnia and the area of the Aland
Archipelago.

e The western slope of the Zemaitiai Highland
and the maritime plain were covered by a
glacial flow from Sweden across the
depression of the Baltic Sea. The eastern side
of the region of Lithuania was covered by a
third flow from South Karelia along the
depressions of the Narva River, which drains
Lake Peipsi (divided between Estonia and
Russia) into the Gulf of Finland, the Velikaya
River, which today flows northwards into Lake
Peipsi, and the lowland around Polock in
northern Belarus. This was named the
Belarus Glacier.

From 1940 to 1944 Pakuckas was the first Director
of the Lithuanian Geological Survey, and between
1942 and 1944 was Head of the Department
of Geology at Vilnius University. He helped
Polish geologists in Lithuania during the war
years and at the end of the war he emigrated, resid-
ing initially in Germany and Austria. In 1946
Pakuckas started to work as an adjunct at
Wroctaw University, Poland, in the Department of
Stratigraphical Geology. From 1954 to 1965 he
was the Head of the Department of Geology at
Maria Curie—Sktodowska University in Lublin as
an Associate Professor, and was promoted to
Professor in 1960.

In Poland, Pakuckas (or Pachucki as he was
called) continued his glacial-morphological
research. He compiled a geological map of the
Suwalki region (NE Poland) at a scale of 1:300 000
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Fig. 4. Map showing glacial features of southern Lithuania (Pakuckas 1934).

(as part of the General Geological Map of Poland) in
1948, and between 1952 and 1961 published signifi-
cant work on the correlation of terminal moraines in
NE Poland and southern Lithuania with western
Belarus as well as the ‘Peribalticum’. Pakuckas was
of the opinion that the ridges of the Lithuanian
glacial tongue terminal moraines are contempora-
neous with those of the Lake Narocz area and in
the west with the glacial tongue of Gdansk. Within
Lithuania, Pakuckas had delineated a large field of
marginal moraines — the so-called Baltic Highland,
extending across the Stiduva district (SW Lithuania),
Dzukija (SE Lithuania) and Aukstaitija (in NE
Lithuania) Highlands (Fig. 5). In the SW this for-
mation extends as the Mazurian arc of marginal mor-
aines (NE Poland), and the Svencionys—Naroch, or
North Belarus, field of marginal moraines extends
to the NE part of the Baltic Highlands. These glacio-
morphological units correspond to separate glacial
flows: Western, Middle and Eastern, each consisting
of smaller marginal moraine units (lobes) (Fig. 6). All
the mentioned terminal moraine ridges of the Baltic
marginal highlands are associated with three glacial

stages: the Brandenburgian, Poznanian and Pomera-
nian, or belong to the Daniglacial (Fig. 6). Further
to the north, beyond the extent of the Baltic Hills,
Pakuckas correlated moraines with the younger Goti-
glacial stage and later included the Brandenburgian
end moraines as a phase of the Frankfurtian stage
(Pachucki 1961a, b). The last glaciation, in the Peri-
balticum area, was up to now divided into three
stages: Brandenburgian, Frankfurtian and Pomera-
nian. Pakuckas recognized only two stages: the
Frankfurtian and the Pomeranian. He considered
that the Brandenburgian was a phase of the Frankfur-
tian stage, because no interstage organogenic sedi-
ments were found between the Brandenburgian and
Frankfurtian moraines.

In the interval between the greatest range of the
Frankfurtian stage and that of the Pomeranian stage,
the courses of the three phases were delineated by
Pachucki (1961b):

e Phase 1 Choziez—Lubaniec, runs from Chodziez
to the NE, across the Wagrowiec, Janowiec,
Mogilno, Radzejow and Lubaniec;
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Fig. 5. Map showing the distribution of terminal moraines of the Last Glaciation in south Lithuania, NE
Poland and neighbouring countries (Pachucki 1952). Ciagi morenowe, end moraines ridges; Sandry,
outwash plains; Jeziora, lakes.
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Fig. 7. Stages (bold lines I-III) and phases (IV=XP) of the Last Glaciation in the Peribalticum area (Pachucki 1961a).

e Phase 2 Wigcbork—Wabrzezno, runs almost par-
allel from Jastrow across Wiecbork, and on the
eastern side of the Vistula River is marked in
the Wabrzezno—Brodnica region;

e Phase 3  Czluchéw-Chojnice—Tuchola—
Grudziadz.

e The ranges mentioned prove that the Frankfurt
stage had the greatest expansion and persisted
for a long time.

Pomeranian frontal moraines indicated a separate
stage with regard to their dominant transgression
characteristics. The inland ice of the Pomeranian
stage retreated with certain stages, stopping on the
way and leaving the series of frontal moraines, clas-
sifed as recessive phases (Fig. 7, stops IV—X"). The
maximal extent of the Pomeranian inland ice-
formed series is represented by south-directed
‘lobes’ of the Odra, Vistula and Lyna rivers, the
Mazurian lakes, the Nemunas River and Lake
Narocz. The area beyond the Pomeranian stage
frontal moraines is one of extensive sander,

indicating the maximum advance of the youngest
glaciation of this stage (Pachucki 1962).

Together with geomorphological investigations,
Pakuckas also worked on the Quaternary stratigra-
phy of Lithuania. He presented a stratigraphic over-
view of the Pleistocene deposits in the region of
Vilnius, detailing evidence for the presence of
three glaciations, moraines of oscillatory character
and the limit of Last Glaciation through Vilnius
(Pakuckas 1940a, b). He also discovered and inves-
tigated buried interglacial organogenic deposits
(peat and gyttja) on the banks of the Nemunas
River in the area of Merkiné, SE Lithuania
(Pachucki 1952). This section is today recognized
as the stratotype of the Merkiné (Eemian) Intergla-
cial in Lithuania, and has a thickness ranging from
100-250 m that contains four separate boulder
clay horizons with intervening interglacial or
interstadial deposits.

Pakuckas (or Pachucki) can be regarded as the
leading pioneer of modern glacial—morphological
investigations of the Baltic marginal highlands of



CESLOVAS PAKUCKAS 147

Lithuania and Poland. Probably, his most signifi-
cant contribution was the conclusion that during
the Last Glaciation, the continental glacier was
not a single ice sheet but consisted of a number of
flows, each being dependent on topography and
each with its separate glacial centre.

The authors are very grateful to Professors R. H. Grapes
and D. R. Oldroyd for constructive comments and sugges-
tions, as well as improvements to the English and revision
of the manuscript.
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Valerija (v?epulyté (1904-1987) and her studies of the
Quaternary formations in Lithuania
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Department of Quaternary Research, Institute of Geology and Geography, Sevéenkos Street
13, LT03223, Vilnius, Lithuania (e-mail: o.kondratiene @ gmail.com; stancikaite @ geo.lt)

Abstract: Valerija éepulyté (1904—-1987) devoted her life to the development and promotion of
geographical /geological research in Lithuania. The different aspects of Quaternary stratigraphy,
palacogeography, extent of the Last Glacial (Weichselian) and deglaciation of the territory,
together with the development of the geomorphological terminology and methodology of the
geomorphological mapping, were of primary interest to her during her long scientific career.
Graduating from Vilnius University in 1939, éepulyté became the first woman in Lithuania to
take a doctoral degree in geographical science (1948) and in 1968 she was awarded the Doctor
Habilitus degree. Her scientific innovations and ideas were important for generations of research
workers dealing with the Quaternary system both in Lithuania and abroad.

Valerija éepulyté was born in St Petersburg (Russia)
into a working-class family. Her parents — small
farmers from TvereCius district in the NE part of
the present Lithuania — had moved to St Petersburg
seeking employment, which was quite common at
that time when Lithuania was a part of the Russian
Empire. Her father worked at a bakery and later at
a police station. Her mother was a housewife and
produced a large family of eight children, Valerija
being the eldest. Tragically, all her brothers and
sisters died young except for her youngest brother,
Julius, who perished at the beginning of World
War II. Her mother died at the early age of 42.
Thus, Valerija was the only child who survived.
As a result of such a difficult life she became a
rather uncommunicative person.

Cepulyté obtained her elementary education in
St Petersburg, at a private elementary school, but
also attended a Lithuanian Kotryna Gymnasium.
In 1919, aged 15, she returned to Lazinkai village,
Tveredius district, along with her parents. At that
time Vilnius and the Vilnius Region were occupied
by the Polish Army and had been incorporated into
Poland. Difficult living conditions forced her to take
a job as an elementary school teacher, and from
1924 to 1927 she studied at the Vilnius teacher
seminary. Having finished there, she returned
to her village to work as a teacher, where she
became an active member of the social life and par-
ticipated in the different Lithuanian public organiz-
ations. Cepulyté was a member of the Teachers
Union Council, which included teachers in the
Vilnius Region. She also published a few humoris-
tic pieces of literature that were later performed as
plays by local groups. She was familiar with the tra-
ditions and customs of the local inhabitants, and
used different aspects of their lives in her writing.

At that time a teacher’s seminary certificate was
insufficient for admission to Polish universities.
However, in 1934 she successfully passed all
the necessary matriculation examinations at the
Vytautas Magnus Gymnasium in Vilnius, and in
the autumn of that year she entered Stepan Bator
University in Vilnius as a student of geography in
the Faculty of Mathematics and Natural Sciences.

From her reminiscences kept in the archives of
the Lithuanian Academy of Sciences, Department
of Manuscripts (F 290-310), it is clear that
Cepulyt¢ would have liked to have chosen
geology, had it been available in the university cur-
riculum. Be that as it may, she graduated from the
University in 1939, and was awarded an MPhil
degree for scientific research work, her dissertation
being titled ‘The North East of Gardinas Land:
Geographical Features’. The Gardinas area lies in
the western part of the present Belarus Republic.
After graduating, she worked for a short time as a
teacher at Vilnius Gymnasium.

Cepulyté was unemployed for some time after
the outbreak of World War II when the German
Army occupied Vilnius. However, Professor
Juozas Dalinkevicius (the then Principal) invited
her to undertake scientific research work at the
Institute of Geology and Geography (Fig. 1), and
on 1 November 1941 she embarked on a new
career, one that she had always dreamed of. She
remained with the Institute, although its name and
affiliation changed many times during her lifetime.
She worked in different positions: Assistant, Junior
Researcher, Senior Researcher, Head of Subdivi-
sion, Head of Division and, finally, Scientific
Adviser. In 1944—-1945 she was also Head of the
Department of Archaeology in the Lithuanian Insti-
tute of History.

From: GRAPES, R. H., OLDROYD, D. & GRIGELIS, A. (eds) History of Geomorphology and Quaternary Geology.
Geological Society, London, Special Publications, 301, 149—158.
DOI: 10.1144/SP301.10  0305-8719/08/$15.00 © The Geological Society of London 2008.
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Fig. 1. Valerija Cepulyté, photographed about 1975, at the Institute of Geology, Vilnius. Photograph by

0. Kondratiené.

Dalinkevicius suggested that éepulyté should
investigate the Lithuanian Quaternary sediments
as this field of research was most closely related
to her geographical education. The suggestion
was accepted and Cepulyté set to work. Having
studied the relevant literature, she quickly came to
the conclusion that the Quaternary stratigraphy
was anything but clearly established. The available
stratigraphic schemes were based merely on ‘logic’
(rather than field evidence) and schemes from
neighbouring territories. They lacked scientific sub-
stance and there were no criteria for the satisfactory
classification of Quaternary sediments in Lithuania
(Cepulyté 1946), and, without a sound stratigraphi-
cal basis, Quaternary studies made no sense. With
this in mind, Cepulyté sought to devise viable
stratigraphic criteria.

Work under the wartime conditions was not
easy. There was no laboratory and, what was
more important, there were too few good-quality
boreholes penetrating through the Quaternary
deposits. Only sparse core material collected at
the Institute of Geology and Geography and
drilled by the ‘Biske’ concern was available. The
remainder of the information had been collected
by the Cepulyte herself from visiting more than
150 outcrops and numerous quarries (Cepulyté
1946). On the basis of all the data Cepulyté
managed to determine the lithological character-
istics of the Quaternary tills, which could be taken
as stratigraphical criteria. The tills in the lower
part of the Quaternary are grey, bluish grey or

greenish grey; they were rich in small grey boulders
of Silurian limestone, and in places contain
faunal remains. She named these tills the ‘Grey
complex’. The overlying tills are characterized by
a dark brown or greyish-brown colour, occasionally
with a greenish tint. They are rich in yellowish—
brownish and greyish—brownish clastic material
of Devonian dolomite, and contain a greater pro-
portion of sand than the tills of the underlying
‘Grey complex’. In addition, the amount of clastic
material of Silurian limestone in the till has
decreased to 5—-10%. These tills were classified as
the ‘Brown complex’. The upper tills are pinkish,
and can be distinguished from the other tills by
their friability, variable petrographic composition
and the large quantity of small weathered crystal-
line boulders. These tills were -classified as
the ‘Pinkish complex’ or the ‘Variegated complex’.

In 1946 Cepulyte described these and other
characteristic features of the lithological composition
of Quaternary tills in a study entitled, ‘Stratigraphic
types of tills in the territory of the Lithuanian SSR’.
For this work, she was awarded a ‘Candidate of
Geographical Sciences’ degree (equivalent to a
doctorate) in 1948. She associated the three com-
plexes with three of the four then-accepted ice ages
— Mindel, Riss and Wiirm. Although the Alpine gla-
ciation terminology was in widespread use at the
time, she did not directly associate the glacial cover
in Lithuania with the Alpine glaciations, and wrote
that the ‘Alpine stratigraphical scheme is hardly
acceptable or even inadaptable in the lowland areas’
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(Cepulyté 1946, p. 26). Later, the Lithuanian till com-
plexes were referred to as Eo-, Meso- and Neo-
Pleistocene or Early, Middle and Later Pleistocene
complexes, and, by some, as the Likhvin, Dnieper
and Valdai complexes.

Subsequently, Cepulyté specified and detailed
the petrographic criteria for her three till units
and they became the main basis for classification
of Quaternary sections in Lithuania. Yet, it did
not take her long to realize that her criteria were
applicable only within certain restricted areas and
that ‘Silurian and Devonian carbonate correlatives
are important for the southeast Lithuania and the
Gardinas region, western Belarus’ (Cepulyté
1967, p. 20). But in western Lithuania and east
of the Gardinas region these correlatives lost
their importance. The percentage of ultrabasic
rocks was, in her opinion, a more reliable criterion
for identification of tills belonging to Mindel
complex in western Lithuania. As to the lower
boundary of the Quaternary, Cepulyté adhered to
the common attitude accepted in the then Soviet
Union, i.e. it embraced only the supposed glacial
Quaternary sediments.

Cepulyté’s proposed principles for the classifi-
cation of the Quaternary in Lithuania should be
regarded as the first empirical, stratigraphy-based
work undertaken. It should be noted that sections
later identified on the basis of biostratigraphic
data in most cases correlated well with the tripartite
classification that she established for the Lithuanian
Quaternary. But Cepulyté saw no possibility of any
detailed classification of Quaternary sediments on
the basis of lithological data. In her opinion, the
available data were insufficient. Thus, in 1967
(p. 32) she wrote:

The sediment age in concrete sections cannot be identified more
objectively and in greater detail than by dividing the sediments
into three parts. The lithological differences are too small. Quan-
titative variations within the tills of the same age are greater
than between tills of different age.

éepulyté’s further research was mainly related
to the structure of Quaternary deposits in the dis-
tinct orographic regions of Lithuania. She was inter-
ested in the possible influence of the pre-Quaternary
surface and the palaeosurfaces of the particular
Quaternary stages on the present-day relief of
Lithuania. She made an attempt to find methods
for the evaluation of the relief’s heredity in the
context of the whole Quaternary System (Fig. 2),
and in 1958-1968 she published several articles
relating to these issues. It is interesting to note
that during her career Cepulyté preferred to work
and publish her data alone. There were only two
co-authored publications.

After World War II intensive geological investi-
gations began in the territory of Lithuania. In 1957

the Board of Geology was founded, which was
responsible for all geological investigations.
Complex geological mapping with numerous
cores provided geologists with much new data to
describe the Quaternary sediments. Nevertheless,
together with colleagues from the Institute of
Geology and Geography and students of Vilnius
University, Cepulyté organized field expeditions
and collected a lot of new data herself. Talking
about her scientific career we should not forget
her civic activities. Cepulyté was a councillor in
the Vilnius City Council between 1955 and 1958,
was elected to the Highest Council of the Lithuania
SSR, and was a member of numerous scientific and
social boards and commissions. For her civic activi-
ties she received many medal awards, and in 1965
she was bestowed with an Honorary Rank for
cultural achievement.

In 1968 Cepulyté¢ was awarded a Doctor of
Geology—Mineralogy degree (equivalent to a
Doctor Habilitus degree in physical sciences) for
her published work (Cepulyté 1968). It should be
pointed out that she never used the term ‘palacogeo-
morphology’ but mostly used the term ‘palacosur-
faces’. She maintained that it was impossible to
reconstruct in detail the Pleistocene palaeorelief
because it had been destroyed in different degrees
by subsequent processes. In her opinion, only
the general features of a palaeosurface could
be reconstructed.

The issues of the structure and ‘heredity’ of the
Lithuanian Quaternary complex could not be solved
without a reconstruction of the pre-Quaternary
surface and without knowledge of morphogenesis
of recent relief. However, knowledge of the pre-
Quaternary surface was very scanty at that time
and Cepulyté found some information in the work
of Lewinski & Samsonowicz (1918). Analysing
the pre-Quaternary surface of Poland, these
researchers had included part of Lithuania.
However, according to Cepulyté, this study did
not provide a clear overview of the pre-Quaternary
surface in Lithuania. In 1930 DalinkeviCius pre-
sented a more complete picture of the pre-
Quaternary surface, including data obtained from
exposures of pre-Quaternary strata, uplifts and
depressions, plotted on a map (Dalinkevicius
1930). Using data from numerous boreholes, Cepu-
lyté produced a detailed map of the pre-Quaternary
surface of certain regions in Lithuania that
provided a basis for an evaluation of the connec-
tions between the pre-Quaternary surface and
present relief (Cepulyté 1959, 1971).

Cepulyte (1955, 1956) came to the conclusion that
the general features of the pre-Quaternary surface were
largely reflected in the structure of recent orographic
units, whereas such elements as eskers and kames
are unrelated to the pre-Quaternary surface (Fig. 3).
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Fig. 2. Cross-section of the Quaternary sediments in SE Lithuania according to Cepulyté (1965). 1. Basal till of the Late Pleistocene (Wiirm) age; 2. basal till of the

Middle Pleistocene (Riss) age; 3. basal till of the Early Pleistocene (Mindel) age; 4. sandy and clayey deposits of the Eemian Interglacial; 5. sandy and clayey deposits of the
Holsteinian Interglacial; 6. sandy and clayey deposits of Neogene and pre-glacial age; 7. beds of sand with gravel in Pamerkés section; 8. deposits of Cretaceous age. Cores:
1. Purviskiai; 2. Vilkija; 3. Miskiniai; 4. Kulautuva; 5. Raudondvaris; 6. Kaunas (Aleksotas); 7. Jonuciai; 8. Garliava; 9. ISlauzas; 10. Linksmakalnis; 11. OSminta; 12. BirStonas;
13. Jieznas; 14. Vincentava; 15. Zaliai; 16. PuodZiai; 17. Pamerkés; 18. Matuizos; 19. Kalesnikai; 20. Eigiskés; 21. Rackinai.
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She determined that the formation and distribution
of recent morphogenetic types of relief were pre-
determined by the palaeosurface of the ‘Brown
complex’, which she had identified as being
Middle Pleistocene. Gradually filling the map with
data from new boreholes, she suggested the possi-
bility of determining the location of pre-Quaternary
valleys and evaluating the histories of some of the
recent river valleys and their separate sectors.
Later, in 1965, she identified a large pre-Quaternary
drainage artery, trending from Kaunas in central
Lithuania across Druskininkai towards Poland,
and later indicated many smaller palaeo-incisions
orientated from the Zemaidiai Upland towards the
Baltic Sea (Cepulyte 1971).

Cepulyte was the first to appreciate that ‘the
role of the Last Glacial was not decisive for the
formation of uplifts’ (Cepulyté 1958, p. 42). The
youngest glacial strata were not the thickest ones.
She was also the first to show that the pre-
Quaternary surface in the Zemaitiai Upland was
more complex than had previously been supposed.
In the highest part of the recent upland, the pre-
Quaternary surface varied from 10 to 45 m a.s.l.
(above sea level). To the NE, the height of the
surface reached 80m a.s.]. near the Latvian
border (today it is occupied by a plain). On
several occasions Cepulyté confirmed her previous
assumption that the ZemaiCiai Upland was unre-
lated to the pre-Quaternary surface. She deter-
mined that ‘the basement of Zemailiai Upland
was repre%ented by a morainic upland of Middle
Pleistocene age’ (Cepulyte 1959, p. 86). In the
area between Pavandené, Varniai and Kaltinénai
the basement rose to 160 m a.s.I and in places to
approximately 180 m a.s.l. The summit of the
basement coincided with the highest points of the
Zemalclal Upland (Cepulyte 1959, p. 86). Thus,
Cepulyte opposed the common opinion of Lithua-
nian geologists concerning the influence of neotec-
tonics on the formation of the Zemaiciai Upland.
She suggested ‘that there were no noticeable neo-
tectonic movements in the zone of the Zemaiciai
Upland during Middle Pleistocene’ (Cepulyté
1959, p. 87). Meanwhile, other researchers
related the formation of the upland to neotectonics.
Cepulyté established that ‘the basement of
Suvalkai Upland (rising up to 150 m a.s.l) was
formed in the Middle Pleistocene’ (Cepulyte
1959, p. 86). Other recent hilly terrains were, as
a rule, located within zones of Middle Pleistocene
uplift (Fig. 4), and only the basement of the Baltic
Uplands had already begun to form in the Early
Pleistocene. Thus, Cepulyt¢ was the first to
establish that the Lithuanian uplands had a binary
structure ‘the basement of the uplifts [was]...
composed of the Middle Pleistocene uplift on
whose surface different morphogenetic types of

recent relief formed during the last Ice Age’
(Cepulyte 1958, p. 32).

Cepulyté was not so successful in solving
problems related to the formation of recent relief
and her works were criticized because she differed
from most other authors in her attitude to degla-
ciation. She was an exponent of zonal (areal)
deglaciation. Overall, Cepulyté was very consistent
in her scientific positions and did not pay any
attention to criticism. Even in her last article,
‘On the genesis of hilly marginal relief’, published
after her death in 1988, she wrote that ‘the glacier
declined areally and a wide glacier periphery
called the “marginal zone” melted simultaneously
under the impact of ablation’ (Cepulyte 1988,
p- 43). Cepulyte associated the formation of the
relief forms with a passive (negative) glacier,
although she did not discount the possibility of
the role of active glaciers in some areas. In
general, she interpreted geomorphology as a geol-
ogist, emphasizing the structure of relief elements
to their form. In her geomorphological map she
classified the relief of Lithuania into morphogen-
etic types and gave them their lithological charac-
teristics, distinguishing as many as 12 types of
relief. The ‘classification was based on the struc-
ture of relief elements, lithological composition,
morphometric  peculiarities, and morphometric
indices’ (Cepulyté 1957, p. 266). In her opinion,
a geomorphologist should not be content with
knowledge of the surface of geomorphological
regions, but should also take into account the struc-
ture, origin and formation patterns of the relief
forms (Fig. 5). In other words, in order to under-
stand the structure of relief it is also necessary to
reconstruct the palacogeographical conditions of
Quaternary stages.

We would like to emphasize the enormous
amount of work carried out by Cepulyté in making
the geomorphological map of the Lithuania. All
the territory of Lithuania and large areas of the sur-
rounding countries were investigated by her alone.
About 80 000 km were covered during the field-
work in Lithuania and about 2000 in neighbouring
countries (Cepulyté 1957). Unfortunately, the geo-
morphological map was never published and the
manuscript has been stored in the archives of the
Lithuanian Academy of Sciences, Department of
Manuscripts (F 290-310) until now.

Adhering to the principle of areal degla(:latlon
Cepulyte interpreted the formation of the main
Lithuanian uplands differently from other authors,
placing emphasis on the processes of passive
glacier melting. She considered the Baltic Uplands
to be marginal formations of the Pomeranian
Stage, which formed in a wide melting zone of a
passive glacier. This zone is now regarded as
being subdivided into three marginal belts: an
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Fig. 5. Morphogenetic scheme of Lithuania according to éepulyté (1958). 1. Plain of the basic till; 2. slightly undulating relief of the basic till; 3. strongly and moderately undulating
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external one (eastern) composed of sandy kames
and till cover; a middle belt composed of large-
and medium-sized kames covered by a 0.5-
1.5 m-thick pinkish ablation till; and an internal
or central belt composed of pinkish till-hills. This
zone includes glacier channels and channel lakes
arranged almost perpendicularly to the glacier
margin. Cepulyté did not recognize the South
Lithuanian glacier marginal zone, but considered
it to be a local element of the marginal belt. She
explained the formation of the Baltic Uplands
approximately as follows: ‘the advancing Late
Pleistocene glacier was active, and, travelling over
the mezzo-Pleistocene formations, formed parti-
cular elements of the relief. Yet, the entire marginal
landscape was formed in the phase of Pomerania—
Baltija glacier decay when the ice cover lost
its mobility and converted into a 20-40km
width (on average) marginal belt of passive
glacier’ (Cepulyte 1962a, p. 340).

Cepulyte had a similar view on the formation of
the ZemaiCiai Upland. She wrote that the hilly mor-
@inic and kame relief, characteristic of the whole
ZemaicCiai Upland, proved the ‘territorial torpidity’
of a passive glacier. In the territory of the Middle
Pleistocene uplifts, the glacier lost its mobility
earlier than in the depressions. It melted in the
area of the Zemaiciai Upland as a mass of dead
ice. The only difference was that the morphogenetic
types of the Zemaiciai Upland were arranged con-
centrically around closed depressions, whereas the
hills of the Baltic Uplands were aligned along the
elevations. In Cepulyté’s opinion, the Vidzemé
Upland in Latvia and the Otepé Upland in Estonia
formed in a manner or pattern similar to that of
the Zemaiciai Upland (Cepulyté 1962b). The
Asmena Uplands formed in a different way. She
never associated the ASmena Upland with the
Baltija or Svencionys Uplands, but maintained
that ‘the recent relief of the Svencionys Upland
was identical to that of the Baltija Upland and
absolutely different from the relief of ASmena
Upland® (Cepulyte 1958, p. 27). According to
Cepulyté, the hills of ASmena Upland formed at
the margin of an active glacier.

Cepulyté was the first to point out the incorrect
use of the term ‘end moraines’ (Cepulyté 1961).
Thanks to her, the term resumed its original
meaning, according to T. C. Chamberlin (1894).
This issue claimed much time and effort. She criti-
cized those who applied the term ‘end moraines’ to
the entire marginal zone, and it took time to clarify
the fact that the marginal zones included a variety of
accumulative  elements:  terminal  moraines,
‘thrusted’ hills, kames, glaciofluvial and glaciolim-
nic kames, eskers, and other forms. The term ‘end
moraines’ was designed to name only some

elements of relief and should be used appropriately.
Cepulyté pointed out that imprecise application of
the term was confusing because homogeneous or
analogous forms could be named differently, and
heterogeneous forms could be named similarly.
Thanks to her efforts, the term ‘end moraines’ is
now used more carefully and is often replaced by
the terms ‘edge moraines’ or ‘marginal zone’,
as appropriate.

The data obtained by researchers in the last
decade have shown that Cepulyté¢ was largely
correct in her assumptions. Cosmogenic dating
("®Be) of a large number of boulders on the
eastern coast of the Baltic Sea (between north
Poland and south Finland) has shown that the
greater part of the East Baltic region (from the mar-
ginal ridge of the so-called Middle Lithuanian
Phase to the Salpauselkd marginal moraines in
Finland) disengaged from the ice cover at almost
the same time, at approximately 13-12.5ka
(Rinterknecht et al. 2006). This means that zonal
(areal) melting of ice cover took placev in the
greater part of the Baltic region. Thus, Cepulyté
was right, often repeating that ‘the glaciers did not
race around. [They] ... advanced and melted fol-
lowing a change of climate; but the process of
melting was complicated’ (Cepulyté pers. commun).

We have mentioned only a few of Cepulyté’s

assumptions about the Quaternary structure and
palaecosurfaces, and their stages in Lithuania.
There were other very interesting propositions in
Cepulyté’s work. But, unfortunately, not all of
them can be objectively evaluated, confirmed or
rejected. Subjectivity in Quaternary investigations
will not be overcome until we have reliable criteria
for the stratigraphic analysis of Pleistocene sec-
tions. Some subjectivity is, of course, also found
in Cepulyté’s work. Nevertheless, she made a
major contribution to Lithuanian Quaternary
studies through her strongly empirical approach,
and shed considerable light on a field of study
where previously much had been confused
and obscure.
_ There are many more different aspects of
Cepulyté’s scientific work and civic life that could
be discussed. It is owing to her complicated and
long life’s work that she left us, her colleagues
and students, with such a rich heritage, to which
we are greatly indebted.

We are grateful to Professors D. R. Oldroyd, R. H. Grapes
and A. Grigelis for their comments and suggestions that
clarified and improved the article. This study was carried
out within the framework of the project ‘Indications of
climate change in the sediment records of last
glacial-interglacial cycle (PALEOKLIMATAS) and
financed by the Lithuanian State Science and Studies
Foundation (C-07008).
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Early ideas about erratic boulders and glacial phenomena
in The Netherlands
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Abstract: The development of ideas about the origin of erratic boulders in the northern
Netherlands is reviewed for the period from 1770 to 1907. A Scandinavian origin of these
rocks was recognized at an early stage, but the transport mechanism was not understood. Initially,
the Biblical Flood was proposed as a geological agent by Horace de Saussure (1740—1799) in
1780. Charles Lyell (1797-1875) developed a theory of climate change and a ‘glacial drift
theory’ to account for the movement of large boulders in the Alps, and he introduced the term
‘drift’ in 1840. Several prize contests of the two Dutch Scientific Societies, the Hollandsche
Maatschappij der Wetenschappen and the Teyler Genootschap, both at Haarlem, concerned
erratics. The competitions of 1827 and 1828 were won by Johann Hausmann (1782-1849)
from Géottingen University and Reinhard Bernhardi (1797-1849) from the Forstakademie
Hitzacker, respectively. Hausmann assumed that a great freshwater flood, caused by the
breakthrough of natural dams in the Scandinavian mountains, swept boulders to the plains of
the northern Netherlands. Bernhardi vaguely suggested the possibility of transport by glaciers.
The prize for the third contest (1861) was awarded in 1868 to the Swedish geologist Otto
Torell (1828—-1900). He invoked the land-ice theory, which, as regards The Netherlands, proposed
that the boulders had been transported by glaciers descending from the Bothnian Gulf and extend-
ing into the northern Netherlands, amongst other areas. However, for reasons unknown, Torell’s
manuscript was never printed, and he never collected his gold medal and the prize money. At a
historic meeting of the Deutsche Geologische Gesellschaft at Berlin in 1875, 7 years after
winning the Haarlem contest, Torell managed to convince his audience of the land-ice theory
after showing striated rock surfaces at a well-known outcrop at Riidersdorf near Berlin. Thus, it
took about a century from the first speculations in the late eighteenth century about the origin
and transport of erratic rocks to about 1880 before the land-ice theory became generally accepted

in continental NW Europe.

Early observations

The first academic discussion in the Netherlands on
erratic rocks dates from 1771 when the town physi-
cist and rector of Groningen University, Wouter van
Doeveren (1730—1783), mentioned his collection of
Hondsrug (Hondsrug = ‘hound’s ridge’ or ‘dog’s
back’) rocks in a speech on the occasion of
handing over his rectorship to Anthonius Brugmans
(van Doeveren 1771). He also announced his inten-
tion to write a book on the subject. The Hondsrug is a
20 m-high and 70 km-long sandy ridge, which
stretches SSE of Groningen. It is now interpreted
as an ‘ice-pushed ridge’ (stuwwal) at the edge of a
Saalian till-plane, bordered by an ice-marginal
valley. It is the site of many hunebeds (megalithic
graves) and boulders that were popularly believed
to have grown locally in the earth or had fallen
from heaven as Cerauniae (thunderstones). The
ridge (see Fig. 1) remained at the centre of the dis-
cussions on erratic rocks in Holland. The book prom-
ised by van Doeveren cannot be traced (assuming it
was ever published), but the son of Rector Brug-

mans, Sebaldo Justini, wrote a doctoral thesis on
van Doeveren’s collection (Brugmans 1781). He
was aware of the Scandinavian origin of the Hon-
dsrug erratics and mentioned in passing that no pre-
cious stones were found. The means of transport
across the Baltic seas was, however, not addressed.
Brugmans described the stones according to the
classification of the Swedish naturalist Johann
Gottschalk Wallerius (1709—1785), who had stated:
‘[i]f we rightly understand the words of the sagacious
Man of God Moses, the greatest physicus of all times,
then we realise all that geologists want to know about
the origin of the world and specially of our planet’
(Wallerius 1776; quoted by Bemhardi 1832a).

From Genesis to drift

In 1778 the Swiss geologist Jean De Luc (1727-
1817) visited Groningen (De Luc 1778/1779). He
was impressed by the many large boulders in the
fields and believed that their ‘mother rock’ had
been destroyed by a great flood, which had
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Fig. 1. Map of Hondsrug, from Cohen (1842).

transported the stones and covered them by sand.
He ‘fruitlessly climbed the Martini tower to see
whether he could find in the surroundings any
trace of the mother [source] mountains’ (Acker
Stratingh & Westerhoff 1839). Later, he proposed
that violent explosions had hurled the rocks
through the air and that the blocks had come
sliding across frozen ground. In 1791 De Luc
became a corresponding foreign member of the

Hollandsche Maatschappij der Wetenschappen. In
the eighteenth century, leading persons in civil
society in The Netherlands became aware of the
importance of the natural sciences. To encourage
studies in these fields, private individuals — some
of them wealthy — established scientific societies
such as the Hollandsche Maatschappij der
Wetenschappen (Holland Society of Sciences),
founded in Haarlem in 1752. Another one was
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‘Teyler’s Second Society’, also founded in Haarlem
(1779) ‘to promote all the natural sciences’. The
publication of scientific treatises and contests with
cash prizes or gold medals were considered as
means of achieving this goal. The Teyler Society
still regularly holds prize contests. An ‘offspring’
of the Teyler Foundation is the still prominent
Teyler’s Museum in Haarlem. (Pieter Teyler van
der Hulst (1702—1778) was a wealthy cloth mer-
chant and Amsterdam banker of Scottish descent,
who bequeathed his fortune for the advancement
of art and science.)

During the period 1780-1795 a total of 11
scientific papers were published on the Hondsrug
rocks. But no papers are known from 1795 to
1813, the period of the French-inspired Batavian
Republic, when Stadtholder William V and
several ‘Orange’ professors went into exile. One
of them, the ‘universalist’ and poet Willem
Bilderdijk (1756-1831), moved to Brunswick,
where he shared a house with De Luc. On his
return, Bilderdijk wrote the first book on geology
in the Dutch language (Bilderdijk 1813). He was
obviously influenced by De Luc, who now held
the Mosaic Flood, which supposedly swept over
the Earth, responsible for the erratic boulders.

The catastrophic influence of the Flood had
already  preoccupied Johannes  Silberschlag
(1716-1791), also a member of the Holland

Johann Efafes Silberfdlags,
el Peech. Obervegifevial« urd Dberbaumary

ertlidrung
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Fig. 2. Title page of J. E. Silberschlag’s Geogenie oder
Erklirung der Mosaischen Erderschaffung (1780).

Society. Silberschlag wrote a three-volume treatise
on Geognosy and the Mosaic Flood (see Fig. 2). In
his description of the Earth, we find the huge subter-
ranean caverns invoked by the ancient cosmogo-
nists and sanctioned by later writers such as
Kircher and Leibniz. The ocean could supposedly
have drained into these caverns and then been
restored when elastic vapours pressed the waters
out again. Silberschlag constructed an ingenious
machine, which by applying various pressure
changes could supposedly simulate the Deluge
(see Fig. 3). He was a mining engineer and calcu-
lated the pressures required to break up rocks and
‘open the earth’ to allow the underground waters
to flood the Earth. He calculated the volume of sub-
terranean water as 27 409 185 cubic miles and con-
cluded that this volume would be sufficient to flood
the entire globe to a level exceeding the height of
Mount Ararat. An interesting ‘Location Map of
Mount Ararat and Paradise according to the Most
Recent Accounts of Journeys’ indicated the route
of Noah’s children to Paradise! (Silberschlag
1780) (see Fig. 4).

The English geologist and theologian William
Buckland (1784—-1856) was the first professor of
geology (strictly a ‘reader’) at Oxford. In his
famous book, Reliquiae diluvianae, he also
preached the idea of the Great Flood as a geological
agent to explain the presence of erratic blocks in

Fig. 3. Figures 7, 8, 9 and 10 from Silberschlag (1780).
Apparatus to experiment with subterranean waters.
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Fig. 4. The route to Paradise, according to Silberschlag (1780).

Britain, but without the help of experiments
(Buckland 1823). Such ideas persisted well into
the nineteenth century and his book was translated
into German as late as 1877. However, Buckland’s
opponents joked: ‘All was darkness once about the
Flood, till Buckland rose and made it clear like
mud’ (Faber 1949). As used by Buckland (1819),
the term Diluvium, Latin for flood, became widely
accepted, and was distinguished from ‘alluvium’
— the kind of material deposited by river floods
today. In The Netherlands, Buckland’s term was
first used by a schoolteacher Remmert Venhuis in
a Dutch textbook on natural history in 1827
(Venhuis 1829). Meanwhile, mineralogical studies

of the Hondsrug rocks, including speculations
about their transport from a Scandinavian source,
continued at the University of Leiden. Hendrik
Karel van der Boon Mesch (1795-1831) proposed
in his dissertation that icebergs could have contrib-
uted to the transport of Scandinavian rocks, based
on observations of the sailor Lucas Fox in 1631 in
Hudson Bay of icebergs carrying enormous
boulders, estimated to weigh ‘120 centenaars’
(van der Boon Mesch 1820). The idea was not
wholly original as the German geologist Erhard
Wrede (1766—1826) was the first to argue that the
transport of large rock masses, such as are scattered
on the north German plains, was possible if large
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icebergs and a sufficiently high sea level were
assumed (Wrede 1794).

In the third part of his Principles of Geology,
Charles Lyell (1797-1875), a pupil of Buckland,
presented his glacial drift theory (Lyell 1833) and
later formally introduced the term ‘drift’ as a repla-
cement for Buckland’s ‘diluvium’ (Lyell 1840).
Winand Staring (1808—-1877) adopted the drift
theory in his standard work on the geology of The
Netherlands (Staring 1856). He also issued the first
geological map of The Netherlands, on which he dis-
tinguished two different ‘Diluvial’ formations, one
of Scandinavian origin, the other with a southern
source, supposedly transported by the rivers Rhine
and Meuse. His map was honoured at the 1862
World Exhibition in London, with a gold medal for
the first detailed subdivision of the Diluvium (but
see Klemun 2008 in this volume).

Land ice

In 1828, Teyler’s Second Society announced an
essay competition on geology, proposed by its sec-
retary, the medical doctor and botanist Marinus van
Marum (1750-1837). (The polymathic van Marum
carried out researches on chemistry, mineralogy and
electricity, and also lectured on geology.) The
lengthy instructions for the competition started:
‘Write a treatise in which is to be presented fully,
clearly, and briefly what is now known about
geology ... with a detailed description in eighteen
points of the subjects to be dealt with’ (Forbes
1971). One of the questions asked about the
transport of erratic blocks to the northern
Netherlands.

Reinhard Bernhardi (1797-1849), originally
a theologian and later professor of natural history
at the forestry academy of Dreiszigacker near
Meiningen, submitted a manuscript in German for
the prize, consisting of 353 pages. As a motto for
the essay he quoted the Swedish chemist Berzelius
(1779-1848): ‘Es ist aber einmal unser Loos
Allemal auf Unbegreifliches zu stossen, sobald
wir uns bemiihen alles verstehen zu wollen” (‘It is
alas our lot that as soon as we try to understand
everything, we will be faced with the incomprehen-
sible’). Under Point 17, he proposed that the erratics
in northern Holland, Germany and Poland could
have been transported by glaciers from Scandina-
via. This casual remark apparently went unnoticed,
as no reference to it in the Dutch contemporary lit-
erature has been found. The time was seemingly not
yet ripe for such views. Nevertheless, the essay was
awarded the Gold Prize and was published in the
Society’s Transactions (Bernhardi 1832a, b).

An early suggestion about climate change in the
Alps was made by the Swiss engineer Ignaz Venetz
(1788-1859) (1822) and about land-ice transport in

the Alpine region by ‘ungeheure Ausdehnungen der
Gletscher in frither Zeit’ (‘tremendous expansion of
the glaciers in former times’) (Venetz 1833). In this
context, it is interesting that, on 8 January 1820,
Goethe (1749-1832) sent a letter to his Grand
Duke Carl August von Sachsen-Weimar, informing
him of a ‘Provisional Communication about the
expansion of glaciers in the Swiss Cantons’. He
referred to a prize contest issued in 1817 with the
question: ‘[o]b sich frither grofere Gletscher
durch  vorgeschobene  Felstriimmer verraten
wiirden’ (‘whether in former times larger glaciers
could be revealed by pushed-forward heaps of
stones’). The prize was won by Venetz in 1821
(Seibold & Seibold 2003; see also von Engelhardt
1989). Arthur Wichmann (1851-1927), professor
of geology at Utrecht (Wichmann 1914), and
Wolf von Engelhardt (1999) have drawn attention
to another early mention by Goethe of the new
land-ice theory in his novel of 1829, Wilhelm Meis-
ters Wanderjahre, where he expressed the idea of
rock masses being transported by glaciers into
northern Germany. However, after visiting the
10.5 m-high erratic Grosze Markgrafenstein,
Goethe is said to have remarked: ‘Mir macht man
aber nicht weis, dasz der Markgrafenstein bei Fiir-
stenwalde weit hergekommen sei; an Ort und
Stelle ist er liegen geblieben, als Reste grosser in
sich selbst zerfallender Felsmassen’ (‘I cannot
believe that the Markgrafenstein could have come
from far away. It has remained on the spot and is
a remnant of a fallen rock mass’) (quoted by
Wahnschaffe 1910 and Faber 1949). Venetz’s
early prize essay has not been located, but it
would appear that he had the idea of a former exten-
sion of the Alpine glaciers at least as early as 1821.

As is well known, ideas of transport by glaciers
during a colder climate were later worked out by
Louis Agassiz (1807—-1873) for the Alps (Agassiz
1840) and by Otto Torell for Scandinavia and north-
ern Burope (Fringsmyr 1985). From the 1830s
onwards, discussions on the transport of erratics
increased, but initially the land-ice theory was
hardly taken seriously by the geologists of The
Netherlands and north Germany. An account of
ice coverage of The Netherlands was only first pub-
lished in an article by Hermanus Hartogh Heys van
Zouteveen (1841-1891) as late as 1881 (Hartogh
Heys van Zouteveen 1881).

However, in the period 1813-1885, 30 papers
were published on Netherlands Diluvium. An inter-
esting paper by Ali Cohen (1817-1889) on sedi-
mentary structures of the Hondsrug presented
the first detailed description of the supposed
Diluvial sedimentary sequences, accompanied by
accurate drawings of geological profiles taken in a
canal excavation (Cohen 1842) (see Fig. 5).
Cohen observed polished and striated rock surfaces,
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Fig. 5. Sections of the Hondsrug by Cohen (1842).

and also contorted structures that are now inter-
preted as a result of glacial thrusting. Probably a
lack of familiarity with glacial features was the
reason why he did not link his observations with a
glacial covering.

After 1885, the main interest shifted to the study
of the fossiliferous calcareous rocks, the Hondsrug
being well known for its abundance of fossil
corals, and their source and the presumed direction
of transporting ice flows were investigated. Hagen
Jonker (1875-1917), palacontologist at Groningen
and Delft universities, became the authority on the
determination of these fossils and confirmed
Romer’s conclusion (Romer 1857, 1858) (see
below) that the majority of them derived from
the Silurian of Estonia, Gotland and Oesel (now
Saaremaa) (Jonker 1905a). In 1904 a heated
debate on the direction of ice flows flared up
between Jonker and Eugeéne Dubois (1858-1940),
the discoverer of the Pithecanthropus erectus
(or Homo erectus) on Java, who had become
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professor of geology and palacontology at Amster-
dam: did they flow parallel to, or at right-angles to,
the Hondsrug? Dubois believed in the former exist-
ence of a Scottish ice flow, which diverted the
Baltic flow along the Hondsrug ridge (Dubois
1905). Jonker (1905b) judged such a deviation to
be impossible. These controversies were unfortu-
nately accompanied by a slander campaign, even
with accusations of insanity! (Correspondence
Dubois—Jonker, 1904: Dubois Archive, Nationaal
Natuurhistorisch Museum, Leiden.) It may be
remarked that controversy on this matter still
continues today.

More prize contests: Hausmann
and Torell
Because the geological prize contests organized by

the Hollandsche Maatschappij der Wetenschappen
played an active role in the erratic boulder debate
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and influenced the gradual change from Lyell’s drift
theory to the glacial land-ice theory in The Nether-
lands, two important contests of the total 79 geo-
logical questions in the period 1828—-1864 will be
discussed in some detail. Sixty-nine of the questions
were posed by Jacob van Breda (1788-1867),
professor of natural philosophy successively at
Franeker, Gand and Leiden universities. He was a
teacher of Winand Carel Hugo Staring (1808—
1877), and later became secretary of the Haarlem
Society and director of Teyler’'s Museum (De
Bruijn 1977; Breure & De Bruijn 1979), and came
to be regarded as the founding father of Dutch geo-
logical research and mapping.

The 1827-1828 contest asked for suggestions
about the origin of the granite and other ‘primitive’
boulders that are scattered over The Netherlands
and north German plains. It was won by Johann
Hausmann (1782-1859), professor of mineralogy
at the University of Gottingen (Hausmann 1831).
Hausmann discussed six different Gefiihle (‘feel-
ings’ or ‘sentiments’) regarding the origin and
transportation of the erratic rocks, rejecting (and
refuting) the old ideas of local origin, extraterres-
trial origin, extrusion by volcanic eruption or the
suggestion that all erratics south of the Baltic Sea
derived from the Sudeten and Carpathian moun-
tains, as envisaged by Meierotto (1790). Hausmann
suggested that the erratics were transported by a
huge freshwater flood, which had broken through
natural obstructions (‘walls’) in the Scandinavian
mountains. Van Breda translated and commented
extensively upon the 100-page octavo contribution,
which was written in German. There was no
mention of ice ages and glaciers. In his comments,
Van Breda rejected the ideas of Cuvier and De
Luc that the city of Groningen was built on Tertiary
limestone. Rather, he thought it was built on dilu-
vial loam with limestone erratics, and he pointed
out that the Dutch Diluvium had two sources: north-
ern Scandinavian and southern Meuse deposits
(Breure & De Bruijn 1979). These observations
were later worked out by his pupil Staring. There-
after, serious research on erratics in Holland got
underway and large collections of rocks were
initiated. Between 1852 and 1864 Staring collected
14 948 geological objects, which were displayed to
the public at Haarlem.

The prize competition of 1841 asked: “What is to
be thought of the discovery made by Agassiz, and
confirmed by Lyell and Buckland, that glacial mor-
aines occur in northern Europe far from present gla-
ciers?’” The contest of 1843 wanted to know: ‘What
traces of glaciers are present in the Netherlands
Diluvium?’ But both questions remained unan-
swered (De Bruijn 1977).

Another important geological contest followed
in 1861, asking for a comparison of Silurian

boulders from the Groningen Hondsrug with
Silurian formations in SW Norway. Staring had
meanwhile entrusted his extensive collection of
fossiliferous carbonate erratics for identification
by Carl Ferdinand Romer (1818-1891), the
famous palaeontologist from the University of
Breslau. Romer had concluded that they originated
from Gotland, Oesel and Estonia (Romer 1857,
1858), which was contrary to a Norwegian source
favoured by Dutch scholars.

The Swedish professor of geology and zoology
at Lund, Otto Torell (1828-1900) (Fig. 6), was
the only one who entered the contest in 1866, and
even then only after the submission date had twice
been extended. In 1850 Torell had applied Agas-
siz’s glacial theory to explain his own observation
of arctic molluscs on the west coast of Sweden,
‘but as he saw all the serious objections to this
theory by the leading geologists, he resolved to
spend some years pursuing his own research to
make sure he was correct’” (Fringsmyr 1985).
From 1856 to 1859 Torell visited Switzerland,
Iceland, Spitzbergen and Greenland to study
glaciers. In 1861 he headed the first Swedish
expedition to the Polar Sea and in 1865 he visited
Holland to investigate the erratic rock collections
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Fig. 6. Photograph of Otto Torell, from Holmstrom
(1901).
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of Hondsrug fossils, and accepted Romer’s con-
clusions about a source for them in the eastern
Baltic. In 1867 Torell submitted a separate second
part of his entry, in which he made a strong plea
or argument for transport by glaciers by land ice.
The gold medal, worth 400 Dutch guilders, and
prize money of 150 guilders for the contest were
awarded to Torell in 1868.

At a meeting of the Royal Netherlands Academy
of Sciences at Amsterdam on 28 September 1867,
Staring, who was a member of the Holland Society’s
competition jury, had announced the ‘forthcoming
publication of an important study by a Swedish
scholar in which a totally new light was [to be]
shone on the origin of the Scandinavian Diluvium’.
Remarkably, however, Torell’s manuscript, of
more than 300 pages (written in French), was
never printed. Because the correspondence
between the Haarlem society and Torell is incom-
plete, we can only speculate about Torell’s reasons
for not responding to repeated requests by the
society’s secretary to edit and return his manuscript
for publication, and to finalize the stipulated study of
Staring’s and Cohen’s entire rock collections. In the
autumn of 1868 the secretary wrote to Torell that he
had waited ‘rout [’été’ for his arrival and again cour-
teously invited him to come to Haarlem to collect his
prize; but again there was no reaction. (Archives
Hollandsche Maatschappij van Wetenschappen.
HMW inv. 163, 461. Rijksarchief in Noord-Holland,
Haarlem.) The manuscript finally arrived only after
Torell’s death in 1900, by way of the Swedish Geo-
logical Survey of which Torell had become Director
in 1870. It contained Torell’s corrections and also
marginal comments in French and Dutch by the
jury members Staring, Joseph Bosquet and Van
Breda (Oele 2001). The prize was then posthu-
mously presented to Torell’s widow.

Could Torell’s silence be explained by the
request of the jury to complete the study of the
large collections of more than 600 erratic specimen
at the State Museum of Natural History at Leiden —
to be included in his final manuscript? He may have
regarded this extra study as irrelevant to his land-ice
proposal. A comment in the Inventory of Prize
Essays of the Hollandsche Maatschappij may hint
at this explanation: ‘“Two advisors regretted that
the author did not make use of the rich collection
of the Netherlands Diluvium, which is kept at the
Leiden museum and which could have thrown
much light on the Groningen Diluvium’. In 1868
the essay was evaluated again, this time by a jury
now without Van Breda, who had died in the
interim. A commentator has considered it curious
that the prize was awarded with conditions attached
and concluded: ‘[c]aused by this rare example
of censoriousness the Society missed the chance
of priority of an epoch-making publication’

(De Bruijn 1977). Fringsmyr (1985) gives another
explanation: ‘Torell won the prize but he asked to
have his manuscript back to complete some
details before publication. Unfortunately, due to
his undisciplined character, this manuscript was
never published’.

In August 1869 Torell was invited by the British
Association for the Advancement of Science to
form a committee together with the British pro-
fessors Andrew Ramsey and Hilary Bauerman, to
report on ‘Ice as an Agent of Geological Change’
(Holmstrém 1901). The committee proposed an
‘Investigation on the amount of waste suffered
due to glacier action’ and recommended national
scientific co-operation (Report of the 29th
Meeting of the British Association for the Advance-
ment of Science held at Exeter, August 1869. Geo-
logical Magazine, 7, 175-178, 1870). This study
may also have deflected Torell from completing
his study of the Haarlem rock collection, although
as stated in the Introduction to the seventh volume
of the Geological Magazine, the 1870 war
between Germany and France was thought to be
likely to interfere with the fieldwork required for
this major project. Torell eventually published his
land-ice theory in the Proceedings of the Swedish
Academy at Stockholm (Torell 1872, 1873, 1887),
written in Swedish. But by then it apparently
passed unnoticed by most international scholars.
This may have been owing to a ‘language
problem’ but by the 1870s the land-ice theory, pro-
mulgated by Ramsay and others in Britain in the
1860s, was no longer a novel topic.

Thus, James Geikie (1839—-1915) of the Scottish
Geological Survey had become convinced of an Ice
Age and his book, The Great Ice Age (Geikie 1874),
was well received in Britain and internationally.
Geikie still used the term ‘drift deposits’ for the
Scottish tills (the Scottish term ‘till’ is still used
today), but in fact he envisaged an ice cover for
Britain and Ireland like that suggested by Agassiz
for the Alps. His ideas involved global climate
changes, possibly caused by slow changes of the
shape of the Earth’s orbit — an idea based on the
work of James Croll (1821-1890), Geikie’s col-
league at the Scottish Survey. Geikie also recog-
nized a cyclical sequence of the ‘Diluvium’ of
cold glacial and warm interglacial periods, and by
1893 he was suggesting no less than five distinct
glacial epochs (Geikie 1893, pp. 319-321), and
also mentioned Torell’s paper of 1875, referred to
below (Geikie 1893, p. 223). Also, in the following
year the third, ‘largely rewritten’, edition of The
Great Ice Age (Geikie 1894) again mentioned
Torell. In this edition, Geikie published maps of
the ice cover and flow directions of glaciers in
Britain, and the extent of his three different ice
ages over the whole of northern Europe.
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Fig. 7. Glacial striae at Riidersdorf, from Holmstrom (1901).

In the event, Torell delivered his famous lecture
on the land-ice theory at a meeting of the Deutsche
Geologische Gesellschaft in Berlin on 3 November
1875 (Protokoll der November Sitzung 1875. Zeits-
chrift der deutschen Geologischen Gesellschaft, 27,
961-962), 7 years after he had submitted his manu-
script to the Haarlem Society. The audience was
apparently not very receptive initially until Torell
referred to the beautifully exposed parallel glacial
striae in a well-known Muschelkalk outcrop at
Riidersdorf near Berlin (see Fig. 7). These phenom-
ena had previously been observed as far back as
1836, but their true significance was now pointed
out by Torell (Holmstrom 1901), and he is honoured
accordingly (see Fig. 8). Wichmann who attended
the Berlin meeting, remembered that ‘not everyone
was convinced, but at least the ice was broken’
(Wichmann 1914). This was another indication
that the geologists of northwestern Continental
Europe were lagging behind their colleagues else-
where. The Dutch geology student Jan Lorié
(1852-1924), who at the time was studying in
Germany where he became a close friend of the
glacial geologist Albrecht Penck (1858-1945),
considered that ‘with the publication of Torell’s
award-winning manuscript the land-ice victory
would have begun at Haarlem’ (Lorié 1907).
Lorié, later a lecturer at Utrecht, became an auth-
ority on the stratigraphy of the Dutch
Pleistocene, with many publications to his name.
In fact, Geikie (1893, p. 223) stated that a ‘great

Fig. 8. Torell Monument at Riidersdorf, from
Holmstrom (1901).
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literature’ on the land-ice theory sprang up after
Torell’s Berlin address.

In 1904 Hagen Jonker studied Torell’s
rediscovered manuscript (Jonker 1905a). He
quoted Torell’s important passage ‘would it be
absurd to suppose that a glacial cover similar to
the Greenland icecap has covered northern Europe
during a period when the marine fauna of Spitzberg
lived between 50° and 60° latitude, when Betula
nana [the cold climate dwarf birch] occurred in
Devonshire and reindeer lived in southern
France?’. Jonker returned the manuscript to the
Holland Society at Haarlem, where it afterwards
mysteriously disappeared again (Oele 2001).

The Norwegian geologist Amund Helland
(1846-1918) visited Groningen in 1878, exactly
100 years after De Luc’s visit, and found glacially
striated rocks on the Hondsrug, thus finally settling
the Dutch debate on the origin and transport of the
boulders in favour of the land-ice theory (Helland
1879). The theory was officially introduced by
Friedrich Van Calker (1841-1913) on 17 Novem-
ber 1881 at the Groningen Physical Society during
a lecture on the Hondsrug (Van Calker 1884),
again exactly 100 years after Brugman’s first publi-
cation on the enigmatic Hondsrug rocks.

In the period 1885-1906 the number of
publications in the Netherlands on the glacial
geology of the Diluvium, now called Pleistocene,
increased to 37, mainly by Jonker and Lorié
(Jonker 1907). Their studies concentrated on the
identification of fossils in the Scandinavian erratics
and on the subdivision of the Pleistocene.

I am most grateful to Dr S. K. Donovan (Nationaal
Natuurhistorisch Museum, Leiden) for a detailed review
on an earlier draft of this paper. Ms W. Cawthorne
(Geological Society of London), M. van Hoorn (Teylers
Museum, Haarlem) and Frank Rietz (Otto von Guericke
Universitit, Magdeburg) have kindly supplied biblio-
graphical assistance. D. R. Oldroyd has also assisted
with editing the paper and made a number of
useful suggestions.
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