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SUMMARY

Chapter 1: Scope and objectives

The subdivision of the Quaternary’, the last 2.6 Million years of
the geological history, is predominantly based on local geological
data. From this information, litho- and biostratigraphical units (re-
spectively formations and biozones) are compiled into local and
regional stratigraphies. Because of the fragmentary and geneti-
cally diverse nature of the land-based Quaternary record, charac-
terized by numerous hiatal breaks (unconformities), a lack of us-
able index fossils and few geochronometrical control points, inter-
pretation of the chronological sequence from these units has, how-
ever, been proven very problematic’. Therefore climatic change
has traditionally been used as the most suitable basis for the sub-
division of the Quaternary strata and time. Nevertheless, a clima-
tostratigraphical subdivision of the local and regional stratigra-
phies into interpreted glacials and interglacials for Europe has
never been documented in a satisfactory way. Attempts to corre-
late local and regional climate-based units from one region to an-
other have led to many discrepancies. Loess/palacosol sequences
in the non-glaciated areas in Central Europe show more climatic
cycles than the glacial sequences in Northwest Europe and the
Alps, implying that the latter are deficient.

Does the Quaternary terrestrial record lack a sound chronological
framework, an apparent continuous sequence of climatic events
has been recovered from the deep ocean record. Climatic cyclicity
in the marine oxygen isotope record is largely driven by astrono-
mical forcing, commonly known as the ‘Milankovitch theory’.
Subsequent calibration and tuning using the astronomical polarity
time-scale has provided this record with an accurate high-resolu-
tion chronology valid for at least the last 5 million years. Its trends
are at present used in many earth scientific disciplines as a global
standard for the timing and patterning of palaeoclimatic and —en-
vironmental events. At least 11 major glaciation cycles are dem-
onstrated in the last million years which makes clear that the clas-
sical European glacial models are only rough frames of which the
frequency of glacial and interglacial stages is commonly underes-
timated.

Two questions then arise which have been the starting points (and
likewise challenges) for this thesis:

1 How to reduce the difficulties and uncertainties associated
with the subdivision and dating of the Quaternary terrestrial
record?

2 How to match the observations on the continent with the
oceanic record?

Main objectives for study then (chapter 1) have been to investi-
gate alternative approaches, supplementary to the traditional cli-
matostratigraphical procedure, and to look for classifications that
better represent the continental Quaternary record and that potenti-
ally offer opportunities to match with the global oceanic record.
Nevertheless, interpretation of climatic signature remains the ba-
sis for classification of the Pleistocene terrestrial succession. The
depositional sequences do not represent climatic periods then, but
comprise reflections of climate forcing of different origin, type
and scale order which have to match in some way the oceanic
isotope record and lie at least within the time ranges of the marine

isotope stages. This thesis focuses on the refinement of the
(chrono)stratigraphical positions of the Middle Pleistocene® depo-
sitional sequences in Northwest and Central Europe. They belong
to the classical Northwest European palaeoclimatic stages, i.e. part
of the Cromerian Stage and the Elsterian, Holsteinian and Saalian
Stages.

Chapter 2: Quaternary stratigraphy and correlation: a
multidisciplinary approach

In chapter 2 the different stratigraphical procedures that are at
present applied to Quaternary research are reviewed and discussed
by making a distinction between material descriptive units, inter-
pretative units and temporal units. A historical review summarizes
the ways in which traditional concepts, definitions and terminol-
ogy, with respect to the Quaternary System/Period, have changed
in time with new insights, increasing data availability and the pro-
gressive development of research and dating techniques.

The availability of objective criteria and their potential for large-
scale interpretation and correlation, both spatial and temporal, is
considered by discussing the nature of the terrestrial record, the
scale and resolution of research and the aims of subdivision, i.e.
the reconstruction of a land-based sequence of past climate-driven
geological and ecological events compatible with the ocean iso-
tope chronostratigraphy. Three supplementary procedures, uncon-
formity-bounded -, genetic sequence — and event stratigraphy, ap-
plicable for the reconstruction of large-scale stratigraphical frame-
works are dealt with in more detail. In order to be able to compare
terrestrial to marine sequences, a method is proposed in which
three subsequent steps are included:

1 Arrangement of an informal interregional stratigraphical
framework in which local multidisciplinary data are inte-
grated

With respect to the fragmentary and complex nature of the Pleis-
tocene terrestrial succession the use of unconformity-bounded
stratigraphy, recognized as a formal procedure as in the Interna-
tional Stratigraphic Guide (Salvador et al. 1994), offers the best
opportunities for this purpose. Unconformities are surfaces of
erosion and subaerial exposure. Basic unconformity-bounded
units comprising erosional breaks of regional significance are
called synthems. In many cases they largely correspond to the exis-
ting regional formations. Just as most of the lithostratigraphical
codes contain lithogenetic information, synthems also record the
succession of depositional environments in the type regions, which
by interpretation of the successive facies and intermediate breaks
are divided into genetic or depositional sequences. Since the ma-
jor hiatal breaks in the successions also contain genetic and causal
origins (erosion or stable surface conditions with soil formation),
they are the virtual counterparts of the intervening depositional
stratigraphical units.

2 Interpretation and recognition of palaeoclimatic and tec-

tonic events and cycles within this framework and interpre-
tation of their scale order

ix



Based on the genetic unconformity-bounded stratigraphical suc-
cessions from the different type regions, a final interpretative
procedure includes the reconstruction of an event stratigraphical
framework. Interpreted geological and ecological events in this
thesis not only refer to short-term catastrophic phenomena, like
volcanic eruptions, but also include climate-driven events, tecto-
nics or sea-level changes with 4th order frequencies of 0.1 - 0.5
Ma. The latter are responsible for widespread cyclicity in the
sedimentary record. Sedimentary sequences are then interpreted
as products of periodic depositional and erosional events that are
related to ice-sheet expansions, periglacial loess depositional cy-
cles, marine transgressions and, in second case, to biogenic produc-
tivity (e.g. forest vegetation optima), soil development and fluvial
response and mode. The proposed procedure is in many ways
similar to climatostratigraphy but instead a hierarchical subdivi-
sion of inferential units is used to refer to the spatial and temporal
scale, depositional environment and nature of the palacoclimatic
event. Thus, sequences refer to different Fennoscandian (FS)
glaciation cycles, Central European (CE) loess accumulation
phases and North Sea (NS) marine transgressions or to (local-
scale) forest vegetation occurrences in which at different time-
scale cycles can be distinguished.

3 Searching boundary levels and time ranges for the climate
type events in the global Marine Isotope Stratigraphy

Searching boundary levels for the terrestrial climate-driven signals
in the Marine Isotope Stratigraphy provides, under certain condi-
tions and assumptions, a supplementary basis for the (chrono-) stra-
tigraphical subdivision of the terrestrial Pleistocene sequences and
events. Despite the lack of geochronological control and beyond
independent regional factors both loess and (Late Pleistocene)
vegetational records, by trend matching, show good correspond-
ence with the global scale climate proxy records of the oceans and
the ice cores. They indicate their suitability for use as a global
template onto which the fragmentary terrestrial record of Europe
may be fitted. At least the large-scale terrestrial sedimentary units,
although of different origin, and their interpreted climate-driven
geological and ecological events can be fixed, indirectly, to particu-
lar time intervals within the marine isotope stages (MIS) of the
oceanic record. Although the boundaries of the regional deposi-
tional sequences are time-transgressive, the relatively short degla-
ciations* in the marine isotope record may serve as (remote)
boundary levels for extrapolation of their terrestrial equivalents.
The assumption is made that limits to the amplitude of regional
climatic variation are set by global changes. Extreme events will
be reflected in both the oceanic and terrestrial records. Neverthe-
less, conclusions drawn on the regional response to global climatic
change should be confirmed by independent evidence and include
corrections for neotectonics among others.

Chapter 3: Contemporary Middle Pleistocene terrestrial
stratigraphy of Northwest and Central Europe: a com-
plex of local stratigraphies and palaeoclimatic stages

An outline of the former and contemporary Middle Pleistocene
stratigraphy of Northwest and Central Europe is given in chapter
3.

Although there is generally little dispute about the relative posi-
tion of the sedimentary sequences in the glaciated areas, interre-
gional correlation of the local and regional sequences to unravel
the course and duration of the Middle Pleistocene glaciations and
their correspondence to the loess cycles has been problematic. In-

terregional correlation is hampered by inconsistent definitions of

the climatic stages and the limitations of the formal stratigraphical

procedures. Climatostratigraphical misinterpretations and (bios-

tratigraphical) miscorrelations cannot be excluded. In order to

avoid terminological confusion the use of the broad terms warm

and cold climatic stages or periods® is preferred. Five categories of

major depositional environments and their sedimentary products

are addressed. The basic, material building blocks contributing in

different ways to the local and regional stratigraphies are:

- Sediments generated in glacial depositional environments,

- Sediments generated in subaerial periglacial depositional envi-
ronments of which loess deposits are the major component,

- Marine coastal and shallow sea sediments,

- Fluvial and deltaic sediments produced by the large river sys-
tems,

- Lacustrine and biogenic sediments.

Their depositional sequences or ‘high-rank’ lithostratigraphical
units comprise the bulk of the Pleistocene successions in the type
regions. They support a continent-wide, twofold subdivision into
formerly glaciated areas and non-glaciated areas of which the gla-
cial and periglacial aeolian sequences, respectively, structure the
local stratigraphies. Their large-scale stratigraphical significance
and climatic interpretation is assessed. Intermediate sediments de-
posited in lakes, mires and bogs, as well as secondary carbonates,
such as travertine, or soil complexes, are distinguished as local
(sub) synthems providing useful additional palaco-information.
Moreover, bio- and chronostratigraphical control on the various
sequences is reviewed.

Chapter 4: A supplementary stratigraphical framework
for Northwest and Central Europe on the basis of se-
quence and event stratigraphy

Application of the combined unconformity-bounded — and genetic

stratigraphy, as a basis for large-scale correlation purposes, is dis-

cussed in chapter 4. A large-scale framework requires a material

basis from the type localities and type regions with uniformly defi-

ned units for interpretation. The utility of the different sedimen-

tary, erosional and pedological elements in building up regionally

comparable stratigraphical sequences, based on superposition,

correlation and dating, depends upon:

- Sedimentary units deposited by widespread events,

- Infrequent events which leave highly distinctive evidence in the
sedimentary record, both depositional and erosional,

- Environments in which continuous or near-continuous sedi-
mentation takes place over long time periods,

- Sediments or fossils appropriate for dating.

The genetic units from the localised key sequences within the type
regions, each of limited duration, integrate the existing multidisci-
plinary (litho-, bio-, soil- and other stratigraphical) data that are
recognised and defined on the basis of bounding unconformities.
They are ordered and compared within natural type regions that on
the basis of geotectonic, morphological and drainage characteris-
tics can be distinguished. Examples of major type regions in
Northwest and Central Europe are the Anglo-Dutch North Sea
(AD/NS) sub-basin and the middle course section of the Rhine
(MR). From these regional groupings two informal correlation
schemes have been compiled: one for the glaciated areas in North-
west Europe and the other for extraglacial Central Europe.

Nomenclature for synthems and genetic sequences is informal and
generally refers to type locality, dominant lithofacies assemblage
and/or regionally known stratigraphical code. Regional examples



are the Drente-1 till synthem within the Fennoscandian (FS) Saal-
ian glacial sequence and the Leubsdorf gravel terrace synthem
belonging to the Middle Rhine MT2 sequence respectively.

Next, an overall low-resolution stratigraphical framework of cli-
mate —and (neo) tectonic-related events for the Middle Pleistocene
has been compiled by arranging them into a relative chronology
on the basis of superposition, correlation of unconformity-bound-
ed - and biostratigraphical markers and independent dates. Nearest
reference vegetational and loess/pedological proxy records occur
at Lac du Bouchet in the Massif Central (MC) and Cerveny Kopec

(CK) in Slovakia. Important chrono- and bio indicators for the

Middle Pleistocene are:

- The Brunhes-Matuyama geomagnetic reversal that took place at
about 780,000 years ago and is assumed to mark the lower
boundary of the Middle Pleistocene (Richmond 1996).

- Volcanic ash layers, such as those that have been deposited pe-
riodically in the Eifel area from about 570,000 years ago.

- Evolutionary and climatically characteristic biomarkers, such as
the Mimomys-Arvicola boundary for the early Middle Pleis-
tocene, the occurrence of characteristic fresh-water molluscs
(Viviparus diluvianus) and the latest appearance date of Ptero-
carya tree pollen in the first warm stage(s) of the late Middle
Pleistocene.

Chapter 5: Key stratigraphical sequences for the Middle
Pleistocene in Northwest and Central Europe: two case
studies

An overall picture of the past terrestrial climate reconstruction
puzzle has to be compiled from localised key sequences. Case
studies in which the genetic- and event-stratigraphical principles
have been applied concern two key stratigraphical sequences:
those of Kérlich and Ariendorf in the Middle Rhine type area and
of the Schoningen sections in the Subhercynic Basin type area.
From field investigations and literature research so-called Wheeler
diagrams of the local depositional conditions have been recon-
structed, showing alternating depositional, non-depositional and
erosional stages and relevant multidisciplinary evidence, from
which indications for the climatic conditions and tectonic activity
in time can be interpreted.

- The early Middle Pleistocene loess/palacosol sequence of the
Karlich section is, together with the late Middle Pleistocene
Ariendorf section, of great stratigraphical importance because
of the intercalating tephra beds from East Eifel volcanism.
Based on their mineralogical composition, six eruption phases
are distinguished in the region which have been dated by K/Ar-
and Ar/Ar methods. Both sections contain volcanic ash layers of
the so-called Rieden eruption phase that occurred between
450,000 and 370,000 years ago. Their stratigraphical positions
are within and above cold-stage subaerial and fluvial deposits
(Kdrlich H I synthem respectively Leubsdorf gravel terrace
synthem). Characteristic volcanic minerals of this phase, domi-
nated by pyroxenes, are also found in underlying warm- stage
deposits (Kdrlich G V subsynthem). These chrono- and event-
stratigraphical data are then used for interregional correlation to
the Anglo-Dutch North Sea sub-basin where interaction of py-
roxene-containing Rhine sediments with glacial and marine se-
quences occurred. With the help of a correlation scheme, it is
concluded that the Fennoscandian Elsterian glaciation and the
North Sea Holsteinian marine transgression most likely took
place during the Rieden eruption phase. Interregional correla-
tions to the loess areas in Central Europe suggest the time

equivalency of the loess deposition cycles of the Middle Rhine
Karlich F subaerial sequence and the lower part of the Middle
Rhine Kérlich H subaerial sequence with the Central European
loess cycles CK H and CK F. As is concluded in chapter 6,
these cold periods correspond to MIS 16 (659-620 ka) and MIS
12 (478-423 ka) respectively.

- The Schoéningen sections are located in a small-scale sedimen-
tary basin in which fossil-rich lake and mire sequences were
deposited following periodic salt-tectonically related subsid-
ence. Although incomplete and not superposed, the sequences
reveal two more late Middle Pleistocene warm-stage forest op-
tima, Reinsdorf and Schoningen, intermediate of the FS Elste-
rian and Saalian glaciations and following the Holsteinian warm
Stage. This makes it plausible that the Elsterian glaciation took
place during MIS 12 (and the Saalian glaciation during MIS 6).
Also in the loess/palaeosol stratigraphies of Central Europe
three Bt-type soil complexes are identified for this ice-free pe-
riod outside Scandinavia.

Chapter 6: Synthesis: correlation of the Northwest and
Central European Middle Pleistocene terrestrial succes-
sion with the Marine Isotope Stratigraphy

Chapter 6 provides a synthesis that reviews the possibilities for
refinement of the low resolution Middle Pleistocene terrestrial
event stratigraphy, which are sought in comparison and matching
with the deep-ocean record. Although the global records are only
a general guide to local climatic environment and thus a relatively
poor basis for correlation, only the trends, not the amplitudes, in
the oceanic isotope record are used for correlation. This trend
matching is undertaken at two scales, both spatial and temporal:

1 Matching of evidence of (4" order climato-cyclic) events of
global significance that are interpreted from the widespread ge-
netic unconformity-bounded units,

2 Matching of palacoclimatic evidence preserved in small-scale
sequences and soil complexes in order to bridge the gaps be-
tween two subsequent global-scale events. Correlations of lo-
cal evidence should be done by following the post-depositional
succession from a large-scale MIS-fixed basal unit or a dated
level upwards.

The most pronounced 3'*0O-maxima occurred during MIS 2, 6, 12

and 16. It is generally agreed upon that the Late Pleistocene Fen-

noscandian Weichselian, British Devensian and Alpine Wiirmian
glaciation maxima correspond to MIS 2, which in the extraglacial
areas coincides with the loess accumulations in cycle B. The North

Sea Eemian sea-level maximum and continental warm-stage type

forest vegetation largely correspond to MIS 5Se. Also the corre-

spondence of the Fennoscandian Saalian and Alpine youngest Ris-
sian (IIT) glaciation maxima, time equivalent to the Central Euro-
pean loess cycle C, to MIS 6 is well accepted nowadays. Serious
event-stratigraphical problems are encountered further back in the

Middle Pleistocene. Conclusions on the event-stratigraphical posi-

tions of the widespread glacial and subaerial sequences are:

- The Fennoscandian Elsterian, British Anglian glaciation and the
Central European loess cycle F occurred during MIS 12 (478-
423 ka), followed by the North Sea Holsteinian marine trans-
gression (MIS 11c),

- The Fennoscandian Donian glaciation and the Central European
loess cycle H took place in MIS 16 (659-620 ka) which was
possibly followed by a North Sea marine transgression in East
Anglia.

Two boundary levels of the isotopic glacial cycles, stage bounda-
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ries as defined by the SPECMAP-group (1984), are then identified
for refining the chronostratigraphical position of the large-scale
terrestrial events in the Middle Pleistocene. Most suitable for such
chrono-correlative purposes are the deglaciation phases in the ma-
rine oxygen isotope record for which the so-called terminations
serve as worldwide average dates. Their time intervals coincide
with particular sedimentary changes in the terrestrial sequences
such as Kukla’s ‘marklines’® in the stacked loess sequences of

Central Europe, lower bounding unconformities of coastal marine

sequences in the North Sea margins and increasing tree pollen

contents in (glacial) lake records. Similar to the lower boundary of
the Holocene Series, formally defined at 10,000 “C BP but re-
gionally dated within the deglaciation of MIS 2/1 between 18 and

6 ka BP, and of the Late Pleistocene Substage, arbitrarily defined

at 128 ka (termination II) within the deglaciation phase of MIS 6/5

between 135 and 122 ka, at least two Middle Pleistocene lower

boundary levels, valid for both the glaciated and non-glaciated ar-
cas in Europe, can be placed at relevant MIS transitions further
back in the oceanic record:

1 The lower boundary of the late Middle Pleistocene correspond-
ing to the deglaciation interval of MIS 12/11 for which a date
of 423 ka (termination V) has graphically been interpolated.
This boundary level represents the transition of the regional
Elsterian (Sanian 2/Okian) cold - to the Holsteinian (Hoxnian/
Mazovian/Likhvinian) warm Stage. Arguments for equating
this transition to the boundary level at MIS12/11 are:

- The dates of the Rieden phase East Eifel tephra beds at
around 450-370 ka in the Middle Rhine type region, the oc-
currence of pyroxene-dominated deposits in this type area
and in the Anglo-Dutch North Sea type area from MIS 13
(ca. 500,000 years ago) and the stratigraphical position of
the Fennoscandian Elsterian glaciation maximum in the
North Sea type area intermediate of pyroxene-containing
fluvial deposits (chapter 5),

- The last appearance datum (LAD) of Pterocarya pollen
which is tentatively used as a biostratigraphical marker in the
reference pollen record of the MC Lac du Bouchet maar lake
and coinciding with the North Sea Holsteinian marine trans-
gression during MIS 11c (ca. 400,000 years ago),

- The occurrence of exceptionally deep incision phases in sev-
eral river terrace systems that probably took place during
MIS 12 pre-dating the maximum ice-sheet expansion of the
Fennoscandian Elsterian glaciation.

2 A boundary level corresponding to the deglaciation of MIS
16/15 (substage c) for which termination VII at 620 ka is the
midpoint. This boundary level subdivides the Cromerian part of
the early Middle Pleistocene into a part A and a part B. Ter-
restrial evidence for such an event-stratigraphical boundary
level within the early Middle Pleistocene succession only is
well-documented in eastern Europe. Here the mid-latitude Fen-
noscandian Donian glaciation is contemporary with the Russian
Plain (RP) Borisoglebsk loess cycle and Central European loess
H cycle which correspond to the §'*0O-maximum of MIS 16.
Extrapolation of the small mammal Mimomys-Arvicola bound-
ary combined with regional marker beds and dates from East
Eifel tephra layers, also justifies the application of the subdivi-
sion of the early Middle Pleistocene in Northwest Europe. The
Mimomys-Arvicola boundary is found in the warm event cor-
responding to the second peak (substage a) of MIS 15.

After the assignment of the event-stratigraphical position of large-
scale sequences the intermediate, most local, events are also at-
tributed to the continent-wide MIS-fixed framework:

- The late Middle Pleistocene (MIS 11-6: 423-128 ka) includes
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three warm climatic stages for which the Lac du Bouchet pollen
record, showing 7 forest vegetation climaxes during this time
interval, serves as the reference record. The forest vegetation
occurrences from the Holsteinian glacial lake sequences are
equated to the MC Praclaux forest vegetation assemblage and
attributed to MIS11c. The forest climax occurrences in the lake
sequences of Pritzwalk in the North German North Sea (NG-
NS) type area, of Reinsdorf in the Subhercynic Basin (SB) type
area, of Bilshausen in the Thuringian Basin (TB) type area and
of MR Kirlich-Seeufer can be assigned to MIS 9 (339-303 ka),
as well as the terrace travertine sequence of TB Bilzingsleben II.
The SB Schoningen warm-stage type forest vegetation is attrib-
uted to MIS 7.

- During part B of the early Middle Pleistocene (MIS 15-12: 620-
423 ka) some very warm events have occurred, as is represented
by several soil complexes in Central Europe that regionally con-
tain rubified Bt’s (‘Braunlehm’) of forest soils (Ville, Ferreto).
The glacial lake sequences of Ferdynandov in the Polish Plain
(PP) type area and of Muchkap in the Russian Plain (RP) type
area comprise two forest vegetation climaxes indicating corre-
spondence to the MIS 15 substages e and a. The time interval
between the FS Donian and FS Elsterian glaciations possibly
contains two sea-level maxima in the AD-NS type area: one oc-
curring during MIS 13 (Noordbergum and Ostend) and the other
possibly occurring during MIS 15 (substage a): West Runton.

- Part A of the early Middle Pleistocene (MIS 19-16: 780-620 ka)
lacks clear warm-stage palaeoclimatic signals of the 4™ order.

Finally, the event-stratigraphical positions of the some Palaeo-
lithic sites is integrated into the framework. Conclusions, which
can be drawn on the early occupation of Northwest and Central
Europe, are:

- There is so far no sound evidence of early human occupation
before MIS 16, i.e. before ca. 600,000 years ago (see Epilogue
on the Pakefield site),

- The event-stratigraphical position of the oldest early Middle
Pleistocene sites, located in western Europe along the coasts
and in the river systems draining chalk areas, give a maximum
date from MIS 15 to 13 (between 620,000 and 480,000 years
ago),

- Evidence for the first late Middle Pleistocene hominid presence,
and coinciding with MIS 11, between 420,000 and 360,000
years ago, is only found in Britain (and northern France),

- The next occupation phase took place from south-eastern Eu-
rope and is dated in the second warm climatic optimum follow-
ing the FS Elsterian/British Anglian glaciation: MIS 9, between
340,000 and 300,000 years ago,

- A final group of late Middle Pleistocene Palaeolithic sites can
be attributed beyond doubt to MIS 7 and early MIS 6, between
250,000 and 160,000 years ago.

These conclusions largely confirm the so-called short chronology
theory introduced by Roebroeks and Van Kolfschoten (1995).
This theory involves the preassumption that on the basis of the
found artefacts and settlement structures so far no occupation has
occurred in northern Europe before 500,000 years ago, despite the
claims of earlier dated hominid occupation. From the stratigraphi-
cal analysis in this thesis it is concluded that the lower boundary
for the short chronology has to be set at about 600,000 years ago
(=MIS 15).



When excluding the last 10,000 years of this time period, representing
the Holocene Epoch/Series, the Quaternary Period/System consists of
the complete Pleistocene Epoch/Series, wherefore these terms are
broadly used as synonyms.

At least beyond the limit of "*C dating of about 40,000 to 50,000 years.

Spanning the period from approximately 780,000 to 130,000 years
ago.

Deglaciations are characterized by the steep decrease of the 3"°0 ratio
in the ocean waters as a result of rapid melting of ice-sheets, contain-
ing light '°O-isotopes.

Relative to present-day climate conditions.

Boundaries between thick loess beds and palaeosol complexes based
by a Bt-horizon.
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SAMENVATTING

Hoofdstuk 1: Inleiding

De stratigrafische indeling van het Kwartair!, de laatste 2,6 mil-
joen jaar van de geologische geschiedenis, is voornamelijk geba-
seerd op lokale geologische gegevens. De informatie uit deze ge-
gevens is op lokaal en regionaal niveau in litho- en biostratigra-
fische eenheden onderverdeeld, waarbij de formatie respectieve-
lijk de biozone de fundamentele eenheden zijn. De fragmentarische
— en genetisch diverse aard van de terrestrische sedimentopeen-
volging, het gebrek aan gidsfossielen en de ontoereikende date-
ringsmethoden vormen een groot probleem voor een gedetailleer-
de tijdsstratigrafische indeling van het Kwartair. Traditioneel
worden daarom de heersende klimaatcondities ten tijde van de af-
zetting geinterpreteerd en ingedeeld in zogenaamde glaciale en
interglaciale perioden. Zo zijn in Europa vele lokale en regionale
indelingen opgesteld van relatief koude en warme perioden die
refereren aan grootschalige klimaatveranderingen in het Pleisto-
cene verleden. Interregionale correlaties van deze klimaatstrati-
grafische eenheden vertonen niettemin veel discrepanties en lei-
den (nog steeds) tot veel discussie met betrekking tot de plaatsing
in de tijd. Zo komen er in de 18ss/paleosol stratigrafie van de niet-
vergletsjerde gebieden in Midden-Europa bijvoorbeeld meer kli-
maatcycli voor als in de glaciale stratigrafieén van Noordwest-
Europa en de Alpen.

Ontbreekt een degelijk chronologisch raamwerk op land, een
schijnbaar volledige registratie van de Kwartaire klimaatgeschie-
denis kan worden afgeleid uit de sedimentopeenvolgingen van de
oceaanbodem. De klimaatcycli in de oceanische zuurstofisotopen-
curve zijn grotendeels door astronomische processen gestuurd,
algemeen bekend als de ‘Milankovitch theorie’. Voortdurende
ijking en afstemming met hoge resolutie astronomische — en pola-
riteittijdsschalen heeft de mariene zuurstofisotopenstratigrafie
voorzien van een consequente chronologie voor de laatste 5 mil-
joen jaar. De trends worden tegenwoordig algemeen gebruikt als
een wereldwijde standaard voor het reconstrueren van lokale — en
regionale paleoklimaat- en —milieucondities in tijd en ruimte. Ten-
minste 11 glaciale cycli zijn aangetoond in de laatste miljoen jaar,
hetgeen duidelijk maakt dat de klassieke glaciale modellen voor
Europa slechts ruwe raamwerken zijn, waarin de frequentie van de
glaciale en interglaciale perioden in het algemeen is onderschat.

Bovenstaande schets met betrekking tot de Kwartaire

(chrono)stratigrafie vormde de aanleiding tot twee vragen die cen-

traal staan in dit promotieonderzoek:

1 Hoe zijn de moeilijkheden en onzekerheden van de terrestri-
sche chronostratigrafische indelingen te verkleinen?

2 Hoe zijn de continentale en mariene stratigrafieén met el-
kaar overeen te stemmen en te correleren?

Deze vragen (hoofdstuk 1) zijn de aanleiding geweest om naar
alternatieve methoden naast de bestaande klimaatstratigrafie te
zoeken en om aanvullende classificaties te vinden die de Kwar-
taire successie beter representeren en die mogelijkheden bieden
voor correlatie met de mariene isotopenstadia. De interpretatie van
klimaatcondities blijft niettemin de basis van de indeling van de
Pleistocene successie. De afzettingen vertegenwoordigen echter
geen klimaatperioden meer, maar paleoklimatologisch gestuurde

gebeurtenissen van diverse aard, intensiteit en (schaal)omvang die
op de een of andere manier in het globale tijdskader van de zuur-
stofisotopenstratigrafie passen en binnen de marges van de ma-
riene isotopenstadia vallen. Dit proefschrift concentreert zich met
name op de verfijning van de (chrono)stratigrafische posities van
de diverse afzettingen uit het Midden-Pleistoceen® in Noordwest
en Midden-Europa. Zij maken deel uit van de klassieke Noord-
west Europese indeling in klimaatperioden, i.e. van het jongste
deel van het Cromerien, het Elsterien, het Holsteinien en het Saa-
lien.

Hoofdstuk 2: Kwartaire terrestrische stratigrafie en cor-
relatie: een multidisciplinaire benadering

In hoofdstuk 2 worden de verschillende stratigrafische methoden
en technieken besproken die tegenwoordig in het Kwartaire on-
derzoek worden toegepast. Een onderscheid wordt gemaakt in ma-
teriaalbeschrijvende eenheden, interpretatieve eenheden en tijds-
eenheden. In een historisch overzicht wordt toegelicht hoe (tradi-
tionele) concepten, definities en terminologie betreffende het
Kwartaire Systeem/Tijdperk zijn veranderd in de loop der tijd door
nieuwe inzichten, de toenemende beschikbaarheid van gegevens
en de voortschrijdende ontwikkelingen in onderzoeks- en date-
ringstechnieken.

Vervolgens wordt de classificatie en interpretatie van klimaatbe-
paalde afzettingen vanuit een ander, globaal gezichtspunt geéva-
lueerd. De beschikbaarheid van objectieve criteria en hun moge-
lijkheden voor grootschalige interpretatie en correlatie van strati-
grafische eenheden in tijd en ruimte zijn beschouwd in relatie tot
het karakter van de Kwartaire sedimentopeenvolging, de schaal en
resolutie van onderzoek en het doel van de stratigrafische inde-
ling, dat wil zeggen het reconstrueren van een klimaatgeschiede-
nis op land in overeenstemming met de mariene isotopenstratigra-
fie. De toepassingsmogelijkheden van diverse (alternatieve) strati-
grafische methoden die geschikt zijn voor grootschalige indelin-
gen en correlaties, zoals de interdiscordantie-, de sequentie- en de
‘event’stratigrafie, zijn nader toegelicht. De werkwijze om tot een
(objectieve) vergelijking van de terrestrische stratigrafische inde-
lingen en de mariene isotopische stratigrafie te komen bestaat uit
drie opeenvolgende onderdelen:

1 Het opstellen van een informeel, interregionaal stratigra-
fisch raamwerk voor het Midden-Pleistoceen, waarin de lo-
kale interdisciplinaire gegevens zijn geintegreerd

Gezien het fragmentarische en complexe karakter van de Pleisto-
cene sequenties biedt de stratigrafische indeling op basis van regi-
onaal significante discontinuiteiten of discordanties (‘unconformi-
ties’) als formele stratigrafische procedure, naast de litho-, bio- en
chronostratigrafie en conform de ‘International Stratigraphic Gui-
de’ (Salvador et al. 1994), de beste mogelijkheden. Afzettingen
die begrensd worden door over grote afstanden te vervolgen dis-
cordanties zijn met de term interdiscordante eenheden of synthems
te definiéren. Zij komen in veel gevallen overeen met de bestaande
regionale formaties en beschrijven daarnaast lithofacies - en biofa-
cieseigenschappen. Deze verwijzen naar bepaalde afzettingsmi-
lieus, zoals bijvoorbeeld glaciale, mariene of fluviatiele afzettings-
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milieus, en kunnen op grond hiervan geinterpreteerd en ingedeeld
worden als genetische sequenties of ‘(genetic) depositional se-
quences’. De discordanties zelf bevatten informatie over perioden
met erosie of perioden met stabiele oppervlaktecondities, waarin
meestal bodemvorming optrad.

2 Het interpreteren en vaststellen van klimaatgestuurde — en tek-
tonische gebeurtenissen (‘events’) en cycli binnen dit raamwerk
en de interpretatie van hun schaalgrootte

In deze interpretatieve fase worden de interdiscordante, genetisch-
stratigrafisch ingedeelde sequenties in de verschillende regio’s
geassocieerd met diverse geologische en ecologische gebeurtenis-
sen of ‘events’. Niet alleen korte termijn catastrofale natuurver-
schijnselen, zoals vulkanische uitbarstingen, vallen hier onder de-
ze term, maar ook langere termijn klimaatgestuurde processen,
zeespiegelveranderingen en tektonische processen met een (vierde
orde) frequentie tussen de 100.000 en 500.000 jaar. Deze zijn ver-
antwoordelijk voor wijdverbreide cycliciteit in de Pleistocene se-
dimentopeenvolgingen. De genetische sequenties worden geinter-
preteerd als producten van periodieke afzettings- en erosieproces-
sen die gerelateerd worden aan ijskapuitbreidingen (glaciaties),
16ssafzettingscycli in periglaciale woestijnen, mariene transgres-
sies, en in tweede instantie aan biogene productiviteit, bodemvor-
ming en aggradatie- en insnijdingsfasen van rivieren. Deze proce-
dure is in veel opzichten vergelijkbaar met de traditionele klimaat-
stratigrafie, met dit verschil dat voor de klimaatinterpretatie en de
correlatie een hi€rarchische indeling van ‘events’ wordt gebruikt
die verwijst naar de ruimtelijke en temporele schaal, het afzet-
tingsmilieu en de aard ervan. Ook de bijbehorende terminologie
verwijst hiernaar: zo worden verschillende Fennoscandische (FS)
glaciaties, Midden-Europese (CE) l6ssafzettingsfasen, Noordzee
(NS) mariene transgressies en lokale looftbosvegetatievoorkomens
onderscheiden.

3 Het zoeken naar grensniveaus en tijdsintervallen voor de
terrestrische ‘events’ in de globale mariene isotopenstrati-

grafie

Vergelijking van de terrestrische klimaatbepaalde ‘events’ met de
mariene isotopenstratigrafie kan onder bepaalde voorwaarden en
aannamen een aanvullende basis voor de chronostratigrafische in-
deling van de Pleistocene successie vormen. Ondanks de beperkte
geochronologische controle is, door ‘trend matching’, een goede
overeenstemming aangetoond voor onder andere 16ss-sequenties
en (Laat-Pleistocene) vegetatiesequenties met de isotopische oce-
aan- en landijskernregistraties. Zij geven aan dat de mariene iso-
topenstratigrafie als een sjabloon gebruikt kan worden, waarbij op
indirecte wijze in ieder geval de grootschalige Midden-Pleistocene
terrestrische eenheden en hun afgeleide klimaatgebeurtenissen,
alsook de tijdshiaten, binnen de tijdsintervallen van de mariene
zuurstofisotopenperioden (‘marine isotope stages’: MIS) geplaatst
kunnen worden. In tweede instantie worden lokaal vastgestelde
‘events’, meestal uit een warme klimaatperiode, ingedeeld. Hoe-
wel isochrone tijdsgrenzen ontbreken kunnen met name de relatief
kortdurende deglaciaties4 in de isotopenstratigrafie als grensni-
veaus dienen voor hun terrestrische equivalenten. Hierbij is de
aanname gemaakt dat amplitudes in intensiteit en omvang door de
globale klimaatveranderingen zijn gestuurd en dat extreme kli-
maatgebeurtenissen terug te vinden zijn in zowel de lokale als de
globale genetische sequenties. Niettemin zullen conclusies die ge-
maakt zijn over de lokale en regionale respons van globale kli-
maatveranderingen altijd bevestigd moeten zijn door onafhanke-
lijke aanduidingen/bewijzen en, indien van belang, correcties voor
bijvoorbeeld tektonische activiteit moeten inhouden.
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Hoofdstuk 3: Hedendaagse Midden-Pleistocene terrestri-
sche stratigrafie van Noordwest- en Midden-Europa: een
complex van lokale stratigrafieén en paleoklimatologi-
sche perioden

Hoofdstuk 3 geeft een historisch en hedendaags overzicht van de
stratigrafische indelingen voor het Midden-Pleistoceen, zoals die
in Noordwest - en Midden-Europa in de praktijk toegepast zijn en
worden. Ondanks dat er weinig discussie over de relatieve positie
van de verspreide genetische sequenties bestaat, zijn de vele lo-
kale indelingen niet goed met elkaar overeen te stemmen om zo
het klimaatverloop goed te kunnen reconstrueren. Interregionale
correlaties worden onder andere belemmerd door de vaak ondui-
delijke definiéring van de klimaatfasen, de glacialen en de inter-
glacialen, en door de beperkte mogelijkheden van de formele stra-
tigrafische methoden. Hierdoor zijn klimaatstratigrafische ‘misin-
terpretaties’ en (bio)stratigrafische ‘miscorrelaties’ niet uit te
sluiten. Om terminologische verwarring te voorkomen wordt de
voorkeur aan de algemene termen koude en warme perioden5 ge-
geven. Vijf categorieén van afzettingsmilieus en hun representa-
tieve afzettingen worden in dit hoofdstuk nader besproken. De
fundamentele, materiéle bouwstenen die op diverse manieren bij-
dragen aan de lokale en regionale stratigrafieén zijn:
- sedimenten afgezet onder glaciale omstandigheden,
- sedimenten afgezet onder subaerische (periglaciale) omstandig-
heden, met 16ss als belangrijkste component,
- sedimenten afgezet in mariene milieus,
- fluviatiele en deltaische sedimenten afgezet door grote riviersy-
stemen,
- sedimenten afgezet in lacustriene en biogene milieus.

Deze lithogenetische of ‘hogerangs’ lithostratigrafische eenheden
vormen het gros van de Pleistocene sedimentopeenvolgingen in de
typegebieden. Een tweedeling kan worden gemaakt in de zoge-
naamde glaciale stratigrafieén in de vergletsjerde gebieden in
Noord-Europa en de rivierterras/l6ss-stratigrafieén in de niet-ver-
gletsjerde gebieden in Midden-Europa. Hun stratigrafische bete-
kenis en (paleo)klimatologische interpretatie voor grootschalige
reconstructies worden geévalueerd. Intermediaire sedimenten die
afgezet zijn in meren, vennen en venen, alsook secundaire carbo-
naten, zoals travertijn, en fossiele bodemcomplexen, zijn als lo-
kale (sub)synthems te onderscheiden die waardevolle paleoinfor-
matie verschaffen. Daarnaast komen de biostratigrafische gege-
vens en kenmerken van deze verschillende Midden-Pleistocene
genetische sequenties aan de orde en worden de (geochronologi-
sche) ouderdomsbepalingen besproken die met behulp van ver-
schillende dateringstechnieken zijn gemeten.

Hoofdstuk 4: Een supplementair stratigrafisch raamwerk
voor Noordwest- en Midden-Europa op basis van se-
quentie- en ‘event’stratigrafie

De toepassing van de gecombineerde interdiscordantie —, geneti-
sche- en ‘event’stratigrafie als basis voor grootschalige correlatie-
doeleinden wordt in hoofdstuk 4 behandeld. Een grootschalig
raamwerk behoeft een materi€le basis vanuit de typelokaliteiten
en de typeregio’s met uniform gedefinieerde eenheden voor inter-
pretatie. De bruikbaarheid van de verschillende sedimentaire, ero-
sieve en bodemkundige elementen om als bouwsteen voor een
dergelijke, aanvullende, stratigrafische indeling te dienen hangt af
van het voorkomen van:

- sedimentaire eenheden afgezet door grootschalige gebeurtenis-

sen,
- zeldzame gebeurtenissen die een hoog onderscheidende (gids)



laag vormen in de opeenvolging, zowel sedimentair als erosief,
- afzettingsmilieus waarin continue of bijna-continue sedimenta-
tie plaatsvindt over lange perioden,
- afzettingen of fossielen die geschikt zijn om te dateren.

De genetische eenheden van de verspreide typelokaliteiten, elk van
beperkte tijdsduur, integreren multidisciplinaire (litho-, bio-, bo-
dem- en andere stratigrafische) gegevens die vastgesteld en gede-
finieerd zijn op basis van hun discordanties. Ze zijn gerangschikt
en vergeleken binnen natuurlijk begrensde geotektonische typege-
bieden in Noordwest- en Midden-Europa, zoals bijvoorbeeld het
Anglo-Nederlandse Noordzeebekken (AD/NS) en het Midden-
Rijngebied (MR). Van deze regionale indelingen zijn twee infor-
mele correlatieschema’s gecompileerd: een voor de vergletsjerde
gebieden in Noordwest-Europa en een voor de gebieden daarbui-
ten in Midden-Europa. De naamgeving van de synthems en gene-
tische sequenties is informeel en verwijst in het algemeen naar de
typelokaliteit, de dominante lithofacies assemblages en hun regio-
naal bekende stratigrafische code. Voorbeelden zijn de Drente-1
keileem synthem binnen de Fennoscandische (FS) glaciale sequen-
tie uit het Saalien respectievelijk de Leubsdorf grindterras synthem
behorend tot de Midden-Rijn Mittelterrasse 2 sequentie.

Door vervolgens de grootschalige klimaatbepaalde — en tektoni-
sche gebeurtenissen in de verschillende regionale typegebieden
door middel van superpositie, correlatie van interdiscordante - en
biostratigrafische gidslagen en fossielen, en onafhankelijke date-
ringen in een relatieve tijdsvolgorde te plaatsen, wordt een conti-
nentaal, lage-resolutie ‘event’ stratigrafisch raamwerk voor het

Midden-Pleistoceen gecre€erd. De pollenopeenvolging van Lac du

Bouchet in het Massif Central (MC) en de 16ss/paleosolopeenvol-

ging van Cerveny Kopec (CK) in Slowakije zijn de belangrijkste

referentielokaties voor correlatie. Belangrijke interregionaal toe-
pasbare tijds- en bio-indicatoren voor het Midden-Pleistoceen
zijn:

- paleomagnetische omkeringen: de Brunhes-Matuyama omke-
ring vond ongeveer 780.000 jaar geleden plaats en markeert de
ondergrens van het Midden-Pleistoceen (Richmond 1996),

- vulkanische aslagen, zoals die periodiek in en rond het Eifelge-
bied zijn afgezet vanaf ongeveer 570.000 jaar geleden,

- evolutie- en klimaatkenmerken van (gids)fossielen, zoals de Mi-
momys-Arvicola-grens voor het vroeg Midden-Pleistoceen en
het voorkomen van kenmerkende zoetwatermollusken (Vivipa-
rus diluvianus) en het laatste voorkomen van Pterocarya boom-
pollen in de eerste warme periode(n) van het laat Midden-Pleis-
toceen.

Hoofdstuk 5: Stratigrafische sleutelsecties voor het Mid-
den-Pleistoceen in Noordwest- en Midden-Europa: twee
‘case studies’

Een algeheel beeld van de (Midden-)Pleistocene klimaatrecon-
structiepuzzel moet worden samengesteld uit diverse, verspreid
voorkomende type-lokaliteiten. In hoofdstuk 5 is de supplemen-
taire stratigrafische methode toegepast op een aantal geologische
sleutelsecties voor het Midden-Pleistoceen: die van Kirlich en
Ariendorf in het Midden-Rijngebied en van Schoéningen in het
Subhercynische Bekken (SB). Vanuit veldwaarnemigen en litera-
tuuronderzoek zijn met behulp van zogenaamde Wheeler-dia-
grammen reconstructies van de lokale afzettingscondities gemaakt,
waarin een afwisseling van sedimentatie-, non-depositie- en ero-
siefasen te zien is die, op basis van de relevante multidisciplinaire
gegevens, indicaties voor klimaatcondities en tektonische activi-

teit in de tijd geven.

In Kirlich en Ariendorf komen subaerische 16ssopeenvolgingen
voor liggend op rivierterrassen die stratigrafisch van groot belang
zijn vanwege de tussenliggende vulkanische aslagen afkomstig uit
het nabijgelegen Oost-Eifelgebied. Op grond van hun mineralogi-
sche samenstelling zijn zes eruptiefasen onderscheiden die met
behulp van K/Ar- en Ar/Ar-methoden gedateerd zijn. De sedimen-
topeenvolging in Kérlich beslaat vrijwel het gehele vroeg Midden-
Pleistoceen. Ariendorf sluit hierop aan met een opeenvolging van
het laat Midden-Pleistoceen tot heden. In beide secties komen as-
lagen van de zogenaamde Rieden eruptiefase voor die gedateerd
zijn tussen 450.000 en 370.000 jaar geleden. Zij worden in strati-
grafische posities temidden van en boven subaerische en fluvia-
tiele koude periode-afzettingen (Kdrlich H I synthem respectieve-
lijk Leubsdorf grindterras synthem) aangetroffen. De karakteris-
tieke vulkanische mineralen van deze fase, gedomineerd door py-
roxenen, zijn in Kérlich ook aanwezig in onderliggende afzettingen
van een warme periode (Kdrlich G V subsynthem). Deze chrono-
en ‘event’stratigrafische gegevens worden daarna gebruikt voor
interregionale correlaties naar het Noordzeegebied waar interactie
van de pyroxeenhoudende Rijn-afzettingen met glaciale en ma-
riene sequenties plaatsvond. Met behulp van een correlatieschema
wordt aannemelijk gemaakt dat de Fennoscandische Elsterien gla-
ciatie en de Noordzee Holsteinien mariene transgressie hoogst-
waarschijnlijk plaatsvonden ten tijde van de Rieden eruptiefase.
Interregionale correlaties naar de 10ssgebieden in Centraal Europa
maken aannemelijk dat de 18ssafzettingscyclus van de Midden-
Rijn Kaérlich F subaerische sequentie equivalent is aan de Centraal
Europese 16ss cyclus CK H en dat het onderste deel van de Mid-
den-Rijn Kirlich H subaerische sequentie equivalent is aan de
Centraal Europese 10ssafzettingscyclus CK F. Zoals in hoofdstuk
6 wordt geconcludeerd komen deze koude perioden respectieve-
lijk met MIS 16 (659-620 ka) en MIS 12 (478-423 ka) overeen.

De geologische secties van Schoningen zijn gelegen in een klein-
schalig sedimentatiebekken waar in samenhang met periodieke
zouttektonische bodemdaling verschillende fossielrijke lacustrie-
ne sequenties zijn afgezet. Hoewel onvolledig en niet in superpo-
sitie tonen zij aan dat er tussen de Fennoscandische Elsterien en
Saalien glaciaties nog twee warme fasen met loofbosvegetaties,
respectievelijk Reinsdorf en Schoningen, volgend op de Holstei-
nien warme periode voorkomen. Dit maakt het aannemelijk dat de
Fennoscandische Elsterien landijsuitbreiding plaatsvond in MIS
12 (en de FS Saalien glaciatie in MIS 6), zoals ook in de 16ss-stra-
tigrafie van Midden Europa drie Bt-type bodemcomplexen te her-
kennen zijn voor deze landijsvrije periode buiten Scandinavié.

Hoofdstuk 6: Synthese: correlatie van de Noordwest- en
Midden-Europese Midden-Pleistocene successie met de
mariene isotopenstratigrafie

In hoofdstuk 6 worden als synthese de ‘event’stratigrafische posi-
ties van de lokaal en regionaal vastgestelde klimaatbepaalde geo-
logische en ecologische reflecties vergeleken en in overeenstem-
ming gebracht met de tijdsintervallen uit de zuurstofisotopenstra-
tigrafie van de oceanen. Omdat de isotopencurve slechts een alge-
mene leidraad voor de correlatie van glaciaties en deglaciaties is
zijn alleen de trends, niet de amplitudes, voor correlatie gebruikt.
Deze ‘trend matching” wordt op twee schaalniveaus uitgevoerd:
1 in eerste instantie worden de grootschalige (vierde orde kli-
maatcyclische) ‘events’, afgeleid van wijdverbreide genetische
sequenties, gekoppeld aan de mariene isotopenstadia,
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2 daarna worden de paleoklimatologische ‘events’ geinterpre-
teerd uit lokale, niet-glaciale sequenties en bodemcomplexen
binnen dit raamwerk ingevuld, bij voorkeur vanaf een MIS-
gekoppelde stratigrafische basis of een gedateerd niveau om-
hoog, om zo de hiaten te overbruggen.

Globaal gezien zijn MIS 2, 6, 12 en 16 de meest uitgesproken kou-
de isotopenfasen. Aanwijzingen vanuit de goed gedocumenteerde
Laat-Pleistocene landstratigrafie geven aan dat de ‘event’stratigra-
fische positie van de Fennoscandische Weichselien — , de Britse
Devensian en de Alpiene Wiirmien glaciaties overeenkomen met
MIS 2 en die van de Noordzee Eemien mariene transgressie en de
lokale Eemien bosvegetatiemaxima overeenkomen met MIS Se.
Ook de overeenstemming van de Fennoscandische Saalien- en de
laatste Alpiene Rissien (III) landijsuitbreidingen met MIS 6 (185-
128 ka), tijdsequivalent aan de Midden-Europese 16ssafzetting in
cyclus C, is tegenwoordig algemeen geaccepteerd. Serieuze pro-
blemen doen zich voor met betrekking tot de ‘event’stratigrafische
posities van de Fennoscandische Elsterien en Donien glaciaties.

Conclusies met betrekking tot de ‘event’stratigrafische posities van

de wijdverbreide glaciale en subaerische sequenties zijn dat:

- de Fennoscandische Elsterien -, de Britse Anglian glaciatie en
de Midden-Europese 16ssdepositie in cyclus F plaatsvonden ge-
durende MIS 12 (478-423 ka), gevolgd door de Noordzee Hol-
steinien mariene transgressie (MIS 11c¢),

- de Fennoscandische Donien glaciatie en de Midden-Europese
16ssdepositie in cyclus H optraden in MIS 16 (659-620 ka) en
mogelijk gevolgd worden door een Noordzee mariene trans-
gressie in East Anglia.

Vervolgens worden twee grensniveaus van isotopische glaciale
cycli, stadiagrenzen ¢f- SPECMAP-groep (1984), gebruikt voor
een verfijning van de chronostratigrafische positie van de groot-
schalige terrestrische ‘events’ in het Midden-Pleistoceen. Het
meest geschikt hiervoor zijn de deglaciatiefasen uit de mariene
isotopenstratigrafie, waarvoor de zogenaamde terminaties als,
grafisch geinterpoleerde, wereldwijde dateringsgemiddelden gel-
den. Gedurende de deglaciatiefasen treden ook op land ingrijpende
klimatologische veranderingen op die in een aantal duidelijke
grensniveaus weerspiegeld zijn, zoals Kukla’s ‘marklines’®, on-
dergrenzen van mariene transgressies en de snelle toename van
bomenpollen in glaciale meerafzettingen. Zoals de ondergrenzen
van het Holoceen (10.000 “C jaren BP) en het Laat-Pleistoceen
goed overeenkomen met de arbitraire tijdsgrenzen voor de termi-
naties I (12,5 ka, als gemiddelde voor de deglaciatiefase van MIS

2/1 tussen 18 ka en 6 ka BP) en II (128 ka, als gemiddelde voor de

deglaciatiefase van MIS 6/5 tussen 135 ka en 122 ka) worden nog

twee oudere isotopische grensniveaus gebruikt en gelijkgesteld
met terrestrische Midden-Pleistocene grensniveaus:

1 Een voor de overgang van het vroeg - naar het laat Midden-
Pleistoceen gesteld op het wereldwijde gemiddelde van 423 ka
(terminatie V) voor de deglaciatiefase van MIS 12 naar MIS
11. Dit niveau vertegenwoordigt de overgang van de regionale
Elsterien (Sanien 2/Okien) koude periode naar de Holsteinien
(Hoxnien/Mazovien/Likhvinien) warme periode. De bewijs-
voering hiervoor wordt gegeven aan de hand van:

- dateringen van Oost-Eifel vulkanische aslagen rond 450-370
ka (Rieden fase) in het Midden-Rijn typegebied, het veelvul-
dig voorkomen van pyroxenen in subaerische en fluviatiele
afzettingen in dit typegebied en stroomafwaarts van de Rijn
in het Anglo-Nederlandse Noordzee typegebied vanaf MIS
13, ca. 500.000 jaar geleden, alsmede de stratigrafische posi-
tie van het Fennoscandische Elsterien glaciatiemaximum
intermediair van pyroxeenhoudende fluviatiele afzettingen
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(hoofdstuk 5),

- het laatste voorkomen van Pterocarya pollen in de referentie-
opeenvolging van Lac du Bouchet in Zuidoost-Frankrijk en
in de glaciale meerafzettingen in Noordwest Europa, welke
gelijktijdig met de mariene Holsteinien transgressie in het
Noordzeebekken plaatsvond gedurende MIS 11c¢, ca. 400.000
jaar geleden,

- het voorkomen van grote erosiediscordanties in de terrasop-
eenvolgingen van vele riviersystemen die hoogstwaarschijn-
lijk plaatsvonden in MIS 12 voorafgaand aan de maximale
landijsuitbreiding van de Fennoscandische Elsterglaciatie.

2 Een tijdsgrens voor een onderverdeling binnen het vroeg Mid-
den-Pleistoceen in een deel A en een deel B en geplaatst op het
wereldwijde gemiddelde van 620 ka (terminatie VII) voor de
deglaciatiefase van MIS 16 naar MIS 15. De bewijzen voor een
grensniveau overeenkomend met MIS 16/15 kunnen alleen in
Oost-Europa goed onderbouwd worden. De Fennoscandische
Donien landijsuitbreiding in dit gebied is tijdsequivalent aan de
Borisoglebsk 16sscyclus op de Russische Vlakte (RP) en aan de
Midden-Europese 16ss H cyclus. Extrapolatie van de positie
van de Mimomys-Arvicola grens, gecombineerd met regionale
gidslagen en dateringen van Oost-Eifel vulkanische aslagen,
rechtvaardigen ook het toepassen van dit grensniveau in Noord-
west Europa. De Mimomys-Arvicola grens bevindt zich in de
tweede pick (a) van de warme periode overeenkomend met
MIS 15.

Na de bepaling van de ‘event’stratigrafische positie van de groot-
schalige sequenties worden de intermediaire, meest lokale, warme
tijd-gebeurtenissen in dit continentale, MIS-gekoppelde raamwerk
geplaatst:

- Het laat Midden-Pleistoceen (MIS 11-6: 423-128 ka) omvat
drie warme perioden, waarvoor de pollensequentie van Lac du
Bouchet, die 7 subfasen met bosvegetatievoorkomens binnen
deze warme perioden laat zien, als referentie dient. De bosvege-
tatieoptima uit de Holsteinien meerafzettingen zijn gelijktijdig
met die van de MC Praclaux bosvegetatie-assemblage en over-
eenkomend met MIS 11c (423-ca. 400 ka). De bosvegetatie-
voorkomens van Pritzwalk in het Noordduitse Noordzee (NG-
NS) typegebied, van Reinsdorf in het Subhercynische Bekken
(SB), van Karlich-Seeufer (MR) en Bilshausen in het Thiiringer
Bekken (TB) zijn in MIS 9 (339-303 ka) te plaatsen, evenals de
travertijnvoorkomens in het rivierterras van Bilzingsleben II
(TB). De Schoningen bosvegetatie (SB) is in het warme MIS 7
te plaatsen.

- In deel B van het vroeg Midden-Pleistoceen (MIS 15-12: 620-
423 ka) komen een aantal zeer warme fasen voor, getuige het
voorkomen van uitgesproken bodemcomplexen in verschillende
typegebieden in Midden-Europa. Meerafzettingen met twee
bosvegetatie-optima, overeenkomend met de subfasen e en a
van MIS 15, komen voor in Ferdynandov in het Poolse Vlakte
(PP) typegebied en in Muchkap in het Russische Vlakte (RP)
typegebied. Mariene transgressies in het Anglo-Nederlandse
Noordzee typegebied zijn opgetreden in MIS 13 (Noordbergum,
Ostend) en mogelijk ook in MIS 15a (West-Runton).

- Deel A van het vroeg Midden-Pleistoceen (MIS 19-16: 780-620
ka) bevat weinig aanknopingspunten voor duidelijke warme kli-
maatgebeurtenissen.

Tot slot zijn de ‘event’stratigrafische posities van een aantal Pale-
olithische vindplaatsen in het raamwerk geintegreerd. Hieruit kun-
nen volgende conclusies met betrekking tot de vroegste bewo-
ningsfasen in Noordwest — en Midden-Europa worden getrokken:
- tot op heden zijn er geen overtuigende bewijzen voor bewoning



voor MIS 16, dit is ca. 600.000 jaar geleden (zie naschrift over
de Pakefield site),

de ‘event’stratigrafische positie van de oudste vindplaatsen in
het vroeg Midden-Pleistoceen, gelegen langs de kusten van de
Krijtgebieden in West-Europa, komen overeen met MIS 15 tot
en met MIS 13, tussen 600.000 — 480.000 jaar geleden,
aanwijzingen voor de eerste menselijke bewoning in het laat
Midden-Pleistoceen en tijdsequivalent aan MIS 11, tussen
420.000 — 360.000 jaar geleden, zijn alleen in Engeland (en
Noord-Frankrijk) aangetroffen,

een volgende bewoningsfase, vanuit het zuidoosten van Europa,
volgt in de tweede warme periode met een bosvegetatiec na de
Fennoscandische Elsterien/Britse Anglian glaciatie: in MIS 9,
tussen 340.000 — 300.000 jaar geleden,

een laatste groep laat Midden-Pleistocene Paleolithische vind-
plaatsen kan zonder twijfel geplaatst worden in de warme peri-
ode overeenkomend met MIS 7 en het eerste deel van MIS 6,
tussen 250.000 en 160.000 jaar geleden.

Deze conclusies ondersteunen goeddeels de zogenaamde ‘korte
chronologie’-theorie, zoals door Roebroeks en van Kolfschoten in
1995 is geintroduceerd. Deze theorie behelst dat noordelijk Euro-
pa, op grond van de tot nu toe gevonden artefacten en bewonings-
structuren, niet voor 500.000 jaar geleden bewoond is geweest,
ondanks vele claims voor vroegere bewoning. Uit de stratigrafi-
sche analyse in dit proefschrift blijkt dat de ondergrens voor de
‘korte chronologie’ op maximaal 600.000 jaar (= MIS 15) moet
worden gesteld.

6

Op de laatste 10.000 jaar na, het Holoceen, bestaat het Kwartair ge-
heel uit het Pleistoceen. Beide termen worden daarom veelvuldig als
synoniemen gebruikt.

Dit geldt in ieder geval buiten de *C-dateringslimiet van ongeveer
40.000-50.000 jaar.

De periode tussen ongeveer 780.000 jaar en 130.000 jaar geleden.

De relatief korte perioden van een '*O-isotopenmaximum naar een
BO0-minimum als gevolg van het snel smelten van de ijskappen.

Relatief ten opzichte van de huidige klimaatcondities.

Grenzen tussen dikke ldsslagen en bodemcomplexen met aan de basis
een Bt-type horizon.
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Chapter 1

INTRODUCTION

1.1 Scope and objectives

Age and chronology are unifying themes in interdisciplinary stud-
ies on palaeoreconstructions of the terrestrial Quaternary' record.
Its sediments, fossils and landforms contain the history of environ-
ments, climate, tectonic activity and human occupation of the last
¢. 2.6 Ma of the geological time scale?. Unfortunately, the com-
plete pattern of palacoenvironmental and palaeoclimatic change in
time and space from the European continent is almost invariably
poorly represented due to the highly fragmentary and genetically
diverse nature of its record. Terrestrial Pleistocene stratigraphy
and correlation is constrained by the predominance of (erosional)
unconformities, a lack of usable index fossils and few geochrono-
metric control points. These characteristics restrict to a large de-
gree the availability of objective criteria for classification into
natural, correlative units.

Moreover, the customary means of dating and correlation by di-
viding the local and regional stratigraphies of Europe into inter-
preted glacials and interglacials, necessarily based on multiple
criteria, has never been documented in a satisfactory way. At-
tempts to correlate the climate-based units from one region to an-
other have led to many discrepancies. Loess/palacosol sequences
in the non-glaciated areas show more climatic cycles than the gla-
cial sequences in the Alps and in northern Europe, implying that
the latter are deficient. Furthermore, most of the local Pleistocene
stratigraphies are co-controlled by independent regional geographi-
cal, geological and (neo-)tectonic factors. For example, the fluvial
terrace stratigraphies, closely linked with the loess stratigraphy of
Central Europe, are complicated by (neo-)tectonic activity in these
regions.

1. How to reduce the difficulties and uncertainties associated
with the subdivision and dating of the Pleistocene terrestrial
record?

‘The ideal situation would be to find absolute age markers at all
horizons in all environments, so that we could have a calendar
of events divided into say 1000 years segments, giving com-
plete correlation of sediments, processes and events over the
earth’s surface’ (R.G. West 1968).

West’s utopian situation became somewhat more realistic, when
in the 1970s, the dating of the fluctuations in '*0/'°O ratios from
the shells of fossil foraminifera in ocean floor sediments® became
an important stratigraphical tool. Technological and methodologi-
cal advances in dating and subsequent calibration and tuning with
astronomical - and polarity time scales since provided the marine
isotope record an accurate high resolution chronology valid for the
last 5 million years or beyond (Lourens ef al. 1996). The develop-
ment and present existence of the global chronostratigraphical
time scale (Fig. 1.1) as a standard is crucial for the timing of pal-
aeoclimatic and —environmental events, and a prerequisite for the
refinement of the chronostratigraphy of the terrestrial Quaternary
deposits, although the resolution might not be as high as West’s
1000 years.

Within the overall context of an apparent continuous registration
of the climatic history in the deep-ocean and ice-core records, the
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Figure 1.1 Global chronostratigraphical correlation table for the last 2.7
million years (Subcommission on Quaternary Stratigraphy, International
Commission on Stratigraphy, Gibbard ez al. 2004).

applicability of (conventional) climatostratigraphy to the terres-
trial record is now seen as inadequate to interpret and reveal a
relatively high-resolution sequence, in particular in the formerly



glaciated areas. Nor does it resolve the problems of deficiencies
and time-transgressive boundaries. The palacoclimatic stages in
many land-based stratigraphies are, in fact, not time stages but
rather represent palaeoclimatic events of different origin, type and
scale order. Unfortunately, the terrestrial stratigraphy can only in-
directly be correlated with the oceanic record, because of the lack
of chronological controls. Nevertheless, the classic glacial models
are coarse structures, whilst the terrestrial climate-based stages
and their associated depositional sequences have to match in some
way the global template of the marine isotope and polarity strati-
graphical frameworks. This offers opportunities for correlation
with the wide-spread climate-driven sedimentary sequences in the
glacial stratigraphy, in the loess/palacosol stratigraphy, in the
coastal marine stratigraphy as well as for correlation with local
pollen records from suitable localities, for example, (‘postglacial’)
lake sequences.

2. How do the observations on the continent match the oceanic
record?

Both questions have been starting points (and likewise challenges)
for this thesis. They initiated the need to search for an alternative
approach, supplementary to the traditional climatostratigraphical
procedure. Obviously climate is the only common denominator
that can be used to compare the terrestrial and the marine sequenc-
es. Subsidiary, non-interpretive classifications are required that
better represent the continental Pleistocene record and that potenti-
ally offer opportunities for large-scale time/space interpretations
and eventually for correlation with the global oceanic record. One
of the research objectives then has been the integration of multi-
disciplinary local data into an informal stratigraphical framework
for Northwest and Central Europe using sequence — and event-
stratigraphical criteria. Such an overall framework requires a ma-
terial basis with uniformly defined units for interpretation. Moreo-
ver, the framework should be attended to an unambiguous nomen-
clature. Existing (and available), local datasets from several natu-
ral type regions in Northwest and Central Europe have for this
purpose been gathered, reviewed and (re-)evaluated®. Stratigraphi-
cal units within the type regions are arranged on the basis of super-
position, criteria of regional significance (e.g. bounding uncon-
formities), correlation and independent dating. Then, interpreta-
tion of environmental facies changes arises for discussion in order
to reconstruct regional sequences of events which can be associ-
ated with climatic cycles and (neo-) tectonic rearrangements of
different magnitude and duration.

Using this framework, the intention of this thesis is to refine the
(chrono)stratigraphical positions of the depositional sequences
and unconformities associated with the classical Northwest Euro-
pean palaeoclimatic stages of the Middle Pleistocene’, i.e. part of
the Cromerian, the Elsterian, the Holsteinian and the Saalian stag-
es. Their correlation with the loess/palacosol cycles in Central Eu-
rope and the Alpine glacial stages is dealt with. Finally, optimal
matching of the event-based continental stratigraphy for the Mid-
dle Pleistocene is sought with the marine isotope stages (MIS) of
the ocean-core chronostratigraphy.

Comparable selective work on the relation and equation of terres-
trial sequences to the global isotope scale has been dealt with by
many other authors, including Kukla (1975, 1977, 1987), Turner
(1975, 1996), Bowen (1978), Sibrava et al. (1986), Zubakov and
Borzenkova (1991), Ehlers (1999), Gibbard and West (2000) and
Vandenberghe (2000). The present thesis is another contribution
to this issue, yet based upon a different approach, i.e. the applica-
tion of genetic sequence® - and event-stratigraphical principles and

attempting comprehensiveness by systematically comparing exist-
ing (Middle Pleistocene) evidence from different natural type re-
gions in Northwest and Central Europe.

Within the scope of this research project this procedure is of great
help in the improvement of time control over the scattered Palaeo-
lithic evidence in the study area which, as another component of
the terrestrial record, dates far back into the Middle Pleistocene
(Fig. 1.2).
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Figure 1.2 Comparison of archaeological and geological subdivision
(modified after Stein and Linse 1993).

1.2 Outline of this thesis

Chapter 2 begins with an introduction to the main principles and
methods concerning the Quaternary subdivision, chronology and
terminology (sections 2.1 and 2.2). Before developing alternative
concepts and starting supplementary stratigraphical procedures,
the availability of objective criteria in the terrestrial geological
succession and their suitability for large-scale interpretations is as-



sessed in the sections 2.3 up to 2.5. Considerations of these prereq-

uisites involve three basic issues:

- The nature of the terrestrial record,

- Scale and resolution of research, both spatial and temporal,

- Aims of subdivision, i.e. the reconstruction of a land-based se-
quence of past climate and landscapes compatible with the ma-
rine isotope stratigraphy.

Three supplementary procedures (unconformity-bounded, genetic
sequence and event stratigraphy) applicable for the reconstruction
of large-scale stratigraphical frameworks are dealt with in more
detail in section 2.6. The potential of these units and syn- and post-
sedimentary features in relation to global chrono- and (climate
type) event correlation is also considered. They largely determine
the success of a spatio-temporal framework reflecting the palaeo-
climatic and palacoenvironmental events on the European conti-
nent.

Chapter 3 gives an outline of the contemporary Middle Pleis-
tocene stratigraphy of Northwest and Central Europe. Section 3.1
discusses the limitations and (time-)stratigraphical problems with
regard to the classical European palaeoclimatic models for the
Pleistocene terrestrial succession. The material building elements,
from which the local and regional stratigraphies are constructed,
are dealt with in section 3.2. Five broad categories of major depo-
sitional settings and their sedimentary products are reviewed, to-
gether with some significant local-scale depositional environments
and (syn- and post-) depositional features. Moreover, climatic in-
terpretation and large-scale stratigraphical significance of these
sequences, from which the Cromerian, Elsterian, Holsteinian and
Saalian palaeoclimatic stages are inferred, is discussed. The bio-
and chronostratigraphical control on the land-based sequences are
considered in the sections 3.3 and 3.4, respectively.

In Chapter 4 the local and regional stratigraphies are informally
assigned to a continent-wide framework using multidisciplinary
types of correlation and including principles of sequence and event
stratigraphy. The approach adopted is to group genetically related
sedimentary units, bounded by unconformities of regional extent
and significance in the different geotectonic type regions (section
4.1). The units are then arranged according to superposition, litho-
and biofacies characteristics, interpreted depositional environment
and independent dating into a large-scale framework (section 4.2).
A compilation of the most up to date versions of the Northwest
and Central European local stratigraphies is given in section 4.3.
Subsequently, in section 4.4, relevant genetic sequences are asso-
ciated with major climate-driven geological events (such as gla-
ciations and marine transgressions) and regional tectonic events;
an approach analogous to event stratigraphy. Provisional names
for synthems and genetic sequence groups are introduced. They
are compiled in a stratigraphical framework in which local-scale
palaeoclimatic features are embedded. The main difference from
the conventional (climato)stratigraphical systems concerns the hi-
erarchical approach with regard to scale and order/magnitude of
the depositional sequences.

The spatial component of climatic and environmental change must
come from local key stratigraphical sequences in the fragmentary
continental record. Since classification starts in the field, one of
the essential steps in data inventories is to return to more or less
basic geological procedures and begin with the local identification
and description of objective sedimentary units in the (literature on)
the sections and cores. Then, data may be structured on the basis
of criteria of regional significance (e.g. bounding unconformities)
and interpretation and correlation of local depositional sequences
can be carried out. Testing of this approach has been done by short

fieldwork studies, discussed in Chapter 5, in the Neuwied Basin of
the Middle Rhine type region (the Kérlich and Ariendorf sections,
section 5.2) and in the Subhercynic Basin (the Schéningen sec-
tions, section 5.3), both located in the German uplands. These im-
portant sites contain regional information on Middle Pleistocene
conditions with potential for interregional correlations (section
5.4).

In seeking an overall framework for the Northwest and Central
European terrestrial stratigraphy, relations between the different
regional event-stratigraphical units and the marine isotopic stages
(MIS) are reviewed in Chapter 6. The global significance of the
continuous marine isotope record (section 6.1) is used as a tem-
plate upon which the local and regional scale records are fitted.
Comparison and matching of the land-based Middle Pleistocene
framework with the marine isotope stratigraphy is considered in
section 6.2. Both records are keys to different parts of the climate
system. Recognition and timing of the boundaries and events from
the MIS’s on land may help to improve (chrono)stratigraphical
control over the European sedimentary sequences, although they
remain of low resolution and are therefore not interchangeable
with formal time stages. Two isotopic stage boundary levels are
used to fit the large-scale glacial, periglacial and marine deposi-
tional cycles within the Middle Pleistocene Subseries (section
6.3). Finally, the stratigraphical positions of local terrestrial evi-
dence within the MIS-fixed time framework is dealt with in sec-
tion 6.4.

With the exception of the last 10,000 "“C years, representing the
Holocene Epoch, the Quaternary Period corresponds to the complete
Pleistocene Epoch. Therefore their names are used broadly as
synonyms in relation to past climatic and environmental change.

That is the chronostratigraphical interval corresponding with the
Quaternary deposits. Its duration is depending on the definition of the
lower boundary which is formally set at 1.8 Ma (see also section
2.2.2).

3 Based on work from Emiliani (1955) and Shackleton and Opdyke
(1973).

Including relevant sedimentological, faunal and floral evidence next to
archaeological data from over 500 European localities

Spanning the period from approximately 780 ka to 130 ka ago (Fig.
1.1).

As also used in sedimentary basin analysis (section 2.6.2).






Chapter 2

QUATERNARY TERRESTRIAL STRATIGRAPHY AND CORRELATION; A MULTIDISCIPLINARY AP-

PROACH

2.1 Stratigraphical subdivision: some basic concepts
and procedures

The stratigraphical subdivision of the Quaternary record forms a
principal research field of the earth sciences. Indeed Quaternary
geology has developed as a separate subdiscipline in relation to
pre-Quaternary geology because of the different techniques and
methodologies which were most appropriate to apply. For a better
understanding this section is dedicated to some relevant issues on
stratigraphical concepts, procedures, terminology and correlation,
as well as problems in these regarding the nature of the Quaternary
terrestrial sequence.

Stratigraphy or ‘the science of rock strata’ (Hedberg (ed.) 1976) is
primarily concerned with the observation, description, interpreta-
tion and subsequent classification of stratified rocks and sedi-
ments'. Observation and description include, in addition to the
original succession and age relations of the investigated strata,
their lithological composition, fossil content, form, distribution,
geophysical and geochemical properties. Interpretation, the ulti-
mate goal of stratigraphy, concerns the mode and origin of deposi-
tional environments and the geological history. Classification of
the characteristics and features of the geological successions is
carried out at different scales, both spatial and temporal, and by
means of various methods and techniques.

Procedures to follow have been formulated in several (inter)national
stratigraphical codes and guides. Recommended rules for classifi-
cation, terminology and procedures are outlined in the Interna-
tional Stratigraphic Guide (ISG) (Hedberg (ed.) 1976 and Salva-
dor (ed.) 1994). They advocate a widely accepted set of tools and
terms to improve world-wide communication, co-ordination and
understanding among stratigraphers.

Stratigraphy starts in the field. Local-scale geological data from
sections and cores and from different depositional environments
are the basis for subdivision. Each classification system, by defini-
tion, is arbitrary and has its own hierarchy in which the upper cat-
egory always includes the foregoing levels?. Basic stratigraphical
procedures are lithostratigraphy, biostratigraphy and chronos-
tratigraphy (Figs. 2.1a and 2.1c). They serve best for marine and
non-glacial sequences deposited in large-scale sedimentary basins
spanning (tens of) millions of years, but are not quite satisfactory
for the geologically short time span of the Quaternary with its
highly varied terrestrial depositional record, the predominance of
erosional surfaces and the absence of distinctive fossils. Available
geomagnetic and geochronometric® dating methods are so far also
inaccurate for the high resolution desired for the subdivision of
this period.

Nonetheless, there are many kinds of Quaternary stratigraphical
data that are useful in certain areas or for certain purposes. Data
derived from a range of complementary techniques such as palae-
omagnetic dating, geochronometric dating, geochemical analysis
and seismic research can be of stratigraphical value and are fre-
quently applied in smaller-scale subdivisions. Oxygen isotope
stratigraphy applicable to ocean floor and ice cores has proved its
effectiveness for global correlation of glaciation and deglaciation
events and its potential to serve as a global time-based reference
framework (section 2.5.3 and Chapter 6).

2.1.1 Material descriptive units

The material basis of a geological subdivision is of a lithostrati-
graphical type. Lithostratigraphical units, such as formations,
should be based on a unit stratotype. The stratotype defines and
identifies the type and rank of the stratotype* (including its bound-
aries), the history of the concept, locality and region details, the
lithological characteristics, the name, information on the genesis,
the geological age and correlation with other units (Hedberg (ed.)
1976, Schoch 1989). Marker beds of regional importance may be
common occurrences, such as till beds and loess sheets or occa-
sional occurrences like volcanic ash horizons. Due to regional
variations the lithostratigraphical units and the boundaries of most
European classification systems are based on different stratigraph-
ical criteria, such as petrographical and mineralogical composi-
tion, calcareous content, fossil content, morphological position
and observed pedogenetic processes. The latter two criteria have
otherwise developed into individual stratigraphical concepts ad-
ditional to the lithostratigraphical subdivision of strata.

Biostratigraphical units are based on the evolution and
(dis)appearance of faunal and floral taxa (the biotic components)
in the deposits, dividing the fossil succession fundamentally into
biozones (Hedberg (ed.) 1976). Both palaecozoology and palaeo-
botany contribute to biostratigraphy. The type of biozone that is
commonly used in Quaternary stratigraphy is the assemblage-
zone, comprising strata with a distinctive fossil assemblage (fau-
nal zones respectively pollen zones). Biostratigraphical evidence,
in particular palacobotanical data, result in more detail for identi-
fication and limitation of local sequences within the non-glacial
deposits of Northwest and Central Europe. Because time-trans-
gressive overlap is conceivable as a consequence of geographical
variations and because of homotaxial® miscorrelations, both litho-
and biostratigraphical systems should be kept apart.

In the latest edition of the International Stratigraphic Guide (Sal-
vador (ed.) 1994) two additional procedures are formally recog-
nised which have become increasingly functional in terrestrial
stratigraphy (Fig. 2.1a):

- magnetostratigraphy, based on changes in the remanent mag-
netic properties acquired during deposition of rock bodies which
among others involves the polarity of the earth’s magnetic field.
Basic units are the polarity zones,

- unconformity-bounded stratigraphy, based on regional signifi-
cant discontinuities in the succession such as erosional breaks
and surfaces of subaerial exposure (i.e. palaecosols), dividing the
sequence into synthems. Unconformity-bounded units include
multidisciplinary descriptive information allowing for more re-
liable interpretation and (chrono-) correlation over large areas.
They play an important role in the establishment of a continent-
wide stratigraphical framework and are further dealt with in sec-
tion 2.6.1.

2.1.2 Interpretative units

Interpretation is, apart from observation and description, another
primary concern of stratigraphy. Whereas the formal classification



Figure 2.1 Terrestrial stratigraphical classification and procedures:
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systems offer ways of dividing strata into subsidiary units which
are descriptive, they do not entail interpretation of genetic aspects
and causal meanings concerning environmental and climatic
change in time and space. Most land-based lithostratigraphical
units, for example, tend to be local to regional in extent and are
often not that appropriate to document the sedimentary units in
terms of depositional cycles and (lateral) facies changes as deposi-
tional sequence units can do in sedimentary basins. Interpretative
units (Fig. 2.1b) have better potential for use as a basis for large-
scale correlation. Therefore, in many European countries inferred
lithogenetic and palaeoclimatic criteria have been introduced in
several local and regional stratigraphies to distinguish between
formations deposited in different environments, e.g. in the Nether-

lands® (Zagwijn 1975). In northern Germany, formations are gen-
erally not defined and named in a formal way, but denoted by a
code system in which optionally lithology, depositional environ-
ment and/or climatostratigraphical stage can be indicated (Liittig
1958, Woldstedt & Duphorn 1974).

Climatic stages traditionally are defined from litho- and biostrati-
graphical evidence from stratotype localities and indicate local
and regional climatic conditions at the time of deposition. Termi-
nology is not unambiguous and the units do not have a formal
status. Nevertheless, climate-based classification remains the ba-
sis for subdivision of the Quaternary succession, but should be
used subsidiarily to the formal classifications and not be combined
with lithostratigraphical terminology.



Event stratigraphical units, in the first instance, indicate distinct
geological processes such as volcanic eruptions indicated by te-
phra strata. They become an interesting stratigraphical tool in
Quaternary subdivision when, as in recent years, also extreme
longer term climate-related events become included. Glaciations
and marine transgressions, interpreted from sedimentary sequenc-
es, are large-scale events that can be correlated over long distances
and that can be used across the terrestrial-marine boundary.

The recognition of depositional environments, climatic signatures
and/or events from the fragmentary and highly variable terrestrial
succession are by their nature inferential methods and by no means
straightforward. Sequence and event stratigraphy are discussed
further in section 2.6. Climatostratigraphy is dealt with more com-
prehensively in 3.

2.1.3 Temporal units

Chronostratigraphical units (Fig. 2.1c) divide the sedimentary col-
umn, when possible, according to the geological age and time of
formation of the strata into subsidiary stages (Hedberg (ed.) 1976).
At a higher-level rank these are grouped into series and systems.
Chronostratigraphical units are by definition isochronous and top-
less, that is only their lower boundary has to be defined at a bound-
ary stratotype, preferably within a sequence of continuous depos-
its. Chronostratigraphical units and boundaries are generally inter-
preted from calibrated points (‘spikes’) in type sections ideally in
sediments of marine origin. These are used for large-scale (inter-
regional) correlation along supposed synchronous surfaces’. The
most significant problem in Quaternary terrestrial chronostratigra-
phy is the lack of such isochronous boundary-stratotypes and
hence of formal stages, restricting the application of ‘pure’ chron-
ostratigraphy in the formal conventional sense. In order to corre-
late the local sequences to a regional or global timescale, climate-
based stages have often been used as direct equivalents of chron-
ostratigraphical stages. They are, however, not since they are in-
terpreted from incomplete and diverse sequences with diachronous
time boundaries. This has given rise to much nomenclatural con-

Temporal units

fusion and correlation problems. Nevertheless they indicate the
relative age and regional scale of sequences.
Chronostratigraphical units correspond to temporal non-material
units called geochronological units, respectively ages, epochs and
periods. Mainly as a result of the progressive development of geo-
chronological techniques and methods during the last five dec-
ades, Quaternary chronology is no longer confined to the relative
information derived from conventional stratigraphical methods.
Isotopic and radiometric dating methods yield reliable ages up to
some 100 ka for suitable sediments and fossils. Important time
markers of global significance concern the geomagnetic reversals
of which the Matuyama/Brunhes reversal at about 780 ka has been
proposed the boundary of the Early and Middle Pleistocene sub-
series (Butzer and Izaac 1975, Richmond 1996). Dating and tun-
ing of ocean and ice-core sequences through astronomical cycles
has been proven a valuable geochronological tool revealing high
resolution reference scales for the timing of large-scale palaeocli-
matic events.

2.1.4 Correlation

Finally, correlation is an essential procedure to show correspond-
ence in character and (relative) stratigraphical position between
stratigraphical units and features that are geographically separated
(Hedberg (ed.) 1976). Although the term correlation is used in a
broad sense to refer to all kinds of spatial correspondence and/or
equivalency based on objective characteristics, correlation eventu-
ally serves to determine time relationships between strata and fea-
tures. Within the scope of a global time standard, chrono-correla-
tion comprises the interpretation of all types of data indicative for
temporal relationships between stratigraphical units (c¢f. Holland
1998). There are, however, very few means of directly correlating
between the terrestrial sequences and those in the oceans. In the
absence of useful markers or index fossils in both the diachronous
units of terrestrial environments and marine continuous succes-
sions, chrono-correlations will never be perfect, but their precision
can be increased by using event-stratigraphical features.
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Geochronology Subage --> Age
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Magnetochronostrati-
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Age of geomagnetic
reversals

Polarity subchronozone/subchron
Polarity chronozone/chron

Series
System
Erathem --> Eonothem

Epoch
Period
Era --> Eon

Polarity superchronozone/superchron

Time scale short duration

long duration

¢) classification of temporal material units based on the geological age and time of formation.



2.2 The Quaternary System and Period

2.2.1 Terminology and historical background

The development of a stratigraphical nomenclature for solid rocks,
sediments and time to determine a sequence of events in the earth’s
history (and life on earth) started around 1760 with rough classifi-
cations of mountains and rocks in Tuscany, Italy by Arduino and
in Germany by Lehmann. Arduino used a fourfold classification
and was the first who introduced the term Quaternary with which
he classified the loose alluvial sediments eroded from the Tuscany
mountains.

Between the late eighteenth and first half of the nineteenth century

three principal divisions had been established in Western Europe,

based on fossiliferous strata (discussed in Lyell 1853):

- Primary, later termed Palaeozoic meaning ‘ancient life’

- Secondary, later termed Mesozoic (‘middle life’)

- Tertiary, later defined as the first part of the Cenozoic (‘recent
life”).

Although these three divisions were bounded by major uncon-

formities believed of chronostratigraphical significance, the major

criterion for subdivision and correlation was palacontological evi-

dence rather than the numerical time of formation.

The term Quaternary was re-introduced in 1829 by Desnoyers, to
refer to the deposits unconformably overlying the Tertiary se-
quence in the Paris Basin and containing fossils of species, which
are still living today (Reboul 1833). On the basis of fossil mol-
luscs, Lyell (1839) introduced the term Pleistocene (meaning ‘the
most recent’) to refer to deposits of the last time period (Epoch) of
the Tertiary System, which he had earlier referred to as Newer
Pliocene. He termed Post-Tertiary deposits Recent referring to all
rocks that had formed since the appearance of man.

The (late) eighteenth and nineteenth century researchers from dif-
ferent parts of Europe already indicated the complex and heteroge-
neous nature of the uppermost, non-consolidated deposits com-
pared to other rock successions. Because its contained fossils, if
present, appeared to have pronounced modern affinities the asso-
ciation with the youngest geological time period was a plain fact.
Nevertheless, palaecontological-distinguishing criteria for their
classification and correlation at a system level appeared to be in-
sufficient®.

Apart from (palaeontological) classification, a variety of concep-
tions were put forward on the genesis of the different superficial
deposits, in particular with regard to the provenance of erratics,
which had been found in many terrestrial deposits and at the land
surface. Explanations were sought in respectively the biblical
flood theory (Von Buch 1815, Buckland 1823), the drift theory
(Lyell 1833) and the glacial theory. Former glaciations in the Alps
and elsewhere had already been inferred from the close of the
eighteenth century, which was first published by Hutton (1795)
followed by Playfair (1802) and Venetz (1821) among others. In
southern Germany, the term Eiszeit (Ice Age) had been introduced
in 1837 by Schimper to bear on the geological period of glacia-
tions. The corresponding deposits were assigned to the Diluvium,
the postglacial deposits to the Alluvium. Both terms were origi-
nally introduced in relation to the biblical flood theory, but per-
sisted in Germany up to the middle of the twentieth century. Von
Morlot in 1855 re-introduced the term Quartér to refer to the ice
age era. General acceptance of the glacial theory was gradually
gained after lectures given by influential scientists like Agassiz
(1840 in Britain, 1846 in North America) and Torell (1875 in

northern Germany). It was Forbes (1846) who used Lyell’s Pleis-
tocene to refer to the ‘Glacial Epoch’ and implied a post-Tertiary
age which was only accepted by Lyell ‘the father of stratigraphy’
in 1873. The base of the Pleistocene was equated with the first
glacial deposits associated with the classical mid-latitude glacia-
tions in Europe. The term Recent from then on became restricted
to the post-glacial period, and was renamed the Holocene (mean-
ing ‘wholly recent’) at the 1885 International Geological Congress
(IGC) in Birmingham.

Lyell’s initially biostratigraphical concepts and their subsequent
evolution into climate-related post-Tertiary Pleistocene and Re-
cent stratigraphical units comprised all that is termed Quaternary
today. Nevertheless, the term Quaternary was for long only gener-
ally adopted in the Mediterranean region where, due to the lack of
glacial deposits, the first occurrence of cold fauna and flora in ma-
rine and continental deposits was used to delimit the post-Tertiary
period (Pareto 1865, Seguenza 1868, later Haug 1910-1913: in
Vai 1997).

It was not until 1948, at the IGC in London, that these two re-
gional stratigraphies of the uppermost (cold climate-dominated)
sequence were formally combined (King and Oakley 1949). In or-
der to devise a worldwide standard time scale, the IGC then rec-
ommended the Quaternary as the last System of the global chron-
ostratigraphical scale and the last Period of the geochronological
scale. Together with the adjacent Tertiary System/Period it consti-
tutes the Cenozoic Erathem/Era.

2.2.2 Age and chronostratigraphical status

The IGC in 1948 also recommended that the beginning of the

Quaternary and hence the Plio-/Pleistocene boundary should be

defined at the first indication of a distinct climatic deterioration in

what was assumed to be a complete Neogene succession from the
type area in southern Italy. Based on mollusc and foraminiferal
fauna this event was recorded at the base of the marine Calabrian

Formation (¢f. Gignoux 1913).

The age of the Plio/Pleistocene boundary at the Vrica section in

southern Italy, adopted at the IGC in Moscow 1985 as the GSSP'?

(Aguirre and Pasini 1985), is now estimated near the top of the

Olduvai normal Subchron at 1.8 Ma (Fig. 1.1). Firm evidence

from both marine and terrestrial sequences in the northern hemi-

sphere however indicates that the earliest cold climate conditions
roughly coincide with the Gauss/Matuyama palacomagnetic re-
versal at 2.6 Ma (in Suc et al. 1997), at the base of the Galesian

Stage (Fig. 1.1). These concern:

- The first appearance of cold floras in the Praetiglian cold stage
of the Dutch stratigraphy, which occurred immediately after the
Gauss/Matuyama transition (Zagwijn 1974),

- The faunal change in Europe from forest dwellers to grassland/
steppe elements (the ‘Elephas-Bos-Equus’ event) coinciding
with the Gauss/Matuyama transition (Bonifay 1990),

- The beginning of the loess deposition in China, Central Asia
and probably also in Central Europe dating from around 2.5 Ma
(Kukla and An 1989, Dodonov 1991, Ding ef al. 1992, Tyracek
1997),

- The appearance of various biological markers pointing to the
cooling of surface waters in the Mediterranean Sea (Combou-
rieu-Nebout and Vergnaud-Grazzini 1991), and

- The first occurrence of abundant ice-rafted detritus (IRD) in the
mid-latitude North Atlantic deep-sea sediments (Shackleton et
al. 1984, Mangerud et al. 1996) with an age of about 2.6 Ma.
The latter incursion corresponds to the cold Marine Isotope



Stage (MIS) 104 in the oceanic record (Shackleton 1997) which
is followed by the well-defined cold events MIS 100, 98 and
96.

Thus, today many stratigraphers generally acknowledge, although
do not agree, that the global Tertiary/Quaternary climatic turnover
may date back as far as 2.6 Ma. This is significantly earlier than
the classical Pleistocene glacial stages of northern Europe, all
which are younger than 1 Ma. A lowering of the Plio/Pleistocene
boundary coinciding with the Gauss/Matuyama palacomagnetic
reversal and with glacial MIS 104 brings about excellent and prac-
tical correlation potential in both marine and terrestrial sequences
(Partridge 1997). The terrestrial Quaternary deposits then corre-
spond to the approximately 2.6 Ma interval of the marine-based
astronomical polarity time scale which is regarded the best refer-
ence framework delimiting and correlating the semi-synchronous
stages and events within the Quaternary.

In conclusion, the status and conception of the Quaternary in the
standard geological timescale remains a stratigraphical dilemma
and an ongoing subject for debate. The geologically short time
span of the Quaternary Period, together with the incompleteness
of its system, particularly the terrestrial part, makes palacontology
of limited use as a primary criterion for chronostratigraphical sub-
division. The high precision that is desired for the subdivision of
the Quaternary simply cannot be achieved by traditional palaecon-
tological zonation. Moreover, palacomagnetism is of low resolu-
tion and (reliable) geochronometric dating methods, which reach
beyond the radiocarbon dating limit of 40-50 k, are lacking.

On the other hand, when compared to earlier systems the deviant
nature of the Quaternary record, dominated by cyclic zonal cli-
matic change (well represented in the oceanic record), together
with its different temporal scale and resolution are arguments to
support the Quaternary as a discrete system rank unit. Despite
some efforts which have been undertaken (Aubry et al. 1999) only
the base of the Quaternary at Vrica is formally defined a GSSP
until now. The International Subcommission on Quaternary
Stratigraphy (ISQS) is in the process of defining GSSPs in the
Quaternary system for the Early/Middle, Middle/Late Pleistocene
and the base of the Holocene. For practical reasons the boundary
levels of the marine isotope stratigraphy are commonly used as a
reference and matched with regional stratotypes on the continents.
This conception still meets criticism on the basis of traditional
stratigraphical principles and methods (a.o. in Schoch 1989 and
Gradstein et al. 2002). In every respect the status of the Pleisto-
cene will remain Series/Epoch incorporated either within the Ter-
tiary/Neogene System/Period or the Quaternary System/Period.

2.3 Nature of the Quaternary terrestrial succession

2.3.1 The incomplete terrestrial geological record

As already mentioned in the introduction, the main problem of
continental Pleistocene stratigraphy concerns its highly fragmen-
tary and genetically-varying depositional and fossil succession.
Hiatuses form a substantial part of the terrestrial record since the
Pleistocene sequences are dominated by erosional unconformities.
Sequences in which continuous deposition over long time-spans
can be observed are very rare and regionally scattered. Therefore
even relative dating poses problems. Moreover, there is a paucity
of usable (index) fossils and a lack of widely applicable dating
possibilities in general’. These characteristics determine, not to

say dictate, the classification levels and the paradigms, which have
been historically developed. Objective distinguishing criteria for
natural, correlative units are restricted and hence the spatial and
temporal scale of their interpretation concerning past climate and
environment. And, given the fragmentary record, Penck and
Briickner (1901-1909) and other early twentieth century research-
ers (section 3.1.1) obviously had to conclude that there were max-
imally four glacial stages accompanied by major glacier or ice-
sheet expansions in the Alps and northern Europe. The virtually
continuous Quaternary records from ice- and deep-sea cores, the
use of multidisciplinary data, brought in both by advanced tech-
niques, and larger scale interests has put the classical methods and
paradigms concerning the terrestrial European record more and
more in perspective. The widening of the focus from regional to
global-scale processes has also enlarged the scale of interpreta-
tion. Plate tectonics, atmosphere-glacier-ocean interactions and
eustatic sea-level changes, for example, require for their recogni-
tion and magnitude an interpretation of observed stratigraphical
relationships preferably supported by independent dating. Never-
theless, local geological evidence remains the basis for classifica-
tion and palaeoclimatic interpretations. Hence it follows that their
resolution, both spatial and temporal, remains restricted by the na-
ture of the sequences.

2.3.2 The interpreted terrestrial palaeoclimatic record

Yet, the mid-latitude European stratigraphical record comprises
the history of repeated large-scale ice-sheet expansions and per-
iglacial phenomena, interrupted by marine sea-level maxima, and
organic lake and mire deposition and/or soil formation. These re-
flections of climate forcing remain the basis for stratigraphical
classification of the Pleistocene Series, both in the terrestrially
based and ocean-core stratigraphies.

A meaningful worldwide climatostratigraphical subdivision of the
Pleistocene can only be based on continuous depositional se-
quences provided with an accurate and high-resolution chronolo-
gy, such as has been established in the last three decades, entirely
based on open marine sequences. Unlike the marine sequences,
cyclic variations in continental successions cannot yet be accu-
rately dated. Nonetheless, this fragmentary and widely-spaced
record is important. Long, continuous terrestrial records, of which
the interpreted palacoclimatic information can be matched with
the trends in the oceanic record, are so few that the spatial compo-
nent of change, many indices of palacoenvironment and also
records of human activity, would be very poorly represented with-
out them. These local-scale reference records are invaluable tem-
plates onto which the fragmentary record may be fitted. Stratigra-
phy therefore has to operate at both global and local levels, to in-
clude the continental record in the astronomically tuned marine
record and to integrate different independent evidence.

Thus, questions such as ‘What do local interpretations of climate
tell us about regional or global climate?’, or the opposite, ‘What
are the local effects of global climate change?’ are only and best
answered by extrapolation of long (semi-) continuous sequences
to the global oceanic record. The few long records in Europe,
which extend over at least one Pleistocene glacial cycle and which
play an essential chrono- and climatostratigraphical role as refer-
ences, include:

- The lake sequences from Tenaghi Phillippon (Greece), contain-
ing pollen records spanning about the last 1 Ma (Van der Ham-
men et al. 1971; Mommersteeg et al. 1995),

- The over 300 ka long pollen record from Lac du Bouchet and
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Praclaux in France (Fig. 3.9, de Beaulieu & Reille 1995,
Tzedakis et al. 1997, de Beaulieu ez al. 2001), and

- The Late Pleistocene pollen records from La Grande Pile and
Les Echets in France (Woillard 1979; de Beaulieu & Reille
1987; Guiot et al. 1989, 1992).

Further important key stratigraphical sequences within Europe,

although not continuous or superimposed, include:

- The combined loess/palacosol and river terrace sections of
Cerveny Kopec (in Slovakia, Fig. 2.2) and Krems (in Austria),
spanning 9 glacial cycles within the Brunhes Chron (Kukla
1970, Fink & Kukla 1977),

- The Middle Pleistocene loess/palacosol terrace sections with
intercalated volcanic ash horizons of Karlich and Ariendorf in
the Middle Rhine valley in Germany, (a.o. Brunnacker et al.
1969, Schirmer (ed.) 1990, Boenigk 1995, Turner (ed.) 1997,
Boenigk and Frechen 2001: section 5.2),

- The Somme valley terrace sequence in France (Antoine 1990
and 1994, Antione ef al. 2003),

- The terrace sequence of the lower Thames valley (Gibbard
1985, Bridgland 1994, Schreve and Bridgland 2002),

- The Bilzingsleben terrace sequence in Thuringia/Germany (Ma-
nia 1993),

- The Schoningen sections in Lower Saxony/Germany (Thieme
et al. 1993, Urban 1995) intermediate between the Elsterian and
Saalian glacial sequences (section 5.4).

Unfortunately, most of these local records from Europe, each of
limited duration, are scattered over the extraglacial areas, located
in different geotectonic type areas and are, also as a consequence
of interfering regional tectonics, not easily correlative with the
wide-spread sediments of the ice-sheet expansions in northern Eu-
rope. Nor are they easily related to the marine transgressional se-
quences in the North Sea basin. Yet, an overall picture of the past
terrestrial climate record has to be compiled from these well-
known, localised key sequences. The reliability of the synthesis
depends on the accuracy of the correlations between the various
sequences and events (cf. Cooke 1984) which can be increased by
indirect correlation and trend-matching with Eurasian reference
loess records and the deep-sea records (section 6.2).
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2.4 Scale and resolution of research

Scales play an imported role in the recognition and analysis of
geological evidence. The concept of scale is considered as a meas-
ure, both spatially and temporally, involving the size (small to
large sized) and duration (short to long duration) of stratigraphical
units (Fig. 2.1). In fact scale is considered twice during research
(Stein and Linse (eds.) 1993): once when describing evidence, the
scale at which objects are observed and measured, and again dur-
ing interpretation, spatial and temporal scales at which reconstruc-
tions are made and processes are explained.

In addition to scale, the concept of resolution at which an object or
a period of time is considered is of importance. In mapping, large
and small scale refer to respectively high and low resolution im-
ages of areas. When related to temporal scales, resolution refers to
the length of the temporal intervals that are considered, e.g. events
reconstructed for short-term time periods are at high resolutions.
Accordingly, scale involves the size and resolution of the described
observations (minerals, beds, outcrops, formations), as well as the
spatial and temporal resolution of the interpretation. Furthermore,
the scale of interpretation incorporates resolutions dictated by the
nature of the record (see previous section). Thus, the global impli-
cations of the fragmentary and largely undated continental Quater-
nary record therefore must be constrained to large-scale interpreta-
tions and low-resolution classification, at least beyond the radio-
carbon dating limit of 40-50 ka. For the Middle Pleistocene this
implies that in the best case the trends in the 100 ka climatic cyclic-
ity of the marine isotope stratigraphy can be correlated. Only in
some cases it will be possible to match short-term oscillations.

2.4.1 Spatial scale

Sediments and fossils are measured in three dimensions, micro-
scopically as well as macroscopically. Their properties are de-
scribed, interpreted, subdivided and mapped for different applica-
tions. Scales at which one operates in earth scientific stratigraphy,
from large scale (= high resolution) to small scale (= low resolu-
tion), are:

4 250

4 200

! CK3 ! CKka ! CK5 d

0 200 m

Figure 2.2 The terrace profile from Cerveny Kopec along the Srvatka river and interpreted loess/palaeosol cycles (Kukla 1969, 1975). 1) fluvial terrace
gravel; 2) fluvial silt; 3) loess; 4) slope deposits; 5) soil complex. For subdivision and environmental interpretation see Figure 3.2.
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- Local-scale stratigraphies comprising subdivisions and inter-
pretations deduced from observations made at the scale of sites
and small areas, the latter of which are both naturally and arbi-
trarily (i.e. politically) bounded. They may be established for: a)
boreholes; b) artificial open air sections; c¢) sequences in lakes,
stream and river valleys, small-scale tectonic or sedimentary
basins, and d) geographically small areas, such as counties or
provinces. Litho- and biofacies characteristics and interpreted
depositional (sub-)environments generally are described and
examined in great detail at a local scale. Distinguishing criteria
often are of local significance. The mapping scale, ranging from
1:10,000 up to 1:250,000, allows representation of low levels of
classification.

- Regional-scale stratigraphies are established for larger areas
which are considered coherent spatial units, again both limited
by natural and arbitrary boundaries. Although based on local
evidence, generalisations must be made to distinguish homoge-
neous units that can also be mapped. Mapping scales may vary
from 1:100,000 to 1:1,000,000. Criteria usually are of a higher
rank than for local stratigraphies because local stratal units are
often impersistent and lithological properties fails to suffice
since lateral variations are too large. Lithogenetic aspects and
lithofacies assemblages are then considered to obtain unity.

- Continental-scale and global-scale stratigraphies require inter-
preted sedimentological and biological evidence for the recon-
struction of continental and global events, mostly occurring over
long periods of time, that overrule regional and local effects. The
marine isotope stratigraphy shows that climate is the only vari-
able in the Pleistocene of global significance that controls the
abiotic and biotic components and processes of the earth’s sur-
face. Thus, geo- and bio-information on global climatic change
must be selected, although they have to be corrected for local
and regional impacts such as (neo) tectonic activity, latitude and
altitude. In practice this selection implies that determination of
the potential for correlation precedes classification; a theme fur-
ther discussed in section 2.5.1.

2.4.2 Temporal scale

Temporal scales are commonly only considered in the interpreta-
tive phase of (earth scientific) research. The preferred scale at
which the interpretations are made range from the Holocene Sub-
stages (at thousand year scale) to the entire Cenozoic Era (millions
of year scale), depending on the nature of the record, the research
objectives and the applicability of dating methods. On the geo-
logical timescale, the events of interest, such as tectonic cycles of
subsidence and uplift or eustatic cycles of rising and falling sea-
level, occurred over very long time periods, over wide areas and
involve many earth systems. Measured in time-intervals at the
millions of year scale an hierarchy of controlling cyclic (geologi-

cal) events can be distinguished (cf. Miall 1984, 1990):

- I*order cycles (>50 million years), such as those related to con-
tinental drift and plate tectonics,

- 2" order cycles (3 - 50 million years), for example, those in-
volving basin evolution stages,

- 3" order cycles (0.5 - 3 million years) in which global eustatic
sea-level fluctuations occur resulting from palacogeographical
differences by epeirogenesis. They may interfere with 4th order
glacio-eustatic sea-level fluctuations,

- 4™ order cycles (0.1 - 0.5 million years) involving autocyclic
processes such as insolation rates as a control on latitudinal cli-
mate zonation and hence the distribution of glaciers, periglacial
areas and ocean currents,

- 5™ and higher order cycles concern short-term cyclic events op-
erating on time scales smaller than 0.1 million years. They vary
from oscillations of ice-sheet margins, volcanic eruption phases
to floods and storms.

Resolution usually decreases with the age of the deposits. Dating
methods have contributed to the temporal resolution of interpreta-
tions, in particular for the Holocene and part of the Late Pleis-
tocene. Dendrochronology is very precise, but is only applicable
to Holocene records. The resolution of radiocarbon dating is
somewhat lower, covering about the last 40-50,000 years. For the
remaining part of the Pleistocene one has to rely largely on strati-
graphical position'®, changes in biota, palacomagnetic data and
occasional geochronometric dating from suitable sediments and
fossils.

2.5 Aims of subdivision: a global framework for
regional stratigraphies

The research objectives for subdivision in this thesis, as already
explained in section 1.1, comprise considerations concerning an
alternative approach supplementary to the traditional climato-
stratigraphical procedure. Three items will be dealt with in the
next sections that can be regarded as subsequent steps in compar-
ing terrestrial to marine stratigraphies:

- Arrangement of an informal, genetically-based framework from
local stratigraphical evidence within the natural type regions in
Northwest and Central Europe, using unconformity-bounded
and genetic sequence stratigraphical principles,

- The interpretation and recognition of palacoclimatic and tec-
tonic events and cycles within this frame and interpretation of
their scale order,

- Searching for boundary levels and time-ranges for the climate
type events in the marine isotope stratigraphy to provide a sup-
plementary basis for the chronostratigraphical position of the
terrestrial sequences. This implies the supposition of an interme-
diate link between the (semi-)synchronous global-scale events
in order to give clues to the palaeoclimatic terrestrial sequence.

2.5.1 A supplementary large-scale stratigraphical framework
for regional stratigraphies

Most present-day stratigraphies are build on a combination of
litho- and biostratigraphical units, to which morpho-, soil- and
magnetostratigraphical elements are frequently added. To bring
together these units of primarily local interest and a chronological
sequence of (climate-induced) events valid for the European con-
tinent, by superposition, correlation and dating, has been proven
very problematic (section 3.1).

In continental sedimentary environments, where lateral facies
variation and erosion are important, the (formally classified) litho-
and biostratigraphical elements represent lenses isolated from
each other in time and space. These elements are deposited in a
variety of environments, located within the different geotectonic
settings of Europe, as well as situated in different geographical
and morphological positions. They may be widely distributed or
restricted to one locality.

In the complex task of ordering the terrestrial succession in time
and space, the utility of different sedimentary, erosional and pedo-
logical elements in constructing a regional stratigraphical se-
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quence, based on superposition, (spatial) correlation and inde-

pendent dating, depends upon:

- Sedimentary units deposited by wide-spread events and their
bounding unconformities,

- Infrequent events which leave highly distinctive evidence in the
sedimentary record,

- Environments in which continuous or near continuous sedimen-
tation takes place over long time periods (which are generally at
local scale in the terrestrial realm),

- Sediments or fossils appropriate for dating.

Using the above-mentioned criteria is very helpful in explaining
the fragmentary and repetitive nature of the Quaternary terrestrial
record in terms of how depositional environments and ecosystems
respond to climatic and (neo-) tectonic cyclicity, both at local
scale and in establishing a continental sequence of climatically-
induced geological events. On a regional and global scale workers
need to consider the underlying controls that govern the formation
of sequences in different depositional environments and their ver-
tical and lateral distribution. As mentioned previously, the main
cyclic variables are universal climate and regional tectonics, next
to geomagnetic polarity. Since both work at different temporal and
spatial scales, an analysis of their impact on the preserved regional
depositional sequences is of great importance. This implies that
correlation potential may precede definition of interpretive units.
This is an approach comparable to the concepts of genetic se-
quence stratigraphy and event stratigraphy dealt with in section
2.6. Both concepts have become increasingly important as compo-
nents of stratigraphical correlation.

The supplementary genetic sequence- and event-stratigraphical
frameworks, combining relevant regional geo-, bio- and chrono-
logical information on sedimentary environment, climate change
and tectonic activity, provide better clues to large-scale interpreta-
tion and correlation than building (inter)regional sequences of
merely interpreted climatic stages, as will further be explained in
section 3.2. The Holsteinian warm Stage, for example, refers to
different climatic interpretations from different sedimentary envi-
ronments, such as marine transgressive sediments at the North Sea
basin margins, forest assemblages from lacustrine sequences and
to weathering and soil processes. By classifying the genetic char-
acter of these features with reference to the depositional environ-
ment of the units, to their stratigraphical position in the type local-
ity or type region and, when effective, to the interpreted climate-
driven environmental event from which they originate, the prob-
lem of differently defined time-transgressive unit boundaries has
become implied and can be handled as one sees fit.

A large-scale framework in which the existing local and regional
multidisciplinary data and stratigraphical relationships may be fit-
ted and integrated requires a uniform and objective subdivision of
relevant regional and continent-wide stratigraphical units and fea-
tures. Synthems, including the local- and regional-scale forma-
tions (whether or not lithogenetically defined) and biozones, may
form the material basis for these. They incorporate descriptive
litho- and biofacies units and are associated with interpreted depo-
sitional sequences. They constitute uniformly defined units that
are conform to the ISG (Salvador (ed.) 1994) and are suitable for
interpretation and correlation on regional and continental scales.
The proposed procedure is in many ways similar to climatostratig-
raphy but instead an hierarchical subdivision of inferential units is
used referring to scale, depositional environment and nature of the
palaeoclimatic event.
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2.5.2 Interpretation of climate type events

Climatic environment varies both temporally and spatially. In both

domains, transitions may be either sharp or gradational. Thus, cli-

mate driven changes in biota and sedimentology at widely spaced
points may be synchronous or diachronous, whilst dating is rarely
of sufficient resolution to determine which.

The sedimentary sequences of the geological record of Europe

may provide estimations of the probable range, succession and du-

ration of the climate conditions in the Pleistocene. The genetical-
ly-related terrestrial units within the unconformity-bounded
framework contain the information from which the event units eli-
gible for large-scale correlation can be identified. This informa-

tion is of three types (Boulton et al. 1997):

1 Proxy indicators of atmospheric condition (temperature and
precipitation) such as:

- Distribution and lithofacies characteristics of glacial and gla-
cial-related sediments and associated landforms indicating
ice-sheet expansion and ice-margin positions,

- Distribution and lithofacies characteristics of periglacial loess
deposits as indicators for cold, dry conditions and solifluction
deposits indicating cold, humid conditions,

- Distribution and lithofacies characteristics of fluvial sedi-
ments in recognising climatic regime during deposition,

- Cryogenic structures in glacial, fluvial and aeolian periglacial
environments indicating the nature and extent of permafrost,

- Vegetational composition from pollen and plant macrofossil
analysis in terrestrial (lacustrine, fluvial) and shallow marine
sequences,

- Microfaunal and macrofaunal assemblages in terrestrial (la-
custrine, fluvial), shelf sea and raised marine environments,

- Soil development and weathering characteristics within aco-
lian, fluvial and glacial sequences,

- Growth frequency distributions of cave calcite deposits.

2 Evidence of relative sea-level as a reflection of global and local
ice volume and lithosphere flexure inferred from the distribu-
tion of paralic and shallow marine deposits such as maximum
flooding surfaces, transgressive surfaces, raised beaches and
incised valleys.

3 Evidence of (geo)hydrological conditions from:

- Deposits and landforms which reflect changing river courses
and groundwater levels,

- Groundwater chemistry reflecting the nature and rate of
groundwater recharge,

- Palaeo-lake levels which reflect changes in the surface water
balance.

The palaeoclimatic information included in the unconformity-
bounded units of the local sequences must interact with large-scale
stratigraphical frameworks. They provide a rough framework for
the number and extent of large-scale (peri-)glacial and coastal ma-
rine sedimentary cycles in the Middle Pleistocene for the conti-
nental type regions in mid-latitude Europe. Their timing is recon-
structed in accordance with the local terrestrial chronostratigraph-
ical data, on the one hand, and with the global magnetostratigraphy
and the marine isotope stratigraphy, on the other. Evidence for
intermediate non-(peri-) glacial cycles, incorporating more detail
in this hierarchical division of composed large-scale and small-
scale sequences, must be interpreted from local (sub-) environ-
ments, such as lakes, abandoned fluvial channels, buried soils and
carbonate springs (travertines) which are relatively widely-spaced
and poorly represented. Although these small-scale sedimentary
sequences provide more detailed climate proxy records by appli-
cation of geochemical, isotopic, micromorphological, pedological,



pollen-analytical and palaeontological investigations, their contri-

butions to a continent-wide stratigraphy are constrained by their:

- often short and resembling records and

- numerous locally-controlled factors such as altitude, substrate,
exposure and small-scale tectonic features.

This may lead to erroneous interpretations with regard to their in-
terregional significance and timing. For example, the Late Middle
Pleistocene pollen records from the lake deposits of Tenaghi
Philippon and Lac du Bouchet/Praclaux are semi-continuous ter-
restrial equivalents of the oceanic record, showing similar overall
trends of zonal climatic change. The loess/palacosol successions
in China and Eurasia of extreme cold, dry acolian deposition and
various post-depositional interruptions also correspond well to the
global palaeoclimatic trends. They are the guides to the incom-
plete regional stratigraphies of Northwest and Central Europe, tak-
ing into account palaecogeographical and biogeographical varia-
tions as a consequence of regional climate and (neo-) tectonics.

2.5.3 Relation of regional terrestrial events to the marine
isotope stratigraphy

Event-stratigraphical trend matching and time-stratigraphical cor-
relations of the terrestrial and marine record are some of the chal-
lenges to reduce the uncertainties associated with the European
Middle Pleistocene chronostratigraphy. But how is one to corre-
late the climatic signatures from the different terrestrial deposi-
tional environments in the type regions with that in the global ma-
rine environment?

[a] Matching of terrestrial and marine boundary levels

Progressive development of continuous records of oceanic, polar
and continental climate through the late Cenozoic from deep-
ocean sediment cores, ice cores and from loess and lake sediments
have provided chronological frameworks for the local and region-
al stratigraphies on the European continent.

The present existence of the marine, global time-based reference
framework as a standard forms a prerequisite in searching bound-
ary levels for the terrestrial Pleistocene sequences and for their
associated events. However, the terrestrial sequences can only be
indirectly correlated with the oceanic record!!, because of the lack
of chronological controls. Nevertheless, matching of curves from
long loess/palacosol and pollen records indicate that the events lie
at least within the time-ranges of the marine isotope stages.

The assumption that large-scale climatic change, as can indirectly
be observed in the oceanic record, is a global phenomenon may
then be used as a reference to define a standard sequence of semi-
synchronous event-stratigraphical terrestrial ‘stages’. In this ap-
proach, it is assumed that limits to the amplitude of regional cli-
matic variation are set by global changes. The effects of extreme
climate-driven events, such as ice-sheet glaciations, permafrost
development or marine transgressions and the development of
wide-spread temperate floras in the mid-latitudes of Europe, will
be reflected in both global and regional records, whilst events of
lesser amplitude could show spatial intensity anomalies large
enough to introduce uncertainties in correlation. A mismatch be-
tween oceanic and regional terrestrial evidence of glacials and
interglacials is most likely to come from absence of evidence in
the terrestrial record or miscorrelations within it.

The assumption made above fits the suggestion in the Internation-
al Stratigraphic Guide (Salvador (ed.) 1994) that the Quaternary
land-based chronostratigraphical units are best defined and char-

acterised as the intervals between designated boundary-strato-
types. But the latter are rare and of low resolution in the terrestrial
record. An example are the ‘marklines’'? in Kukla’s subdivision
(1969, 1970) of loess cycles in Slovakia shown in Figure 3.2.
They are thought to correspond to the abrupt climatic changes (de-
glaciations) shown in the marine isotope records at the termination
of each glacial isotopic cycle. Although their time intervals com-
prise thousands of years, the deglaciations are the least time-trans-
gressive change-overs in the continuous deep-ocean records. The
midpoints between the most pronounced peaks of the deglacia-
tions, are arbitrarily and informally taken as boundary stratotypes
for the marine isotope stages (MIS), established from these
records. The loess sequences and other terrestrial sequences re-
flecting rapid climatic ameliorations, represented by forest vegeta-
tion extension, sea-level rise or soil formation, have lower bound-
aries which may be not coeval with the midpoints of the deglacia-
tions but they lie at least within their time-ranges. The deglaciation
phases at the MIS-transitions at present appear to be the best and
most useful boundary levels for extrapolation and chrono-correla-
tion. They alternatively are considered in chapter 6 as ‘remote
boundary levels’ for the timing of the large-scale Middle Pleis-
tocene land-based palacoclimatic events.

On the other hand, global records are only a general guide to local
climatic environment and thus a relatively poor basis for correla-
tion. They are not very precise and merely show variations in ice
volume on the continents or better, variations in the global total
volume of freshwater separated from the ocean-atmosphere hy-
drologic cycle (Kukla & Cilek 1996), without the latitudinal zona-
tion of climate to match. The marine (3'*O-stratigraphy of the last
about 700 ka is presumably largely controlled by the Laurentide
ice-sheet and hence firstly reflects regional ice-volume variations
in North America, which may be traceable on a global scale (Kuk-
la & Cilek 1996, Bauch-Henning et al. 2000, see also chapter 6).
Research on cyclically-bedded continental successions, such as
ice cores from Antarctica (Vostok) and Greenland (Camp Centu-
ry: Dansgaard et al. 1993), loess sequences from China and
Tadzjikistan (Kukla ez al. 2002, Frechen and Dodonov 1998), and
several lake sequences from a.o. Colombia (Hooghiemstra et al.
1994), Greece, and Japan do however show good correlation and
make interpretations on global climate zonation possible. At least
they show the same trends in timing, although their amplitudes
may differ. Yet, for all these records from different environments
and geotectonic type regions, identification of local characteristics
and effects is necessary before large-scale correlation may be ap-
plied, i.e. they should be corrected for local and regional controls
on their sedimentation.

[b] Land-sea palaeoclimatic event correlation

Whereas global ice-volume fluctuations in the constant subaquatic
and isolated pelagic oceanic environment can be inferred as the
only variable quantity of climatic change, the dynamic interplay of
climate and regional aspects in the terrestrial environments com-
plicates such a straightforward connection. Land-based palaeocli-
matic reconstruction and correlation is facilitated by bringing in an
hierarchy in spatial and temporal scale of analysis related to the
different depositional environments.

Likewise land/sea correlation of appropriate climate type events

interpreted from the depositional sequences is best achieved at two

scale levels:

- Matching of evidence of (4" order climato-cyclic) events of glo-
bal significance that are inferred from the wide-spread uncon-
formity-bounded genetic sequences. The large-scale deposition-
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al units, as well as unconformities, from the continent then are
fixed to particular time intervals in the global marine isotope
chronology giving them a semi-absolute calibration status.
Matching thus primarily concerns the global climato-cyclic
events i.e. the timing of the glaciations and associated perigla-
cial deserts in Northwest and Central Europe. This implies, for
example, that the classical North European and Alpine glacial
stages only represent the most extreme (glaciation) maxima in
the oceanic isotope record whereas the marine transgressions
most likely correspond to the (deglaciation) peaks following the
so-called terminations'®. Their matching with the marine frame-
work can be used for underpinning the chronostratigraphical
positions of the sequences from depositional (sub-) environ-
ments and unconformities which are more dependent on local
and regional controls.

- Matching of palaeoclimatic evidence preserved in small-scale
sequences and soil complexes in order to bridge the gaps be-
tween two subsequent global-scale events. Subsequently, local
evidence embedded in this European glaciation model, for ex-
ample, periods of forest vegetation from lacustrine records, is
matched with the different oscillations succeeding each glacia-
tion maximum in the marine isotope curve. Notwithstanding
increased biological activity and diversity providing additional
stratigraphical means, spatial and temporal correlation of this
independent (often fine-scaled) information cannot be achieved
without integration of the large-scale phenomena keeping pace
with the marine oxygen isotope sequence.

How the marine isotope stages and their boundary levels corre-
spond to the terrestrial units and their interpreted palacoclimatic
events in mid-latitude Europe will remain undiscussed until chap-
ter 6.

2.6 Procedures and terminology applicable to large-
scale interpretation and correlation

2.6.1 Unconformity-bounded stratigraphy: subdivision and
terminology

Hiatuses form a substantial part of the Pleistocene continental
record. They are indicated by numerous surfaces of erosion'* or
non-deposition bounding the sequence geometries. Together with
other kinds of hiatuses in the stratigraphical succession such as
interruptions in the faunal succession they are commonly termed
unconformities (Schloss 1963, Mitchum, Vail and Thomson 1977,
Emery and Myers 1996).

Subdivision of unconformity-bounded units have long been un-
dervalued as a stratigraphical tool". Because of their diachronous
character they were considered of minor importance than the con-
ventional chronostratigraphy (Hedberg (ed.) 1976), where time
boundaries were regarded synchronous surfaces and fixed to one
point in a type section. So, the issue of unconformity-bounded
units has long remained inactual and informal. A re-appraisal took
place during the 1970s (e.g. Hancock 1977). In the North Ameri-
can Stratigraphic Code (1983) they were formally termed allos-
tratigraphical units.

Units primarily recognised on the basis of bounding unconformi-
ties can be used at all scales and levels, from the level of member
to that of group. They are thus most practical to serve the precon-
dition of large-scale applicability and may constitute a supplemen-
tary (independent) frame next to litho-, bio-, soil-, etc.- (non-inter-
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pretive) stratigraphical means. In the last edition of the Interna-
tional Stratigraphic Guide (Salvador (ed.) 1994) they are recog-
nised for the first time as a formal component of stratigraphical
correlation.

Basic unconformity-bounded units are termed synthems (cf. Sal-
vador (ed.) 1994). In many cases they largely correspond to the
existing national lithostratigraphical formations. Just as most of
the lithostratigraphical codes contain lithogenetic information,
synthems also record the succession of depositional environments
in the type regions, which by interpretation of the successive facies
and intermediate breaks are divided into depositional sequences.
Since the major hiatal breaks in the successions also contain evi-
dence of genetic and causal origins they are the (virtual) counter-
parts of the depositional stratigraphical units between and docu-
menting post-depositional features and reworking of land surfac-
es.

Deep-sea sediments, apparently displaying continuous deposition

in one environment, can be considered one synthem. This is obvi-

ously not the case on the continent since the abundance of sub-

aerial and erosional bounding surfaces indicate depositional inter-

ruptions and changes of environment. In the localised terrestrial

records, many lithostratigraphical units are by their nature bound-

ed by unconformities and can therefore easily be converted into

synthems. In first instance, major regional erosional/non-deposi-

tional surfaces that can be identified and followed over long dis-

tances are considered. These involve unconformities seen as facies

dislocations'’® due to:

- (Sub-)glacial erosion and accumulation,

- Fluvial incision and aggradation,

- Subaerial exposure (weathering and soil formation) and

- Marine (and lacustrine) transgressional and regressional phases
and low - and high stand tracts.

They can be regarded as valid correlation surfaces for dividing the
stratigraphy. The recognition of unconformable boundaries of se-
quences from core or outcrop datasets, however, is not always
easy and evidence for erosion and exposure must be sought then
from other evidence. A lot of unconformities are of restricted areal
extent and not useful at regional scales. Some exceptions are vol-
canic units, changes in lake sequences and the occurrence of sec-
ondary carbonates, providing useful marker horizons and beds.

The deeply-incised valleys of the Fennoscandian Elsterian glacia-
tion are good examples of (glacial) erosion surfaces reflecting a
major erosion phase during the glaciation maximum. Morphologi-
cal features, such as river terraces in upstream regions are also
bounded by erosional unconformities and can be assigned a syn-
them, although they may contain internal unconformities. Incised
valleys in downstream river sections are defined as entrenched flu-
vial systems that extend their channels in response to a fall in sea-
level and erode into underlying strata (Van Wagoner ef al. 1990).
Loess and slope deposits covering river terrace sediments may be
attributed to different unconformity-bounded units. Their upper
boundaries are commonly formed by subaerial unconformities
that have been exposed to weathering and soil formation like the
present-day surface. Unconformities that lack evidence of expo-
sure, such as reddening or palaeosols, which have been removed
by subsequent erosion, are called E/T" surfaces (Emery and My-
ers 1996). The bounding surfaces of the loess units may be associ-
ated with the transitions of cold periglacial to warm conditions or
reversed. These transitions are possibly shorter in time duration
than the time of duration of loess deposition or of the soil forma-
tion.

In the marine realm ravinement surfaces are surfaces of transgres-



sive erosion (Stamp 1921). Marine flooding surfaces are surfaces
separating younger from older strata across which there is evi-
dence of an upward increase in water depth.

2.6.2 (Genetic) sequence stratigraphy: subdivision and
terminology

In the next interpretive phase, groups of strata are distinguished as
high-rank sedimentary units whose unconformity-bounded se-
quences are genetically related to a variety of tectonic and cli-
matic settings in a type region. These sedimentary groupings (dis-
cussed in section 3.2) are related to the major depositional envi-
ronments: marine, glacial, fluvial, lacustrine, subaerial (including
aeolian), and some local, highly specific sub-environments such
as springs, caves, karst, volcanic craters and slopes. Their geo-
graphical distribution depends on latitude, (palaeo-)topography,
the subsurface geology and the tectonic structure.

Sequence stratigraphy is initially mainly applied to marine deposi-
tional systems in large sedimentary basins, and distinguishes be-
tween sedimentary units that can be related to a change in sea-
level (Mitchum et al. 1977, Nummedal et al. 1987; Miall 1990;
1997). The recognition that part of the sedimentary succession
may be dominated by distinctive stratigraphical events, such as
wide-spread marker beds or discontinuities caused by glacio-eus-
tatic sea-level change, is used to distinguish between sedimentary
sequences' which have extended laterally through time. These
distinctive events may be both climatically and tectonically con-
trolled. In particular high-resolution shallow seismic data have
contributed to the development of detailed case histories of sedi-
mentary basins (Emery & Myers 1996), mainly used in hydrocar-
bon reservoir studies.

Applying sequence stratigraphy to terrestrial depositional systems
in continental large- and small-scale basins is not as straightfor-
ward because of the different data acquisition (continuous seismic
profiles generally are not available) and geological processes in-
volved. Not only relative sea-level should be considered as a pa-
rameter of spatial and temporal change of basin geometries and
fills but a variety of factors: graded river profiles, lake levels, ice-
sheet limits, isotherms (for example of frost action) and isohyets.
This is unfeasible at the moment and the applicability of sequence
stratigraphy for environments other than marine settings is still in
its infancy (Emery and Myers 1996). Although facies analysis of
the terrestrial environments into facies models and depositional
systems probably is better suited to the term environmental stratig-
raphy (cf. Walker (ed.) 1980), relationships to stratigraphical
events are not involved.

Nevertheless, the use of the term sequence, in a restricted sense
meaning a (cyclic) stratigraphical unit bounded by subaerial and
erosional unconformities, is very practical. And the definition of
the terms ‘depositional episode’ (Frazier 1974) or ‘genetic strati-
graphical sequence’? (Galloway 1989) links with terrestrial sedi-
mentary units that record significant time intervals associated with
climate-driven events such glacial expansions, periglacial subaer-
ial (loess) deposition, or tectonically-induced fluvial aggradation
phases.

Alhough aims of subdivision may correspond, temporal scale of
research however differs. When applying the terms mentioned
above to the Pleistocene record of climatic fluctuations in sedi-
mentary basin analysis, spanning at most 2.6 millions of years,
they comprise relatively high order scale cycles which should
probably be distinguished at a parasequence level only, represent-
ing just an oscillation in an otherwise long-term trend of a se-

quence. Nevertheless, it is believed permissible for the present
purpose to distinguish the wide-spread terrestrial sedimentary
units deposited by the relatively short-term Quaternary climatic
4th order cycles at a sequence level. Each terrestrial genetic se-
quence unit then is stratigraphically related to a depositional cycle
as a preserved product of a major palacoclimatic event.

2.6.3 Event stratigraphy: subdivision and terminology

The term event stratigraphy (Ager 1973, NASC 1983, Salvador
(ed.) 1994) is applied to the correlation of interpreted geological
events rather than the lithological characteristics of sediments.
Initially it was referred to short-term, catastrophic events like
floods, storms and volcanic eruptions often leaving synchronous
marker beds. Gradually, also infrequent or extreme longer-term
‘events’, but of the 5" order, have become included like changes in
Pleistocene climate, in tectonic trends and in global sea-level
which are responsible for wide-spread cyclicity in the sedimentary
record.

Such palaeoclimatic events, inferred from (cyclic) deposits called
depositional sequences of which some may be grouped into
megasequences, may be of global scale, such as glaciations, per-
iglacial deserts, sea-level highstands, or may only indicate local-
or regional-scale ecological events, for example forest vegetation
climaxes. This differentiation and nomenclature may avoid the
common confusion invoked by the traditional climatostratigraphi-
cal schemes classifying only glacials and interglacials.

In a similar way, sediment bodies in different type areas in Europe
are interpreted as products of periodic depositional and erosional
events which are related to climatically- and (neo)tectonically-in-
duced changes, such as sea-level highstands, ice-sheet expansion,
permafrost distribution, periglacial loess deposition, biological
productivity, vegetation climaxes and (palaco)hydrology (= flu-
vial response and mode). As already mentioned, such events may
have considerable chronostratigraphical significance and may
therefore also provide a supplementary basis for the stratigraphi-
cal subdivision of the terrestrial Pleistocene sequence. Besides,
this approach, which combines facies analysis, depositional origin
and sequence stratigraphy methodologies can be used as an overall
framework to cover and structure the existing regional stratigraph-
ical systems and terminologies and can be used as a link with the
ocean record.

Thus, we are not correlating the deposits themselves, nor the fos-
sils, but the inferred events (cf. Ager 1981) as evidence of deposi-
tional cycles in the predominantly erosional Pleistocene terrestrial
environments. Since most Pleistocene events are climatically-
driven (palaeoclimatic events), global and regional signals can be
compared. On a large scale, these correlations may be very gross
and should be confirmed by independent evidence. For each re-
gion corrections for differential uplift and subsidence patterns
should be included, co-controlling sediment supply, accommoda-
tion space and base levels.

The nomenclature of depositional and interpreted climatic cycles
within different sequences (and for the MIS) is commonly desig-
nated in capitals of alphabetic order or in numerical order: A, B, C
or 1,2, 3 and so on for older cycles. An example from Europe are
the glacial cycles distinguished by Kukla (1970) in the loess/pal-
aeosol sections in Slovakia and Austria. They are shown in Figure
3.2.
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Correlation of stratigraphical units is dealt with in section 2.1.4.

The latter does for that matter not hold for the zonation in fossil
assemblages, which is non-hierarchical.

3 That is beyond the C14 dating limit of 40-50 ka.
And holostratotype.

Lithostratigraphical and biostratigraphical units are said to be
homotaxial when they have a similar order of arrangement in different
localities but are not necessarily contemporaneous.

Recently, the stratigraphy of the Netherlands has been reviewed
(Weerts et al. 2003, Westerhoff et al. .2003) and a lithostratigraphical
subdivision is used next to the interpretative ‘old’ units.

When of global significance they are defined as a Global Stratotype
Section and Point (GSSP).

The reason for this, its brief duration and different scale of resolution,
was only realised later after the introduction of physical methods for
absolute dating in the twentieth century.

That is beyond the limit of radiocarbon dating which is about 40-50 ka
ago.

10" cf: Steno’s principle of superposition, already formulated in 1669.

1" Perhaps with the exception of the pollen-containing marine cores off’
Portugal which have been correlated for MIS 5 (Sanchez-Goni et al.
1999) and MIS 11 (Desprat et al. 2005).

2 A markline is the boundary between primary aeolian loess units, each
representing a glacial cycle, and the decalcified B-horizon of the
overlying soil.
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I3 See also section 6.3.1.
' Angular unconformities, disconformities.

5 Although the principal units of the chronostratigraphical scale
originally were recognised as suites of rocks bounded by major
lithological or faunal changes, breaks, unconformities, or discontinui-
ties (section 2.2.1).

16 A facies dislocation is a surface where rocks of a shallower facies rest
directly on rocks of a significantly deeper facies. The term orginates
from sequence stratigraphy on seismic and core data from marine and
fluvial sediments in sedimentary basins, but can also be applied to
other depositional environments. Changes in lithology then are
interpreted in terms of natural (gradual) successions in the deposi-
tional environment. Anomalies then are facies dislocations, implying
for example the development of a subaerial unconformity or a fall in
relative sea, lake or base level resulting in erosion and subsequent
covering of deposition in another environment.

7 E stands for erosion, T for truncation.

I8 A sedimentary or depositional sequence represents a complete cycle of
deposition bounded above and below by erosional unconformities
(Emery and Myers 1996). Without the preposition depositional, the
term sequence is used (and has been used in the previous chapters) in
the broad sense of a succession of sediment layers, morphological
features, etc.

19" A genetic stratigraphic sequence (Galloway 1989, after the work of
Frazier 1974) is defined as a package of sediments recording a
significant episode of basin-margin outbuilding and basin filling,
bounded by periods of wide-spread basin-margin-flooding. The
suggested (upper) cycle boundary then is the maximum flooding
surface, which is relatively isochronous.



Chapter 3

CONTEMPORARY MIDDLE PLEISTOCENE TERRESTRIAL STRATIGRAPHY OF NORTHWEST AND
CENTRAL EUROPE; A COMPLEX OF LOCAL STRATIGRAPHIES AND PALAEOCLIMATIC STAGES

3.1 Climatostratigraphical subdivision of the European
Pleistocene terrestrial succession

3.1.1 Historical development

Since Pleistocene stratigraphical successions in terrestrial envi-
ronments are largely governed by climatic fluctuations, as indi-
cated by lithology, structural features, fossils, soils and geomor-
phology, inferred climate has been used in Europe for over a cen-
tury' as the most suitable basis for the distinction and subdivision
of the Pleistocene strata and time.

The first widely-used Pleistocene stratigraphical scheme in Eu-
rope was the fourfold glaciation paradigm as initially developed
by Penck & Briickner (1901-1909) for the northern Alps and
mainly based on morphostratigraphical criteria. Glaciofluvial out-
wash terraces in the Bavarian type area were related to moraines
and glacial deposits of the Alpine piedmont glaciers and used as
units representing the Wiirm, Riss, Mindel and Giinz glacial stag-
es. Morphostratigraphical criteria were also applied to the area of
northern Europe subject to ice-sheet glaciation from Fennoscandia
(e.g. Penck 1879, Keilhack 1896, 1926; Woldstedt 1929, 1954).
The type units of the glacial stages here, named from young to old
Weichsel, Saale and Elster respectively, were originally recog-
nised from the end-moraine belts crossing the Northwest and Cen-
tral European lowlands. Another classification is related to the
British ice-sheet expansions where also three major glacial stages
(Devensian, Wolstonian? and Anglian) are well represented (King
1955, West 1963).

Unlike the Alpine region, the distribution and superposition of
glacial sequences and landforms in many areas in northern Europe
could be stratigraphically related to marine, limnic, fluvial and or-
ganic interglacial deposits. The latter generally contain biostrati-
graphical information as well as biological evidence of warmer
climate conditions. Following the work of Jessen and Milthers
(1928) in Denmark, palynology, together with palaczoology, be-
came an important stratigraphical tool to define interglacials s.s.
(and interstadials) as principal bio- and climatostratigraphical
units and to correlate these units over wide areas in northern Eu-
rope.

The main difficulties in the climatostratigraphical interpretation of
the Pleistocene sequences were the relative chronology in general
and the lack of objective correlation means between the glacial
sequences in northern Europe and those in the Alps. Newly devel-
oped concepts, dating methods and increased data availability in
the 1950s and 1960s gradually made clear that the Alpine glacial
scheme?® could not be adopted continent-wide and became a ‘strait-
jacket’. In the absence of such an overall framework, a complex of
local stratigraphies evolved in Europe. Based on the local litho-
and biostratigraphical frameworks to which genetic and causal
aspects have been built in during the interpretative phase, each
country or state developed its own subdivision and nomenclature
of the Pleistocene Series/Epoch into palacoclimatic stages. By

counting down the units from the top, each scheme involved an
arbitrary subdivision into interpreted glacial stages, defined main-
ly from lithological and structural evidence, and intermediate
interglacial stages, generally identified from biotic palaecoclimatic
indicators. Although criteria for the identification and definition of
the climatostratigraphical units and their boundaries differed from
country to country, the approach was to use them as a basis for
interregional correlation, as advocated by Van der Vlerk (1953)
among others. The most comprehensive local series of cold and
temperate stages, based on superposition and in particular palaeo-
botanical data, are from the Netherlands, as part of the southern
North Sea sedimentary basin (Zagwijn 1975).

The inherent deficiency of the composite local schemes estab-
lished in the formerly glaciated areas became more and more ap-
parent when in the 1970s evidence from extraglacial areas became
available. Loess/palacosol sequences overlying river terrace de-
posits from Central Europe (Cerveny Kopec: Kukla 1970, 1975)
and long pollen records of lake sediments (Tenaghi Philippon in
Greece: Wijmstra 1969, Van der Wiel and Wijmstra 1976) were
hardly compatible in terms of the numbers of glacials and intergla-
cials. Also evidence from Poland (e.g. Rozycki 1978) and the Rus-
sian Plain (e.g. Velichko 1984, 1990) did not fit easily into the
classical models.

Moreover, in the light of the virtually continuous record of the
Quaternary climatic history from the deep-ocean sediments (first
published by Shackleton & Opdyke 1973), which demonstrates at
least 11 major global cycles of glaciation in the last million years,
it was shown that the frequency of glacial and intervening inter-
glacial periods was dramatically underestimated. The vast amount
of information from ocean and ice-core records, the enormous ad-
vances in geochronological techniques and the re-assessment of
traditional concepts in most disciplines over the last three decades
brought about continual appraisals and re-evaluations of the local
and regional stratigraphical schemes and terminology. An over-
view of regional schemes of subdivision based on interpreted cli-
mate is shown in Figure 3.1.

Nevertheless, terrestrial subdivision remained constrained by
stratigraphical relationships and low resolution chrono-markers.
To tackle the chrono- and climatostratigraphical problems on-
shore, further refinement was then sought in comparison and
matching of the local and regional Pleistocene evidence with the
ocean and ice-core chronostratigraphies. Since the inferred palae-
oclimatic stages have to fit somehow with parts of the marine rela-
tive chronological sequence, many stratigraphers in the last three
decades have actually proposed and compiled MIS correlation
schemes (a.0. Kukla 1975 and 1977, Bowen 1978, Sibrava et al.
1986, De Jong 1988, Ehlers, Gibbard & Rose 1991, Ehlers 1997,
Vandenberghe 2000).

Kukla (1969, 1970, 1975) was the first who convincingly matched
loess/palaeosol cycles from Slovakia and Austria (Fig. 3.2) with
the glacial cycles of the marine isotope record for which later the
long loess records from China became available (Kukla 1987,
Kukla and An 1989). So far eight completed loess accumulation
cycles are recognised within the Brunhes normal Chron. These
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cycles coincide with the 4™ order glacial cycles of about 100 ka
duration in the oceanic record. Up to now only the last two glacial
cycles can be accurately correlated with the northern and central
European mid-latitude glaciations: the Fennoscandian Weichse-
lian / British Devensian / Alpine Wiirmian ice-sheet expansions
and the Fennoscandian Saalian ice-sheet expansion. On a local
scale, matching of pollen records from lake-core sequences with
the ocean record showed similar climate-related trends for the
Late Pleistocene, such as La Grande Pile and Les Echets in France
(de Beaulieu and Reille 1987), Bispingen-Luhe in Germany (Field
et al. 1994) and for the Middle Pleistocene, e.g. Tenaghi Philippon
in Greece (Mommersteeg et al. 1995) and Lac du Bouchet/Pra-
claux in southern France (de Beaulieu and Reille 1995, Tzedakis
et al. 1997, de Beaulieu et al. 2001).

Global matching was mostly achieved from a specific disciplinary
or regional point of view and by ‘counting down or up’ within
conventional frameworks. With the exception of Kukla’s loess cy-
cle concept, scholars did not work in a systematic way by defining
unambiguous regional unit boundaries nor applied a set of large-
scale correlation criteria before matching with the MIS. It is true
that the use of climatic terms for the main building blocks of the
glacial models met the aim of large-scale interpretation, i.e. ‘the
spatial reconstruction of past climate and landscapes at large (4th
order) time scales’. It does, however, not satisfy for local, often
temperature-related inferences from the intermediate interglacial
sequences. The character, distribution and preservation of the lat-
ter are also controlled by regional (bio)geographical, geological
and geotectonic variability, reflecting various short-time cyclic
events.

3.1.2 Climatostratigraphical subdivision in perspective

Unfortunately, the European type localities and stratigraphical
systems for at least the Early and Middle Pleistocene do not ap-
pear to be easily comparable nor synchronous (Turner 1975, Bo-
wen 1978). In general, there is little dispute about the relative po-
sition of the dominant glacial and periglacial aeolian sedimentary
units within the formerly glaciated or the non-glaciated type areas.
Interregional chronological correlation of these major cold cli-
mate-driven sequences, however, is hampered by often inconsist-
ently interpreted climatic signatures and time durations from the
sequences themselves. It may also be interpreted from the scat-
tered local, intermediate non-glacial successions, in particular
from lake deposits and soil complexes comprising interbedded or-
ganic-rich horizons. Although the palacobotanical and faunal evi-
dence from these intermediate non-glacial deposits has particu-
larly provided much climatic and environmental detail within the
local stratigraphies, the spatial and temporal resolution of bios-
tratigraphy and pedostratigraphy is generally limited. The fossil
contents of the widely-spaced and predominantly incomplete sedi-
mentary records show geographically-related anomalies. Moreo-
ver, most fossil groups lack substantial evolutionary change (with
the exception of voles). And despite the migrations over long dis-
tances, there are similarities in species assemblages during subse-
quent climate stages which pose bio-correlative problems. Thus,
for much of the Middle Pleistocene there are too many uncertain-
ties for correlations to rely on palynology, pedology or other dis-
ciplines alone (cf. Turner 1996).

The main reasons for the unsatisfactory way in which the climato-
stratigraphical subdivision of the European Pleistocene has been
documented, have been:

- Local (mis)interpretation of the interglacial, interstadial and

glacial signatures from the sedimentary and fossil records with-
in the geographically widely-spaced successions,

- Interregional miscorrelation of these,

- Variously and broadly defined unit boundaries.

The interpreted climatostratigraphical units are a major source of
stratigraphical confusion on the continent. They likewise furnish
difficulties to achieve an overall picture of the past climate. At-
tempts to correlate the climate-based units from one region to an-
other have led to many discrepancies. The loess/palaeosol se-
quences in the extraglacial areas show more climatic cycles than
the glacial sequences. Moreover, there is the problem of drawing
boundaries of climate change. The interpreted climatostratigraphi-
cal units principally refer to local temperature and moisture condi-
tions during relatively short periods of deposition in different gla-
cial or non-glacial environments. Many of them only indirectly
indicate climatically-induced events of global significance. Al-
though climatostratigraphical units are intended to refer to climat-
ic events as a cause for deposition, problems arise when, for exam-
ple, every superimposed till in a glacial sequence is interpreted as
a product of a discrete glaciation or when every organic stratum
should represent an interglacial stage.

Thus, the synthetic character of the local and regional climato-
stratigraphical units make them inadequate for interregional cor-
relation. Too many aspects of climatic history on the continents
remain constrained by available local-scale multidisciplinary evi-
dence and ages (Turner 1996). Regional long-term controls such
as endogenic tectonics* may also be of importance in affecting the
depositional systems and combine in different ways with shorter
term exogenic climate influence in different depositional systems.

3.1.3 Persistent terminology

Climate-based units are still the principal units of conventional
Pleistocene stratigraphy. Traditional terms like ‘glacials’/’glacial
stages’ (as well as their subdivisions into ‘stadials’/ ‘stades’ and
‘interstadials’/’interstades’) and ‘interglacials’/’interglacial stages’
have been used worldwide and remain very persistent’. However,
these terms are actually only suitable within formerly glaciated ar-
eas. There is no clarity in the criteria by which they should be iden-
tified and defined elsewhere. Moreover, even within the glaciated
regions, boundaries were identified and defined on the basis of dif-
ferent evidence and criteria. Furthermore, the nature of several de-
posits hampers unequivocal climatic interpretations to be made.
Nonetheless, climatostratigraphical units were accorded formal
status for a while, e.g. the geologic-climate units in the American
Code (1961), but this was regarded unfeasible in the end.

Glacials/glacial stages exclusively refer to the glaciations of mid-
latitude Europe as indicated by glacial deposits and landforms, for
example the Weichselian, Saalian and Elsterian glaciations.
Interglacials/interglacial stages were initially used to identify ero-
sional time units between the Alpine glacial stages, i.e. events not
represented by deposits. Palacobotanical evidence from Northwest
European lake, mire and coastal marine records initiated the defi-
nition of interglacials, and interstadials, as forested periods. Fol-
lowing the proposal by Jessen and Milthers (1928), interglacials
were defined as particular types of non-glacial conditions, as indi-
cated by vegetational changes. Later, they also became equated
with marine transgressions, periods of soil formation and other
features related to relatively warm climate conditions.

In order to avoid confusion and ambiguity over nomenclature and
definitions of palaecoclimatic units, the use of above-mentioned
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classical terms as overall climatic periods of cold (peri-)glacial Climatostratigraphy Local climatic
conditions versus warm intervening non-glacial conditions is dis- of NW Europe related  stages (NL, D, DK)
couraged here. They will be as much as possible used and referred to chronostratgraphy

to in this thesis in their original sense and validity for the formerly
glaciated regions.

HOLOCENE + Present warm stage

A more meaningful, and widely applicable, basis for climatic sub- -

. . . ek . . < Allerod  Younger Dryas stadial
division on the continent is to distinguish between relatively cold LATE ~Bolling_ Older Diyas stadial
stages and warm stages (cf- Suggate and West 1969, West 1988). Weichselian glaciation

. . . . Z @ | (Late Pleniglacial)
These broad units of climatic change are based on local climate = o
type interpretations® and compared to the present-day climate zo- o 5 Reneera™ e
1 7 3 7 T MIDDLE o Moershoofd

nation of the mid-latitudes’. wl o S | Oerel + Ginde
Warm or warm-temperate stages are periods characterised by for- E § 2 Early Pleniglacial
est vegetation, high sea-level stands and soil formation of substan- £ Odderade N '

X . EARLY Z ehderstall stadial
tial length comparable to the present day. In this respect they may S | “Amersioort+Brop
be used as a synonym for the original ‘interglacial stages’ as deter- Ferming steclel
mined from vegetational changes (Jessen & Milthers 1928). And EEMIAN + Eemian warm Stage
the Eemian and Holsteinian warm stages refer to the marine trans-
gressions in the North Sea, as well as the deciduous forest vegeta- > * Neumark-Nord?
tions in the lake records on the continent. T LATE Saalian glaciation:

. . . =z Warthe substage
Cold stages comprise all (negative) anomalies to the present-day Ty Drenthe substage
climate zonation. They are therefore generally complex in nature 2l & - )
and represent time periods of climatic deterioration with perma- 3 'CQ) = g ;ggi:g:',’gc"h‘gdneig;;n"v;" Bantega
frost occurrence, tundra and steppe vegetation type, lowered sea- MR % E Hoogeveen / Belvédere

. . . Ll

levels and one or more periods of ice-sheet expansion. Thus ‘gla- 37 2| | riedort Waskon
ciations’ or ‘glacial stages’ are included in the cold stages and & | bomnitz -
comprise the periods of ice-sheet expansion during ‘stadials’. Ad- Jsua B2

. . ) ) issaue |, Il
ditionally there may be interruptions by short forested periods
(‘interstadials’ or boreal substages) within the cold stage. g HOLSTEINIAN | + Holsteinian warm Stage
Climate type anomalies from palaeotemperature estimates can be o

s * Esbeck/Offleben I+11

applied to both glacial and extraglacial areas and can be recog-
nised from deposits and structures in different depositional envi- LATE Elsterian glaciation
ronments, from biota (pollen assemblages, insects) as well as from
palaeosols and landforms (e.g. push moraines). Furthermore, esti-
mates of precipitation or moisture conditions (humid/dry) can be
added. Cold and warm climatic stages or periods are thus quite
flexible, geographically dependent regional units, signifying sev-
eral geological events, deposits or features. Both general terms
will be used in discussing and reviewing the Middle Pleistocene
climatic sequence in this thesis. Their informal status implies that " + interglacial stage IV
their initial letter should not be capitalised, unless the term stage is (Noordbergum)
used to refer to formal chronostratigraphical units at the (sub-
)stage level, e.g. the Saalian Stage. Figure 3.3 shows the regional
subdivision of climatic stages valid for the Northwest European
lowlands in relation to the chronostratigraphy.

ELSTERIAN
Elsterian cold Stage

3.1.4 Climatostratigraphy and chronostratigraphy

m + interglacial stage IlI
(Rosmalen)

Climatostratigraphical units were thought to offer foundations for
chronostratigraphical subdivision of the Pleistocene sequences
and for interregional correlation. However, in view of the complex
and heterogeneous nature of its succession, together with its brief
age, the matching of locally and regionally known stratigraphical
units appeared to be a correlative obstacle to chronostratigraphical
subdivision. Supposed time correspondences between the climatic I

stages were based on the correlation of lithological characteristics, | | | | [T
palaeontological and palynological data and other evidence like
morphological and pedological features. The inherently defective
and ‘floating’® local and regional chronostratigraphical models,

however, comprise few geochronological control points and many I + interglacial stage |
(Waardenburg )

CROMERIAN COMPLEX

+ interglacial stage Il
(Westerhoven)

Figure 3.3 Subdivision of the Middle Pleistocene in Northwest Europe Pollen-based warm intervals:

based on interpreted cold and warm climatic stages (compiled from differ- * boreal coniferous forest
ent sources) + deciduous and mixed forest



diachronous hiatal breaks as missing links of unknown duration.
Notwithstanding the practical merits of classifying local sequenc-
es into climate episode units, they should not be adopted as chron-
ostratigraphical stages (and hence not geochronological ages) ap-
plicable on a continental scale. Climate-based units, like the con-
ventional stratigraphical units from which they are established, are
equally time-transgressive, geographically and temporally re-
stricted fragments. Consequently, they do not have an adequate
chronostratigraphical definition, that is based on unit- or boundary
stratotypes within a continuous sequence and with time-parallel
boundaries. A stage or substage rank implies time correlation
which is neither true for cold nor for warm stages in northern Eu-
rope. Moreover, the use of various criteria for their boundaries is
inconsistent and implies the existence of gaps (and in some cases,
overlaps) which is generally not shown in the palaeoclimatic ta-
bles and curves. Major erosional and subaerial unconformities fill-
ing the gaps between phases of sedimentation may span tens or
hundreds of thousands years. They therefore form a substantial,
but virtual, part of the chronostratigraphy in the different Europe-
an type regions (Kukla 1975, Bowen 1978). A better appreciation
of their relevance is emphasised and substantiated in the strati-
graphical procedures followed in section 2.5.

The basic European glacial models may be regarded as outdated.
Although intrinsicely different in nature, they are only rough
structures when compared to the interglacial-glacial cycles in the
oceanic record. Kukla already concluded in 1977 ‘that it is ur-
gently recommended to abandon the classical terminology in all
interregional correlations and to base the chronostratigraphical
subdivision of the Pleistocene on the (**O-record of deep-sea sedi-
ments’ that showed eight, instead of four, glacial cycles during the
Brunhes normal Chron. Because all terrestrial sequences contain
actual and potential hiatuses, Bowen (1978) also proposed that the
deep-sea cores should be used as a standard. While the temptations
of direct land-sea correlations are large, the replacement of locally
established terrestrial scales has never been achieved in a formal
or systematical way. There are many principal objections and
practical limitations involved, as noted by Gibbard and West
(2000). They recommend the separation and retention of regional
chronostratigraphies for each sequence-type, and that these should
be correlated using event-based stratigraphy where possible. Thus,
in the absence of a valid European framework, subsidiary classifi-
cations are required that better represent the terrestrial Pleistocene
record and that potentially offer opportunities to correlate with the
marine isotope stratigraphy.

3.1.5 Chronostratigraphical boundaries of the Middle
Pleistocene subseries

Internal dating of the Middle Pleistocene succession in the North-
west and Central European type regions is primarily relative and
based on superposition and correlation of preserved depositional
(lithostratigraphical) units and their biostratigraphy, using palyno-
logical and various palacozoological zonations. Geochronometric
and geomagnetic dating methods, developed since the 1950s, have
to some extent proved valuable supplementary means on the
chronostratigraphical position of deposits (see also section 3.4).
The resolution of these methods, however, decreases with time.
The radiocarbon method, established by Libby (1955), provided a
sound basis for dating the last 40,000 to 50,000 years. Dating tech-
niques such as K/Ar, Ar/Ar, TL and OSL, U-series and ESR’ yield
ages up to 300-400 ka, or even more, for suitable sediments and
fossils, but are not very reliable yet and still in development.
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Consequently, the discontinuous and genetically diverse Middle,
and likewise Early, Pleistocene terrestrial subseries have a low
resolution classification'’. In fact only the lower and upper bound-
aries can be accurately defined:

The lower boundary of the Middle Pleistocene is proposed at the
first sedimentary units where palaeomagnetic dating of the sedi-
ments show normal (Brunhes) geomagnetic polarity (Richmond
1996). A lower dating limit of about 780.000 years'' ago then can
be set as a maximum age which corresponds to MIS 19.

Based on different criteria the upper boundary of the Middle Pleis-
tocene on land is defined at the beginning of the last interglacial/
glacial cycle. This in practice appears to be a diffuse non-synchro-
nous boundary. The transition of glacial and subaerial periglacial
sequences, related to the penultimate completed glacial cycle (C),
to the last non-glacial (Eemian) sedimentary cycle of marine, la-
custrine and fluvial origin, or to soil formation (starting with de-
calcification) or to forest vegetation, is represented by different
starting points in the time interval between the MIS 6 global ice-
volume maximum and MIS 5Se global ice-volume minimum, i.e
the deglaciation. The Middle/Late Pleistocene boundary is set at
the transition of MIS 6 and 5e for which the midpoint at 128 ka
(‘termination II’) has been chosen arbitrarily as stage boundary
(Broecker and Van Donk 1970, Gibbard 2002). Recently the Am-
sterdam-Terminal borehole (Van Leeuwen et al. 2000) has been
proposed as the Eemian boundary stratotype for Northwest Eu-
rope (Gibbard 2003).

3.2 Material building blocks of the Northwest and
Central European Pleistocene stratigraphy

The shallow subsurface of Northwest and Central Europe is one of
the best geologically investigated areas worldwide. Material evi-
dence of unlithified Pleistocene deposits from numerous field re-
search localities, such as open-air sections and boreholes, have
been described and subdivided into local, regional and national
classification systems. The factual units structuring the local strati-
graphies are of a lithostratigraphical, biostratigraphical and mor-
phostratigraphical type in which (litho)genetic aspects play an
important role. They do represent many different environments
having repeatedly coexisted in Pleistocene time. This section re-
views the building blocks of the local and regional stratigraphies
of this part of Europe and the relationship between the stratigraph-
ical sequences at one locality to those at another.

The basic sedimentary components building and contributing in

different ways to the local and regional stratigraphies are:

- Sediments generated in glacial depositional environments,

- Sediments generated in subaerial periglacial depositional envi-
ronments,

- Marine coastal and shallow sea sediments,

- Fluvial and deltaic sediments produced by the large river sys-
tems,

- Sediments deposited in lakes, mires and bogs.

These categories represent the dominant depositional systems
which form the main building blocks from which the regional
Quaternary stratigraphies of Northwest and Central Europe are
constructed. Since most formations in the different European
stratigraphical systems include lithogenetic criteria, they generally
correspond to one of the five categories. With the exception of the
lacustrine deposits, the sediments of the other categories have dis-
persals that can be mapped over large areas. They largely corre-
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spond to the legend units of the 1:2.5 million scale ‘International
Quaternary Map of Europe’” (UN/BGR 1965-1995) from which the
distribution maps in Figures 3.4 up to 3.8 have been compiled.

In the next sections the litho- and biofacies characteristics and
stratigraphical significance of the categories will be discussed in
relation to depositional processes, climatic change and regional
tectonic effects that controlled their formation. Emphasis is put on
glacial and periglacial sedimentary sequences since their geo-
metries largely structure the local stratigraphies in the glaciated
areas respectively the extraglacial areas in Europe. From both ar-
eas compilation schemes are produced, arranged along W-E tran-
sects, which are presented and further discussed in section 4.2.

3.2.1 Sediments generated in glacial depositional environ-
ments

Glacial sequence includes till (glacial diamicton), glaciofluvial
sand and gravel, glaciolacustrine and glaciomarine clay, silt and
ice-rafted detritus. Tills do not occur beyond areas covered by ice-
sheets and glaciers. Glaciofluvial and glaciolacustrine sediments
preserved on land areas do not extend far beyond the maximum
extend from which they were derived (Boulton 1990). Glaciomar-
ine sediments are laid down beneath and in front of ice-sheets
which entered the sea. Also non-glacial sediments which have
been glaciotectonically deformed and/or dislocated, and are com-
monly incorporated in push moraines, may be considered part of
the glacial depositional system.

The extent of glacial sediments and landforms in Northwest and
Central Europe is shown in Figure 3.4. The subdivision of glacial
stages in Northwest Europe was formerly based on morphostrati-
graphical criteria (‘Endmoranenstratigraphie’ - e.g. Keilhack
1926, Woldstedt 1929 and 1954) but is now based on till stratigra-
phy. Nonetheless, the classical subdivision of glacial stages (EI-
sterian, Saalian and Weichselian) is still regarded as valid, al-
though till stratigraphical studies have revealed several phases of
glacier advance and retreat within each stage. In eastern Europe
(Poland and Russia) this three-fold subdivision may be extended
by an older glacial stage (Donian). The Don tills extend far south
into the Don basin (Velichko and Faustova 1986).

Because of the strongly erosional effects of ice-sheets, preserva-
tion conditions of glacial (and non-glacial) deposits predating the
latest glaciation are limited and cause for major unconformities.
Most extensive depositional glacial sequences are found in former
ice marginal positions where they intervene with fluvial, acolian
and slope sequences of the periglacial zone.

The major sedimentary elements in glacial environments are:

[a] Tills

Till units'?play an essential role in structuring stratigraphical sub-
divisions in northern Europe. They were deposited by wide-spread
glacial events which were well-integrated on a continent-wide
scale. Till units can therefore expect to be correlatable as part of a
wide-spread sedimentary product whose properties also vary sys-
tematically on a continent-wide scale. Appropriate sedimentologi-
cal analyses can therefore yield reasonable correlations which
permit lateral connectivity to be established between otherwise
disconnected exposures. They permit workers to reduce the high
degree of uncertainty in stratigraphical reconstructions in an oth-
erwise poorly represented time/space domain such as that shown
in Figure 4.2. Boulton et al. (1997) have argued that tills are gen-
erally deposited in a relatively narrow zone close to an ice-sheet
margin and that in more proximal zones erosion will dominate. As
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a consequence, except near to the limit of glaciation, much of a
glacial phase will be taken up by erosion and only the last phase of
glaciation will be represented by till at any one site. Genetic dis-
tinctions between basal or lodgement tills, ablation tills and flow
tills are rather irrelevant then. The till unit produced during a sim-
ple glacial cycle may thus be highly diachronous. Its deposition
may be complete near to the maximum of glaciation thousands of
years before deposition begins in areas of final decay. Nonethe-
less, it still plays a vital role in defining the stratigraphical level
within which a glacial phase may lie. Direct dating of glacial tills
has, as yet, proved illusive, in spite of published thermolumines-
cence (TL)-ages on Polish tills (Rzechowski 1986).

There are contrasts in approach to till stratigraphy in different parts
of Europe. In the Netherlands all sediments deposited during a sin-
gle glacial stage are combined into a single formation. In Denmark
(Houmark-Nielsen 1987), Great Britain (Rose 1989) and Poland
(e.g. Mojski 1985, Rzechowski 1986) the glacial stages are de-
fined on the basis of individual till units which comprise forma-
tions with well-marked upper, lower and lateral boundaries and
defined with reference to a type-locality. In Germany, most till
units are described with reference to their supposed chronostrati-
graphical position (Ehlers ef al. 1984, Ehlers 1990).

Correlations between tills are based on superposition and litho-
logical criteria likely to reflect large-scale integration of sedimen-
tary processes, such as large-scale patterns of mineralogy, granu-
lometry, clast lithology and sedimentary and tectonic fabric (e.g.
kineto-stratigraphy in Denmark; Berthelsen 1978). Sedimentary
structure alone is often a poor guide, as it may merely reflects lo-
cal depositional processes.

Vertical lithological differentiation in till beds, even across sharp
discontinuities, cannot be used as unequivocal evidence of degla-
ciation separating two glacial events. The existence of extraglacial
(or non-glacial) sedimentation at some point is required.

By tracing the indicator erratics or matrix composition of tills to
their source, it has proved possible to show that each glaciation
which extended across the Northwest European plain underwent a
systematic change in flow direction through the glacial cycle. An
early-glacial northerly source progressively gives way to a north-
casterly then easterly source, presumably reflecting the progres-
sive migration of the ice-sheet’s flow divide in an easterly direc-
tion (Ehlers 1983). Most approaches link the percentage of erratic
pebbles within the till with the provenance areas in Scandinavia.
The method was first developed by Hesemann (1930, 1934) and
has been widely used both as an indicator of flow directions and a
correlation tool in Germany (Liittig 1958, Meyer 1983) and the
Netherlands (Zandstra 1974, 1987). In the Saalian till cover of the
Netherlands for example, several till facies can be distinguished
(Zandstra 1987) representing changes in the source areas of the
erratics and the ice-flow direction (Rappol 1983, 1987) during one
ice advance. Changes in the ice-flow directions have also been
reported from fabric measurements in Saalian tills from eastern
Germany (Eissmann & Miiller 1979; Bose 1990) and Denmark
(Sjorring 1983, Houmark-Nielsen 1987).

[b] Glaciofluvial and glaciolacustrine sediments

Subglacial fluvial and lacustrine sediments, as found for example
in eskers and drumlins, are volumetrically unimportant in modern
glaciers compared to their proglacial equivalents, and there is no
reason to assume that this situation was different for former ice-
sheets. Both glaciofluvial and glaciolacustrine sediments occur
predominantly near the glacier margin, sometimes in ice-contact



positions. They show strong spatial and compositional variability,
from extensive coarse-grained lithofacies associations to local silt
and clay beds. An example of the former are the so-called ‘Vor-
schuttsande und -kiese’, sandur deposits overlain by tills, in north-
ern Germany (Meyer 1983).

In many instances the deposits are associated with temporary ice-
dammed lakes which formed during the advance as well as during
the deglaciation. Although not amenable to direct dating, the dura-
tion of these proglacial sedimentation phases in lakes is regarded
short. The features are generally of little value for wide correla-
tion. Most occurrences are therefore left unclassified or are only
used in relation to morphostratigraphy to identify glacial limits.
Where deglacial ice-margins remain stable for longer periods,
large glaciofluvial masses frequently give rise to hummocky, ket-
tled topography or they are pushed into major push moraines dur-
ing subsequent glacier re-advances. Indeed, many of the largest
moraines are for the greater part composed of outwash sediment,
sometimes associated with glaciotectonic structures reflecting ice-
pushing or collapse of buried ice masses.

As the environment in which fluvioglacial and glaciolacustrine
sediments form is so dynamic, they tend to represent relatively
short periods of time. However, some distinctive glaciolacustrine
sediments are wide-spread, such as the Peelo Formation clays in
the Netherlands and their correlatives in Germany, the Lauenburg
Clay. They appear to fill in the upper parts of a system of elon-
gated basins, dissected under subglacial conditions by the Elsteri-
an glaciation and are overlain by Holsteinian warm stage deposits.
A similar sequence occurs in subglacial basins produced during
the later Saalian glaciation in the same area where tills are overlain
by, often varve-like, laminated clay and fine sand, followed by
Eemian warm stage deposits.

[c] Glaciomarine deposits

Glaciomarine deposits also tend to be deposited in relatively nar-
row zones (Boulton 1990) and therefore represent short time peri-
ods when found in the geological record, although the high sedi-
mentation rates common in glaciomarine environments can pro-
duce large thicknesses in short periods. In high latitudes, it is
normal to find that, at modern sea-level, tills are overlain by glaci-
omarine beds, reflecting high local relative sea-levels during gla-
ciation because of the strong lithosphere subsidence beneath and
just beyond the ice-sheet (Boulton 1990). Rapid subsequent uplift
produces emergence and the glaciomarine units are overlain by
beach deposits. They can therefore represent very short time peri-
ods and are highly diachronous. The sequence is however a highly
distinctive marker for glaciation.

In mid-latitude coastal areas however, there is a marked lack of
evidence of such a glaciomarine phase above modern sea-level,
with the possible exception in the Irish Sea basin during the last
glacial cycle (Eyles and McCabe 1991). This may be a result of
glacio-isostatic rebound or reflect low ice-sheet surface slopes,
and therefore less ice-loading, at the southern margins of the North
European ice-sheets resulting from flow over a deformable bed
(Boulton and Jones 1979). Deglacial glaciomarine sequences are
common along the mountainous west coast of Norway (Mangerud
1983, 1991). These sequences are of special interest because they
show phases of ice-rafting reflecting ice margin fluctuations dur-
ing the deglaciation (Baumann et al. 1995)

Glaciomarine (and glaciolacustrine) deposits are, however, widely
found below modern sea-level in the North Sea (Cameron et al.
1988). The deposits which fill the Elsterian depressions in the
southern part of the North Sea (Swarte Bank Formation) are a
marker bed in the offshore stratigraphy. Similar deposits are found

in channels originating from the last two glacial cycles. Glacioma-
rine deposits in the central North Sea overlying the Swarte Bank
Formation indicate deposition at distance from the Saalian and
Weichselian ice-sheets which entered the North Sea from Fennos-
candia and Britain.

[d] Glacial landforms and glaciotectonic features

Glaciation has a fundamental impact on earth surface morphology
through erosional'® and depositional'* processes, which create a
new landscape on which subsequent sedimentary and environ-
mental events occur. The palacogeography of the Northwest and
Central European lowlands indeed has been drastically remodelled
as a consequence of repeated glacial activity.

The most striking geomorphological features developed by glacial
surface processes are the moraine belts and associated basins de-
limiting ice-limits (figure 3.4). They comprise highly variable pre-
and syndepositional units, often incorporating older (deformed)
formations while their lower boundaries are surfaces of décolle-
ment. They also permit the reconstruction of the areal pattern of
ice-sheet development, which would be impractical from till
stratigraphy alone. As has been mentioned previously, subdivision
of the glaciations of the north European lowland was originally
based on the so-called ‘Endmordnenstratigraphie’. According to
this morphostratigraphical concept all (push) moraines lying with-
in the subsequent maximum glaciation limits, were assumed to be
end-moraines or recession-moraines. Two glaciations were, for ex-
ample, distinguished within the Saalian Stage: the Drenthe and
Warthe Substages. Since no intermediate sediments incorporating
evidence for interglacial vegetation has been found, it is assumed
that they reflect, together with other end-moraine series, ice-mar-
ginal positions during different phases of the Saalian glaciation.

Thus, the end-moraines do not necessarily indicate major climatic
change and they are in most cases related to short climatic oscilla-
tions at the ice-sheet margin.

3.2.2 Sediments generated in periglacial subaerial environ-
ments

With the repeated expansion of ice-sheets and periglacial areas
during the Pleistocene the mid-latitudes also experienced cold-cli-
mate conditions. The most relevant and typical sediments that are
produced subaerially in these cold, unglaciated areas include loess
and local slope deposits resulting from mass wasting processes.

Loess is the most wide-spread product of Pleistocene periglacial
action. The aeolian deposits have been formed in the unvegetated
upland areas and lowland plains beyond the margins of the former
ice-sheets and extend in a zone from France into China. They are
evidence for cold, dry and windy climate conditions indicating the
expansion of desert environments that coincided with the mid-
latitude glaciation maxima. This concept of ‘glacial aridity’ is part
of the correlation potential of primary loess units alternated by
palaeosols.

Subaerial deposition under prevailing humid periglacial climate
conditions comprised various kinds of locally derived slope de-
posits, one of which may be reworked loess. Distinction between
the different types of slope deposits is not always clear, however.
Sedimentary products associated with mass wasting and frozen
ground constitute common elements in local stratigraphies as well
as cryogenic structures. The latter may be post-depositional and
will be discussed in section 3.2.7.
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[a] Aeolian deposits

Aeolian periglacial deposits are primarily represented by loess and
fine to medium-grained (cover) sands. Loess, consisting of wind-
blown calcareous silt-sized material, covers extensive mid-latitude
areas that were marginal to former Pleistocene ice-sheets (Fig.
3.5).

Two types of loess sequences may be distinguished in the acolian
record (Kukla and Cilek 1996): a) plateau (platform) deposits and
b) valley slope deposits. Sedimentation and pedogenesis in these
two types of deposits proceed in different ways. The platform se-
quence accumulates entirely from subaerial dust deposition (e.g.
China Loess Plateau). Slope deposits are sedimentary fills of de-
pressions usually formed at the lee-side of steep terrace faces cut
in bedrock by meandering Pleistocene rivers (e.g. Cerveny Kopec
(Fig. 2.2)). Next to primary loess, the latter loess sequences fre-
quently show reworking on a local-scale commonly explained by
rainwash and nivation processes as can be recognised by fine
wavy laminations, lenses or horizons of sand and fine gravel or
interstratified molluscs. Reworked loess deposits are generally re-
ferred to as loess derivates or have regional terms like ‘brickearth’
(southern England) and ‘Schwemmldfi> (Germany: colluvial
loess).

Loess sequences do not record continuous deposition. Series of
loess beds are mostly interstratified with soil complexes which
reflect gaps caused by non-deposition during warm and humid cli-
mate intervals of (forest) vegetation. The soils, humic or leached,
can be used broadly to indicate a warm-stage character. However,
because soil formation is influenced by a wide variety of inde-
pendent, local factors (Catt 1988), the potential of buried soils for
use as detailed palacoclimatic markers is limited (see also section
3.2.7). Moreover, phases of erosion or non-deposition may result
in hiatuses or polycyclic soils (pedocomplexes). Additional pal-
aeoclimatic information from loess is yielded by microfaunal data,
e.g. mollusc assemblages, that may indicate contemporaneous
temperature and moisture conditions (section 3.3.2). Horizons be-
tween the primary loess units also may contain mammalian fauna,
pollen and artefacts.

The loess stratigraphy of the Central European extraglacial zone is
analogous to the till stratigraphy of the glaciated areas, although
individual loess units probably represent longer proportions of
each glacial phase. The stratigraphical potential of loess sequences
increases when more loess/palacosol cycles are stacked; in verti-
cal superposition as in China and Tadjikistan or in a ‘telescopic
superposition’ like in Central Europe (Kukla and Lozek 1961).
Long stratigraphical sequences which appear to include all the
principal elements of late Quaternary glacial-interglacial cycles,
occur in Slovakia and Austria where they are associated with river
terraces (Kukla 1970, 1977), in southern Ukraine (Veklich 1969,
Veklich et al. 1993) and on the Russian Plain (Velichko 1990).
Other less lengthy sequences are found in the Upper and Middle
Rhine Valley, e.g. Achenheim (covering the last 3 climatic cycles:
Heim et al. 1982, Rousseau & Puisségur 1990), Karlich (Brun-
nacker et al. 1969) and Ariendorf (Brunnacker et al. 1975), and
also in northern France along the rivers Seine (St. Pierre les El-
beuf: Lautridou 1982) and Somme (Antoine 1991, 1995). Typical
loess is, however, found quite infrequent in Northwest Europe;
many interruptions resulting from slopewash or some kind of
gravitational flow occur.

The loess/palacosol sequences provide a link between the deep-
ocean record and the classical glacial stages on land. Kukla (1970,
1975) correlated the terminations of the marine isotope record with
his ‘marklines’ in the loess successions of Cerveny Kopec (Fig.

3.2). These are boundaries between thick layers of loess, contain-
ing gastropods reflecting cold, dry conditions and overlying warm-
stage soils'® and hillwash, indicating abrupt ameliorations of cli-
mate. The marklines delimit glacial cycles. Within each glacial
cycle, less well developed soil types are distinguished indicating
climatic substages. The warm-stage soils often contain molluscs
and plant remains indicating formation under typical forest vegeta-
tion. When combined with palaeontological, thermoluminescence
(TL) and geomagnetic dating, the long-term loess/palacosol se-
quence gives a fairly solid (age) match with the oceanic MIS.

[b] Mass wasting products

Most wide-spread in present and former periglacial areas are the
subaerial deposits on and at the foot of slopes, filling depressions
and stream valleys. They result from the combined effect of grav-
ity movements (mass wasting), soil frost, rainwash and stream
activity. Of all categories of mass wasting processes, the most
common and effective one was solifluction: the slow downslope
movement of water-saturated material (Andersson 1906). Solif-
luction is favoured in treeless situations and over permafrost, al-
though the latter is not a prerequisite'®. Solifluction phenomena on
low-angle slopes like the ‘Head’ deposits in Britain and Ireland or
‘Fliefferde’ in Germany reflect levelling of the regional morphol-
ogy characteristic of areas suffering polar climates. The lithologi-
cally highly variable sediments generally are heterogeneous, un-
stratified and poorly sorted diamicton. The sheets and lobes in
which they occur may display crude sorting into lenses or pockets
of finer and coarser material as a result of differential density flow.
The presence of these flow structures, indicating the degree of de-
formation, is one of the main criteria to distinguish them from the
original sediments from which they are derived. Also loess and
former soils may be incorporated in solifluction features. The lat-
ter which are termed para-autochtonous and give rise to misinter-
pretations in local stratigraphies.

The stratigraphical value of most solifluction deposits is limited in
general, because they consist of reworked local material, includ-
ing their fossils. They are, however, useful as general indicators of
periglacial (cold and humid) conditions in subaerial environments,
although direct interpretation is not always possible. In many cas-
es they cover or separate other stratigraphical units or archaeo-
logical horizons and protect them from erosion.

3.2.3 Coastal marine and shallow sea sediments

Although sediments deposited in shallow seas under non-glacial
conditions tend to be individually more extensive than those on
land, they show many of the same problems of discontinuity in
time and space. Their great advantage derives from a technique,
continuous reflection seismic profiling, which permits their geom-
etry and seismostratigraphical sequence to be established along
any arbitrarily defined line, in contrast with terrestrial sequences
onshore, which depend upon chance exposures or expensive bore-
holes.

The non-glacial marine units comprise intertidal and shallow ma-
rine sands and clays deposited during high (eustatic) sea-level
stands in warm climatic intervals. Marine sequences are often in-
complete as the advancing sea-level front is predominantly ero-
sive. In most cases only the basal parts of the sequences have been
preserved. Upper boundaries are time-transgressive and difficult
to identify. Marine transgressions in the North Sea basin at the
beginning of warm stages, when global sea-level is rising as a con-
sequence of ice-sheet melting, have been identified for Cromerian
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IV, Holsteinian, Eemian and Holocene sequences. Lithostrati-
graphically these transgressive deposits mark the upper bounda-
ries of the preceding Cromerian C, Elsterian, Saalian and Weich-
selian glacial stages.

Sediments deposited in marine environments in non-glacial condi-
tions are now well known from the North Sea and the Baltic region
from coring and seismic profiling studies. Warm-stage marine se-
quences are found on land in western and northern Denmark
(Tornskov, Skaerumhede: Knudsen 1985, 1987, Lykke-Andersen
1987, Seidenkrantz 1996), northern Germany (Holsteinian type
locality: Menke 1968, Dockenhude: Meyer et al. 1994), the Neth-
erlands (Eemian type locality at Amersfoort: Zagwijn 1961, 1983
and Amsterdam-Terminal: Van Leeuwen et al. 2000), in northern
France/Belgium (Holsteinian parastratotype at Herzeele: Sommé
et al. 1978, Lautridou 1982) and Britain (e.g. Nar Valley: Ventris
1996). Warm-stage marine deposits along the Baltic Sea are
known from Eastern Germany (Rostock: Gehl 1961) and Poland
(Lower Vistula Sztum and Tychnowy marine series: Makowska
1986, Head et al. 2004), as well as from localities in Denmark,
Lithuania, Latvia and the Kalingrad district.

Pleistocene marine deposits occur above modern sea-level where
they have been uplifted by progressive isostatic uplift or where
they represent warm- stage sea-levels higher than at present. In the
North Sea area also factors like isostatic rebound (Lambeck 1993),
hydrostatic pressure (Morner 1980) and subsequent glacial thrust-
ing should be taken into account when correlating and reconstruct-
ing marine sequences and their palacogeography. Preserved Eemi-
an and Holsteinian marine units, outcropping along the coastline
of the North Sea and the Channel in England, France and Belgium
form terraces up to several tens of metres. In contrast there are the
marine deposits in the North Sea basin coastal areas and offshore
that have been drowned or buried and occur at positions well be-
low present-day sea-level.

3.2.4 Fluvial and deltaic sediments

Part of the history of the large river systems in Northwest and
Central Europe is recorded by terrace sediment series, remains of
former valley floors, along their valley sides. Terrace formation is
the result of both climatic and tectonic changes in time, affecting
the graded profile of the river systems. The initial development of
terraces is mainly determined by climatic factors. Terrace deposits
largely owe their origin to changes in discharge and sediment sup-
ply. Their long-term preservation is closely related to the prevail-
ing tectonic regime within the different parts of drainage basins
(Veltkamp and Van den Berg 1993).

The key point about terraces is that the sediment sequences and
the surface developed upon them are two different things. The
term ‘terrace’ is a morphological feature. The sediment sequences
preserved below terrace surfaces are often internally complex, po-
tentially preserving remnants of several cycles of deposition on a
range of scales. The surfaces themselves may not be developed on
fluvial sediments alone but on subaerial slope and aeolian sedi-
ments. And the surface may not be in its original form but may
have been remodelled by periglacial and/or soil processes, post-
depositionally. The age of any particular terrace surface therefore
cannot be automatically assumed in either cross- or down-valley
situations. It has to be interpreted from the lithostratigraphical se-
quence of the underlying sediments.

Many terrace sediment sequences reflect successive phases of
aggradation and incision in which the older terraces lie at higher

elevations due to progressive isostatic uplift and denudation in
their catchments. They therefore have the advantage of showing
unequivocal age sequences, although they represent very limited
areas. Of particular importance in palacoclimatic interpretation are
sequences for rivers draining areas of slow continuous uplift in the
extraglacial zone and which were not influenced by glacial melt-
waters like the river Somme in northern France (Antoine 1990).

The response of other rivers to long-term climatic change may be
a response to more complex events within the catchment (Baker
1983). Nevertheless, field evidence suggests that the greater part
of the coarse-grained terrace sediments in Northwest Europe have
been deposited during cold stages (Gibbard 1988). The channels
cut in these terrace levels frequently contain distinctive clay and
organic beds which contain evidence of warm-stage vegetation
and fauna. The units of the long terrace sequence in the midstream
regions of the Somme valley (Antoine 1990), for example, include
fine-grained, meandering channel deposits in their upper parts.
Thickest fluvial and deltaic sequences occur in subsidence basins,
such as in the Upper Rhine Graben and in the North Sea basin.
Fluvial sequences here occur in vertical superpositional situations
because tectonic downwarping is operating at a sufficiently high
rate that the incisional phases are unable to remove pre-existing
sequences. Recognition of the geometry and of erosional uncon-
formities, as well as petrographical studies and heavy-mineral
analysis here is only possible from cores.

The Middle Pleistocene alluvial plain and terrace sequences in the
lower sections of rivers draining northward into the glaciated are-
as, like the Elbe, Weser and Rhine also reflect responses to down-
cutting and aggradation cycles as a result of sea-level fluctuations,
glaciations and glacio-isostatic effects. They are interbedded or
interfinger with marine and glacial sequences and are preserved as
depositional units in both morphological terraces and in vertical
superposition.

Middle to Late Pleistocene terrace stratigraphies, based on mor-
phological, sediment-petrological, lithological (and palacontolog-
ical) criteria, have been developed for the middle and/or upper
sections of the Thames (Gibbard 1985, Bridgland 1994, Bridgland
and Schreve 2001), Lower Thames (Gibbard 1994, 1995), Somme
(Bourdier et al. 1974), Maas (Veltkamp & Van den Berg 1993,
Van den Berg 1996), Lower Rhine (Brunnacker et al. 1978; Klos-
termann 1992), Middle Rhine (Bibus 1980), Weser (Liittig 1974),
Elbe/Saale (Eissmann 1975), Elbe/Ilm (Mania 1989), Elbe/Vltava
(Tyracek 2001) and the Danube/Srvatka (Kukla 1975, Gabris and
Nador 2006). Loess sequences and palaeosols covering the terrace
surfaces provide supplementary stratigraphical means to elaborate
the non-glacial succession in Central Europe.

3.2.5 Lacustrine sediments deposited in lakes, peat bogs and
abandoned meander channels

Lake sediments form in small-scale basin settings which owe their

origin to a variety of geological and geomorphological aspects.

Their formation may be due to:

- Tectonics such as the lakes of intramontane and non-marine
subsidence basins (e.g. Tenaghi Philippon and Ioannina),

- Various kinds of glacial processes like the lakes in glacial out-
wash or till,

- Periglacial phenomena such as remnants of pingo’s and
thermokarst,

- Volcanic activity (e.g. the crater lakes in the Central Massif),

- Subsidence and collapse structures resulting from salt dissolu-
tion or karst,
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- Abandonment of meander channels in fluvial depositional envi-
ronments.

Small shallow lake depressions in unlithified sediments are readily
infilled, but even large depressions with large catchments can re-
ceive a sufficiently large clastic sediment input to have only a
short life before being infilled (Mangerud 1983). Larger, deeper
lakes are generally subject to strong circulation which may gener-
ate internal patterns of erosion and deposition which vary in time
and space and which are subject to highly erosive turbidity flows.
Thus, in such lakes, even where cores can penetrate deep enough
to sample long time spans, they do not always sample continuous
sequences and may only reflect major events. Selection of lake
sites and the location of boreholes within a lake sequence is very
important to obtain the relevant information.

Sequences particularly from lakes with a closed system and with a
small catchment show basically continuous, low energy deposi-
tion. Although in the case of glacial lakes they usually do not exist
for a long period of time, their preservation potential is high, being
sandwiched between (or overlying) glacial deposits. Such lake
sediments are important sources of high resolution data on pal-
aeoenvironmental conditions, be it local to regional.

[a] Lake and mire sequences in formerly glaciated and periglacial
areas

In the glaciated zone, the remodelling of the landscape during gla-
cial cycles tends to ensure that no lake basin will have a continu-
ous record of change longer than the last glacial cycle in the area.
Small lakes within the glaciated zone may accumulate distinctive
organic sequences with a good correlation potential before being
overridden by subsequent ice or filled in by periglacial sediment.
For instance, warm-stage pollen sequences attributed to the Eemi-
an Stage, were overrun by the ice-sheet of the last glacial cycle,
and correlate well with lake sequences which lie beyond the last
glacial maximum but post-date earlier glaciations (cf. Jessen &
Milthers, 1928). Some of these lakes and mires, are particularly
valuable in that the initiation of sedimentation within them cannot
pre-date deglaciation. They are the ideal sequences to bridge the
time between two subsequent glaciations. If organic sedimenta-
tion starts early in their life, they can be a valuable guide to date
for example the last deglaciation, for which “C dating is available
(Mangerud 1991), or they can indicate similar ‘Late Glacial/Dr-
yas’ fluctuations during earlier deglaciations, for example in the
sequence of Neumark-Nord in eastern Germany.

Some well established local Middle and Late Pleistocene intergla-
cial stratotypes and their correlatives include, from youngest to
oldest:

- The Eemian lake sequences at Amersfoort (Zagwijn 1961) in
the Netherlands, Hollerup in Denmark (Andersen 1965), Bob-
bitshole in Great Britain (West 1957), Grande Pile in France
(Woillard 1979), Neumark-Nord, Grébern and Grabschutz in
Germany (Mania 1990, Litt 1994) and others,

- The Holsteinian lacustrine sequences at Pritzwalk and Miinster-
Breloh (Germany: Erd 1973 respectively Miiller 1974), Hoxne
and Marks Tey (England: Turner and West 1968, Turner 1970),
and Tornskov (Denmark: Andersen 1965),

- The Cromerian lake sequences are less well established due to
uncertainties in stratigraphical position, although pre-Elsterian
in the glaciated areas, and similarities in pollen assemblages. In
the Netherlands, Zagwijn (1975, 1996) identified four warm
stages are from organic beds in fluvial deposits (I-Waardenburg,
II-Westerhoven, III-Rosmalen, IV-Noordbergum; Fig. 3.1).
Further evidence comes from the former lake sequences at
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Bilshausen (Germany: Miiller 1965, revised in Bittmann and
Miiller 1996 and in section 5.2.3), Harreskov (Denmark: An-
dersen 1965) and Ferdinandov (Poland: Janzcyk-Kopikova
1975).

[b] Lake sequences from the extraglacial zone

Beyond the limit of the last glaciation, surprisingly few lakes con-
taining a sedimentary record longer than the last glaciation have
been found in Europe. The challenge is to correlate these mid- and
south-European sedimentary records, extending much further
back in time, with those of the former glacial lakes.

Lakes which have formed in small tectonically-controlled basins
like Tenaghi Philippon and loannina (Greece) and in the craters of
small Cenozoic volcanoes in Europe (primarily in France, Italy and
Germany), the so-called maar lakes, are ideal sites for long sedi-
mentary sequences spanning several interglacial-glacial cycles.
They have very small catchments so that relatively little minero-
genic material is introduced to them. However, they are ideal pol-
len traps. Due to the relatively low sedimentation rates, relatively
short cores might represent a long period of time, whilst limited
bioturbation and the dominant organic input ensures a rich source
of palacoenvironmental and palacoclimatic information. The lake
sites in eastern France at La Grande Pile and Les Echets currently
have pollen sequences which extend back to about 140 ka (Guiot et
al. 1989, 1992), although the base of the sedimentary sequence has
not yet been reached. They have the potential to go back much
further in time as in the maar lake sequences of the Velay region in
the Central Massif, where at Lac du Bouchet (Reille and De Beau-
lieu 1995, Tzedakis et al. 1997, Reille et al. 2000) a lake sequence
down to the base of the supposedly Holsteinian corresponding Pra-
claux warm Stage could be cored (Fig. 3.9).

3.2.6 Other sediments from local-scale subenvironments

Some other characteristic sediments in the terrestrial record, al-
though usually local in their occurrence, will be briefly mentioned
here: volcanic ash layers, secondary carbonates (travertine, spe-
lacothems) and cave deposits. They often comprise marker beds
which may contain bio- and chronostratigraphical information of
decisive stratigraphical interest.

[a] Volcanic sediments

Quaternary volcanic fields are known from several regions in Eu-
rope of which those in the Eifel region and the Central Massif have
provided Middle Pleistocene chronostratigraphical units dated by
tephrochronology. Of interregional stratigraphical importance is
the set of tephra beds which enables dating of the Middle and Late
Pleistocene loess/palacosol and terrace sequence in the Middle
Rhine Neuwied basin (e.g. Van den Bogaard and Schminke 1990).
Further downstream, in the Lower Rhine Embayment and in the
Netherlands, as part of the glaciated southern North Sea basin,
their incorporated and fluvially transported heavy minerals are
used as lithostratigraphical markers and as indirect dating and cor-
relation tools. Unfortunately, dating and chrono-correlation are
not unequivocal in these regions which will be discussed in more
detail in chapter 5.

[b] Secondary carbonates

Carbonate sediments are formed by cementation and precipitation
from springs, lakes or rivers in limestone areas. They may be of
thermal or cold origin, locations of which are reviewed in Pente-



cost (1995). Travertine forms as a dense cryptocrystalline calcite
occurring as subhorizontal beds in river valleys. Tufas form
through precipitation on growing plants and commonly are soft
and porous. Their stratigraphical value lies in the fact that they
indicate relatively warm climate conditions and that their incorpo-
rated fossil remains provide often detailed local palacoenviron-
mental information (e.g. Bilzingleben in eastern Germany: Mania
1973, 1993, also Hitchin in England: Kerney 1959).
Spelacothems are subsurface carbonate precipitates found in
cracks and caves. Although stratigraphically unimportant, their
chemical analysis may yield local records of oxygen isotope fluc-
tuations (section 3.4.3) which may be helpful in local palacocli-
mate reconstructions.

[c] Cave and rock shelter deposits

Caves are the result of various processes of groundwater solution
and part of karst geomorphology in limestone areas or may occur
as rock shelters or abris in other bedrock. Cave deposits are highly
variable and of local origin although extraneous sediments may
have been brought in by water, wind (e.g. loess) and gravity ac-
tion.

Caves and rock shelters are of special interest for palacontologists
and archaeologists since animals and man sought shelter in caves.
Many important Palaeolithic sites are located in these environ-
ments where calcareous preservation conditions are generally
good. Their chronostratigraphical position, however, generally re-
mains indistinct because of the very low correlation potential.

3.2.7 Syn- and post-depositional structural features

Once laid down, sediments are prone to all kinds of geological and
chemical processes that may alter their original properties; by col-
lapse, slope processes/mass wasting, weathering and soil forma-
tion, compaction, diagenesis and glaciotectonics. Two features
will be briefly discussed because they are indicative for climatic
change or specific climatic conditions during non-depositional
time intervals:

[a] Cryogenic structures

Many characteristic cold climate features may be found in any
area with regular frost activity and are not indicative of any ther-
mal limit. Cryogenic structures produced by intense frost activity
are commonly found in aeolian periglacial and other cold climate
sediments.
Involutions and features indicating permafrost occur at particular
horizons and hence indicate contemporaneous climate. Their ap-
pearance and distribution are a valuable complementary source for
palaeoclimatic interpretation (Strunk 1983; Karte 1987). Never-
theless, one should be careful with temporal interpretations be-
cause they may be post-sedimentary phenomena.
Sedimentological and morphological characteristics diagnostic of
the occurrence of continuous permafrost!’ are:
- Ice- and sand-wedge casts and polygons, the most strict indica-
tors of permafrost,
- Pingo-remnants.

Both are superficial permafrost phenomena and do not indicate to
its thickness. Reconstruction of Pleistocene permafrost is so far
focussed on the Weichselian cold Stage and have been undertaken
in the Netherlands and Belgium (Vandenberghe 1985, 1992; Hae-
saerts 1984), and eastern Germany (Eissmann 1981). Evidence of
permafrost of Saalian age has, so far, been demonstrated by Eiss-

mann (1981) in eastern Germany. Based on the cryogenic defor-
mation of lignite layers in non-glaciated areas, he indicated a
minimum permafrost depth of 50 metres, and suggested a maxi-
mum of more than 100 metres.

[b] Pedogenic structures: soil complexes

Soils can be sediments in situations where sediment is pedologi-
cally modified as it is laid down - e.g. in Chinese loess sequences.
But generally they are not where sedimentation does not occur
during soil formation. Soil formation is polygenetic and primarily
a function of climate and topography and secondarily of substrate,
maturity (time) and organic activity (Catt 1988, 1995). Most soils
are soil complexes and are composed of different soil types. One
should therefore be cautious with soil-stratigraphy because of the
lack of knowledge of the complex relationships between soil prop-
erties and climatic factors (Haesaerts and Mestdagh 2000). More-
over, the ability to estimate the lengths of soil-forming intervals is
restricted. Nevertheless, buried and surface soils, in particular in
aeolian sequences, hold great potential for Quaternary palaeocli-
matic interpretation since they indicate warm vegetated climatic
conditions. As discussed in section 3.2.2, palaeosols are used as
marker events within the long extraglacial loess records of Eura-
sia, indicating periods of non-deposition during warm palaeocli-
matic stages. Soil complexes found in the Central European type
regions are of two main groups (Kukla 1977):
- Biogenic steppe soils (chernozems), showing accumulation of
organic matter but little chemical change in mineral matrix, and
- Brown leached soils with evidence of in-situ redeposition of
carbonate, iron or manganese as well as clay plasma, but re-
worked by pedofauna to only a minor degree.

Parabraunerde-type soils with a Bt-horizon are the product of de-
ciduous forests. They are the most common found warm-stage
palacosols in the extraglacial areas of Northwest and Central Eu-
rope and have a high stratigraphical value.

3.3 Biostratigraphical datasets in terrestrial sequences

Preserved fossil remains in different Pleistocene sedimentary en-
vironments provide relative, local and regional chronologies as
well as information for palacoenvironmental and -climatic inter-
pretation. The most useful fossil groups are those that can be iden-
tified readily on a species level and those that have undergone
significant evolutionary change (Bridgland and Maddy 2002).
Subdivisions based on evolutionary change in flora and fauna are
restricted, however, for such a short time period such as the Mid-
dle Pleistocene. In some cases it is possible to indicate a general
age or constrain a time-range on the basis of extinction or of mi-
gration patterns of indicator species.

Assemblage biozones have proven to be a powerful stratigraphical
tool in the recognition of Pleistocene palaeoclimatic stages in Eu-
rope (section 3.1). They are useful event markers when applied on
the basis that the ecological response of organisms to a complex
sequence of environmental and climatic changes is unlikely to gen-
erate identical assemblages at different periods. This assumption is
most likely to be true for the relatively short warm stages with a
rich and varied biota, but not for the long cold periods in which
biotic production and biological diversity is reduced'®. In particu-
lar, it is the rich warm stage floras and microfaunas which are as-
sumed to be compositionally unique and which have potential to
form the essential correlation horizons for the Pleistocene stratigra-
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phy. One should, however, always consider its relation with the
depositional environment, because of effects of reworking and in-
wash. Sedimentary environments and main type localities in which
fossil remains are preserved have been reviewed in section 3.2.

A brief outline of the use and limitations of various fossil groups
which play a role in distinguishing between regional stratigraphi-
cal sequences and events is given below.

3.3.1 Palaeobotanical evidence
The Northwest European continental Middle Pleistocene stage
succession is largely based on a sequence of palynologically dis-

tinctive stratotypes reflecting warm-temperate climate conditions.
They are generally from lacustrine environments from different
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Figure 3.9 Late Middle Pleistocene pollen stag-
es and interpreted stratigraphical relations of the
maar lake sequences in the Central Massif
(Reille ez al. 2000). A tephra within the Amar-
giers pollen assemblage zone is dated at 287 ka
(Reille and De Beaulieu 1995).

origin (summarised in section 3.2.5) intercalating the glacial se-
quences. Pollen and spore assemblages are also recovered from
soils and even from marine environments. Many vegetational his-
tories only record parts of the time represented in any individual
warm climatic stage. They may in later phases be influenced more
and more by edaphic and other local factors which hamper corre-
lation. Regional variations and correlation over long distances or
with fragmentary data should be regarded cautiously.

Zonation schemes of vegetational development (¢f. Turner and
West 1968) enables subdivision within and between warm stage
forest pollen spectra from Northwest Europe. A full climatic cycle
comprises four substages of forest vegetation assemblages which,
for example, have been applied to subdivide the pollen diagram for
the British Hoxnian temperate Stage from Marks Tey (Fig 3.10):

- Substage I (Pre-temperate phase): boreal vegetation lacking
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Figure 3.10 (Composite) pollen record typical for the vegetational succession of the Hoxnian temperate stage from Marks Tey (after Turner 1970).

temperate elements, but with evidence of birch and pine forest,

- Substage II (Early temperate phase): phase of deciduous forest
and broadleaved trees with development of mixed oak (QM)
forest type assemblages,

- Substage III (Late temperate phase): phase of deciduous forest
and broadleaved trees with presence of late expanding trees like
Carpinus and Abies at the expense of the mixed oak forest,

- Substage IV (Post temperate phase): in which there is a limited
representation of thermophilous, broadleaved species and bore-
al forest is recurring.

Despite some limitations (De Jong 1988) such pollen assemblage
zones provide distinctive markers of individual climatic phases
and may indicate in which part of the climatic cycle a sediment
was laid down. Also the behaviour of certain tree species in rela-
tion to zonal climate aspects can be studied. In general, the limited
boreal-type palynofloras and the ‘open tundra’ vegetation assem-
blages (with shrubs and herbs) of stadials and interstadials inhibits
their use as indicators of specific stages.

Pollen assemblages may contain specific indicators for distinguish-
ing between temperate-climate periods. Examples of indicator spe-
cies in Middle Pleistocene warm Stage pollen assemblages are:

- Eucommia, Pterocarya and Celtis, indicating the decrease in
Tertiary assemblages and relict pollen in Middle Pleistocene
deposits. Pterocarya for example occurs in pollen diagrams up
to and including the Holsteinian warm Stage,

- The water fern Azolla filiculoides, indicative of a pre-Eemian
age,

- Abies, indicative of oceanic influence in the Northwest Euro-
pean lowlands accompanied by high sea-level stands such as
occurred during the Holsteinian and Eemian warm Stages (Zag-
wijn 1989, 1992).

Of major interest is how the independent, scattered and fragmen-
tary pollen evidence from the glaciated Northwest European areas
correlate with the long continuous pollen records of Tenaghi
Philippon in Greece (Mommersteeg ef al. 1995) and Lac du Bou-
chet/Praclaux in southern France (Reille and De Beaulieu 1995,
Fig. 3.9). Both comprise local proxy palacoclimate records which
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are a link to the marine isotope stratigraphy. Comparison, by trend
matching, is now well established for the late Middle and Late
Pleistocene (Tzedakis et al. 1997, Tzedakis et al. 2001). Addition-
ally, pollen from marine cores off-Portugal have been directly cor-
related for MIS 5 (Sanchez-Goili ef al. 1999) and for MIS 11 (De-
sprat et al. 2005). On the basis of the last appearance datum (LAD)
of Pterocarya pollen in the Praclaux warm Stage, Reille and De
Beaulieu (1995) and De Beaulieu ez al. (2001) suggest that this
stage probably corresponds to the Holsteinian of northern Europe.
This implies correlation with MIS 11 and the existence of two ad-
ditional warm climate events within the late Middle Pleistocene
Saalian Stage, preceding the Saalian glaciation sensu stricto.

3.3.2 Palaeozoological evidence

Faunal remains in the terrestrial sediments play a less important
role in Middle Pleistocene biostratigraphy than does pollen. Dis-
tinctive fossil assemblages suitable for biozonation and chronos-
tratigraphical subdivision are rare due to the fragmentary evidence,
the often low frequency and the lack of distinguishing criteria.
Moreover, their occurrence is often restricted to specific sedimen-
tary environments, which makes correlations difficult. Biostrati-
graphical correlations on the stage of evolutionary change, extinc-
tion and migration of species, the latter factors are related to cli-
matic change, are only possible for vertebrate and molluscan fau-
nas and have given some subdivision in the Early and Middle
Pleistocene. Their value in reconstructing climatic change in most
cases is limited to the assignment to warm or cold stages. Never-
theless, many sites in Northwest Europe have yielded rich faunal
remains, some of which are used as regional stratigraphical mark-
ers (summarised in section 4.4.2 and Fig. 4.9 ) reflecting environ-
mental conditions.

[a] Vertebrates

The preservation of mammalian bones and teeth in sedimentary
environments such as non-acidic lakes margins and mires, spring
surroundings, loess regions and floodplains, have allowed recon-
structions of fossil vertebrate assemblages in a number of local
stratigraphies. A review of presence/absence data of mammalian
assemblages in Middle and Late Pleistocene warm stage fluvial
terrace sequences from Britain and the German uplands is com-
piled by Schreve and Bridgland (2002). From their correlations
they suggest there is evidence for three warm events within the
late Middle Pleistocene post-dating the Elsterian/Anglian glacial
sequences.

Biozonation of fossil micromammal assemblages for the Middle
and Late Pleistocene in Northwest Europe (Van Kolfschoten 1990,
Horacek 1990) reveal temporal change in molar composition of
some species. Of particular importance for the early Middle Pleis-
tocene stratigraphy is the boundary of the rodent species Mimomys
savini and Arvicola terrestris cantiana. A further marker forms
the gradual change in the thickness of the enamel in the Arvicola
lineage' that took place between the Elsterian and Saalian glacia-
tions (Van Kolfschoten 1990).

[b] Molluscs

Although they supply the raw material for amino acid racemiza-
tion, the Mollusca are of limited value for dating purposes. They
occur in all kinds of environments, land, freshwater and marine,
and are therefore powerful palacoenvironmental and palaeocli-
matic indicators.

Terrestrial gastropods in loess sequences in Central Europe (Kuk-
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la 1977) and at Achenheim, France (Rousseau & Puisségur 1990)
have provided valuable information on loess and soil environ-
ments. Based on the work of Lozek (1965) several shell faunal
assemblages can be distinguished, ordered in decreasing warmth
requirements:

- Banatica fauna, indicator species Helicigona banatica, a
warmth-loving assemblage, found in spring travertine among
others,

- Pomatia fauna, indicator species Helix pomatia,

- Tridens fauna, indicator species Chondrula tridens,

- Striata fauna, indicator species Helicopsis striata,

- Pupilla fauna, with Pupilla muscorum and other Pupilla spe-
cies, as well as Succinea oblonga, as indicator representatives,

- Columella fauna, with Columella columella as indicator species
and a biomarker for extreme cold climates.

Freshwater molluscan fauna of river and lake deposits provide
valuable biostratigraphical constraints:

- The occurrence of Viviparus diluvianus (= Paludina diluviana),
characteristic of the Lower Elbe fluvial sequence, is attributed
to the Holsteinian warm Stage,

Corbicula fluminalis, another warmth-demanding species, is
appearing in several warm-stage fluvial sequences assigned to
the Holsteinian Stage and following warm Saalian Stage events,
but is absent from Eemian-age deposits (Meijer and Preece
2000). Just as Viviparus diluvianus, the presence of Corbicula
fluminalis is a marker in the fluvial terrace deposits in the up-
lands of Central Germany (the ‘Mittelterrassen’) intermediate
of the Elsterian and Saalian glaciations.

The use of marine molluscan fauna assemblages is limited because
of the lack of distinguishing criteria (Meijer and Preece 1995).

3.4 Chronostratigraphical control on terrestrial Middle
Pleistocene sequences

3.4.1 Relative age markers

The age determination of distinctive lithostratigraphical units and
biostratigraphical assemblages is based on relative age criteria and
often the only chronological method applicable. With the excep-
tion of the last 40-50 ka, for which dendrochronology and radio-
carbon dating provide reliable timing, older chronostratigraphical
land-based subdivisions are mainly based on palynological criteria
and superposition. Marine subdivisions, by contrast, are based on
(micro-)palacontological criteria. Layers of volcanic ash of known
age and provenance are used as lithostratigraphical markers in the
Late and Middle Pleistocene sequence of the Rhine valley. Inter-
glacial marine and fluvial stratigraphical units, containing mol-
luscan fossils from Northwest Europe, have been correlated by
aminostratigraphy (Bowen and Sykes 1988). Nevertheless, this
chemical method of amino-acid racemisation of molluscan shells
is still of limited use for regional correlations of late Middle and
Late Pleistocene transgressions. Recent developments have en-
hanced the reliability of the method (Sykes et al. 1995) and has
given better results for several fluvial and estuarine sequences
(Meijer and Preece 2000, Bridgland and Maddy 2002).

The duration of individual lithostratigraphical units can be deter-
mined by the counting of incremental accumulations of laminated
sediments found in lakes. Of particular importance are the varve
chronologies from proglacial rhythmites in Sweden (de Geer
1912) and from organic algal blooms at Marks Tey in England



(Turner 1970). The latter showed a duration of the Hoxnian tem-
perate Stage in the order of 15-20 ka.

3.4.2 Palaecomagnetic evidence

Palaeomagnetic investigations of Pleistocene sediments provides
a general, low resolution timescale requiring long fine-grained
sedimentary sequences spanning hundreds of thousands of years.
Of particular importance is the position of the Matuyama/Brunhes
Chron boundary, the last global geomagnetic reversal, which is
taken as the base of the Middle Pleistocene. It is dated at c. 780 ka
which leaves a considerable gap with the aforementioned dating
limits. Some brief excursions are noted within the Brunhes normal
Chron. Langereis et al. (1997) in their review on short reversal
excursions in the Brunhes Chron mention four significant events
within the Middle Pleistocene: Calabrian Ridge (CR)0 dated at
around 260 ka, CR1 dated at around 320 ka, CR2 dated at around
515 ka and CR3 dated at about 570-575 ka.

Conversely, magnetostratigraphy, in combination with magnetic
susceptibility and related techniques, has yielded high-resolution
records from long Chinese and Eurasian loess sequences during
the last decade which show close similarity with the marine iso-
tope record (Derbyshire (ed.) 1995).

3.4.3 Geochronometric dating

In addition to the relative age methods, whereby a sequential order
to the deposits is established, different geochronometric methods
such as thermoluminescence (TL, OSL, IRSL and GLSL?), Ura-
nium (U)-series, Uranium/Thorium (U/Th)-dating, Electron Spin
Resonance (ESR), Potassium/Argon (K/Ar)-, Argon/Argon (Ar/
Ar)- and Fluorchloride/Potassium (FCI/P)-dating, are applicable
as time-stratigraphical criteria (Geyh and Schleicher 1990). Al-
though essential for the Pleistocene chronology, reliable absolute
age estimations for the European continent, however, are scarce
up till now. Accuracy of the dating techniques decreases with
time. The chronological framework for the Holocene and Late
Weichselian time has come from radiocarbon dating. The age de-
termination beyond its limit of 40-50 ka remains troublesome be-
cause the techniques are limited, either as a consequence of their
time-range or of their sensitivity to particular materials. The max-
imum dating limit of most of these techniques appears to be 300-
400 ka or less.

The dating techniques which are used to calibrate both Middle and
Late Pleistocene stratigraphies in Northwest Europe are:

[a] Luminescence dating

The luminescence methods are applicable to grains of quartz and
feldspar in silty Pleistocene sediments, e.g. loess. Dates from
loesses are obtained from the Rhine Valley area, northern France
and Poland. Most determinations are from Weichselian loesses,
and give meaningful results. Reliable dates over about 125 ka
(pre-Eemian), however, have not yet been obtained, because TL
age differentation of Saalian loesses is still not possible (Frechen
1991, 1993). Older (minimum) TL dates, however, are known
from burnt flint at Maastricht/Belvédére in the Netherlands (270 +
11 ka; Huxtable & Aitken 1985) and aeolian sediments and tills
from Poland (Mojski 1985; Rechowski 1986). The latter TL deter-
minations, which apparently extend into the Early Pleistocene, are
questionable due to the various analysis techniques which are
used. Luminescence methods such as IRSL and GLSL are used for
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Figure 3.11 Quaternary dating methods and their time-ranges (after Stein
and Linse 1993).

dating of fluvial sequences.

[b] Uranium Series dating

U-series and ESR dating can be a suitable method as far back as
the Middle Pleistocene, although the dating limit appears to be
about 300-400 ka. The method is most applicable to precipitated
carbonate deposits and concretions. Fairly accurate dates can be
obtained from cave deposits (speleothems). Presence and growth
of these deposits occur during non-glacial climatic conditions,
which can be derived from their oxygen isotope content. Dates are
available from NW England (Gascoyne ef al. 1983), suggesting a
warm episode between 250 and 230 ka, and from Norway (Lau-
ritzen 1991). Travertine from the Bilzingsleben terrace II has been
dated by U/Th at about 320-350 ka, ESR dates range from 280-
415 ka (Schwarz et al. 1988 in Mania 1993). Travertine from the
deposits of the terraces 11l and IV at Verteszollos (Hungary) have
been U/Th-dated at respectively 360 ka and 200 ka (Hennig et al.
1983). U-series of the authigenic carbonate content in Hoxnian
warm Stage deposits at Marks Tey revealed minimum dates
around 400 ka (Rowe et al. 1999).

Moreover, estimates of the age of fossils from warm-stage marine
and lacustrine deposits have been determined by U/Th- and ESR
dating. Molluscan shells in Holsteinian marine deposits have been
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determined from Herzeele in northern France (marine unit III:
minimum age 326 ka) and from Wacken in Schleswig-Holstein.
Based on U-Th dates, Sarnthein et al. (1986) assumes that the
Wacken marine deposits are older than 350-370 ka, whereas Linke
et al. (1985) report ESR-data from the same Holsteinian marine
deposits at respectively 195 + 25, 223 + 25 and 218 + 25 ka.
Dating of Late Pleistocene peat deposits from sites in Greece
(Tenaghi Philippon), in the British Isles and in Germany (Scho-
ningen), using U-series, have been reported by Heijnis and Van
der Plicht (1992). Their obtained ages for the Weichselian are in
good agreement with the chronostratigraphy and TL dates. Some
dates probably require corrections because of problems of unde-
fined open-system behaviour of the peat. The organic deposits of
the Schéningen warm event, for example, have been dated to be-
tween 180-227 ka (Heijnis, 1992, p.132).

[c] Potassium-Argon dating

The K/Ar- and Ar/Ar-methods are applicable to volcanic material
and glauconite-rich sediments that are interbedded within other
depositional sequences. Several dates are available from tephras
interstratified with the Middle and Lower Rhine loess and terrace
sequences, dealt with in more detail in chapter 5. They are related
to different phases of volcanic activity in the Eifel region, which
started at about 570 ka (Frechen & Lippold 1965) or probably
even earlier, before 650 ka (Van den Bogaard and Schminke
1990). The tephras provide geochronological control within key-
stratigraphical sequences, such as those from Kérlich and Arien-
dorf (Van Kolfschoten and Turner 1996) and confine the age of
fluvial sequences further downstream of the river Rhine.

Since the establishment of the modern Ice Age concept by Penck
(1879) and Geikie (1895) among others (section 1.3.1).

= Gippingian.

Because of the authoritative status of the Alpine model one may (even)
state that at least up to the 1950s a kind of reinforcement syndrom
existed whereby apparent incompatibility and discrepancies (simply)
were not considered or accepted because it would bring on too much

confusion.

Co-controlling accommodation space, sediment supply, grain-size and
sedimentary processes.

The Alpine glacial stages, for example, are still widely used in many
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mountaineous regions.

Palaeotemperature ranges intimately related to the effect of precipita-
tion.

For example that cf. Képpen'’s classification.
¢f. Bowen 1978.
Abbreviations are explained in section 3.4.3.

Although they are relatively small-scale compared to subseries of pre-
Quaternary systems.

An age of 812 ka has been proposed for the Brunhes/Matuyama
boundary (Langereis et al. 1997), based on rock-magnetic and
geochemical properties from marine hemipelagic sediments with
intercalated sapropel and tephra layers in the lonean Sea.

Till is a glacial diamicton and generally is only used as a genetic term.
Downcutting of new channels and glacial basins and river diversion.

Dumping of major sediment masses to form moraines, sandrs, kames
and kettle holes.

Typical leached soil types are ‘brown earth’, ‘parabraunerde’, ‘braun-
lehm’ and ‘rotlehm’ with clay-enriched B-horizons.

Since solifluction is not necessarily confined to cold climates, the term
‘gelifluction’ has been proposed to describe solifluction associated
with frost action (e.g. Washburn 1979).

Requiring polar climates where mean annual temperatures are below -
20 C respectively -80 C.

Although faunal diversity was relatively high in the mammoth steppe
in Alaska (Guthrie 1990).

The enamel differentiation quotient (SDQ-value) of Arvicola molars
decreases during the late Middle Pleistocene. This trend is used for
correlation purposes.

TL: Thermoluminescence, OSL: Optical Stimulated Luminescence,
IRSL: InfraRed Stimulated Luminescence, GLSL: Green Light
Stimulated Luminescence



Chapter 4

A SUPPLEMENTARY STRATIGRAPHICAL FRAMEWORK FOR NORTHWEST AND CENTRAL Eu-
ROPE ON THE BASIS OF GENETIC SEQUENCE AND EVENT STRATIGRAPHY

Having reviewed the contemporary Middle Pleistocene stratigra-
phy of Northwest and Central Europe by discussing five broad
categories of environments and their sedimentary products, they
are now placed into a framework of interregional extent and sig-
nificance. Such a large-scale framework requires a material basis
from the type localities and type regions with uniformly defined
units for interpretation. Since the existing (national) classification
systems are based on different criteria, a supplementary, non-in-
terpretive stratigraphical framework is advocated in this chapter in
which the existing litho-, bio-, soil- and other stratigraphical ele-
ments have been integrated into local- and regional-scale units
recognised and defined on the basis of bounding unconformities
and depositional environment. These are used as event markers for
palaeoclimatic reconstruction and interregional correlation.

4.1 Main natural type regions of Northwest and
Central Europe

4.1.1 Geotectonic type regions

Sedimentary sequences are best compared within natural type re-
gions that can be distinguished on the basis of morphology, geo-
tectonic structure, regional substrate and drainage characteristics.
The present-day topographical mosaic of high- and low-relief ar-
eas' in Northwest - and Central Europe, i.e. the broad distribution
of mountain areas, basins and valleys (Fig. 4.1), is largely control-
led by long-term tectonic processes which were active during dif-
ferent geological epochs. The basement of the geotectonic frame-
work is formed by the tectonic and morphological highs of the
Pre-Cambrian Baltic Shield / Fennoscandian High and the Palaeo-
zoic Caledonian and Variscan Massifs (legend unit 1 in Fig. 4.1).
Between these tectonic blocks in the European upland areas are
(former) sedimentary basins and graben systems situated filled
with younger Mesozoic and Cenozoic deposits.

Regional tectonic histories will not be discussed here in detail.
Only the three most important tectonic events (of 1* and 2" order
cyclicity), active during the Mesozoic and Cenozoic Eras?, are
briefly discussed:

- The Alpine orogeny, comprising the upthrusting of the Alps and
the Carpathians in several phases. The highlands of the Alpine
foldbelt roughly form the European water divide. The northern
Alpine foreland (nAF) and the Carpathian foreland (CF) are
large-scale basins, resulting from the upthrusted Alpine fronts
in which thick Tertiary sediments were deposited. Some impor-
tant large-scale subsidence basins south of these mountain rang-
es are the Po Basin (PoB), the Vienna Basin (VB) and the Pan-
nonian Basin (PnB).

- The opening of the North Atlantic and associated opening of the
Northwest European Basin during the early Tertiary, resulting
in continued large-scale subsidence along a NW-SE axis con-
centrated in the Central North Sea. Subsequent differential sub-
sidence led to the origin of several sub-basins in the North Sea

Basin which have acted as main Pleistocene depocentres, such
as the Central Graben, the Sole Pit and three composed subba-
sins in the southern part of the North Sea Basin: the Anglo-
Dutch (Broad Fourteens, Western Netherlands), the North Ger-
man and the Polish sub-basins. The eastern part of the North-
west European Basin was only marginally influenced by tecton-
ics during the Pleistocene.

- The continued activity of rift structures in the Central European
uplands in between the North Sea Basin and the Alps (Ziegler
1994). Examples of these medium-scale areas in Northwest and
Central Europe, showing disruption into grabens and horsts, are
given in table 4.1. Some of these tectonic movements are ac-
companied by volcanic activity which continued into to the
Pleistocene (e.g. in the Neuwied Basin and in the Eger
Graben).

The complex geotectonic structure of the western part of Europe is
in contrast to the rather homogeneous subsurface geology of the
Pre-Cambrian East European Platform, comprising among others
the Polish Platform and the Russian Plain. The latter extensive
region has been relatively stable since and is covered by a rela-
tively thin Pleistocene succession.

4.1.2 Distribution of Pleistocene sediments

Pleistocene sedimentation, climate and environment is superim-
posed on the geotectonic framework of the European continent
briefly presented above. Whereas the type regions in the highlands
and uplands are generally related to areas of uplift and erosion,
thickest Pleistocene accumulations are found in the large- and me-
dium-scale sedimentary basins of the European lowlands. The
Pleistocene sediments normally rest on Tertiary sequences and de-
pict the continuation of the Cenozoic geological development.

The formation and distribution of Pleistocene sediment types
within the different type regions is related to depositional environ-
ment and source area. Wide-spread events, of 4th order cyclicity,
related to climatic change, such as glaciations, marine transgres-
sions and loess deposition, have left significant sequences. The
longest sequences, whether they be interrupted by hiatuses or con-
tinuous, are predominantly found in areas which have not suffered
the strongly erosional effect of sporadic glaciation, i.e. in the ext-
raglacial areas. This allows further subdivision of the geotectonic
regions into glaciated areas and non-glaciated areas in which a
zonal latitudinal aspect can be seen. A further distinction can be
made on the basis of the source areas of the sediments that filled
the basins. Source areas comprise the centres of glaciation within
the glaciated areas and the drainage basins of the large river sys-
tems. These subdivisions are important for the lithostratigraphical
subdivision, for example, with regard to the petrographical and
mineralogical characteristics of the deposits.

There are, however, differences between depositional environ-
ments that have prevailed. Fluvial, glacial and marine sequences,
which dominate the infill of most large- and medium-scale basins,
are the product of dynamic and erosional environments, i.e. they
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comprise many unconformities. Their preservation potential is
governed by rates of subsidence and sedimentation.

Small-scale basins and depressions within each geotectonic type
region may occur as a result of (salt) tectonics, solution and karst
processes, volcanic activity? and processes associated with glacial,
cryogenic, fluvial and aeolian erosion* (section 3.2.5). They are
generally important local sediment traps recording (semi-)contin-

uous sedimentation and biological productivity. They have a high
preservation potential but often are time-restricted.

The combination of the nature of Pleistocene sedimentary se-
quences on the one hand, and morphology, subsurface geology
and tectonic structures on the other, allows a distinction of the fol-
lowing type regions and subregions in Europe:

W to E)

Non-glaciated type areas (from

Glaciated type areas

Large- and medium- Paris Basin (PB),

scale lowland basins:

Pannonian basin (PnB):

Lower Rhine Embayment (LRE),

Southern North Sea Basin:

-Anglo-Dutch North Sea subbasin (AD-NS)
-North German North Sea basin (NG-NS)

-Polish North Sea basin (P-NS) or Polish
Through

Miinsterland basin

Danish Basin (ND)

Oslo Graben

Polish Platform (PP) incl. the Klestow graben
Russian Plain (RP)

Large- and medium- Neuwied Basin (NB)

scale upland basins:

Leine Graben

North Bohemian Basins (BB)
Eger Graben (EB)

Upper Rhine Graben (URG)

basin (e-AF)

easternmost part of northern Alpine foreland

London Basin (LB)

Miinsterland Basin,
Hessian Depression
Subhercynian basin (SB)
Thuringian basin (TB)

Carpatian foreland (CF): subdivided into a
northern and eastern part

Bresse Graben (BG) Northern Alpine foreland (n-AF), subdivided
into a western part, central part and an eastern
part.

Upland (geotectonic) British Highs (Welsh-Anglia High, Pennine | Vosges Mts.
areas/highs High, Scottish Highlands)

Armorican Massif Black Forest Mts.

Massif Central Harz Mts.

Ardennes and adjacent London Brabant Jura Mts.

Massif (LBM)

Taunus, Eifel)

Thuringian Forest
Flechtinger High
Osning zone

Bohemian Massif

Rhenish Massif (Hunsriick, Westerwald,

the Alps (Central, Western, Eastern)

Carpatians
Holy Cross Mts.

Table 4.1: Geotectonic subdivision of Northwest and Central Europe and Quaternary sediment type areas.
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4.2 Building components of the genetic sequence
stratigraphical framework for the Middle Pleistocene
terrestrial record of Northwest and Central Europe

4.2.1 Wide-spread unconformity-bounded units and genetic
sequences

The European mid-latitude type regions have repeatedly been sup-
plied with large amounts of similar allochtonous sediments which
can be correlated over long distances. These wide-spread sedi-
mentary units, including their basal unconformities, largely extend
beyond local and regional controls. The following wide-spread
genetic sequences, eligible for interregional palaecoclimatic and
global land-sea correlation, are further discussed in this section:
[a] Glacial sequences,

[b] Subaerial aeolian (loess) sequences,

[c] (Coastal) marine sequences.

The chronostratigraphical positions of these main building blocks
of the European Pleistocene stratigraphy are starting points for
further interregional correlation.

[a] Glacial synthems and sequences

Glacial sequences comprise tills, glaciofluvial and glaciolacus-
trine sediments (section 3.2.1) that reflect different phases of an
ice-sheet expansion: advance or transgressive phase, maximum
extension/limit, deglaciation or regressive phase to which differ-
ent sub-phases may be added. In mid-latitude Europe they origi-
nated from the most extensive Pleistocene ice-sheet expansions
from three major glaciation centres5: Fennoscandia, Britain and
the Alps. On a regional scale they form synthems representing a
(sub)cycle of glacial deposition bounded by erosional unconform-
ities which may be further subdivided into several subsynthems
(Fig. 4.2).

The base of a glacial synthem is formed by the ‘transgressive gla-
cial surface’ and the ‘maximum limit surface’ in the ice-margin
zone. The latter is generally recognised by sand and gravel san-
durs, glaciolacustrine clay and silt or dislocated sediments of mo-
raine ridges, deposited in proglacial/ice-marginal position. In a
proximal direction till units may characterise the base of a glacial
sequence/synthem/formation. These different sedimentary units
represent (transgressive) glaciation maxima which can be region-
ally subdivided into unconformity-bounded lithofacies units of
glacial depositional subenvironments, e.g. subglacial till beds and
moraine complexes related to ice-sheet marginal positions.

In the scheme of figure 4.2 all glacial synthems associated with the
Fennoscandian, British and Alpine glaciations are grouped into
genetic sequences representing the preserved sedimentary evi-
dence of the major glaciation cycles. A glacial sequence thus rep-
resents one or more synthems that can be attributed to a major
cycle of ice-sheet expansion and decay related to a centre of gla-
ciation. Glacial sequences provide relative stratigraphical control
to local and regional non-glacial sequences in the glaciated type
areas (Fig. 4.7) which can be indirectly matched with the global
ice-volume fluctuations in the MIS record. The Fennoscandian
Saalian glacial sequence comprises the Drenthe-1, -2 and Warthe
synthems in the North Sea basin type areas, the Odra and Warta
synthems in Polish Platform type area and the Dniepr and Moscow
synthems on the Russian Platform. The Fennoscandian Elsterian
glacial sequence, and coeval British Anglian glacial sequence,
generated the first widespead glacial synthems into the Northwest
European lowlands and adjacent upland basins, such as the Sub-
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hercynic basin and the Thuringian basin. Together with equivalent
glacial sequences from Eastern Europe, they are grouped into a
sequence comprising the Peelo, Lauenburg, Elster 1 and Elster 2
synthems in the type regions of the North Sea basin, the San 2/
Wilga synthems in the Polish Platform type area and the Oka syn-
them in the Russian Plain. Regionally, till beds, glaciolacustrine
clays and push moraine complexes are distinguished as uncon-
formity-bounded (sub)units. Evidence of pre-Elsterian glaciations
is only found in Northeastern and Eastern Europe and offshore
Norway (Ehlers et al. 1999) which are grouped into a Fennoscan-
dian Donian glacial sequence.

Terminology: glacial synthems are here informally named after
their type locality and dominant lithofacies assemblage or mor-
phological position: e.g. Drente Till synthem, Warthe moraine
synthem. The glacial sequences are informally named after the
centre/source area of an ice-sheet with reference to the regionally
known stratigraphical code: e.g. Fennoscandian Donian, Elsterian/
Sanian/Okian, Saalian/Dniepr and Weichselian/Valdai glacial se-
quences. The sequences are related to glacial depositional cycles
which, similar to the sedimentary cycles in the loess sequences
(Kukla 1970), are labeled by capital letters: e.g. Fennoscandian
glacial cycle C which corresponds to the Central European loess
sequence in cycle C.

[b] Subaerial loess synthems and sequences

Loess deposits, loess-like deposits, cover sands and a variety of
denudational deposits are subaerial deposits which are commonly
found in the extraglacial areas. They are concentrated on the lee
sides of river valleys, in basins and on plateaux in the Central Eu-
ropean uplands up to altitudes of about 700 m. Sedimentary units
in between erosional and/or subaerial unconformities representing
cycles of subaerial deposition are here classified as synthems or
subsynthems, depending on their regional extent and significance.
Loess synthems may locally be interrupted by subaerial lithofacies
associations consisting of colluvial or soliflual deposits, i.e. weath-
ering products from hill slopes. On a regional scale, loess syn-
thems can be classified sequence units comprising (4th order) cy-
cles of loess deposition under cold, dry climate conditions. Loess
sequences on river terraces generally start with local-scale syn-
thems comprising denudational deposition, indicating more humid
conditions prior to loess deposition, and may contain minor sub-
aerial unconformities, reflecting climatic oscillations. In their up-
per part they show leaching and soil formation of Bt-types.

Subaerial aeolian (loess) sequences in the non-glaciated type re-
gions of Central and Western Europe (Fig. 4.3), are associated
with periglacial deserts. Their succession at first corresponds with
the continental loess reference records available from Eurasia and
China, in which eight Middle and Late Pleistocene 4th order sedi-
mentary cycles have been identified, although loess accumulation
rates may vary. The character of the subaerial intervals between
the Chinese plateau loess and the European valley slope loesses
differs, however, and the latter has to be considered at smaller (lo-
cal) scales. Dating of most of the loess units in the European up-
lands is confined by the fluvial terrace systems on which they pre-
dominantly rest.

The most suitable reference record for the the loess/palacosol se-
quence is that of Cerveny Kopec in Slovakia (figures 2.2 and 3.2).
Kukla (1969, 1970) was the first to link the sedimentation cycles
in loess sequences in the easternmost foreland basin of the Alps
(e-nAF: table 4.1) with the climate-proxy oceanic record (section
3.1.1). Cycles A to I represent interglacial-glacial cycles within
the Brunhes Chron polarity zone, most of which include several



second-rate climatic oscillations. These nine sedimentation cycles
are covering four different terrace levels (CK1 up to CK4) of the
Morava river system that is part of the middle course section of
Danube river basin. Kukla and Cilek (1996) also distinguish ‘meg-
acycles’ in this Pleistocene loess/palaeosol succession overlying
each terrace surface: megacycle I includes loess cycles A to C,
megacycle II loess cycles D to F, megacycle III loess cycles G to
H and megacycle IV the loess cycles I to K.

Terminology: subaerial synthems are here informally named with
reference to the type locality, eventually further subdivided into
lithofacies units representing a major (local) depositional cycle,
e.g. Kérlich HII loess synthem. The subaerial aeolian sequence
units are informally named after the river section or tectonic basin
and the regionally known stratigraphical code, e.g. Middle Rhine
Karlich H subaerial sequence.

[c] (Shallow sea and coastal )marine synthems and sequences

Shallow marine or paralic sequences mainly consist of sandy and
clayey lithofacies associations. In coastal marine sequences also
beds of reworked gravels and shells may be incorporated. Syn-
thems within a marine sequence represent depositional cycles that
are regionally distinguished on the basis of bounding unconformi-
ties.

Marine sequences on the continental shelf areas of Northwest Eu-
rope (shown in Fig. 4.4) represent transgressional-regressional
phases associated with worldwide glacio-eustatic sea-level fluc-
tuation cycles of the fourth order. Two additional factors that play
a significant role in the sequence building of basins are tectonics6
and sedimentation rates. In strict sequence stratigraphical termi-
nology these lower order cycles, e.g. the building of the fluvial-
deltaic plain in the North Sea basin, form the sequences. In areas
of long-term subsidence like the North Sea basin, where sedimen-
tation prevails, evidence of former transgressions is found in su-
perposition. The transgression-regression cycles, each cycle of fall
and rise bounded by subaerial unconformities, represent ‘parase-
quences’. On land, at the margin of the basins, parasequence
boundaries are formed by the maximal flooding surface and con-
sist of relatively conformable successions of genetically related
beds, such as the North Sea Holsteinian and Eemian deposits.
Since the shelves of the present-day seas of Northern Europe have
been glaciated, their stratigraphy is complicated by interruptions
of the marine sequences by glacial and subaerial synthems. During
low sea-level stands erosion and reworking dominates, forming
the bounding surfaces of the synthems.

The Middle Pleistocene sea-level fluctuations in the North Sea ba-
sin are not only related to glacio-eustatic processes superposed on
3rd order subsidence cyclicity. Glacio-isostatic rearrangements in
and marginal to the formerly glaciated areas have for long been
recognised and have, for example, been used as an argument for
the far inland extension of marine transgressions in the Northwest
European lowlands following the major Fennoscandian glacia-
tions (Sarnthein et al. 1986, Zagwijn 1992). Marine terraces found
along non-glaciated coasts, e.g. in the Channel, as well as those in
the Mediterranean and Black Sea type regions, are separate syn-
thems which have been uplifted by long-term tectonics.

Terminology: shallow sea and coastal marine synthems are infor-
mally named here with reference to their type locality and accord-
ing to the lithofacies assemblage within their bounding surfaces:
e¢.g. Eem marine sand and clay synthem. The marine sequences are
informally here named after the sea margin present in the type re-
gion and regionally known stratigraphical code: e.g. Anglo-Dutch

North Sea (AD-NS) Eemian marine sequence, Channel Herzeele I
marine terrace sequence.

4.2.2 Regional-scale unconformity-bounded units and genetic
sequences

[a] Fluvial synthems and sequences

Fluvial sequences contain many unconformities. Lithofacies as-
semblages within unconformities of regional significance and
comprising one aggradational cycle are distinguished here as syn-
thems. Lithofacies assemblages may point to braided, coarse-
grained, or to meandering, fine-grained, river channel systems.
Petrographical composition, including heavy minerals, may relate
to changes in drainage patterns or to glacial or volcanic sources.
Lithofacies changes are largely determined by cold respectively
warm climate conditions. Nevertheless, climatic interpretations
based on local fluvial synthems are not straightforward and must
be supported by other stratigraphical evidence, such as palaconto-
logical data or structural features.

Both terraced and superimposed fluvial aggradational sequences
reflect that river activity is highest during cold climate conditions.
Main aggradation phases generally occurred at the transitions to
and from warm vegetated periods. Main downcutting phases to a
lower erosion base level occurred during the cold stages featuring
low sea-level stands, permafrost and dry desert conditions beyond
the expanding ice-sheets. The basal coarse-grained parts of fluvial
sequences in the middle river sections then represent aggradation
as a result of ameliorating climate conditions during the deglacia-
tion phase. The coarse-grained upper parts are deposited when
vegetation cover in landscapes decreases (again) under prevailing
cold climate conditions. They may cover preserved fine-grained
lithofacies units from warm-stage type channel systems. This gen-
eral model seems valid for most of the Middle and Upper Pleis-
tocene terrace successions in river sections draining non-glaciated
(upland) areas and not receiving glacial meltwaters. The Seine and
Somme rivers in the Paris Basin, the river Meuse, the post-An-
glian Thames and many tributaries of the Rhine, Elbe and Danube,
comprise terrace series which apparently record the 100 ka cli-
matic cyclicity from the last 700 ka without remarkable irregulari-
ties in vertical erosion steps.

The structure and preservation of aggradational terrace sequences
in response to (cold) climate-driven events is different in river sec-
tions affected by glaciation and by interference of regional geotec-
tonic variability. Fluvial sequences in the glacially affected river
sections, such as the lower reaches of the Rhine, Weser and Elbe,
as well as the rivers draining the northern Alps (upper Rhine and
Danube) and the Russian Plain (Dniepr, Don) are mainly build of
proglacial aggradation and often only allow subdivisions of ter-
race sequence groups, forming supersynthems, intermediate be-
tween extensive glaciations (section 4.3.2). The role of regional
geotectonic variability is further discussed in section 4.3.3.

Terminology: fluvial synthems are here informally named after
their type locality with reference to the dominant lithofacies units
and/or morphological position of an aggradation cycle. Superim-
posed (stacked) synthems in sedimentary basins are termed allu-
vial synthems, e.g. Urk I sand synthem representing one of the
different sedimentary units in the Urk Formation. Their identifica-
tion is mainly based on borehole information. Vertically separated
synthems along river valley slopes are termed terrace synthems,
e.g. Leubsdorf gravel terrace synthem. Fluvial sequences of re-
gional extent are informally named here after the drainage basin or

43



Continental

Climatostrati-

x
3 .
Q . ® _ ] . .
o 2545 stages - Regional synthems/formations
S @ 7 52 T &
c % Fs 23 58 O
€S8 39 £8_¢2 Anglo-Dutch
NS 52 2 3 9 TL_C nglo-Dutc North German SB i
g = _E = g E: 8 g —‘F 8_9 g 8 lt\)lorth Sea LRE North Sea B ﬁg'r';shhs.;a -
5252 eE 9 g Northwest Europe g g % g § asin basin basin
Loess/pal - SIS S))
sglegycll):saeo % AP minus Pinus Lower Rhine I\7\c/>wer/Elb / Middle Lower /Middle
88 o588 eser/Elbe
AZ] SO ; f_> HOLOCENE
m LATE
o w2 FSG B(2) s eA . .
i << eichse
: § o | mipDLE
; Olx
B! [ @ | & FSG B(1)
3 b BT
t: 5131 early
2 5 Warth
[ arthe
5 S1 EEMIAN TS A Drenthe-2 Warta
| renthe- [ . Drenthe-1 [ Odra
) LATE FSG C — Vlw : A i e
3 1 1 1
cl,
2] -
8 z
= ]
1©| s2 %
L3
P& y
i;’ g
5| s3 g
L La = FSGE
EB g
' [=)
[ =
] O HOLSTEINIAN Peelo Elster-2 a2/
3 = V2 7 ‘VZ - Kravare 2
s = FSGF | | commsseee. A |[mmooe: A
E Elster-1
Fi a
i N
v
|
i
| c?
Gi
- =
'S g
5| Q| m?
: S5 o San 1/
L6 B2 FsGH | | |lzgzooo K_raiar_e !
H.
o
o
iT| S6
T
: s7 n?

Figure 4.2 Continent-wide and regional subdivision of Middle and Late Pleistocene glacial synthems and sequences for Northwest and Central Europe.
Nomenclature is tentative and largely follows existing unit names.
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Figure 4.3 Continent-wide and regional subdivision of Middle and Late Pleistocene subaerial periglacial synthems and sequences for Northwest and Central
Europe. Nomenclature is tentative and largely follows existing unit names.
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Figure 4.4 Continent-wide and regional subdivision of Middle and Late Pleistocene marine synthems and sequences for Northwest and Central Europe.
Nomenclature is tentative and largely follows existing unit names.
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Figure 4.5 Continent-wide and regional subdivision of Middle and Late Pleistocene fluvial synthems and sequences for Northwest and Central Europe.
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Figure 4.6 Continent wide and regional subdivision of selected Middle Pleistocene lacustrine synthems and sequences for Northwest and Central Europe.
Nomenclature is tentative and largely follows existing unit names
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river section in which they occur and their known stratigraphical
code: e.g. Middle Rhine Middle Terrace 2 (MT2) sequence or
Lower Rhine Urk alluvial sequence group.

[b] Subaerial non-aeolian synthems and sequences

Subaerial non-aeolian sequences are the most problematic ones to
correlate over long distances since they are bound by local and
regional factors including substrate, topography, physiography
and tectonic activity. Soliflual and colluvial deposits generally fill
depressions originating from erosion and subsidence and occur on
and below slopes and escarpments. Nevertheless, some elements
are very helpful in palacoenvironmental reconstruction and chron-
ostratigraphy since they contain detailed climatic information
themselves and/or have protected underlying soil complexes and
sequences from erosion.

Examples are the head deposits in Britain, Ireland and France,
soliflual/colluvial deposits covering terrace surfaces, soliflual/col-
luvial levelling deposits in basins and small valleys throughout the
region, e.g. the subaerial units Kérlich G I to G IV (section
5.2.2).

4.2.3 Local-scale unconformity-bounded units and genetic
sequences

Next to sedimentological evidence fossils within the terrestrial se-
quences yield important palacoclimatic information. Biological
activity and organic production was abundant during non-glacial
warm climate conditions. Their remains are incorporated and well
preserved in local lacustrine and mire environments, next to and to
a lesser degree in post-sedimentary soil complexes.

[a] Lake and mire synthems and sequences

The generally fine-grained lithofacies assemblages and organic
deposits in lake sequences show less distinct internal unconformi-
ties than other sequences. The recognition of synthems, represent-
ing accumulation cycles related to lake level fluctuations and
sediment influx, is therefore not always easy. In particular bios-
tratigraphical evidence is of great help in distinguishing lake se-
quences representing major climatic cycles. When stratigraphical
control of such local sequences is ascertained, e.g. glacial lake se-
quences, their palynological records are of concern in the dating
and interregional correlation of Middle Pleistocene cold and warm
palaeoclimatic stages. The stratigraphical position and early veg-
etational development of the glacial lake sequences formed in rel-
ics of depressions left behind after the Elsterian/Anglian glacia-
tions, generally is undisputed and recognised over wide areas.
Their development in the European lowlands starts with the same
lithological conditions and therefore are very uniform. Anomalies
may be due to local hydrological and geological (substrate, soil)
conditions, such as differences in lake status and drainage condi-
tions. Vegetation cycles in Northwest and Central European lacus-
trine sequences which are stratigraphically post-dating a glacia-
tion, then can be compared on this level. Vegetation types, how-
ever, are only regionally comparable let alone forest species.

With regard to vegetational succession, trends are best compared
to continuous palynological records such as those from Tenaghi
Philippon, located in an intramontane basin in Greece, and from
the maar lake sequences (Lac du Bouchet/Praclaux) in the Central
Massif in France (Fig. 4.6). These sequences span several inter-
glacial-glacial cycles and contain one or more geochronometric
control points. Their palynological records reflect vegetational cy-
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cles of forested and non-forested periods. From these records, a
chronological framework has been established for biostratigraphi-
cal comparison which has also been matched with the MIS to
about 500 ka ago (Tzedakis et al. 1997, 2001). Matching also
shows the shorter trends in climate change, reflected in the high
cyclicity of forest vegetation climaxes. Amplitudes, however,
show a lesser coherence. Both records are type sequences in their
regions on the southern margins of the European continent. Nev-
ertheless, they are regarded here as reference records on a Euro-
pean scale concerning trends in Middle Pleistocene zonal vegeta-
tional and climate change (Fig. 4.6). This may not only hold for
warm stages but also for the cold stages. The prolonged periods of
steppe vegetation distinguished in the Tenaghi Philippon pollen
record, for example, may be well correlatable to the Central Euro-
pean loess accumulation cycles.

Terminology: lacustrine synthems are here informally named ac-
cording to their type locality and, when relevant, the number of
depositional cycles which can be distinguished: e.g. Reinsdorf [
lake synthem. The lacustrine sequences are here informally named
after the type locality, the lake type (lake origin) and/or deposi-
tional environment: e.g. Praclaux maar lake sequence as part of
the Lac du Bouchet maar lake sequence group, Neumark-Nord
glacial lake sequence, Bilshausen salt dissolution lake sequence.

[b] Other sequences from terrestrial (sub)environments

Locally distributed sequences from various depositional subenvi-

ronments, briefly discussed in section 3.2.6, are here informally

named after their type locality to which their origin is added. Some

examples of important markers in regional stratigraphies are:

- Volcanic deposits from the Eifel region: the Karlich KAE-DT
and KAE-BT tephra synthems,

- Secondary carbonates in fluvial terrace deposits in the Thuring-
ian Basin: the Bilzingsleben travertine synthems.

4.3 Interregional correlation of the land-based Middle
Pleistocene sequences

Continental and global correlation ultimately cannot be based on
interpreted palacoclimatic stages, whatever their boundaries, but
on the multidisciplinary basic geological evidence of local records
reflecting preserved depositional sequences bounded by uncon-
formities and representing different scale and magnitude events.
This evidence has been dealt with as such in section 3.5 where it
has been divided into, and informally introduced as, sedimentary
groups or ‘high-rank lithostratigraphical’ units which are charac-
teristic for and within the natural geotectonic type regions of
Northwest and Central Europe. According to the most widely dis-
tributed sediment types, they corroborate a two-fold subdivision
into formerly glaciated areas and the extraglacial areas beyond,
extending from northern France to Ukraine and Russia. This dis-
tinction is essential because the stratigraphy in these areas rests on
different lithologies, tills and related glacial deposits versus loess
and terrace gravels, and on different interpretative lithogenetic and
climatostratigraphical criteria.

Without being complete, a compilation of both contemporary
stratigraphies with regard to the Middle and Late Pleistocene data
from Northwest and Central Europe is produced in Figures 4.7
and 4.8 along W-E transects. They build supplementary frame-
works in which the sedimentary sequences are arranged according
to superposition, dating and interregional correlation of their ma-



jor bounding unconformities. Since unconformities are very com-
mon in the Pleistocene terrestrial record, the use of the latter as a
distinguishing criterion has been proposed in section 2.6.1 under
the pretext of creating a supplementary frame of objective, non-
interpretive units without a genetic and causal meaning, similar to
lithostratigraphical units. In the last edition of the International
Stratigraphic Guide (Salvador (ed.) 1994) unconformity-bounded
units, synthems, are recognised as formal components of strati-
graphical correlation to which in many cases a (semi-)chronos-
tratigraphical significance may be attributed. That is, although
they are not equivalent to formal chronostratigraphical units, their
containing depositional sequences c.q. their unconformable
boundaries may coincide with particular time intervals during dif-
ferent scale events. Hence regional schemes are built of alternat-
ing depositional and non-depositional/erosional environments
correlative at spatial scales.

The stratigraphical relationships between the genetically-related
synthems building the interregional stratigraphical frames of Figs.
4.7 and 4.8 are summarised and further discussed in the next sec-
tions by working down through the Middle Pleistocene succes-
sion. The sequences in both figures are arranged within the clima-
tostratigraphical subdivision of Northwest Europe and plotted
against the loess and pollen reference records in the Central Euro-
pean extraglacial areas. To avoid confusion and mixing of strati-
graphical units of different types, the present existing local names
of the including (litho)stratigraphical units are used in the two cor-
relation schemes. An informal terminology for their interpretation
as unconformity-bounded genetic sequences has been proposed in
section 4.2, where nomenclature refers to type region, source area
and locally known stratigraphical code.

4.3.1 Glacial stratigraphy of Northwest (and Central) Europe

As one can see from Figure 4.7 the glacial sequences are spatially
the most wide-spread units. They have been deposited at the end
of three cold stages, as products of the Fennoscandian Elsterian,
Saalian and Weichselian glaciations and of the British Anglian,
Wolstonian and Devensian glaciations. Glacial sequences are im-
mediately followed by marine sequences in the North Sea basin
and by local lacustrine sequences onshore. The Middle Pleistocene
alluvial plain and fluvial terrace sequences contemporary with, or
intermediate between, wide-spread (peri-)glacial and marine units
show responses to climatically-induced changes by adjustments of
river modes, gradients and even courses.

[a] The glacial sequence within the Saalian Stage

The different regional subdivisions of the Saalian glacial sequence
in Northwest Europe are, as an example of its complexity, dis-
cussed in more detail:

- In the northern Netherlands and western Lower Saxony, depos-
its including Holsteinian floras are overlain by a single till unit.
This is attributed to the Drenthe Substage of the Saalian glacia-
tion, which reached the lower Rhine basin and generated large
push moraines.

- In eastern Lower Saxony and Schleswig-Holstein (Germany)
three different post-Holsteinian, pre-Eemian till units are found
representing three presumably separate glacial phases: a till unit
equivalent to that in western Lower Saxony and the Nether-
lands, which is in northern Germany overlain by two further till
units. The lowermost of these is defined as the Drenthe-2 till of
the Middle Saalian Glaciation and the uppermost as the Warthe
till of the Younger Saalian Glaciation (Meyer 1983, Ehlers

1991). In contrast, in Lower Saxony only the Younger Saalian
till is regarded as ‘Warthe’, in Schleswig-Holstein and Ham-
burg the till units of the Middle and Younger Saalian glaciation
(the Niendorf Till and the Fuhlbiittel Till) are attributed to the
Warthe Substage. Ehlers (1991) has referred to much misunder-
standing in German correlation due to the poor definition of
stratigraphical units.

- In Denmark, three Saalian till units are distinguished (Houmark-
Nielsen 1987), which are, from the base: the Trelde Naess Till,
the Ashoved Till and the Lillebaelt Till. The former two tills
were deposited by advances from Norway and from the north-
east respectively, and are correlated with the Drenthe Substage.
They are followed by a second advance reaching central Jylland
which is correlated with the Warthe Substage.

- Extensive Middle Pleistocene glacial sequences can be observed
in southeastern Germany as a consequence of the large-scale
mining of lignite. In this region two main Saalian till units (gS1
and gS2) are distinguished, which at their southern distribution
are subdivided into more till units representing recessional ice
front oscillations (Eissmann 1975, 1990). Each glacial substage
is subdivided into two phases of ice-(re)advance: the Zeitzer
and Leipziger Phase in the Drenthe Substage and the Flaming/
Schmiedeberg Phase and the Lausitzer Phase in the Warthe
Substage.

The intensity of warming between the three principal ice-sheet ad-
vance phases of the Saalian glaciation s.s. (= Fennoscandian gla-
cial sequence C in Fig. 4.2) has been a matter of debate. Although
it has been suggested that the Drenthe and Warthe substages are
separated by an ice-free interval in the area south of the Baltic
(Mania 1992, based on the lake sequence of Neumark-Nord’), no
lacustrine or marine temperate stage deposits from this interval
have been found so far in Northwest Europe (Ehlers 1991, Eiss-
mann 1991, Turner 2000). Polish and Russian evidence of a tem-
perate stage (Pilica, Grabowka, Odintsovo), separating the Polish
Odra and Warta glacial substages and the Russian Plain Dniepr
and Moscow substages, may imply that these glacial synthems are
not equivalent with the Drenthe and Warthe glacial synthems in
Northwest Europe. Pollen evidence from intermediate sediments
at Belchatow in Central Poland (Krisztowsky 1991) reveals only a
Betula-Pinus forest phase which are both pollen producers of
long-distance dispersal. They may have been incorporated in the
fluvial sediments deposited during the short-termed ice-free inter-
val. The Dniepr and the Moscow glacial synthems in the type re-
gions on the Russian Platform possess different lithological prop-
erties and are intercalated by fluvial and, occasionally, lacustrine
deposits. These have been attributed to the Odintsovo warm Stage,
but its stratigraphical position has been revised and is now attrib-
uted an older age (Velichko and Faustova 1986). Thus, in the ab-
sence of equivocal evidence to the contrary, it is assumed that
there was no warm climate event between the Saalian glacial se-
quence (cf. Turner 2000).

[b] The non-glacial sequences of the Saalian Stage

Is the Saalian a single, complex cold stage, or were some of the
warming phases of temperate magnitude, implying that the Saal-
ian cold Stage may include more than one interglacial-glacial cy-
cles. There is only one indication of a glacial depositional cycle:
the Liwiec glaciation in Poland succeeds the Holsteinian/Mazo-
vian warm Stage and is assumed to be of post-Elsterian age (Lind-
ner 1981, 1988). There is also ample evidence of temperate events
post-dating the Holsteinian warm Stage but preceding the Saalian
glaciation sensu stricto. Lacustrine and organic deposits interme-
diate of Holsteinian deposits and underlying Saalian till synthems
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have been recognised from several localities in Northwest and
Central Europe. They represent the Wacken Substage in Sch-
leswig-Holstein (Menke 1968), the Domnitz Substage in eastern
Germany (Erd 1970) and the Vejlby I organic intercalations in
Denmark (Anderson 1965). These warm climatic events record a
second forest vegetation cycle, lacking Pterocarya, that has been
preserved before the glacial lakes became silted up. Two Betula-
Pinus forest phases, termed Hoogeveen and Bantega, are found in
Saalian sands underlying till of the Drente Formation in the north-
ern Netherlands (Zagwijn 1973). The Hoogeveen Interstadial in
particular shows evidence of rather warm climatic conditions. Al-
though stratigraphical control is lacking, this event is tentatively
correlated with the above-mentioned forest periods and with the
Schoningen warm event pollen assemblage zone (PAZ) in Lower
Saxony (Urban et al. 1988).

Lacustrine and organic deposits containing quite different pollen
successions than the Démnitz/Hoogeveen/Schoningen warm peri-
ods are found in Poland (Lindner & Brykczynska 1980) and in
Lower Saxony (Urban 1993), representing the Zbojno and Re-
insdorf warm periods respectively. Although their lithostrati-
graphical position is not clear as yet, they suggest the occurrence
of another warm period post-dating the Holsteinian Stage. The la-
custrine and organic layers in the Schoningen mine, intercalated
between Elsterian and Saalian glacial sequences, are of interest for
the late Middle Pleistocene stratigraphy and are further discussed
in section 5.4.

[c] The Holsteinian temperate Stage

Marine and limnic deposits assigned to the Holsteinian Stage are
found throughout Northwest Europe in a stratigraphical position
overlying the Elsterian glacial sequence. They are regarded to rep-
resent the warm temperate period following the Elsterian glacia-
tion accompanied by high sea-levels in the North Sea area.

The sequences infilling lake basins developed on the preceding
glacial deposits contain typical pollen spectra, regionally referred
to as Holsteinian, Hoxnian, Mazovian and Likhvin (warm stage)
type pollen assemblage zones. They show a rather uniform forest
vegetation development dominated by conifers and deciduous
trees. Pollen spectra contain Pterocarya in a late-temperate phase,
as well as the presence of the water fern Azolla filiculoides. Con-
temporary fluvial sequences are characterised by the abundant
presence of the molluscs Viviparus diliviana and Corbicula flumi-
nalis.

[d] The Elsterian cold Stage

Glacial sequences ascribed to the Elsterian Stage are found under-
lying Holsteinian Stage beds at many localities. Apparently Elste-
rian tills are found in Denmark (three till units: Sender Vissing,
Palsgard and Snoghej) and in northern Germany (two till units:
Elster 1 and 2). In eastern England, two Anglian till units occur:
the North Sea Drift and Lowestoft Till Formations. In Poland and
Russia, the Elsterian glacial sequence is more complex. The Hol-
steinian/Mazovian warm-stage deposits in Poland are underlain by
two till synthems of the San glaciation. These are, however, sepa-
rated by the lacustrine sequence of the Ferdynandov warm Stage,
implying that only the upper San 2 glacial sequence equates the
Elsterian cold Stage. In Russia the Okian glacial sequence is clear-
ly the equivalent of the Elsterian.

[e] The’Cromerian Complex’ Stage

Primary glacial deposits older than the Elsterian and Anglian gla-
ciations cannot be demonstrated in the Northwest European low-

58

lands (Ehlers et al. 1983, Eissmann 1990). There are, however,
some indications of a pre-Elsterian ice-sheet advance reported
from the northern Netherlands (Scandinavian erratic material in
the Weerdinge Beds of the fluvial Urk Formation, Zandstra 1971),
from Denmark (diamicton deposits at the base of the lake sequence
of Harreskov and @lgod, Andersen 1965) and from Lower Saxony
(diamicton material in a karst lake in the northern Harz foreland,
Griiger 1967). This is in contrast to eastern Europe where glacial
sequences of at least one and probably three pre-Elsterian glacia-
tions have been recorded (in Ehlers et al. 1995). Since the Donian
glacial sequence in central Russia is normally magnetised (Kras-
nenkov et al. 1997), it is clear that this part of Europe was affected
by at least one major Fennoscandian glacial event, with a more
easterly accumulation centre, during the early Middle Pleistocene.
It also seems likely that the San 1 tills of Poland and the Servack
and Narev tills of Byelorussia and western Russia were produced
by pre-Elsterian glaciations (Velichko and Faustova 1986). Sev-
eral organic deposits are found intermediate of these early Middle
Pleistocene till units. In Russia, the Okian and Donian glacial se-
quences are separated by the bi-optimal Roslavi/Muchkap warm-
stage deposits which is comparable with the Ferdynandovian
warm-stage deposits in Poland.

Because of the fragmentary nature of the sequences and in the
absence of clear stratigraphical control, a more complicated pic-
ture emerges in Northwest Europe. Unfortunately, most local se-
quences that are stratigraphically situated below the Fennoscan-
dian or British glacial sequences and that have been informally
labelled as ‘Cromerian’, only have biostratigraphical control. Ma-
rine intercalations at the North Sea basin margins are found at
Noordbergum in the Netherlands and at Ostend and West Runton
in East Anglia. The latter two localities are part of the (organic)
fine-grained fluvial and estuarine sequences of the Cromer Forest-
bed Formation (Reid 1882, West 1980) exposed in many coastal
sections. Recently, at least 6 warm-stage events of early Middle
Peistocene age have been recognised in this pre-Anglian sediment
complex on the basis of vertebrate and malacological evidence
(Preece 2001). In the Netherlands 4 temperate substages have been
identified from warm-stage fluvial sequences, mainly from paly-
nological evidence. Three of them, Interglacial IT (Westerhoven),
Interglacial III (Rosmalen) and Interglacial IV (Noordbergum),
are of early Middle Pleistocene age (Zagwijn et al. 1971). The
British and Dutch sequences, however, are difficult to correlate.
The distinction between local warm-stage sequences containing
Mimomys savini, e.g. at West Runton and Voigtstedt, and those
containing Arvicola terrestris cantiana, e.g. at Noordbergum and
Ostend, is one of the most important biostratigraphical boundaries
in the early Middle Pleistocene. The West Runton Freshwater
Bed, the type unit of the Cromerian Stage s.s. (West 1980), con-
tains Biharian mammalian faunas together with Mimomys savini,
(in Turner 1996). The estuarine sediments at West Runton occur
immediately above these organic warm-stage sediments. The first
occurrence of Arvicola in warm-stage deposits is contemporary
with Elephas (Palaeoloxodon) antiquus and Hippopotamus am-
phibius (Von Koenigswald and Van Kolfschoten 1996). The
stratigraphical position of the Mimomys/Arvicola boundary in
Russia is just above the Muchkapian Stage deposits overlying the
Donian glacial sequence (Alekseev 1996). In the Middle Rhine
area it is contemporary with the first volcanic activity in the East
Eifel mountains dated at about 600 ka.



4.3.2 Fluvial terrace and loess stratigraphy of Central Europe

[a] Loess stratigraphy

The loess units in Figure 4.3 and Figure 4.8 in the extraglacial
upland areas are generally located in river valleys and tectonic
basins. They occur as spatially separated sequences within their
type regions overlying river terrace deposits. Only in eastern Eu-
rope are loess sequences traceable over large areas. Next to pri-
mary loess, the sequences in many type areas include loess deri-
vates and slope wash deposits. On a temporal scale the different
loess units are separated by warm-climate palaeosol complexes
and bounded by erosional unconformities.

Loess/palacosol sequences are associated with global-scale gla-
cial-interglacial climatic cycles. They are best documented in the
subaerial loess/palacosol key sections of Eurasia of which the
China loess record (Kukla 1987) is shown as a reference. They
have their counterparts in the terrace sequences in the uplands of
Central and Northwest Europe. The most complete regional loess
terrace stratigraphies are those of Cerveny Kopec (eastern Alpine
Foreland), Karlich and Ariendorf (Middle Rhine), Achenheim
(Upper Rhine Graben) and St. Pierre-les-Elbeufs (Paris Basin).

Interregional correlations are relative and tentative. The nature
and stratigraphical position of the loess/palacosol sequences, and
their preservation, is closely related to the regional river terrace
and tectonic histories. Based on their combined stratigraphies,
correlations then rely on the length of the record, biostratigraphi-
cal evidence and independent age control such as tephrochronol-
ogy in the Middle Rhine type area. Also the palacosol complexes
are not that distinctive to allow interregional correlations without
other evidence, with the exception of the pronounced brown forest
soil types (PKVII) from different regions in between Central Eu-
ropean loess cycles H and F.

Several late Middle Pleistocene loess sequences reveal three cold
periglacial desert periods separated by soil formation. The loess
cycle C in Central Europe is associated with the Fennoscandian
glaciation cycle C in the Saalian Stage on the basis of its strati-
graphical position below the soil complex of B and its distribution
on top of terrace CK2. This aeolian unit is equivalent to the so-
called Dniepr loess on the Russian Plain. The latter contains no
palaeosols of interglacial type (Velichko 1990) and lies, together
with its glacial equivalent in the north, the Dniepr Till, immedi-
ately upon the Romny palacosol complex. Additional extraglacial
evidence for two warm episodes following the Holsteinian Stage
comes from palaeosols found in northern France, Slovakia and the
Russian Plain. The loess cycle F in Central Europe is equated with
the Elsterian/Okian glacial sequences. Their stratigraphical rela-
tionship is based on multidisciplinary evidence from different
sedimentary environments and key sections which is comprehen-
sively discussed in chapters 5 and 6. Older loess/palaeosol records
with stratigraphical control are found in the Middle Rhine Neuw-
ied basin and type areas in eastern Europe. At Mahlis in eastern
Germany a loess sequence is found underlying Elsterian tills (Wi-
egank 1979). Primary loess deposits are missing in cycle G, as is
also indicated in the Chinese reference record, while the soil
groups in this interglacial-glacial cycle are more strongly weath-
ered (Kukla 1977). Finally, the Donian loess and glacial sequences
in central Russia are correlated to the loess sequence of cycle H in
Central Europe.

[b] Fluvial terrace stratigraphy

The loess/palacosol sequences in the Central European upland
type areas are superimposed on fluvial terrace sequences. In an
interregional context, it is the succession of aggradation and down-
cutting of the larger river systems that forms an important key in
confining the stratigraphy of the extraglacial areas and in connect-
ing glaciated and non-glaciated type regions. Correlation of the
fragmentary fluvial terrace sequences, however, is not always
straightforward, even within one drainage basin.

The Middle Pleistocene alluvial plain and terrace sequences in the
lower sections of rivers draining northward into the glaciated are-
as, like the Elbe, Weser and Rhine are subdivided into upper, mid-
dle and lower terrace complexes. They are separated by the Elste-
rian and the Saalian glacial sequences (Fig. 4.7). The Saalian gla-
ciation limit in the lower Rhine Basin affected the course and ter-
race sequence of the contemporary river. Between the Holsteinian
and the Eemian Stages, two cold phases are represented by con-
temporaneous terraces (Middle Terrace IIIb and Middle Terrace
1V; Brunnacker 1986). Klostermann (1992) distinguishes three
terrace sequences within the Saalian Stage (Lower Middle Ter-
races 2, 3 and 4).

The terrace sediment bodies in the upland areas, separated by lat-
eral unconformities, also are grouped into upper, middle and lower
terrace complexes but on morphostratigraphical grounds. They are
distinguished by clear changes in the basal erosion levels and
comprise several coarse-grained lithofacies units associated with
cold climate aggradation (section 4.2.2).

The erosional break from the middle terrace to the lower terrace
complexes in the North German type areas coincides with the
break in Central European loess cycle C from terrace CK2 to CK1
and the transition in the northern Alpine Foreland from the Hoch-
terrassen to the Niederterrassen within the Rissian-Wiirmian
Complex.

The base of the upper terrace complexes, predating the first (Elste-
rian) glacial sequence in the Elbe area (‘Friihelsterterrasse’: lack-
ing erratic glacial material), features the deepest incision phase in
the type area. A similar extremely incised valley is present in the
Lower Rhine Embayment underlying the base of the Middle Ter-
race Illa sediments or the ‘Rinnenschotter’ (section 5.3). The
heavy-mineral composition of the sand and gravel filling of the
latter is dominated by pyroxenes, of which the first occurrence is
dated about 500-450 ka, as are the alluvial sediments of the down-
stream AD/NS Urk I alluvial sequence group which are uncon-
formably overlain by glacial sediments of the Elsterian glaciation.
This striking erosional unconformity prior to the Elsterian glacia-
tion is also found in terrace sediment systems of the middle and
upper sections of the Rhine, Elbe and Danube rivers, beyond the
glaciated areas. It corresponds with the break from CK3 to CK2 in
the upper Danube Morava sub-basin (cycle F). Another conspicu-
ous, anomalous morphological variation in the erosion base levels
of the above-mentioned river systems, coinciding with the change
from the CK4 terrace to the CK3 terrace during cycle H, is dis-
cussed in section 4.4.3.
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4.4 Compilation of an event-stratigraphical framework
for the Middle Pleistocene terrestrial record of North-
west and Central Europe

4.4.1 Interpretation of the palaeoclimatic event markers

Based on the unconformity-bounded genetic stratigraphical suc-
cessions from the different type regions proposed here, a final in-
terpretative procedure includes the reconstruction of an event
stratigraphical framework. Supplementary procedures of inter-
preting and compiling a set of criteria for large-scale correlations
has been introduced and discussed in section 2.5.1. Genetic se-
quences in the type regions are here classified and termed accord-
ing to depositional environment, source area of the sediments and
stratigraphical relationships. Each regional stratigraphical succes-
sion of environments contains multidisciplinary information on
climatic and tectonic control at different spatial and time scales.
This recognition is essential in the interregional reconstruction
and chronological correlation of Middle Pleistocene environmen-
tal, climatic and tectonic event histories from the type regions and
subsequently for global matching (section 2.5.2).

The followed procedure in fact is similar to the conventional pro-
cedure of building regional stratigraphical successions of inter-
preted climatic stages. However, uniformly-defined genetic se-
quence units are used as a basis and relevant information from the
contemporary and intermediate non-glacial environments has been
adapted for (short-term) local and regional effects before large-
scale correlations are made. The overall subdivision in this ap-
proach is not influenced by ‘counting down from the top” of wide-
spread globally significant stages and locally inferred and mostly
temperature-related parameters, i.e. cold and warm substages, in
the succession at equal scale level. Instead, subdivision of signifi-
cant sedimentary units and events intermediate of the fixed glacial
or periglacial aeolian sequences is achieved by ‘counting upward
from the base’ of an MIS-fixed sequence to the basal unconform-
ity of the next fixed sequence. This procedure implies the occur-
rence of considerable hiatuses between the large-scale event-
stratigraphical units. Since preservation potential decreases with
time from the basal MIS-fixed unit, the largest hiatuses can be
expected, for example, after levelling of glacial relief and below
the next major erosional unconformity which generally has in-
volved removal of the upper part of the surface.

Events of global magnitude, which are responsible for wide-spread
cyclicity in the sedimentary record, are associated with tectonics,
palacogeomagnetic reversals, climatic change and eustatic sea-
level fluctuations. These events may serve as a global template for
chronostratigraphical correlation, although operating at different
scales. Geological and biological/ecological events identified in
this thesis, as explained in section 2.6.3, not only refer to short-
term catastrophic phenomena but particularly include climate-
driven events, tectonics or sea-level changes with 5¢4 and 4" order
frequencies of 0.001 - 0.1 Ma.

Glacial and periglacial acolian (loess) sequences are markers with
interregional event-stratigraphical significance, exclusively asso-
ciated to mid-latitude glaciations and extreme cold deserts. The
preserved sequences in most type regions, however, are represent-
ed by incomplete stratigraphical cycles. Cycle boundaries are spa-
tially represented by wide-spread maximum distribution limits
and temporally by basal unconformities in vertical geological sec-
tions. Nevertheless, the sequences can readily be related to events
indicative for large-scale zonal and global climate change, such as
glaciations, periglacial deserts and sea-level fluctuations for which
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ultimately the marine isotope stratigraphy can be used as a refer-
ence for timing and, to a lesser degree, patterning. They are sum-
marised in Figure 4.9 for Northwest and Central Europe on a rela-
tive time scale, together with bio- and chronological marker
events.

The dynamic events have also drastically remodelled land surfac-
es, are responsible for major erosional unconformities and have
created new depositional environments, for example, the lakes in-
filled during subsequent deglaciation. The number of preserved
regional glacial and periglacial aeolian sedimentary cycles, ini-
tially determined by geographical position and ice-sheet dynam-
ics/intensity, is eventually fixed by syn- and post-depositional
features resulting from (repeated) erosion, burial, deformation and
resedimentation.

The glacial and periglacial sequences left behind in renewed pal-
acogeographical situations have also preconditioned further pal-
aeoenvironmental development in many type regions. The initially
unvegetated post-glacial landscapes have subsequently been lev-
elled by non-glacial environments or have otherwise been sub-
jected to soil formation. These local and regional sequences and
unconformities from fluvial, lacustrine, subaerial and other envi-
ronments, coinciding and alternating with the wide-spread se-
quences, are embedded in the large-scale stratigraphical frame-
work. Several of the small-scale sequences show detailed pal-
aeoenvironmental and -climatic information, with a high time-
resolution, which is of great importance in spatial analyses.
Unfortunately, they also reflect bio-geographical and geotectonic
variability which have not always been consistently assessed in
large-scale correlation of climatically-induced sedimentary cycles
in mid-latitude Europe.

Searching boundary levels for these terrestrial climate-driven sig-
nals in the marine isotope stratigraphy may provide a supplemen-
tary basis for the chronostratigraphical subdivision of the terres-
trial Quaternary sequence. Although the boundaries of the region-
al depositional sequences are time-transgressive, corresponding
geological events and climatic stages can be fixed to particular
time intervals in the ocean record. Nevertheless, conclusions
drawn on the regional response to global climatic change should
be confirmed by independent evidence and include corrections for
among others neotectonics co-controlling accomodation space,
sediment supply and base levels.

In conclusion, the stratigraphical table in Figure 4.9 shows a se-
quence of events for Northwest and Central Europe which is com-
patible with the sequence of palacoenvironments revealed by:

- Lithostratigraphy, from both the glacial and extraglacial areas in
Europe (and Eurasia),

- The limited amount of dating evidence available,

- The continuous pollen records of the French Maar lakes and
Tenaghi Philippon as well as a number of fixed short-term pol-
len records from glacial lake sequences,

- Faunal evidence from local sequences, and,

- Independent evidence from major unconformities, such as flu-
vial terrace surfaces and soil complexes.

The nomenclature of events refers to the geological process and
the regional name or type locality for which the events are signifi-
cant, e.g. Fennoscandian glacial cycle C, Praclaux maximum for-
est assemblage.
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Figure 4.9 (Terrestrial) event stratigraphical subdivision and bio-indicators of the Middle and Late Pleistocene for Northwest and Central Europe.



4.4.2 Relevant chrono- and biostratigraphical markers of
interregional significance

Markers and climate-indicators preserved in the sedimentary
records of the type regions yield predominantly relative time con-
trol of the Middle Pleistocene climate and tectonic histories. This
independent dating evidence is summarised below and shown in
Figure 4.9. They are of great help in constraining and refining the
chronostratigraphical positions of both large- and small- scale
depositional sequences and related events. Markers of assumed
supraregional significance from different environments applicable
within the type regions of Northwest and Central Europe are:

[

Fossil faunal assemblages:

- Small mammals: the Mimomys savini | Arvicola terrestris can-
tiana boundary in fluvial, lacustrine and subaerial sequences
which postdates the Donian glaciation (Fennoscandian glacial
cycle H) and its subsequent temperate stage and which is con-
temporaneous with the first occurrence of East Eifel volcanics
dated at about 600 ka. The evolutionary level change of Arvi-
cola terrestris cantiana Ssp. A to B, on the basis of SDQ-val-
ues, occurring in between the Elsterian glaciation (glacial cycle
F) and the Saalian glaciation (glacial cycle C). LAD?® of
Trogonterium cuvieri in lacustrine and fluvial environments
which is post-dating the Elsterian glaciation.

- Large mammals: Elephas (Palaeoloxodon) antiquus which is
found in fluvial and lacustrine environments of warm stages
post-dating the Donian glaciation. LAD of Megaloceros
dawkinsi occurring in sediments of cold stages preceding the
Elsterian glaciation; Coelodonta antiquitatis and Mammuthus
primigenius which have their FAD’ in the cold stage post-dating
the Elsterian glaciation;

- Mollusca: land mollusc assemblages from loess/palacosol se-

quences indicating to the climate intensity, both for cold stages

(Columella and Pupilla faunas) and warm stages (Banatica fau-

nas). Freshwater molluscan assemblages from fluvial sequenc-

es: Corbicula fluminalis and Viviparus diluviana occurring in
the first two warm stages intermediate of the Elsterian glacia-
tion and the Saalian glaciation.

2Fossil pollen assemblages (from late-temperate vegetation

zones):

- Pterocarya of which the LAD is in lake records immediately
following the Elsterian glaciation in Northwest Europe and the
Praclaux forest vegetation optimum in the Central Massif, dated
older than 300 ka.

- LAD of the water fern Azolla filiculoides in lake records pre-
dating the Saalian glaciation.

- Presence of Abies in lowland lake records indicative of warm
stages with oceanic influence.

3 Geochronological age estimates and dates:

- The Brunhes/Matuyama geomagnetic reversal from suitable
volcanic rocks and fine-grained lithofacies assemblages as a
marker for the base of the Middle Pleistocene.

- K/Ar- and Ar/Ar-dates from regional volcanic marker beds as
known from six eruptive phases in the East-Eifel region, provid-
ing a tephrochronological control on the Middle Rhine fluvial
terrace and loess sequences. Another example are the tephra
strata in the Central Massif, confining among others the Lac du
Bouchet/Praclaux pollen record (De Beaulieu and Reille 1995).

- TL/OSL dates from (Late Pleistocene) loess deposits.

- U-series age estimates from secondary carbonates, such as that
from Bilzingleben (although the dates appear to be less suitable
beyond 100 ka).

- Relative dates from amino-acid ratios of molluscan shells from
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marine and fluvial sequences. The former are of some impor-
tance in distinguishing chronostratigraphical positions for the
late Middle Pleistocene.

4 Fossil soil complexes representing unconformities formed un
der extreme warm climate conditions. For example, the pro-
nounced red soils (PKVII) occurring in cycle F from Cerveny
Kopec.

5 Regional geotectonic events (next section).

4.4.3 Regional geotectonic variability

Another important aspect providing independent evidence to con-
fine the climatically-induced sedimentary cycles, concerns the
syn- and post-sedimentary neotectonic control on the distribution
and preservation of local and regional sequences, particularly
those from fluvial, marine and lacustrine environments. While
playing a role at both regional scale (vertical movements in basins,
grabens and mountain areas) and local scale (faults, salt tectonics,
landslides, karst), tectonics whether it results or not from glacio-
isostasy, should be taken into account before comparing sequences
for global-scale climatic change.

Neotectonics operate at different scales independently of climatic
change. Kukla and Cilek (1996) in their megacycle-concept, ‘a
record of climate and tectonics’, suggest that accelerated tectonic
movements in the Alpine and Hercynian mountain ranges of Eu-
rope could be coeval with exceptionally well developed loess units
and terrace formation. They also suggest, ¢f. Raymo and Ruddi-
man (1992), a cause-and-effect relationship between phases of ac-
celerated mountain uplift, basin submergence and/or rearrange-
ments of the ocean floor, bringing about deflected atmospheric
circulation, and the occurrence of the most extensive glaciations.
Moreover, Zubakov and Borzenkova (1990) suggest that there
might be a relationship between increased tectonic activity and the
orbital cyclicity frequencies of 400 ka and 1.2 Ma.

Independent evidence of major neotectonic phases comes from

both the glaciated lowland areas and the extraglacial terrace se-

quence stratigraphies in the tectonically active upland regions of

Northwest and Central Europe. Here three major erosional steps

separate the terrace sediment complexes north of the Alps within

the Brunhes Chron. They comprise the Upper, Middle and Lower

Terrace complexes, also dealt with in section 4.3.2. Kukla and

Cilek (1996) associate them with regional tectonic re-arrange-

ments or phases of uplift, relative to the basins, as a response to

extreme glaciations. Although the latter two erosional anomalies
may be related to glacio-isostatic effects of the Saalian and Elste-
rian glaciations, the erosional morpho-tectonic change in the early

Middle Pleistocene, seems to be related to an independent tectonic

event of accelerated uplift, dated roughly between 1.1 - 0.7 Ma. It

separates the terrace accumulations of:

- The Deckenschotter Complex (Giinzian/Haslachian/Mindelian
Complex) from the Hochterrassen (Rissian/Wiirmian Complex)
in the northern Alpine Foreland (nAF),

- The CK4 terrace from CK3 terrace in the loess terrace sequence
of Cerveny Kopec in the eastern Alpine Foreland, and

- The Hauptterrassen Complex from the Mittelterrassen Complex
in the Middle and Lower Rhine type areas.

Correlation is complicated because of regional differences. The

dating of this tectonic erosional unconformity is based on:

- The presence of the Brunhes/Matuyama boundary in the nAF
Deckenschotter Complex as well as in the Middle Rhine Haupt-
terrassen Complex which makes an early Middle Pleistocene



age plausible.

The strongly weathered surfaces of both above-mentioned ter-
race complexes which took place during CK loess cycle F (MIS
15-12), implying that the erosional unconformity must at a max-
imum date from MIS 16. This would also imply that the Alpine
Mindelian glaciation is not equivalent to the Elsterian glaciation
of northern Europe, but to the previous Donian glaciation of
which only little evidence is found in Northwest Europe.

The relationships between tectonics, climate, eustacy and basin
development, controlling the balance between sediment supply
and accommodation, in the Pleistocene is a sequence-stratigraphi-
cal problem that needs to be further analysed.

6

High relief areas have elevations generally above 1000 m above sea-
level (a.s.l); moderate relief areas (uplands) have elevations generally
between 200 and 1000 m a.s.l.; low relief areas have elevations
generally below 200 m a.s.l.

And partly still continuing.

e.g. craters and calderas.

Such as kettle holes, pingo ruines and oxbox lakes.

Next to local glaciation centres such as the Vosges, the Black Forest
mountains, the Harz and the Carpathians.

Basin subsidence rates and isisotatic uplift rates in surrounding areas.
1t is true that Mania (1992) found a vegetation phase prior to the
Eemian vegetational optimum at the lake sequence of Neumark-Nord
but they do not reflect a forest pollen stage.

LAD: last appearance datum.

FAD: first appearance datum.
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Chapter 5

KEY STRATIGRAPHICAL SEQUENCES FOR THE MIDDLE PLEISTOCENE IN NORTHWEST AND

CENTRAL EUROPE: TWO CASE STUDIES

5.1 Introduction

Several local key sections in different geotectonic type areas have
been reviewed during this study to which in different steps the re-
gional criteria for a genetic sequence - and event-stratigraphical
subdivision are applied to contribute to a continent-wide chronos-
tratigraphical framework. The case studies are examples of analy-
ses of sedimentary sequences from available multidisciplinary
evidence compiled from cores and geological sections which have
been published in the open literature. Examination of this evidence
emphasises that the interpretations differ and have changed in time
with increasing evidence availability, new insights and dating
techniques. Therefore, careful study of the basic objective evi-

dence is essential and includes one of the main tasks in compiling
local data before regional and continent-wide extrapolations can
be made. One of the best ways to inspect local situations, i.e. by
means of personal checks in the field, were undertaken on several
occasions during this study. Furthermore, there were opportunities
to visit several other sections during international field trips and
excursions and have personal communication with local field
workers.

Two key sequences for the Middle Pleistocene stratigraphy of
Northwest Europe were investigated during two-week field work
observations, the results of which will be discussed and synthe-
sised further below:
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Figure 5.1: Kérlich and Ariendorf in the Middle Rhine region and the location of the terrace complexes along
the river Rhine (Boenigk 1995). The Neuwied basin comprises a small (20x30 km) subsiding tectonic basin

located in the centre of the Rhenish Shield.
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- The Kirlich section, located in the Neuwied tectonic basin as
part of the Middle Rhine type region in Germany.

- The Schoningen sections, located in the Subhercynic basin type
region in Germany.

Because of their relatively long and well-dated sedimentary
records and easy accessibility they give favourable opportunities
for regional and interregional chronological correlations in North-
west and Central Europe. Kirlich, and adjacent Ariendorf, are
type localities in the Middle Rhine region which, on the basis of
tephrochronology from the East Eifel area, palacomagnetic data
and stratigraphical relationships between fluvial terrace gravel
units and loess/palacosol sequences, provide one of the best-dated
composed Middle Pleistocene regional stratigraphies with inter-
regional correlation potential to the type areas in the Lower Rhine
basin and the North Sea basin (section 5.3). Their locations are
shown in Fig.5.1.

Another type locality with favourable local depositional and pres-
ervation conditions is that at Schoningen in the Subhercynic type
region. Here and in the adjacent Thuringian basin type region,
several lacustrine sequences preserved in small-scale sedimentary
basins (glacial lakes, solution hollows) as well as travertine se-
quences, rich in fossils, are interstratified between wide-spread
Elsterian and Saalian glacial sequences. These fossiliferous non-
glacial sequences may clarify the number and succession of warm
climatic intervals during the late Middle Pleistocene (section
5.3.2).

Eifel | Through valley terraces

(Paleogene to early Middle Pleistocene)

<2
'_

\ I
5=
2g |

‘ T 8 8 35

= 2 o & © 29|
@ | & o S 8§ 55 o
i (7] wno <8 S_» 277 [OF

° ®» oE 88 3FT¢ Y] £

£ | & o § ST O Lo

o O Qo ] o o-

[0} o =3 T T [oRe)

c Re) c c NG o=c o= m"\

£ =3 3 = 5 af | £

300 = . =5 00 Qo O~ O

S © 68 p®» S90Ct “0f £g, =

S v 905 g 2g£8f 9cf PT[S

3 o O35 OJF HsSte 58 00 -~

¢ 3 Q&8 3552858 388 321 g

¢ > ¥2 59220880 23C 35'g

250 g

£

[}

7777777 [

| @

©

200 |- ‘g
150

Devonian bedrock

100
50 —
(o

Middle Terrace 2 (mMT)

5.2 Middle Pleistocene stratigraphy of the Middle
Rhine type region: the sections at Kirlich, Ariendorf
and Miesenheim

The Pleistocene stratigraphy in the Rhine valley, where it crosses
the Rhenish Shield and the Middle Rhine Neuwied tectonic basin,
is predominantly preserved beneath a series of local morphologi-
cal terraces resting on Carboniferous and Devonian bedrock (Fig.
5.2). The terraces consist of fluvial sand and gravel deposits on
which subaerial (reworked) aeolian, deluvial and colluvial depos-
its are superimposed. The sedimentary units are generally bounded
by erosional and subaerial unconformities. Notwithstanding this
discontinuity and diversity, the Middle Rhine sequence provides a
long sedimentary record covering significant parts of the Middle
Pleistocene and reflecting multiple responses to both regional tec-
tonics (isostatic uplift and fault tectonics) and climatic fluctuation.
In Figure 5.2 the basic three-fold subdivision of terrace sediment
complexes is shown.

As introduced by E. Kaiser (1903) the three-fold subdivision of
the coarse-grained terrace series is based on the connected altitu-
dinal positions of the erosional lower base of the terrace sediments.
The following groups of terraces are recognised:

- Hauptterrassenfolge or Upper Terrace Sequence of which the
lower base terrace steps are located above the shoulder of the
entrenched Middle Rhine valley (Through valley terraces in
Fig. 5.2) and extending to the southern part of the Lower Rhine
Embayment (LRE).
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Figure 5.2: Schematic cross-section of the lower Middle Rhine valley (after Schirmer 1995) in which the subdivision and terminology of the terrace se-

quence is summarised and roughly ordered in time.
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- Mittelterrassenfolge or Middle Terrace Sequence, of which the
lower base steps are located along the slopes of the entrenched
Middle Rhine valley (Valley slope terraces in Fig. 5.2) and in
the southern part of the LRE.

- Niederterrassenfolge or Lower Terrace Sequence: comprises
all alluvial terraces of lower base steps which are located just
above or at the present floodplain level (Valley bottom terraces
in Fig. 5.2).

This highest level subdivision for the terrace gravel series in the
Middle Rhine valley still holds since the morphological position
of their basal unconformities merely reflects the long-term trend
of fluvial response' to tectonic phases of continual but varying
uplift rates in the Rhenish Massif/Ardennes.

Besides morphostratigraphical criteria, further subdivision within

this three-fold framework for the Middle Rhine terrace sequence

has been based on lithological and petrographical characteristics of

the different aggradation levels. Sedimentology and petrography

(particularly) of the lower Middle Rhine terrace units have been

reviewed in Kaiser (1903), Jungbluth (1918), Quitzow (1956), Bi-

bus and Semmel (1977), Bibus (1980), Schirmer (1990) and most

recently in Hoselmann (1994) and Schirmer (1995). After Hosel-

mann (1994), the Hauptterrassen Sequence in the northern part of

the Middle Rhine type region is further subdivided into:

- Unterpleistozdne Terrassen (UPT) | Lower Pleistocene Terrac-
es,

- Altere Hauptterrasse (GHT) / Older Upper Terrace (= HT1 in
the LRE),

- Jiingere Hauptterrasse (JHT) / Younger Upper Terrace (=
HT2+3 in the LRE),

- Unterstufe der jiingere Hauptterrasse (ujHT) /lower step of the
Younger Upper Terrace (= HT4 in the LRE).

They have their equivalents in the southern part of the Middle
Rhine region (the tR-terrace sequence). With the exception of the
latter two terraces, these generally are not very well preserved and
affected by many local post-depositional tectonic displacements,
complicating correlation with other parts of the Rhine drainage
basin.

Vertical distances between the Middle Rhine terrace gravel units

start to increase from the last but one Hauptterrasse: from the jHT

to ujHT with levels at about 175 m a.s.l., changing over into the

Middle Terrace (valley slope) Sequence. Although these coincide

with strong uplift rates in the Rhenish Shield, imputed by a late

Alpine orogenesis - the ‘late Quaternary crisis’-, they are well-

developed aggradational series which according to their different

connected topographical positions of their base levels traditionally

are divided into three main subunits:

- Obere Mittelterrassen (oMT) |/ Upper Middle Terraces corre-
sponding to Middle Terrace 1 (MT1) in Fig. 5.2,

- Mittlere Mittelterrassen (mMT) / Middle Middle Terraces cor-
responding to Middle Terrace 2 (MT2) in Fig. 5.2,

- Untere Mittelterrassen (uMT)/Lower Middle Terraces which is
further subdivided into Middle Terraces 3, 4 and 5 (MT3, 4 and
5) in Fig. 5.2.

At present the dating of the terrace stratigraphy and the palaeocli-

matic and environmental history of the Middle Rhine type region

is primarily based on:

- The stratigraphical interpretation of the overlying loess/palaeo-
sol series above the various terrace gravel surfaces.

- Independent dating methods such as:
- Palacomagnetic measurements for determining the position of
the major geomagnetic reversals (e.g. Brunhes/Matuyama) and
excursions in the stratigraphical sequences,

- Tephrostratigraphy and chronology supporting age control by
radiometric dating.

Because radiometric dating has improved the Middle Pleistocene
subdivision enormously since the 1950s a short review is given
here. Frechen and Lippolt (1965) dated the start of volcanic activ-
ity in the East Eifel region at about 570 ka. Schminke and Mertes
(1979) date the first volcanism in the area at 670 ka. Based on
mineralogical composition of the tephras and dates, Van den
Bogaard and Schminke (1990) distinguished six phases of vol-
canic activity within the East Eifel region (Figure 5.9). The Rieden
phase (phase 3) is the best dated oldest phase as yet distinguished.
Lippolt, Fuhrmann and Hradetzky (1986) suggest that these py-
roxene-rich volcanics began at about 500-450 ka. Tephra beds in-
tercalating and topping the mMT gravel complex at Ariendorf
(section 5.2.4) are dated at ca. 490 ka (Van den Bogaard and
Schminke 1990) rather than 420 ka (Fuhrmann 1983). The latter
date indicates a maximum age for their aggradation. The youngest
date of the Rieden phase, about 400-370 ka, is that for the Brock-
entuff breccia bed at Karlich.

Pyroclastic ash and tuff beds intercalating the local Middle and
Late Pleistocene sequences are, as shown above, also regionally
important time markers because volcanic heavy minerals are in-
corporated in syn- and post-sedimentary subaerial and fluvial
units. Their ages are even of extraregional significance since flu-
vial deposits of the Rhine downstream of the East Eifel region
contain large amounts of volcanic minerals providing indirect dat-
ing possibilities via heavy-mineral analysis. The periodic interfer-
ing phases of extensive volcanic activity, highly facilitated region-
al chronological control. The first aggradation phase of the Mit-
telterrassen series is related to the onset of volcanic activity in the
East Eifel region. Their heavy-mineral assemblages are, in com-
parison with the Hauptterrassen, characterised by high percent-
ages of volcanic minerals of which the oM T-spectra are dominated
by brown hornblende and the mMT-spectra by pyroxenes.

Superimposed on the river-terrace framework, the regional Mid-
dle Pleistocene stratigraphy is largely constructed from two long
unconformity-bounded subaerial sequences, interstratified by te-
phra beds from the adjacent East Eifel region. These sequences
have been preserved in relatively sheltered morphological situa-
tions which are more or less successive in time:

- the Karlich section, where a stacked, lower Middle Pleistocene
sequence has been preserved based by a gravel unit of the Upper
Terrace Sequence (i.c.. the jiingere Hauptterrasse = tRS), in
which the Brunhes/Matuyama reversal is present. This sequence
is overlain by a compact tuff breccia (‘Brockentuff’) dated at
about 396 + 20 ka (Van den Bogaard et al. 1989),

- the Ariendorf section, which is a multiple, upper Middle and
Late Pleistocene subaerial sequence overlying the mittlere Mit-
telterrasse (= tR8). This terrace gravel unit is mineralogically
characterised by a dominance of pyroxenes and is overlain by
tephra beds dated between 490 - 400 ka (Van den Bogaard and
Schminke 1990).

Another important stratigraphical section is Miesenheim I.

The composed sequences of these key sections will be described
in the next sections. Their local stratigraphies are starting points
for interregional event- stratigraphical correlation downstream of
the river Rhine to the North Sea basin of which a compilation is
shown in Fig. 5.10.
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5.2.1 The Karlich section

[a] Geological setting and stratigraphy

The section in the Kérlich clay pit (coordinates: 50.24 N, 7.21 E)
is located at the northeastern end of a dissected terrace surface
which forms a 4 km long promontory in the SW part of the Middle
Rhine Neuwied basin (Fig. 5.1). This terrace surface has a height
of about 200 m a.s.l. which is about 140 m above the present Rhine
course crossing the Middle Rhine Neuwied basin. The upper 30 to
35 m of the section consist of Pleistocene strata unconformably
resting on over 50 m thick Tertiary deposits.

The pit has a reputation as a key-stratigraphical section for the
carly Middle Pleistocene stratigraphy and has been studied since
1913 (Mordziol 1913, Pohlig 1913). The most comprehensive
studies were by Brunnacker ez al. (1969) and based on a then fresh,
30 m high exposure in the NW-part of the pit which was cut over
300 m in length (Fig. 5.3).

The subdivision of the section is mainly based on lithostratigra-
phy, supported by petrographical, pedostratigraphical and bios-
tratigraphical evidence. Brunnacker er al. (1969) distinguished
eight Pleistocene stratigraphical units in this section numbered
from the base upwards, unit A to H. They are topped and protected
by an up to 8 m thick tuff breccia layer, the ‘Brockentuff’, which
forms the base of unit J (Fig. 5.3).

Large parts of the main exposure are now obscured. Further inves-
tigations have therefore mainly been carried out on the basis of
vertical profiles cut through the section by the research teams of
Professor Bosinski (University of Cologne) and of Professor
Boenigk (University of Cologne). The investigations revealed a
wealth of multidisciplinary evidence: sedimentological (Frechen
& Rosauer 1959, Brunnacker et al. 1969, Schirmer 1970, Sefkow
1986), mineralogical (Razi Rad 1976), palacomagnetical (Koci et
al. 1973, Boenigk et al. 1974, Brunnacker et al. 1976, Fromm,
1987), palaecontological (Wiirges 1984, Van Kolfschoten 1988,
Van Kolfschoten et al. 1990, E. Turner 1989, 1991, Roth 1995),
pedological/micromorphological (Frechen and Rosauer 1959,
Miickenhausen 1959, Brunnacker et al. 1969), tephrochronologi-
cal (Van den Bogaard & Schminke 1989) and archaeological
(Bosinski et al. 1980, Vollbrecht 1994). Most of this information
has been summarised by Schirmer (ed. 1990).

Notwithstanding that the lowermost unit A has been badly ex-
posed, and that the distinction between the units C and D in the
section is not always clear, the initial subdivision has been con-
firmed several times by field observations in the almost thirty
years after publication and has become a reference. A generalised
section based on this once well-exposed wall is shown in Fig.
5.4a, taken from Gaudzinsky et al. (1996), to which slight modifi-
cations are introduced from sections which became exposed dur-
ing later excavations.

[b] Unconformity-bounded sequence stratigraphical subdivision
of the lithofacies associations

As Boenigk and Frechen (2001) have also stressed, the Karlich
section shows a record of discontinuous deposition alternating
with substantial erosion and soil formation. Most indicative of the
hiatal breaks in the stratigraphical succession are the subaerial ero-
sional and exposure unconformities which bound the local-scale
(litho)stratigraphical units distinguished by Brunnacker et al.
(1969). These discontinuities, although irregular, can be well fol-
lowed throughout the schematical section shown in Fig. 5.4a.
They indicate that earlier exposed sediments have been partly re-
moved, reworked or modified. Post-depositional pedogenic fea-
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Figure 5.3: The classical Karlich section (from Brunnacker et al. 1969).



tures, which can frequently be observed in the upper parts of the
preserved beds, point to periods of stable land surfaces and sub-
aerial exposure, under relatively temperate conditions. Accord-
ingly, the net depositional levels intervening between these major
periods of prevailing erosional and soil-forming processes, can be
assigned unconformity-bounded units at a synthem level. In turn,
they can be further subdivided into subsynthems confined by mi-
nor/local-scale reactivation surfaces and built of largely similar
lithofacies associations of often various laterally changing litho-
facies units.

In Fig. 5.4a all observed lithofacies associations combined in the
synthems have been accumulated on a metre scale. On the basis of
lithogenetic interpretation and the multidisciplinary data included
in these local units, relationships to major depositional environ-
ments and erosional/non-depositional interruptions may be at-
tached to each of the subsynthems. Together with the relatively
known chronological control, a chronostratigraphical scheme
(Fig. 5.4b) has then been compiled in which sedimentary parase-
quences as well as the unconformities, filling the gaps in the sedi-
mentation, are given on a relative time scale. Whereas the uncon-
formable surfaces have no thickness in Fig. 5.4a, their significance
becomes better visualised with relative time plotted on the vertical
axis, i.e. as virtual temporal units (hiatal breaks) alternating with
the time intervals of (net) deposition’. The model contains many
clues to the reconstruction of the successive changes of sedimen-
tary environments and ecosystems responding to climatic and tec-
tonic stratigraphical events/cycles which have been effective at
different scales with regard to magnitudes and frequencies in this
part of the Middle Rhine Neuwied basin.

The Karlich section, underlying the ‘Brockentuff’ bed, roughly
consists of a two-fold sequence of a basal complex of predomi-
nantly coarse-grained lithofacies associations consisting of syn-
thems deposited under subaquatic conditions in a fluvial environ-
ment (units A, B) changing over into an overlying series of fine-
grained lithofacies associations formed in terrestrial mainly sub-
aerial erosional/denudational and aeolian environments (units C,
D up to H).

Bounding surfaces, main litho- and biofacies characteristics, in
particular heavy-mineral contents and mammal fossil assemblag-
es, and syn- and post-depositional features will be briefly de-
scribed below. Detailed descriptions of the lithostratigraphical
units sensu Brunnacker et al. (1969) are given in Boenigk and
Frechen (2001). Here emphasis is put on criteria that provide in-
formation on local and regional climatic conditions, relevant
chronostratigraphical evidence and the relationships to large-scale
(glacial-interglacial) climatic and tectonic cycles.

[c] Fluvial genetic sequence units and unconformities (Units Kdr-
lich A and B)

The Quaternary base at Kérlich is formed by a (subhorizontal) ma-
jor erosional unconformity, representing a break of millions of
years, above which a 10-14 m thick fluvial gravel complex rests.
Up to three synthems (Kdrlich A, Ba and Bb) are recognised each
consisting of fining upward aggradation levels followed by a phase
of subaerial exposure and soil development. Here the lithofacies
associations are characterised by cross-bedded basal gravel and
sand fining upwards into silts and clays. They are interpreted as
subaquatic channel-fill sequences of braided river systems covered
by flood loams. Bounding reactivation surfaces are rather weakly
developed with the exception of the lowermost synthem unit A.
This unit is unfortunately no longer exposed but the occasional
channel fills were incised to 4 m into the Tertiary strata (Brun-

nacker et al. 1969). One of the basal channels consists predomi-
nantly of sand reworked from the Tertiary subsurface. They are
generally described as fining upward channel-fill deposits contain-
ing material with a strong river Moselle influence (Boenigk et al.
1996). In contrast to the overlying aggradation levels of unit B, the
unit 4 channel gravels and sands, as observed by Brunnacker et al.
(1969), display very high angle cross bedding (40 to 50 degrees).
This suggests that they may be tilted by intermediate tectonic dis-
location or by normal faulting due to fluvial activity. The sugges-
tion that part of unit 4 consists of tectonically dislocated parts of
unit Bal and therefore are not older channel fills (¢f/0 Van den
Bogaard et al. 1989) is, however, not proven since the channels
were at the time located at the Rhine side of the pit and recent ex-
cavations show large normal faults in this part of the pit. The faults
post-date the deposition of the ‘Brockentuff’. The fine-grained
sediments in unit A are palacomagnetically reversed, while the
gravelly basal parts show normal polarity. They are also pedogeni-
cally overprinted (Koci et al. 1973, Boenigk et al. 1974, Fromm
1987). The latter may be due to post-depositional re-arrangement.

The remaining part (B) of the gravel complex can be followed
over the entire section. The lowermost synthem unit Ba consists
petrographically of up to 6 m thick, stratified coarse Rhine gravel
topped by some 0.5 m sandy silts. Two subsynthems, the units Bal
and Ba?2, can be distinguished, the latter of which is represented by
a mixed sand and gravel bed showing cryogenetic features. The
uppermost synthem unit Bb is about 2 m thick and comprises Mo-
selle gravel overlain by laminated silts. Lower boundaries are re-
activation surfaces, although not very intense (up to 2 m). Sub-
aerial exposure of these former floodplain surfaces is confirmed
by gleyed palacosols of Bh-type (i.c. humic soils, ‘Auenlehm’) in
the upper parts of the deposits.

[d] Subaerial genetic sequence units and unconformities (Units C,
D, E, F, Gand H)

The basal gravel complex is overlain by a series of predominantly
fine-grained lithofacies associations in which mixtures of silt and
fine sand dominate. Lateral facies changes, as well as syn- and
post-sedimentary structures, are common. Individual lithological
units are numerous, further complicating straightforward interpre-
tation into sedimentary cycles.

The sequence units C, D, E and F

The change from fluvial subaquatic environments to prevailing
subaerial environmental conditions is not marked by a strong ero-
sional boundary. This indicates to a gradual change of the major
alluvial depositional environment of the Rhine and Moselle river
system into a subaerial floodplain flat subenvironment with occa-
sional floods, increasing aeolian and mass wasting/soliflual activ-
ity, alternating with pedogenic processes and bioturbation. Sedi-
ment input from then is of aeolian origin.

The palacoenvironmental reconstruction can be determined from
the fine-grained lithofacies associations of the units Kdrlich C and
D which can be followed over the entire section and constitute
discontinuous beds with laterally changing fine-grained lithofacies
associations. The lower boundaries of the units C and D are not
very distinct. Within unit C at least two subunits have been depos-
ited in a fluvial subenvironment of silt flats where, beyond the
active Rhine channel floodplain, occasional floods occurred in
combination with aeolian activity. Bioturbation and some redden-
ing indicate to periods of non-deposition. The next lithofacies unit
constitutes unit Kdrlich D where silts and fine sands occur with
horizons of carbonate concretions.
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Figure 5.4: a) Lithostratigraphical model based on schematic section of Karlich (Gaudzinsky ez al. (1996); b) Interpreted chronostratigraphical model of the
Kairlich section with unconformity-bounded sequence and containing bio- and chronostratigraphical information. 1) sand and gravel/ coarse-grained
lithofacies,alluvial, 2) sand/fine-grained lithofacies, alluvial, 3) silt/fine-grained lithofacies, subaerial, reworked, 4) loess/aeolian, 5) silt and fine sand /
fine-grained lithofacies, subaerial, 6) silt/ fine-grained lithofacies, colluvial, soliflual, 7) tephra: b-basaltic, p-pumice, 8) soil leached (forest-Bt), 9 ) soil
humic (Bh), 10) cryogenic structure, 11) small mammal remains, 12) large mammal remains, 13) molluscan remains, terrestrial, 14) mollusc remains, fresh
water.
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Stronger erosional unconformities occur from unit Kdrlich E. The
units Kdrlich E and Kdrlich F are relatively uniform in composi-
tion and consist of coarse-grained basal ‘lag’ deposits fining up-
ward into silts and fine sands. Reddened - to Bt-soils are devel-
oped in their upper parts. The sediments lack volcanic heavy min-
erals and contain loess-typical molluscs in the upper parts.

Unit Kdrlich E consists of a basal sandy part rich in snail rem-
nants, the so-called ‘Muschel-’ or ‘Schneckensande’, grading into
silts, in which two laterally changing subunits can be observed
which are fluvially reworked. The lower part also shows charac-
teristics of aeolian sand, possibly derived from the Rhine flood-
plain. A weak soil is developed above but is missing in large parts
of the section because of the major basal unconformity of the
overlying unit Kdrlich F. The latter break is recorded by erosional
surfaces of which the stream beds are filled by gravelly ‘lags’ with
reworked ‘Oolietenkies’. Following another unconformity, the up-
per part consists of loess and loess-like deposits with molluscs of
Columella faunal type. This is the only unit which contains typical
loess. Kdrlich F is topped by a Bt-horizon of a para-brownearth.

The sequence units G and H

Following the most marked erosional unconformity, the units Kdr-
lich G and Kdrlich H are more complex units and differ in many
ways from the underlying units.

Kirlich G consists of a multiple sedimentary succession of silty
deluvial/colluvial and soliflual deposits laid down in an elongated
depression. The origin of this small-scale basin is unknown. Since
the Bt-horizon in unit F can be observed below the basin fill this
may have occurred simultaneously or following the soil formation
on the surface of this unit. Unit G lacks a reworked coarse-grained
‘lag’ deposit. In the small-scale basin environment at least five
different lithofacies associations, bounded by subaerial uncon-
formities, have been distinguished in the basin centre (Boenigk et
al. 2000). They consist of sandy and clayey silts of which the up-
per parts are largely structureless and brown coloured by syn- and
post-depositional pedogenic processes and bioturbation. Sub-
aquatic conditions are also observed, in the so-called ‘Seeldss’
lithofacies unit. Para-brownearth type Bt-horizons, partly pseu-
dogleyed, are preserved in the first and last two (sub)synthems
(Kdrlich G Iand G IV and V). In particular the forest soil remnants
on the Kdrlich G IV and V units are strongly developed. The pal-
aeosol of Kdrlich G IV constitutes the most pronounced one of the
Karlich section and represents the type Kremser Soil cf. Brun-
nacker ef al. (1969). Since loess(-like) deposits or cryogenic fea-
tures are absent there are no indications of a climatic glacial cycle
in unit Kédrlich G. Subunit Kdrlich G I contains the first Arvicola
terrestris cantiana small mammal remains in the section. Subunit
Kdrlich G II contains the first volcanic ash stratum (KAE-BT1) in
the Karlich section. The heavy-mineral composition is dominated
by brown hornblende. Pyroxenes become abundant in the upper-
most subunit Kdrlich G V.

Unit Kdrlich H forms another complex of unconformity-bounded
and laterally changing lithofacies units. It can be subdivided into
two subunits: Kdrlich H I and Kdrlich H Il which are separated by
a major unconformity. Up to nine sedimentary subunits separated
by minor unconformities have been distinguished in Kdrlich H I.
Two basal subunits (Kdrlich H la,b) of silt, sand and fine gravel
are followed by a strong erosional unconformity which is irregular
with channels cut into several older units. The channels are filled
with basaltic tephra (KAE-DT1 and KAE-BT2) which can be eas-
ily recognised by their dark grey colour. They are mixed with and
covered by silt/loess beds (Kdrlich H Ic). Bioturbated ‘Fliesserde’
(Kdrlich H Id.e) followed by loess units (Kdrlich H If, g) are inter-

calated by two more tephra layers (KAE-DT2 and KAE-BT3).
Kdrlich H I ends with a major unconformity on which pellet sand,
‘Fliesserde’ and a Bt/Bh palacosol of para-brownearth type, re-
ferred to as Kdrlich I Interglacial by Boenigk (1995), have been
developed. Kdrlich H II comprises two further ‘Fliesserde’ units
(Kdrlich H Ila,b) containing warm molluscan fauna assemblages
and featuring pseudogley on top. The sequence then is overlain by
the Brockentuff breccia bed.

[d] The sequence post-dating the Brockentuff-deposition: the Kdr-
lich-Seeufer section

The younger part of the Karlich section is best exposed in the
northeastern part of the pit where archaeological excavations have
taken place. The sequence is located close to the edge of the Rhine
valley. Here the Karlich terrace has been affected by dislocations
and normal faulting due to tectonic activity, probably accompany-
ing the Rieden phase volcanic eruptions, and oversteepening of
the slopes. Major faults are identified post-dating the deposition of
the Brockentuff (Fig. 5.5). In this small section the Brockentuff has
been downwarped more than 10 m by a listric normal fault which
could be followed northwards over a distance of 50 m to the main
pit exposure. The fault is probably also part of a local landslide
because the downfaulted side is proximally tilted. The dislocated
Brockentuff bed is unconformably overlain by silty deposits, the
upper part of which is laminated. This unconformity is accompa-
nied by an ice-wedge cast infilled by the overlying silt. Both the
ice wedge cast and the silt accumulation indicate to a cryogenic/
periglacial environment with at least for some time continuous
permafrost conditions prior to the faulting. These observations can
probably further elucidate the local chronostratigraphical frame-
work after the deposition of the Brockentuff, dated at about 396 +
20 ka (Van den Bogaard et al. 1989), and to the origin of the lacus-
trine sequence of Kérlich-Seeufer. The latter is located in a former
depression in the southern part of the clay pit. The Kérlich-Seeufer
sequence consists of solifluction and lacustrine deposits above
displaced and reworked Brockentuff material, over 10 m thick, ac-
cumulated in this small basin. The site has yielded important paly-
nological, archaeological and palacontological evidence (Gaud-
zinsky et al. 1996) and has been the subject of several studies
(Urban 1983, Bittmann 1992, Gaudzinsky et al. 1996). The pollen
record of the lake deposits contains a late-temperate forest climax.
The presence of Azolla filiculoides and Celtis indicate a pre-Eemi-
an warm event. The absence of Pterocarya contradicts a correla-
tion with the Holsteinian climatic optimum. Because of a striking
resemblance, Bittmann (1992) and Bittmann & Miiller (1996)
consider the Kérlich-Seeufer pollen diagram to be equivalent to
the upper part of the Bilshausen solution lake pollen record locat-
ed in Lower Saxony. Moreover, the latter sequence contains a te-
phra stratum which indeed may indicate volcanic activity in the
Eifel region, although long distance correlations should be care-
fully examined. Re-interpretation of the original data from the
Bilshausen cores by Bittmann & Miiller (1996) showed that there
is no duplicate stratum present in this sequence implying that, con-
trary to earlier published results, only one forest stage climax is
recorded. The associated warm event is equated by these authors
to MIS 11. They also suggest a stratigraphical position intermedi-
ate of the Cromerian IV and Holsteinian warm stages. Because of
the origin of both lake sequences their pollen records need not
necessarily be associated with a warm climatic optimum succeed-
ing a major glaciation, i.e. the Holsteinian Stage. The Karlich-
Seeufer section represents the first climatic optimum following
the local landslide which occurred after the deposition of the
Brockentuff at about 400 ka. This warm event may therefore well
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(c.180m)

Figure 5.5: Section from a small outcrop near the Kérlich-Seeufer section close to the edge of the Rhine valley showing normal faults. 1. Tertiary clay
(‘Knubb®), 2. stratified sand and gravel, 3. sand and gravel (unit B?), 4. silt, partly laminated (unit C/D?), 5. silt with gravelly base (‘Kieselodliet’?) and
Bt-type soil on top (unit E?), 6. ‘Brockentuff” breccia tephra, 7. silt, ice-wedge cast at base.

corroborate a post-Holsteinian age and allow for correlation with
the Landos warm Stage from the Lac du Bouchet lacustrine record
and for correlation with MIS 9.

[e] Chronostratigraphical control

The major part of the Kérlich section is palacomagnetically and
tephrochronologically roughly dated between 800 and 400 ka.
Chronostratigraphical control at Kérlich is achieved by:

- The occurrence of the Brunhes/Matuyama geomagnetic reversal
in the basal gravel sequence (between the syntems Kdrlich
Ba(2) and Bb).

- The presence of a tephra bed in unit Kdrlich G and heavy-min-
eral assemblages dominated by brown hornblende in the lower
subunits of Kdrlich G, indicating to the start of volcanic activity
in the East Eifel region between 600-700 ka.

- The first occurrence of pyroxenes in the heavy-mineral assem-
blages from subunit Kédrlich G V which may correspond to the
Rieden phase of volcanic activity and which took place from
about 500-450 ka (Boenigk and Frechen, 2001).

- Dating of basalt and pumice tephras in unit Kdrlich H. Several
of these marker beds have been dated by means of the K/Ar and
Ar/Ar methods (Frechen and Lippolt 1965, Van den Bogaard
and Schminke 1990). Although age determinations have not
been very consistent due to various methods and techniques, the
dates of the KAE-tephras in subsynthem Kdrlich HI appear to
concentrate around 450 ka. Most important is the interference of
volcanic ash layers within the loess sequences that indicate dep-
osition during cold climate conditions.

- Dating of the Kérlich Brockentuff most recently dated at c. 396
+ 20 ka (Van den Bogaard et al. 1989).

- Relative biostratigraphical time markers of interregional impor-
tance:

- small mammals: FAD of Arvicola terrestris cantiana in the
basal part of unit Kdirlich G (G 1),

- large mammals: the first occurrence of Elephas (Palaeoloxo-
don) antiquus in unit Kdrlich H II, also present at Kérlich-
Seeufer; depositional units Kdrlich E, F and G contain Mega-
loceros verticornis which is generally found in pre-Elsterian
sequences,

- palaeobotanical evidence: absence of Pterocarya in the late-
temperate vegetational zone of the Kérlich-Seeufer pollen
sequence, indicating a post-Holsteinian age.
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This information is included in the chronostratigraphical model
for the Kérlich section in Fig. 5.4b. and is also given in the correla-
tion scheme of Fig. 5.9.

[f] Event-stratigraphical interpretation and regional correlation
(Middle Rhine type region)

On the basis of the information from the chronostratigraphical

model, large-scale correlation criteria and within the chronostrati-

graphical framework of Fig. 5.4b, some regional climatic (and
tectonic) event-stratigraphical implications are:

- The gravel complex of Kdrlich B coincides with the Hauptter-
rassenfolge / Upper Terrace Sequence of the Middle Rhine and
Moselle (Brunnacker et al. 1969), i.e. the units Kdrlich A, Bal
and Ba2 correspond to the AHT (= tR4 = HT1, and unit Kdrlich
Bb = jHT (= tRS = HT 2+3 (showing normal polarity). The
Brunhes/Matuyama boundary is found at the transition of the
gravel units Ba2 and Bb (Koci et al. 1973)). The first terrace
deposits of Brunhes Chron age in the MR Neuwied basin belong
to the Younger Upper Terrace unit (jHT=tRS). They occur at
many sites at the basin margin (Schirmer 1990). At Karlich,
they are represented by unit Bb and form the base of the overly-
ing loess and solifluction sequence. Since unit Kdirlich Bb is of
Moselle origin it may represent an alluvial-fan, deposited as a
consequence of changing river courses. The 3 aggradational
levels in unit B document stratigraphical events associated with
an increase of sediment supply in the fluvial environment. This
environment coincided with cold climate conditions and maybe
due to accelerated uplift of the surrounding Rhenish Shield.
Their superposition indicates that they are preserved under rela-
tively stable or subsiding tectonic conditions in the Middle
Rhine Neuwied basin, prior to the tectonic event of strong uplift
resulting in the ujHT and younger valley slope terraces.

- The sequence continues with the loess/palacosol stratigraphy in
which regional uplift trends can be identified by erosional un-
conformities separating climate-related fine-grained deposition-
al sequences. These sequences originate from aeolian and vol-
canic environments which are to a great degree syn- or post-
depositionally reworked by a combination of local stream activ-
ity, mass wasting processes and pedogenic processes. Two main
erosional surfaces are found at the base of unit G and of unit A.
They may be correlated with the strong unconformities separat-
ing the terrace sequences of the uyyHT/oMT and the oMT/mMT.



They also coincide with the formation of brown hornblende-
rich volcanic minerals and pyroxene-rich heavy minerals, re-
spectively.

- A large-scale subaerial depositional sequence has to contain an
erosional base, reworked washed sediments, solifluction depos-
its, an aeolian unit, solifluction deposits and a forest Bt-soil
complex at the top. Only in the units Kdrlich E, Kdrlich F and
probably Kdrlich H I are aeolian environments cold and dry
enough to permit a link with large-scale periglacial desert event
conditions. Unit Kdrlich F coincides with periglacial desert
conditions prior to the volcanic East Eifel eruption phases and
prior to the FAD of Arvicola terrestris cantiana. Although cor-
relation of fluvial and subaerial sequences in Central and North-
west Europe is problematic because of tectonic activity interfer-
ing with climate, unit Kdrlich F most probably corresponds to
Central European loess cycle H, which is correlative with the
Donian glaciation of ‘Cromerian Complex” age. Subunit Kdr-
lich H I then corresponds to CE loess sequence F and the Elste-
rian glaciation.

- The intense (polycyclic) soil formation in unit Kdrlich G, and
the absence of cryogenic structures in the unit may point to a
long-lasting period of warm climate conditions.

5.2.2 The Ariendorf section

[a] Geological setting and stratigraphy

A second well-documented reference section in the Middle Rhine
type region is the Karl Schneider gravel pit (coordinates: 50.31 N,
7.18 E) near the village of Ariendorf. It is located just north of the
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Neuwied basin in a terrace surface on the eastern side of the en-
trenched Middle Rhine valley. Up to 30 metres of sand and gravel
deposits are exposed in the quarry, resting unconformably on Dev-
onian bedrock. They are overlain by some 15 metres of loess/pal-
acosol sequences in which at different levels volcanic ashes and
pumices are intercalated. The terrace surface is at 140 m above
m.s.l. which is some 60 m above the present Rhine valley floor.
Sedimentological investigations started in the beginning of the
1970s after the discovery of large mammal fossil remains. The
results have been published in a paper on the Central Rhineland
stratigraphy by Brunnacker et al. (1975). Another study based on
the early pit exposures was undertaken by Bibus (1979). The most
comprehensive geological section of Ariendorf was described by
Haesaerts (in Schirmer 1990). A history of the investigations at
Ariendorf is reviewed in E. Turner (1997) who concludes with a
revised stratigraphical interpretation.

The lithostratigraphical succession is in many ways similar to that
of Karlich: a coarse-grained fluvial sequence, where after aban-
donment by the river an overlying subaerial sequence has been
preserved reflecting different climatic cycles (Fig. 5.6). Lithos-
tratigraphical units and terminology follow the initial subdivision
of Brunnacker et al. (1975). They comprise the Leubsdorf Terrace
gravel, pumice beds below and on top of the Ariendorf warm
Stage soil and three loess sequences (Ldss Decke (LD )I, I and II])
of which another pumice bed is covering the fossil soil developed
inLD II.

Haesaerts (1990) distinguished two depositional phases within the
original LD I loess unit, of which the lowermost (the LD 0 or
‘Haesaerts’ loess) contained a Bt forest soil complex. His sche-

Figure 5.6: The Ariendorf section:
stratigraphy, geochronological dates,
faunal horizons and correlation of the
fossil forest soils with the MIS (from

Bv-type horizon

loess LD llIb Schirmer 1995). Ar/Ar dates by Van
den Bogaard and Schminke (1990);
Ar/Ar* date by Lippolt, Fuhrmann
and Hradetsky (1986); F = Tl dating
loess LD llla by Frechen (1993) and Z = TI dating

by Zoller et al. (1988).
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Rieden pumice
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matical section, recorded in 1988, is used for a lithostratigraphical
model on the basis of bounding unconformities (Fig. 5.7a). From
this section a chronostratigraphical model has been reconstructed
in Fig. 5.7b, including tephrochronological data and biostrati-
graphical evidence from the three archaeological and faunal hori-
Zons.

[b] Fluvial depositional sequence units and unconformities

The Leubsdorf terrace complex consists of one aggradation phase
of coarse-grained lithofacies assemblages, topped by fine sand and
silt (flood loams). The thick basal gravels comprise stratified
channel-fill deposits of which the lower boundary has been down-
cut into bedrock. They are intercalated by a volcanic ash bed
(ARI-DT1). Synsedimentary cryogenic features in the sand and
gravel bed above this horizon prove deposition under cold-climate
conditions. The terrace gravel unit is mineralogically character-
ised by a dominance of pyroxenes. Within the flood loam on top
of the gravels a fossil soil (Bt of a brownearth) has been devel-
oped. Two pumice tephra beds (ARI-DT2 and ARI-DT3), de-
scribed as ‘Selbergit tuff’, are stratified within and above the soil
complex. Brunnacker ef al. (1975) report that these volcanic ashes
and pumices are also weathered and assigned both the flood loam
and the tephra series to the Ariendorf (Stage) Interglacial.

[c] Subaerial depositional sequence units and unconformities

Haesaerts (1990, Fig. 5.7a) identified four subaerial depositional
cycles of fine-grained lithofacies above the gravels and the Arien-
dorf Stage deposits, bounded by erosional unconformities and soil
complexes. These synthems consist of silt and fine sand beds
which have often been reworked by solifluction. Most lithofacies
associations can be characterised as ‘Schwemmlédss’. Typical loess
is not present. Molluscan assemblages and some larger mammal
faunas indicate to cold-climatic conditions during deposition. The
lowermost ‘loess unit of Haesaerts’ (= Ariendorf LD 0) is based by
locally derived gravel ‘lags’. It is underlain by a small channel
infill and another unconformity-bounded sandy unit both showing
red-brown colouration (Fig.5.7b). These warm-stage deposits,
stratified above the upper ARI-DT3 tephra bed, were recovered in
the 1980s and considered to belong to the Ariendorf (Stage) Inter-
glacial (Bosinski et al. 1983). Their upper boundary has been ex-
tensively cryoturbated.

Unit Ariendorf LD I consists of laterally changing sandy silt and
contains an archaelogical horizon at its base with micromammal
assemblages. The soil complex occurring in its upper part is not
well developed and discontinuous in the sections of Fig. 5.7. The
units LD [ and LD II are separated by a major erosional uncon-
formity. The erosional base of Ariendorf LD II cuts into the lower-
most subaerial unit Ariendorf LD (. Within the loess-like unit Ar-
iendorf LD II two minor unconformities can be distinguished. A
second archaeological level found in the upper subsynthem con-
tains faunal remains and a small lithic artefact assemblage. Sub-
aerial unit LD /1 is topped by a Bt-horizon of a parabrownearth and
a humic soil layer, the latter containing a third archaeological ho-
rizon. The palaeosol units are interbedded by a 15 cm thick pum-
ice tephra (ARI-DT4), the Hiittenberg pumice. According to
Boenigk and Frechen (1997) this tephra is situated in the basal part
of the humic soil. Finally, the uppermost over 8§ m thick unit 4r-
iendorf LDIII is subdivided by a major erosional unconformity
into two subaerial synthems: LD /lla and LD IIIb. They consist of
silt and fine sand showing many solifluction structures (‘Fliess-
Erde’) and reworked sandy and gravelly horizons. In the upper
part of subunit LD Illa two weak humic horizons are present.
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Since there is no evidence of an intermediate fossil forest soil, it is
not sure if the subunits represent two large-scale climatic cycles.

[d] Chronostratigraphical control

The multiple, late Middle and Late Pleistocene subaerial sequence

at Ariendorf is chronostratigraphically constrained by:

- Ar/Ar dates of the intercalated tephra beds. ARI-DT1 is dated at
c. 490 ka (Van den Bogaard and Schminke 1990). The two
pumice tephras (‘Selbergit tuff’) found on top of the basal grav-
el complex are dated to around 450 ka and 410 ka, respectively
(Van den Bogaard and Schminke 1990). Earlier dating of the
younger tephra gave an age of about 420 ka (Fuhrmann 1983).
They are attributed to eruptive phase 3, the Rieden phase, which
lasted from about 500 to 400 ka. The Hiittenberg tephra, depos-
ited above the soil complex in loess bed LD I, is mineralogi-
cally similar to volcanic products of the Wehrer eruptive phase
which took place at about 215 ka (Van den Bogaard and
Schminke 1990).

- TL dates from samples of the subaerial units Ariendorf LD I, LD
1l and LD III (Frechen 1991). TL dates from the upper part (b)
of LD III points to deposition during the Weichselian Stage.
Dates of subunit ///a gave ages from about 90 to 140 ka, those
from LD II and LD III were over 160 ka respectively 235 ka.
The various TL dates (Fig. 5.7), older than the TL-dating limit
of about 125 ka, are contradictory to the Ar/Ar dates of the te-
phra layers. Although they seem consistent with the stratigra-
phy, they are not reliable.

- Relative dates from micromammal assemblages from the ar-
chaeological horizons in Ariendorf LD I and LD II. Molar char-
acteristics of the vole Arvicola terrestris cantiana in loess se-
quence Ariendorf LD I indicate to a post-Holsteinian age on the
basis of SDQ-values compared to other localities,. The change-
over of the Arvicola terrestris cantiana subspecies A and B oc-
curs in subaerial units Ariendorf LD I and LD II respectively.
The presence of Coelodonta antiquitatis in archaeological hori-
zon 1 (LD I) also indicates a post-Holsteinian age.

[e] Event-stratigraphical interpretation and regional correlation

The basal gravels of the Leubsdorf terrace synthem are according
to their morphological position, lithofacies associations and the
dominance of pyroxenes of their heavy-mineral composition,
equivalent to the Middle Rhine mittlere Mittelterrasse (mMT =
tR8) aggradation level. The ARI-DT]1 tephra is thought to be syn-
chronous with the tephras interbedded in subaerial Karlich H 1
subsynthem and equate to MIS 12. The Ariendorf Stage corre-
sponds to the Karlich I Stage: both contain Bt-type forest soils
covered by volcanic layers which are attributed to the same vol-
canic (Rieden) eruptive phase. Tephrochronologically this took
place during MIS 11 which means that it is most likely of Hol-
steinian age.

The overlying loess/palacosol series in the Ariendorf section strati-
graphically form the upward (late Middle and Late Pleistocene)
continuation of the Karlich section in the Middle Rhine type re-
gion. The loess-like units mark periglacial depositional events in-
terrupted by soil formation and erosion. Their interpretation into a
sequence of 4" order climatic cycles is not straightforward how-
ever, as is also pointed out by E. Turner (1997) and Boenigk and
Frechen (1997). Geochronological control and relative biostrati-
graphical information constrain the subaerial units LD 0, LD [ and
LD II, between about 200 and 400 ka, while in this time period
only two marine isotope glacial cycles (MIS 10 and MIS 8) oc-
curred. Since the stratigraphical position of LD [ is within a de-
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Figure 5.7: a) Lithostratigraphical model compiled from the schematic section of Ariendorf (after Haesaerts 1990; b) Interpreted chronostratigraphical
model of the Karlich section with unconformity-bounded sequence units and containing bio-

coarse-grained lithofacies, fluvial
9 ) humic soil (Bh), 10) cryogenic structure, 11) small mammal remains

mains, fresh water, 15) Palaeolithic finds, 16) geochronological dates.

fine sand / fine-grained lithofacies, subaerial



pression, and its lithofacies composition consists of laterally
changing sandy silts, it is possible that this subaerial unit does not
represent a full climatic cycle. However, it consists of reworked
material on which a soil has developed during a warm substage.
The correspondence of the ARI-DT4 tephra to the Hiittenberg
pumice dated to about 215 ka implies that the soil in LD I/ cannot
be assigned to the Eemian Stage but apparently corresponds to an
event within MIS 7. The incorporation of the ARI-DT4 tephra in
the base of the humic deposits underlying unit LD /II and the ab-
sence of a major erosional break may indicate that its formation
also coincides with a MIS 7 event. The next major basal erosional
unconformity in the Ariendorf sequence is that of subaerial unit
LD IIIb which is definitely deposited during the Weichselian
Stage. The hiatus between LD [lla and LD IIIb may be related to
changeover of the Middle Terrace series to the Lower Terraces
series in the Middle Rhine type area. This incision phase started at
the end of the Central European loess cycle C and the equivalent
Saalian glaciation cycle C. This would imply that the subaerial
deposits of LD Illa are of pre-Eemian age and may explain the
absence of an Eemian-age soil complex.

5.2.3 The Miesenheim I section

Another section of stratigraphical importance is that of Miesen-
heim [, located north of Kérlich along the southern valley side of
the Nette river, a tributary of the Rhine. As a consequence of com-
mercial extraction of pumice, a sequence of subaerial deposits in a
slope situation was exposed (Brunnacker ez al. 1975, Boscheinen
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1989). A review of the investigations which have taken place is
given in E. Turner (2000). Although the sequence is post-deposi-
tionally dislocated by normal faulting internal structures are un-
disturbed. Part of the sequence (Fig. 5.8) is of interest because of
the stratigraphical position of warm-stage deposits below volcanic
beds. Overlying a fluvial sandy unit, containing pyroxenes, a se-
quence of colluvial deposits (fine sand and silt) and clayey marsh
deposits is found. This lacustrine/mire sequence contains warm-
stage fauna assemblages among which Arvicola terrestris can-
tiana (Van Kolfschoten 1988), as well as an archaeological hori-
zon. Based by an erosional unconformity a gravel layer (basal
‘lag”) and a reworked subaerial unit follow upon which a fossil
soil has been formed. They are unconformably covered by basaltic
and pumice beds. These marker beds are compositionally equiva-
lent to the KAE-DT 1 and KAE-BT?2 tephra layers in unit Kdrlich
H I. The pumice at Miesenheim I was dated at about 460 ka by
Van den Bogaard (in Turner 2000).

The succession corresponds to the upper part of unit Kéirlich G
(i.c.. subunit Kdrlich G V) and to unit Kdrlich H I except for the
fossil soil which is missing in the latter unit, probably by trunca-
tion. The position of the tephra in the Miesenheim I section indi-
cates that their deposition took place towards the end of a warm
event with several short-term climatic optima. It confirms the sup-
position that pyroxene-rich volcanics, associated with the Rieden
phase, already started during a warm climatic optimum prior to the
periglacial cycle during which the aeolian deposition of unit Kdr-
lich H II and the aggradation of the Leubsdorf (mMT) gravels at
Ariendorf occurred. This warm event is probably equivalent to an
event within MIS 13.

MIESENHEIM 1

Figure 5.8: Schematic section of the Miesenheim I section
(E. Turner 2000).

HHH\MH_ !

L

i



5.3 Correlation of the (Middle) Pleistocene depositional
succession in the Middle and Lower Rhine drainage
basin and the Anglo-Dutch North Sea sub-basin

The stratigraphy of the Middle Rhine type region has been dis-
cussed in section 5.2. The information from the well-documented
key (stratigraphical) sections of Kérlich and Ariendorf'is a starting
point for interregional correlation of the Middle Rhine type area
downstream of the river Rhine to the North Sea. This sequence can
also be compared to the MIS (section 6.4).
First, the well-documented Pleistocene sedimentary succession
and stratigraphy for the Middle Rhine, the Lower Rhine Embay-
ment and the Anglo-Dutch North Sea basin geotectonic type areas
are briefly discussed below, in terms of unconformity-bounded
sequence stratigraphical units and with emphasis on the Middle
Pleistocene part (sections 5.4.1 and 5.4.2).
Interregional (event) correlation for the three type regions is il-
lustrated in the compiled stratigraphical scheme of Fig. 5.9 where
the units are positioned in a time frame based on the terrestrial
reference records for Northwest and Central Europe (section 4.2).
The scheme integrates all kinds of multidisciplinary evidence
which have become available from the Rhineland and the Nether-
lands in the course of time. The objective is that these event-based
correlations provide a better insight into the:
- Timing of loess/palaeosol cycles and glaciations,
- Fluvial response of the Rhine to marine transgressions/sea-level
-fluctuations in the North Sea basin,
- Fluvial response of the Rhine to tectonic movements.

5.3.1 Middle Pleistocene unconformity-bounded stratigraphi-
cal framework

[a] Fluvial unconformity-bounded units in the type areas: the ter-
race sequence

The Middle Pleistocene succession of the Middle and Lower
Rhine type areas naturally is characterised by the fluvial and del-
taic accumulations supplied by the Rhine and its tributaries. They
are preserved as depositional units of different lithofacies bounded
by erosional unconformities both in morphological terraces and in
superposition. A contemporary subdivision of the regional groups
of fluvial terrace series and alluvial formations is shown in the
stratigraphical table of Fig. 5.10.

Supplementary to the traditional local stratigraphies, summarised
in Fig. 5.9, the sedimentary sequences within the three geotec-
tonic type areas are distinguished as unconformity-bounded ge-
netic sequence units (Fig. 5.10). Classification of units bounded
by unconformities of some lateral continuity are a means of
achieving a uniform and objective subdivision (cf. Salvador ef al.
1994). The fluvial sequence units include information on the litho-
and biofacies assemblages, gravel petrographical and mineralogi-
cal characteristics which can give further clues to their chronos-
tratigraphical position, dating of neotectonic processes and of the
climate succession. Next to the evidence from the sedimentary se-
quences, the abundance of bounding surfaces is of essential im-
portance for implications on the chronostratigraphical position.
The erosional surfaces that separate the sedimentary units mark
considerable gaps in the geological sequence during which the
river adjusted to its graded profile. In upland areas of continual
uplift, such as the Middle Rhine (MR) region, this comprises
downcutting to a new floodplain level, whereas in the downstream
areas, the Lower Rhine Embayment (LRE) and Anglo-Dutch
North Sea (AD-NS) basin, the unconformities become superim-

posed by subsequent aggradation as a consequence of subsidence
and sea-level fluctuations. Here climatic signature is more clear
since the units contain channel-fill deposits reflecting warm cli-
mate conditions.

The unconformity-bounded fluvial terrace units constitute the tra-

ditional building blocks of the Quaternary stratigraphical frame-

work in the German Rhineland. They are grouped into the follow-
ing highest level fluvial sequence groups or supersynthems, based
on main unconformities and gravel -and heavy-mineral content:

- MR Lower Pleistocene Terrace (UPT: UnterPleistozine Ter-
rassen) -, MR Upper Terrace (HT: Hauptterrassen) -, MR Mid-
dle Terrace (MT: Mittelterrassen) - and MR Lower Terrace
(NT: Niederterrassen) sequence groups.

- LRE Upper Terrace (HT) -, LRE Middle Terrace (MT) - and
LRE Lower Terrace (NT) sequence groups.

The German terrace stratigraphy largely corresponds to the coun-
terpart Dutch superimposed alluvial formations®, based on lithol-
ogy and petrography of cores. Here are distinguished:

- AD-NS Baltic Stream alluvial sequence group, including the
Peize/Harderwijk and Appelscha/Enschede Formations of east-
ern provenance.

- Lower Rhine Waalre/Tegelen-Kedichem -, Sterksel -, Urk - and
Kreftenheije alluvial sequence groups of Rhine provenance.
The former group corresponds with the Tegelen and Holzweiler
Formations in the LRE type area (Boenigk 2002, Fig. 5.10).

- Lower Meuse Beegden/Veghel alluvial sequence group of
Meuse provenance.

Unfortunately, it is not possible to follow terraces predating the
lower terraces (Niederterrassen) in the longitudinal profile of the
lower, middle and upper Rhine sections. The different classifica-
tions of the terraces in each section are not easily compatible be-
cause of the different independent tectonic histories and interpret-
ed climatic change. Correspondence of upstream and downstream
fluvial terrace deposits, along the valley sides of the Middle Rhine
section and in the Lower Rhine Embayment, and the stacked al-
luvial sequence in the Netherlands, is only possible on the basis of
gravel and heavy-mineral analysis and of palacomagnetic meas-
urements (Boenigk 1995):

- The Middle Rhine and Lower Rhine Embayment Upper Terrace
sequence groups (HT) and the Lower Rhine Sterksel sequence
group are characterised by Rhine gravel assemblages and the
absence or low percentages of volcanic minerals. For the greater
part these comprise (cold-climate) coarse-grained sedimentary
units which can be stratigraphically associated with the mid-
Quaternary accelerated uplift phase in the Rhenish Shield from
about 1.1 and 0.7 Ma (Boenigk 2002). They are also associated
with a drainage course through the western part of the Lower
Rhine Embayment into the Rur Valley Graben of the Anglo-
Dutch North Sea basin.

- The Middle Rhine and Lower Rhine Embayment Middle Ter-
race sequence groups (MT) and the Lower Rhine Urk sequence
group combine the Middle Pleistocene fluvial sequences of
Rhine gravel assemblages which are also dominated by volcan-
ic minerals. This main distinguishing criterion reflects the start
of volcanic activity in the East Eifel region. The MT series are
in the first instance dominated by brown hornblende (upper MT,
MTT1) and subsequently by pyroxenes (middle MT, MT2). Re-
working and incorporation of local source material, however,
are obscuring factors in distinguishing between simultaneously
deposited Rhine sediments. As a consequence of continued up-
lift, they are situated at the sides of the entrenched Rhine valley,
and connected with stream courses through the eastern part of
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the Lower Rhine Embayment into the Anglo-Dutch North Sea
basin. Here, they are interrupted by several glacial and marine
sequences originating from the pronounced 100 ka climatic cy-
clicity of the last 700 ka. The latter may have had a larger im-
pact upstream in the Rhine basin than before, resulting in dis-
tinct climatically-driven unconformity-bounded, coarse- and
fine-grained units (next section).

- The Middle Rhine and LRE Lower Terrace sequence groups
(Niederterrassen) and the Lower Rhine Kreftenheije sequence
group refer to the Late Pleistocene fluvial sequences which are
documented by Rhine gravel assemblages post-dating the pe-
nultimate Fennoscandian glaciation cycle C and preceding dif-
ferent, and often geochronometrically dated, Late Pleistocene
and Holocene deposits.

Furthermore, volcanic mineral contents provide additional means
of large- scale correlation with adjacent regional terrestrial sedi-
mentary sequences for example with the subaerial units.

[b] Subaerial unconformity-bounded units and pedocomplexes

Aeolian and slope deposits that bury the river terrace surfaces are
in a similar way as the alluvial sediments distinguished as differ-
ent synthems of different ages bounded by subaerial erosional and
exposure unconformities. Most loess sequences covering the ter-
race surfaces are found at the western lee valley side of the Rhine.
They, and the dated tephra beds, provide a minimum age limit for
the underlying terrace gravel units.

The following subaerial sequence groups are distinguished:

- the Middle Rhine Kdrlich subaerial sequence group, comprising
the units Kérlich D, E, F, G, H 1, and the Middle Rhine Arien-
dorf subaerial sequence group, including the Ariendorf LD 0,
LD I, LD II, LD Illa, LD IIIb synthems and sequences.

- the Lower Rhine Embayment Rheindahlen subaerial sequence
group, consisting of the Rheindahlen H, Ja and Jb synthems and
sequences.

- the AD-NS Boxtel/Eindhoven+Twente subaerial sequence
group, consisting of terrestrial silts and (fine) sands of different
lithofacies (up to eight lithostratigraphical members are incor-
porated (Weerts et al. 2003, Westerhoff et al. 2003) which have
not been further subdivided into synthems in the scheme of Fig.
5.9).

At a synthem level, representing one depositional cycle, units con-
sist of at least one primary loess and/or sandy loess deposit and/or
locally reworked soliflual and colluvial deposits, separated by a
pedocomplex and a major erosional unconformity. Palaeosols/
pedocomplexes are classified at a subsynthem level with reference
to the soil type.

The oldest typical loess beds overlying the fluvial terrace sedi-
ments are from the Middle Rhine type region. They are document-
ed at Karlich in the Middle Rhine Neuwied basin resting on the
first terrace gravels which are of normal Brunhes polarity. In many
cases they are intercalated with volcanic ash and tuff deposits that
occur in sheets and gully fills. Volcanic eruptions and fluvial un-
dermining have been of importance for the deposition and rework-
ing of the subaerial units. Incorporated volcanic minerals next to
faunal evidence are a valuable stratigraphical tool for correlation.
Most distinguished subaerial units in the type regions do not com-
prise the typical platform loess type but show slope - or colluvial
reworking features such as: a) horizons and lenses of sand and
gravel, mostly at the base, b) inclining beds bounded by minor
unconformities, ¢) wavy lamination, and d) sandy intervals (cover
sands). They are indicated by light yellow colours.
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5.3.2 Event-stratigraphical correlation of Middle Pleistocene
sedimentary sequences and unconformities

The Pleistocene cyclic processes of fluvial incision and aggrada-
tion in the different catchment segments of the river Rhine are a
combined result of neotectonics, climate and sea-level change. In
the midstream section (Central Rhineland) they intervene with
dated volcanic activity and subaerial periglacial deposition and
soil formation whereas downstream, in the Anglo-Dutch North
Sea basin, they interdigitate with marine and glacial events. The
chronostratigraphical framework of Fig. 5.9 is used to provide
clues for the correlation of these events.

These continual processes operated at different scales and magni-
tudes. Long-term (4" and lower order) differential uplift and sub-
sidence rates along the rift system control the drainage patterns in
the Rhine catchment, accommodation space for the sediments and
their preservation potential.

Climatic cyclicity of the 4" and 5™ order, reflecting the character-
istic Middle Pleistocene 100 ka climatic cyclicity, is superimposed
on the tectonic cycles. The repetitive occurrence of cold and warm
stages, and precipitation variations, controls glacio-eustatic sea-
level fluctuations, vegetation cover, extent of glaciations and per-
iglacial conditions which in their turn have affected the dynamics
of the regional fluvial depositional environments by changes in
sediment supply, discharge and base levels of erosion.

The distribution and thickness of the preserved floodplain rem-
nants along the valley sides of the Middle Rhine and in the Lower
Rhine Embayment graben structures indicate increased sedimen-
tation rates both as a compensation to tectonic movements and as
a result of particularly cold climate conditions. Therefore, the pre-
supposed relationship between gravel accumulation (= high sedi-
ment supply) and climatic change in the terrace stratigraphies of
the Middle and Lower Rhine areas is not as straightforward as is
generally thought (Boenigk 1991). The cold-stage association of
the terrace gravel deposits and of the covering loess sequences, on
the other hand, is undisputed. The terrace bodies in the Middle
Rhine region represent predominantly early and late cold-stage
aggradation phases exceeding the incision tempo in this area of
continual uplift. Many terrace complexes in the Lower Rhine Em-
bayment, however, document several more erosion and aggrada-
tion phases, represented by channel-fill deposits. They not only
reflect cold-stage compensation for subsidence in the depocentres
of the Lower Rhine Embayment grabens and the North Sea basin
but also should be considered, and corrected, for local and region-
al post-sedimentary tectonics and response to glacio-isostatic ef-
fects. Therefore, age indications on climatic cycles of the lower
erosion surfaces by height levelling should be undertaken care-
fully and only within the geotectonic type regions. Gravel and
mineralogical contents, chrono- and biomarkers in the sedimenta-
ry sequences provide better means of correlation.

The morphological position of the terraces related to tectonics thus
plays a minor, but higher level, role in the recognition of individ-
ual climate-driven sedimentary cycles. They corroborate the three-
fold subdivision into upper, middle and lower terrace sequences.
The largest erosional unconformity in the type regions occurred
after the aggradation of the Middle Rhine jHT, the Lower Rhine
Embayment HT3 and the Lower Rhine Sterksel alluvial sequence
units. It is associated with a phase of accelerated uplift (section
5.3.1) which is also recognised in other European type regions,
e.g. in the northern and eastern Alpine forelands. Since the gravels
of the jHT and HT4 show normal polarity and the start of East
Eifel volcanism, which may be a cause of this tectonic event, is
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Figure 5.10: Stratigraphy of the Middle Rhine type region, the Lower Rhine Embayment and the Netherlands (Boenigk 2002).

recognised in MT1 and the Lower Rhine Urk alluvial sequence
group, the beginning of this incision phase is dated between 600-
800 ka (equated to MIS 16-19).

Parts of the ‘cover-series’ at Kérlich and Ariendorf can be corre-
lated with the resembling Central European reference loess/palae-
osol record of Cerveny Kopec (Kukla 1977). Because both se-
quences are located in tectonically active upland areas with gener-
ally more humid climates than eastward, straightforward recogni-
tion of glacial-interglacial cyclicity, as in the Russian and Chinese
terrestrial records, is more complicated. Nevertheless, units Kér-
lich D, E, F and H represent depositional cycles containing basal
wash, silty beds with structures and a Bt of a para-brownearth soil.
Unit Kérlich F contains genuine loess and coincides with CE loess
cycle H and China loess cycle L6. Correlation is based on the ab-
sence of volcanic minerals, the presence of Mimomys savini and
the Pupilla molluscan fauna. This evidence also points to corre-
spondence to an event within MIS 16.

The pronounced soils of unit Kérlich G are most likely correlative
with the red forest soils in CE cycle F. They also may correspond
to the Ferreto soils and Riesenboden in the northern Alpine Fore-
land that indicate a warm savannah-type climate. Moreover, there
are no extreme cold climate conditions indicated in unit Kérlich G
which is consistent with the loess records in Central Europe and
Eurasia. The overlying unit Kérlich H then may correspond to the
loess deposition of CE cycle F. The dating of the tephra layers at
about 450 ka then equates unit Kérlich G with MIS 15-13 and unit
Kaérlich H with MIS 12.

Channel-fill sequences in the Lower Rhine Embayment Middle
Terrace sequence units MT2 and MT3 are palynologically pre-
Holsteinian and coincide with warm events also represented in
unit Kérlich G (equated to MIS 15-13).

The glacial sequences of the Elsterian glaciation traditionally sep-
arate the Middle Pleistocene in Northwest Europe into early and
late Middle Pleistocene parts. The correlation of these glacial se-

quences from the Netherlands to the upstream Middle Rhine ter-
race and loess stratigraphy is crucial in the reconstruction of an
interregional chronostratigraphical framework. From the scheme
compiled in Fig. 5.9, it is plausible that the Elsterian glacial event
is time equivalent to the Lower Rhine Embayment MT2 - and
Middle Rhine mMT aggradation levels. Both these units are rich
in pyroxenes and the latter is intercalated by a tephra stratum dated
to about 490 ka. The Elsterian glacial sequence in the North Sea
basin interdigitates with pyroxene-rich parts of the Lower Rhine
Urk alluvial sequence group. Since their dispersal has already
been recognised in a warm climatic optimum, prior to the deposi-
tion of unit Kérlich H, also identified in the Miesenheim I section,
the Elsterian glacial cycle H probably relates to MIS 12.

The above conclusions imply that the North Sea Holsteinian ma-
rine transgression and local contemporaneous forest climaxes, of
which the sedimentary sequences directly overlie the Elsterian
glacial sequence should therefore be equated with an event within
MIS 11. The Holsteinian marine transgression reached the north-
ern Netherlands, e.g. at Noordbergum (Zagwijn 1973). It is, how-
ever, not dated by pollen in the type areas, contrary to the numer-
ous evidence from glacial lake records in other type regions. There
is little evidence for equivalents of the Holsteinian forest vegeta-
tion in the Rhine fluvial succession. Only the Krefeld clay beds
meet the palynological criteria and also contain the freshwater
mollusc Viviparus diluvianus that characterises the fluvial Hol-
steinian environments in Northwest Europe. The clay beds are
deposited in a channel fill cut into the Lower Rhine Embayment
MT?2 terrace synthem.
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5.4 Late Middle Pleistocene stratigraphy of the Subher-
cynic basin type region: the sections at Schoningen

The Subhercynic basin type region is located in the Central Ger-

man uplands, north of the Harz mountains (northern Harz fore-

land) (Fig. 4.1). Together with the adjoining Thuringian basin

type region, it is of Mesozoic origin. Triassic and Jurassic rocks

dominate the geology while Tertiary and Pleistocene strata pre-

dominantly occur in salt tectonic-related basins and valleys. Dia-

piric rock-salt intrusions still are active in the area. The Pleistocene

stratigraphy in both type regions is based on:

- The interaction of glacial sediments and local lake and mire se-
quences.

- The fluvial terrace sequences of the northward rivers belonging
to the Elbe and (partly) to the Aller/Weser catchment areas.

- Loess/palaeosol sequences covering the terraces.

- Local-scale travertine deposits.

The Subhercynic Basin type area has been glaciated twice during
the Middle Pleistocene. The ice-sheet advances of the Saalian and
Elsterian glaciations left thick sedimentary sequences. In the
former ice-marginal zones they interfinger with and separate the
fluvial sequences of the middle course section of the river Elbe
and its tributaries. Fluvial deposits intermediate between both gla-
cial sequenes are joined in the Mittelterrassen Komplex. In the

southernmost non-glaciated parts of the Thuringian Basin gravel
terrace series occur which are overlain by loess/palacosol depos-
its. The occurrence of travertine sheets in the terraces is associated
with seepage of calcareous groundwater along faults. The location
and origin of many former lakes is predominantly related to local
subsidence due to subrosion* of the rock salt diapirs. The lacus-
trine sequences are rich in fossils which are generally well pre-
served, also because of the calcareous groundwater.

5.4.1 The Schéningen sections

[a] Geotectonic setting and stratigraphy

The open-cast lignite mines in eastern Lower Saxony, near the
towns of Helmstedt and Schoéningen, are located in the elongate
rim synclines on either side of the Beiersrode-Helmstedt-Staf3furt
salt structure (Fig. 5.11 ). They lie between the structural features
of the Elm salt pillow and the Lappwald block. The NW-SE trend-
ing rim synclines are filled in with Palacogene parallel-bedded
lignite strata intercalating with laminated fine sand, silt and clay
layers of marine origin. The brown coal beds have been exploited
for many decades. The progressing excavations also gave good
opportunities to study the overlying Pleistocene sediments over
100’s of metres. The Pleistocene sequence rests unconformibly on

[TTTT]] Basement
@ saltintrusion
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Figure 5.11: Location map of the Schoningen sections in the Subhercynic basin.
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the Tertiary strata. The erosional base is polygenetic and hetero-
chronous. The Pleistocene sediments have a maximum thickness
of 45 m in a north-south orientated incised valley, along the axis
of the syncline.

Multidisciplinary geological and archaeological investigations in

the open- cast excavations have been carried out since 1983, main-

ly by the research team of Dr. Thieme (Landesamt fiir Denkmalp-
flege, Hannover). These have resulted in numerous publications.

The earliest reports (Urban ef al. 1988, Urban et al. 1991a, Urban

et al. 1991b) concern the now closed northern part of the Schonin-

gen mine (Baufeld Esbeck). From 1991 only one open-cast mine
remained in operation in the western rim syncline, Baufeld Scho-
ningen-Siid. Data and results from the investigations of the here

exposed sections have been reported by Thieme and Mania (1993),

Thieme et al. (1993), Thieme and Maier (1995), Urban (1995) and

Thieme (1996).

A geological cross-section from this part of the western rim syn-

cline is shown in Figure 5.12. The following lithogenetic strati-

graphical units can be distinguished in the Schéningen outcrops

(Fig. 5.12 and Fig 5.13):

- Sediments generated in glacial environments.

- Non-glacial sediments of subaerial periglacial aeolian origin
(loess and loess derivates) and subaerial periglacial reworked
slope deposits.

- Non-glacial sediments of lacustrine origin and mires.

- Fluvial sediments of local origin.

- Secondary carbonates.

[b] Glacial depositional sequence units and unconformities

Two glacial sequences can be distinguished in the Schoningen ar-
ea and its surroundings: a lowermost glacial sequence of Elsterian
age, and a Saalian-age glacial sequence. Ice lobes at the margins

SwW

IAufscmu/J Tagebayv Schdningen 1993

of both ice-sheets invaded the lower and middle sections of the
then Elbe and Aller/Weser catchment areas from the north. Their
advances blocked the drainage in the German upland areas and
this was accompanied by deposition of large volumes of sediment
in temporary ice-marginal lakes. The Elsterian glacial sequence,
comprising the oldest Pleistocene sediments in the open-cast
mines, reaches a maximum thickness of 25 m. The sediments were
laid down in a proglacial channel draining meltwater towards the
south-southwest into the Grof3es Bruch. This in turn joined a west-
ward draining ice-marginal meltwater system. The palaecochannel
left the rim syncline just south of the town of Schéningen. It is
infilled by proglacial depositional sequences during the ice-sheet
expansion phase: glaciofluvial sand and gravel (‘Vorschuttsande”)
at the base, followed by (non-calcareous) glaciolacustrine clay,
silt and fine sand. Sand and gravel beds within the sequence con-
tain many reworked Tertiary components. They are overlain by till
beds deposited during subsequent glacial overriding. Two Elste-
rian till units are reported from the northern part of the Schoningen
mine. Glaciotectonic structures also are found. Glaciofluvial sand
and gravel units (‘Nachschuttsande’) follow, which were deposit-
ed during deglacial ice marginal conditions.

The uppermost Saalian glacial sequence has a maximum thickness
of 10 m and shows a similar dynamic sedimentary environment.
The proglacial sand and gravel units, above the erosional base,
attain a general thickness of about 2-3 m and are intercalated with
silt lenses. Till beds, mostly decalcified, are up to 3 m thick and
contain many glaciofluvial sand and gravel units. Glaciotectonic
structures, reported by Liitge (1984) from the former Alverstorf
open-cast mine, are also found in the southern part of the Schonin-
gen mine (Bartholomius & Elsner 1995). They comprise folded
and upthrusted Tertiary lumps that interdigitate with glaciofluvial
deposits.
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Figure 5.12: Schematic geological cross-section of the Schéningen open-cast mine in the western part of the rim syncline of the Beiersrode-
Helmstedt-StaBfurt salt structure (Mania 1993). 1. Elsterian glacial sequence, 2. Saalian glacial sequence, 3. subaerial sequence, 4. lake and
mire sequence, 5. soil complexes, 6. subaerial (loess) sequence, 7. Palaeolithic horizon, 8. Zechstein rock salt, 9. cap rock, 10. Buntsandstein
, 11. Muschelkalk, 12. Keuper, 13. Tertiary.
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Figure 5.13: a) Lithostratigraphical and b) chronostratigraphical models based on schematic SW-NE section of Schéningen 12B by Thieme ez al. 1993. 1.
till, 2. gravel, 3. sand and gravel, 4. sand, 5. fine sand and silt, 6. clayey silt and mud (lake marl), gyttja, 7. peat, 8. loess, 9. loess derivates (‘FlieSerde’,

‘FlieB16ss’).

[c] Intermediate non-glacial depositional sequence units and un-
conformities

The preserved non-glacial deposits intermediate of the Elsterian
and Saalian glacial sequences comprise fine-grained lithofacies
assemblages which are found in broad, laterally superimposed
gulleys (‘Rinnen’) and depressions. During the ongoing excava-
tions several of these NE-SW trending lows have been identified
in the Schoningen rim syncline, both in the northern and southern
part of the mine. Following detailed investigations from the south-
ern mine field, Thieme and Mania (1993) reconstructed a series of
three laterally superimposed ‘climato-cyclic’ depositional se-
quences preceding the Saalian glaciation. Their geometry is sum-
marised in a cross-section (Fig. 5.12) showing the three uncon-
formity-bounded gully fill sequences shifting laterally in an east-
erly direction, towards the salt diapir. Each climatic cycle is repre-
sented by sand and gravel at its erosional base, followed by low
angle bedded fine sand and silt units (loess derivates, ‘Becken-
schluffe’ and ‘-I0ss’, often laminated) which are overlain by lake
muds and silts alternating with limnic/telmatic peat layers®. The
fine sand and silt units are of allochtonous origin and comprise
subaerial aeolian sediments, generally reworked by slope wash
and solifluction, deposited in periglacial environments. In con-
trast, the lake and mire sequences, rich in fossils, reveal changing
open-water hydrological conditions during warm-stage periods.
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The sections are biostratigraphically distinguished by pollen anal-
yses and macro- and microfaunal evidence from the lake and mire
sequences. Initially two warm forest intervals were identified by
Urban et al. (1988, 1991b) from exposures in the northern open-
cast mine (Baufeld Esbeck). Deposits of the oldest cycle, cycle I:
equivalent to Esbeck (Fig. 5.12), were found in a gully infilled
with a 14 m thick hydrosere succession of clay and silt containing
molluscs and plant remains and several peaty layers. The sequence
is assigned to the Holsteinian Stage on the basis of its stratigraphi-
cal position, characteristic forest vegetation assemblage and the
occurrence of Pterocarya (Urban et al. 1991b). Unfortunately,
only a lithological column of this limnic-telmatic gully fill is
shown in their paper; its stratigraphical position in the section re-
mains unclear. The cycle I depositional sequence is cut by a mul-
ticyclic broad gully infilled by laterally changing sand and silt
sheets. These are overlain by a ca. 3 m thick calcareous, humic
clayey silt in which a peat layer of more than 1 m is interbedded.
The upper part of the gully is infilled by glaciofluvial sand and
gravel and a till bed of Saalian age. A final sedimentary cycle in
this gully sequence is formed by an Eemian channel infill of or-
ganic and travertine deposits. Two cross-sections were drawn from
the exposures of this gully sequence unconformably overlying the
Elsterian deposits. The sequence beds in one of the cross-sections
resemble lateral increments following the easterly shifting deposi-
tion centre. From the pollen contents of the pre-Saalian organic
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Figure 5.14: Schematic overview of the SE-NW section of Schoningen 13.
1. Tertiary clay, 2.till, 3. sand and gravel, 4. fine sand and silt, 5. fine sand
and silt (glaciolacustrine), 6. peat, 7. clayey silt and mud (lake marl), gyt-
tja, 8. loess, 9. loess derivates, 10. soil complex, 11. deformation struc-
tures.

and clayey silt beds in the section profiles, Urban et al. (1991)
compiled a palaeoclimatic sequence in which several forested
events are distinguished. They comprise the Schoningen warm
event, characterised by deciduous forests and the presence of Azol-
la filiculoides, and several boreal forest periods pre- and succeed-
ing this warm period. In spite of the occurrence of some Ptero-
carya pollen in one of the sampled profiles, the Schoningen warm
event has been interpreted as being of post-Holsteinian age.

In the southern part of the mine, two ‘climato-cyclic’ depositional
sequences are clearly exposed intermediate between the glacial
sequences. They comprise the cycles II (Reinsdorf) and IIT (Scho-
ningen) in Figure 5.12. Deposits of the Holsteinian-assigned cycle
I were probably exposed for some time in a small gully infill in the
northwestern edge of the Schoningen-Siid Baufeld quarry (Fig.
5.14). Unfortunately, no record from the organic beds in this se-
quence has been published yet.

The lake and mire sequence of Reinsdorf, in cycle 11, is well docu-
mented. It differs on biostratigraphical grounds from the evidence
found in the sequences in the northern mine part and has a strati-
graphical position intermediate between them. Two schematic
lithostratigraphical sections are shown: Schoningen 12B (Fig.
5.13a, Thieme and Mania 1993) and Schoningen 13 (Fig. 5.14).
As an example a chronostratigraphical model has been compiled
from the former section (Fig. 5.13b), where the different geneti-
cally-related synthems are placed in a relative time frame of depo-
sitional and erosional phases. The lower boundary of the Reinsdorf
sequence shows a concave bowl-shaped unconformity of a broad
depression. It is underlain by gravels of which the upper part at
some places is reddened, reflecting soil processes and a hiatal
break. The lower part consists of up to 3-4 m fine sand and silt,
followed by several beds of limnic-telmatic deposits comprising a
series of topogenous hydroseres. These fine-grained sediments of
silt, mud and gyttja facies, rich in fauna, were deposited in former
lakes. Peat was formed when lake levels fell or when vegetation
became better established to overgrow the lake. The Reinsdorf hy-
drosere series in all comprises 5 phases of lake rise and fall.
Whereas in the Schoningen 12B section (Fig. 5.13) only the first
three phases are preserved, all five successive phases from open-
water to mire conditions are exposed at the Schoningen 13 site
(Fig. 5.14).

All of these levels yielded macro- and micromammal remains
(Van Kolfschoten 1993), palynological assemblages (Urban 1993,
1995) and Mollusca (Mania 1993). Palaeolithic material was
found just above the first phase and in the 4" phase (Thieme 1996).
The most remarkable find was the recovery of the famous wooden
spear in 1996 from a Palaeolithic horizon at site Schoningen 13 in
the 4™ level.

The limnic-telmatic series contain pollen and spores of deciduous
forest vegetation. They are of late-temperate (mixed oak forest)
type and contain Azolla filiculoides, Abies and Celtis as indicator
species. Some Pterocarya pollen were also determined in phase 3
of the Schoningen 12b section (Thieme et al. 1993), which imply
an Holsteinian age. Nevertheless, this was provisionally excluded
by Urban (1995) who instead proposed the Reinsdorf warm phase
for this sequence because of the otherwise different vegetation de-
velopment, compared to the Holsteinian spectra. Its fauna assem-
blage contains among others Trogonterium cuvieri and Arvicola
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terrestris cantiana which are characteristic biomarkers for Hol-
steinian and post-Holsteinian warm events. The low SDQ-values
of the vole molars indicate a subspecies B type from which a post-
Holsteinian age can be assumed (Van Kolfschoten pers. comm.).
The molluscan assemblages include Helicigona banatica which
are in general typical for Middle Pleistocene sequences (Thieme
and Mania 1993).

From the third glacial-interglacial depositional cycle, Schoningen
cycle III (Thieme and Mania 1993), neither detailed lithological
sections nor biostratigraphical data are available. Although sec-
tions were drawn from an excavated sequence by Dr. Mania, they
have never been published. As can be seen in the SE-NW section
of Figure 5.14, the Reinsdorf sequence of the Schoningen 13 site
is laterally cut by a 150 m broad gully at its southern side that is
largely infilled with sand and silt units (Flieflerde, Beckenschluffe).
This infill probably forms the lower ‘cold’ part of ‘climato-cyclic’
sequence II1. The subaerial gully fill is cut by another 40 m broad
channel where, above a sandy basal part, dark laminated silts and
organic mud, containing plant remains and mollusc shells, occur.
The stratigraphical position of this warm-stage deposits, whether
cycle III (Schoningen) or cycle IV (=post-Saalian), is not clear.
Saalian glacial deposits are outcropping in the southwestern edge
but the interaction between the sedimentary units was badly ex-
posed during the fieldwork. Whatever its assignment, both the Re-
insdorf and these younger depositional cycles are covered by a
subaerial loess sequence representing the Weichselian Stage and
capped by a soil complex of the (present) Holocene Series. The
evidence for the Schoningen warm event so far still comes from
the northern Esbeck Baufeld mine as described by Urban et al.
(1991a).

[d] Event-stratigraphical interpretation

While both glacial and the uppermost subaerial loess sequence
units in the western rim syncline at Schoningen can undoubtely be
related to large-scale Middle and Late Pleistocene glaciation
events, the nature and development of the different non-glacial
sequence units, intermediate between the Elsterian and Saalian
glaciations, do not allow such a straightforward event correlation.
They were formed in a local depositional subenvironment that,
due to its unique geotectonic and geohydrological situation, relat-
ed to salt tectonics, differ from those in the surrounding areas.
Whereas the post-Elsterian glacial lakes in the Northwest Euro-
pean lowlands areas became silted up by relief levelling, repeated
aggradation and incision phases at Schoningen have resulted in a
series of laterally superimposed infilled gulleys and depressions.
The salt structure and basins on both sides are situated at the water
divide between the Weser/Aller and Elbe drainage basins. The
western Schoningen syncline basin has a small catchment and is
fed by rain and springwater at the foot slope of the Elm ridge (Fig.
5.11). Drainage of the depression is towards the south, via the
Missaue to the Grofles Bruch, then eastwards in the rivers Bode
and Saale, tributaries of the river Elbe. Just north of the present
excavations drainage is towards the north, via the Schunter to the
river Aller.

Following the Elsterian deglaciation, the area became exposed to
subaerial processes. The post-Elsterian relief was in the first in-
stance drained by a stream flowing within a gully-like (‘Rinnenar-
tig’) form of up to 300 m broad and 15-30 m deep. The isolated
geohydrological location of the rim syncline hampered discharge
of surface water which might be enforced by differential subsid-
ence rates. Parts within the elongated basin then became periodi-
cally waterlogged, whereas variation of precipitation may have
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caused lake levels to change. Since the lake sequences at Schonin-
gen contain late-temperate pollen assemblages this occurred in the
later parts of warm periods. Erosional and denudational processes
exceeded sedimentation and subsidence at the transition of warm
to cold intervals. Re-incision of broad shallow gulleys occurred by
solifluction and backward erosion in the upper section of the Elbe
river system. This is followed by infilling (local relief levelling) of
allochtonous aeolian sediment during cold periods and at the tran-
sition to warm periods. Waterlogging may occur again in warm
period optima. The genesis of the subaerial and limnic-telmatic
sequence units within the gully systems may be explained in this
way. This also explains the presence of short-term climatic oscil-
lations in the palaeoclimatic reconstruction of the Schoningen sec-
tions, as reflected in the different organic beds containing boreal
palynofloras that have been preserved.

5.4.2 Interregional correlation of the late Middle Pleistocene
sedimentary sequences and unconformities

The outcrops at Schoningen are of interest for the late Middle
Pleistocene stratigraphy. Because of the particular local deposi-
tional environment the Reinsdorf and Schoningen lake sequences
have few equivalents. Interregional correlation (Fig. 5.15) of the
warm-period lake and mire sequences at Schoningen therefore is
of importance in order to demonstrate the number and timing of
warm events intermediate between the Saalian and Elsterian gla-
ciations.

Although the sequence is not in superposition, the litho- and bios-
tratigraphical evidence point to three separate (4™ order) warm-
period sequences occurring in the Schoningen sections. Further-
more, several short-term climatic oscillations have been identified.
Based on this evidence, Urban (1995) revised her earlier palaeo-
climatic reconstructions and introduced the Reinsdorf warm Sub-
stage succeeding the Holsteinian Stage. Although evidence of the
Reinsdorf event is missing in her earlier palacoclimatic sequence,
it may be equivalent to one of the boreal forest assemblages (“Mis-
chaue’?) identified in the post-Holsteinian multicyclic gully se-
quence in the northern part of the Schoningen mine. Ten kilome-
tres east of Schoningen, at Ummendorf, lake sequences are found
in solution depressions intermediate between glacial deposits. Pol-
len analyses are available from three organic beds in the lacustrine
sequence above Elsterian till (Strahl 1999). The lowermost and
middle one contain Pterocarya pollen and Azolla filiculoides,
while the uppermost bed of the sequence, separated by an uncon-
formity, lacks Pterocarya pollen. These results confirm the occur-
rence of at least one warm event postdating the Holsteinian Stage
in the area.

Because of their location and origin the lake and mire sequences in
the cycles II and III are not necessarily associated with a climatic
optimum following a glaciation, i.c. the Holsteinian Stage. The
Reinsdorf pollen diagrams show late - and post temperate palyno-
floras, whereas the Pritzwalk (Erd 1970), Wacken (Menke 1968)
and other glacial lake sequences only show early temperate phases
of a post-Holsteinian warm event. Reinsdorf may reflect the late
temperate phase, that is missing from these lake sequences.

Correlation of the Reinsdorf sequence with the fluvial terrace-tra-
vertine sequence of Bilzingsleben (Mania 1993) in the Thuringian
Basin type area point to a correlation with sequence II, the second
travertine-containing terrace level post-dating the Elsterian glacial
sequence in this area. The travertine contains Celtis pollen and
indicator faunal remains of Arvicola terrestris cantiana and
Trogonterium cuvieri. In the sandy fluvial deposits of the Bilz-
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Figure 5.15: Stratigraphical correlation scheme of the late Middle and Late Pleistocene for the Subhercynic Basin and the southern part of the North German

North Sea subbasin.

ingsleben II terrace synthem Corbicula fluminalis is present. As
can be seen from Figure 4.10 the latter two index fossils are in-
dicative for the Holsteinian warm Stage and the warm substage
following the Holsteinian. As from the Reinsdorf sequence, also
Palaeolithic material has been recovered from the travertine in this
terrace level. Dates from the travertine gave ages of 320-350 ka
(U/Th) and 282-414 ka (ESR) (Schwarz et al. 1988) which most
likely correspond to MIS 9.

The pollen evidence from the Reinsdorf sequence may be equiva-
lent to the Middle Rhine Kérlich-Seeufer pollen assemblage zones
(section 5.2). They are of post-Holsteinian age (Fig. 4.6) on the
basis of their stratigraphical position and because they lack Ptero-
carya pollen. The results from SDQ-values of Arvicola terrestris
molars from the Reinsdorf sequence also point to a post-Holstein-
ian age (Van Kolfschoten unpublished). Their higher SDQ-values,
compared to Belvédere, for example, indicate an assemblage older
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than the third intra-Elsterian-Saalian warm event: the Schoningen
Substage in cycle I1I. The dating of peat from the Schoningen lake
sequence by U/Th-dates to about 200 ka (Heijnis 1992) confirms
this assignment. Finally, correlation of the Reinsdorf warm Sub-
stage is also possible with the Lac du Bouchet Landos event,
which is equated to MIS 9.

1

Erosional (rejuvenation) and aggradational cycles

Such a scheme is comparable to the chronostratigraphical models or
so-called Wheeler diagrams (introduced by Wheeler 1958) that are
reconstructed in order to show the time relationships between the
depositional systems and the erosional and non-depositional surfaces
identified in the geological section.

Because of the recently revised Dutch stratigraphy (Weerts et al. 2003,
Westerhoff et al. 2003) both new and traditionally used terms are
given, although the included fluvial deposits are not always equivalent.

Underground dissolution.
Such successions from open water to mire or bog, in which sediments

gradually change in character from muds to peats, are generally
known as hydroseres.
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Chapter 6

SYNTHESIS: EVENT CORRELATION OF THE MIDDLE PLEISTOCENE TERRESTRIAL SUCCESSION

WITH THE MARINE ISOTOPE STRATIGRAPHY

6.1 Scope of the marine isotope stratigraphy

In the previous chapters the multidisciplinary evidence from
Northwest and Central Europe has been reviewed and grouped
into unconformity-bounded lithogenetic units for natural geotec-
tonic type regions. Palacoclimatic and tectonic events at different
spatial and temporal scale order, interpreted from regional mark-
ers and climate-indicators, are provisionally put into a continent-
wide framework. Now the possibilities for the refinement of the
low-resolution Middle Pleistocene terrestrial stratigraphy are
sought by comparison and matching with the global marine iso-
tope stratigraphy.

With the establishment of the marine isotope stratigraphy from the
long continuous oceanic sequences and the polar ice cores, Qua-
ternary stratigraphers have once more become aware of the incom-
pleteness and heterogeneity of the local and regional land-based
stratigraphies'. The fragmentary depositional records do not by far
approximate to the long continuous and orbitally tuned record of
climate history from the marine sequence. Local exceptions are
some lake and mire sequences, that have yielded detailed pollen
records, although hardly ever exceeding 100 ka. Of considerable
chronostratigraphical potential, but not recording continuous dep-
osition, are the wide-spread stacked loess-palacosol sequences in
Eurasia and China spanning many climatic cycles.

The isotope stratigraphy of alternating stages of relatively high
and relatively low '30/'O-ratios is related to the former composi-
tion of sea water and indicative for the global ice volume stored on
land (¢f. Shackleton and Opdyke 1973). Therefore, the climatic
variability shown in the marine isotope record, in the first instance,
is a guide in further constraining the timing of the major glacia-
tions in the northern hemisphere, their associated periglacial loess
deserts and glacioeustatic sea-level fluctuations. Besides, the iso-
tope record of the oceans (and ice cores) also serves as a global-
scale climate proxy which can be used as a template for recon-
structing Quaternary latitudinal climate zonations from non-gla-
cial continental depositional sequences. Using the oceanic record
as a relative time reference and stratigraphical tool for interregion-
al correlation of palaeoclimatic events for Northwest and Central
Europe should however be cautiously regarded.

Unfortunately, the oceanic record can only be indirectly correlated
with the Middle Pleistocene terrestrial stratigraphy mainly be-
cause of the lack of chronological controls and marker horizons.
Strictly speaking only comparison of interpreted palaeoclimatic
event-stratigraphical units is feasible. To what extent these diverse
local- and regional-scale terrestrial climatic signatures correspond
to the MIS and their informal boundary levels, discussed in sec-
tion 2.4.3, needs to be discussed. The evidence for repeated large-
scale ice-sheet expansions, periglacial loess cycles and high sea-
level stands support the assumptions made in chapter 2 that large-
scale climatic change, as can be indirectly observed in the marine
isotope record, is a global phenomenon. Extreme palacoclimatic
events are reflected in both global and local records. Moreover,
the close correspondence of local continuous lacustrine (pollen)
records to the oceanic record shows the potential of the latter as a

basis for a worldwide correlation of the Quaternary succession.
This supports the use of the oceanic oxygen isotope record in the
next sections as a reference frame to define an improved sequence
of semi-synchronous geological and biological events for the Mid-
dle Pleistocene in response to zonal climate fluctuations on the
European continent. Global matching is done at two scale levels:
- Matching of evidence of 4" scale order ‘climato-cyclic’ events
of global significance that are interpreted from the wide-spread
unconformity-bounded genetic sequences.
- Matching of palaeoclimatic evidence preserved in small-scale
sequences and soil complexes in order to bridge the gaps be-
tween two subsequent global-scale events.

Considerations about this approach have been discussed in section
2.5.3.

6.2 Trend-matching of the land-based Middle Pleis-
tocene framework with the marine isotope stratigraphy

6.2.1 Connecting the oceanic record with land-based events

The marine isotope stratigraphy reveals eight major cycles of glo-
bal glaciation within the Brunhes Chron and two more in the upper
part of the preceding Matuyama Chron, reflecting an increase in
the intensity of glaciations from about 900 ka. The isotopic cycles
of approximately the last 700 ka comprise an average 100 ka pe-
riod frequency of which the durations range from 88 to 118 ka.
Although amplitudes differ, the cycles generally end with a 3O
maximum followed by a strong decrease to an isotopic minimum
( = deglaciation/termination).

Pronounced "0 isotopic maxima during the last 700,000 years
occurred in the final parts of MIS 2-4, 6, 12 and 16 (Shackleton
1987) suggesting that only during these four cold isotope stages
have climatic conditions in Europe been sufficiently severe and
sustained to permit the Fennoscandian ice-sheets to expand into
the area south of the Baltic (Boulton et al. 1997). Moreover, these
most intensive 8'*0-peaks seem to coincide with the thickest units
in the loess-palacosol record, i.e. the cycles B, C, F and H in the
Central European succession (Kukla 1975). On the other hand,
there are the weakly expressed 8'*0 maxima of MIS 8 and MIS 14
which may indicate periods of less extensive glaciation and loess
accumulation. Marine transgressional phases in the North Sea and
Baltic Sea margins, immediately following major glaciations, can
be fixed to the warm isotope substage peaks succeeding a glacial
stage 8'*0-maximum?. An idealised correlation scheme based on
these assumptions then corresponds to Figure 6.1.

However, there are ice-sheet developments other than the Fennos-
candian/British ones to take into account for the northern hemi-
sphere. Besides minor glaciations that have occurred in Iceland,
Greenland and alpine regions such as the Himalayas, the Alps and
the Cordillera, the largest part of the total ice volume during the
glaciation cycles was the Laurentide ice-sheet on the North Amer-
ican continent. Stratigraphical and chronometric data, mainly K/
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Figure 6.1: Idealised correlation diagram of the Central European terres-
trial loess records (Kukla 1975) and Northwest European climatic ‘stages’
(including the Fennoscandian/British glaciations and North Sea marine
transgressions) with the marine isotope record ODP-677 and the MIS. The
loess record of China (Kukla 1987) and the local pollen records from
Tenaghi Philippon and Lac du Bouchet (taken from Tzedakis et al. 1997)
are given for comparison.

Ar and Ar/Ar dates from tephras intercalated in glacial sequences
in the Cordilleran region, demonstrate that the late Quaternary gla-
ciation events correspond rather well with the marine isotope
record. However, this direct correlation should be considered ten-
tatively (Fullerton & Richmond 1986) and is no proof for the ex-
pansion of the Laurentide glaciations. Independent radiometrical
dates from a calcite vein at Devil’s Hole, Arizona (Winograd et al.
1992) largely confirm these palaeoclimatic trends, although there
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are differences in phases and amplitudes compared to the marine
isotope stages which have to be explained in more detail.

Marine isotope and regional glaciation maxima may not therefore
always be exactly synchronous. Moreover, maximum glaciation
limits of the different continental ice-sheets do not necessarily cor-
respond to each other nor do they coincide with the most extreme
&80 isotope maxima. Such properties may explain the remarkable
discrepancies in the number and distribution of glacial sedimen-
tary cycles recorded in the fragmentary Middle Pleistocene re-
gional sequences of mid-latitude Europe. In spite of this indistinct
relationship between the amplitudes of the isotope ratios and the
regionally different glaciation limits, the trends in the oxygen iso-
tope curves can at least be used as a basis for further confining the
independent terrestrial chronostratigraphical evidence from the
European non-glacial terrestrial record, such as regionally dated
volcanic ash layers, secondary carbonates and biostratigraphical
markers.

6.2.2 Connecting the terrestial record with marine isotope
events

The correspondence of the terrestrial large-scale events to the ma-
rine isotope stratgraphy is closely related to the following ques-
tions:

- During which parts of the MIS-intervals were duration and in-
tensity of cooling sufficient to produce ice-sheet expansions
into the southern Baltic and further, into the southern North Sea
basin and the Russian Plain, and how do these relate to the
northern Alpine glaciations?

- To which periods of periglacial loess deposition in Central Eu-
rope and Asia do the glacial cycles correspond?

- To what extent does climatic and neotectonic evidence from
(unconformities in) the fluvial terrace systems relate to the gla-
cial cycles?

Much of what is known about these points comes from the well-
documented chronostratigraphy and climatic history of the Late
Pleistocene. It is generally agreed that the Weichselian Fennos-
candian, Devensian British and Wiirmian Alpine cycle B glacia-
tions correspond to MIS 2-4, coinciding with the loess accumula-
tion of cycle B (Kukla 1975) in the Central European extraglacial
areas. Maximum glaciation limits were reached during MIS 2, a
less extensive ice-sheet advance occurred during MIS 4, but did
not spread outside Scandinavia. Radiocarbon dates estimate the
age of the Weichselian glaciation maximum just south of the Bal-
tic in MIS 2 at about 20 ka BP* (Boulton ez al. 1985). Modelling
suggests that ice-sheet advancing over lowland Northwest Europe
during the Weichselian glaciation was restricted to the time period
between 25 -18 ka (Van Weert et al. 1997). The durations of ear-
lier ice-sheet cover peripheral to the Fennoscandian Shield prob-
ably never exceeded 20,000 years. Deposition of loess in perigla-
cial deserts hold a wider time-range. Indicative for the duration in
which deposition may take place, although not continuous, may be
the period from MIS 4 through MIS 2 comprising some 60 ka.
Because of their polygenetic character, fossil soils in first instance
give overall time-ranges filling the gaps in between two succes-
sive MIS-fixed subaerial units in which they have formed. Since
preservation potential is highest for the lowermost B(t)-horizon,
representing the first post-sedimentary soil formation processes,
these may therefore be equated to the warm marine isotope sub-
stage following the loess accumulation.

The Eemian sea-level maximum in the North Sea and the land-



based Eemian Stage type forest vegetations broadly correspond to
MIS 5 substage e (cf. Sanchez-Goifii et al. 1999). Stratigraphical
relationships and glacio-isostatic interference in the North Sea ba-
sin confirms the dating of the transgressive marine sequences suc-
ceeding a major glaciation event, a phenomenon which is less
clear in the marine terraces along the Channel or the Atlantic
coast. Durations of transgressional phases covering the southern
North Sea may be in the order of some thousands to 10 ka. Timing
of the highest sea-levels however is regionally determined (Morn-
er 1980, Lambeck 1993).

The correspondence of the Saalian Fennoscandian glacial cycle C
to MIS 6 is generally accepted nowadays. MIS 6 also most prob-
ably includes the youngest Alpine Rissian (III) glaciation and the
Central European loess C accumulation. Some reservations have
to be made for Eastern Europe where correlation of glacial se-
quences appears to be more complicated.

Serious chronostratigraphical problems arise further back in the
Middle Pleistocene. This is illustrated in the correlation scheme of
Figure 3.2 compiled by Kukla (1977). In particular the age, or bet-
ter time-range, of the Fennoscandian Middle Pleistocene glacia-
tion events is not entirely resolved. Although the Elsterian glacia-
tion has produced a distinct glacial sequence, its chronostrati-
graphical position has remained a matter of debate until recently.
Since the first volcanic products of the East Eifel region, K/Ar-
and Ar/Ar-dated at about 600 ka, underlie the Elsterian glacial
sediments in the southern North Sea basin, this glaciation cannot
be as old as MIS 16. Because Mollusca in the subsequent marine
Holsteinian North Sea sequence are dated to older than 300-350
ka, i.e. equivalent or older than MIS 9, the Elsterian glaciation
must be assigned either to MIS 12 or 10. Correspondence with the
latter must be taken into account because of different stratigraphi-
cal interpretations and interregional correlations. Both options
will be discussed. The Elsterian glaciation is assumed to be time
equivalent with the oldest Alpine Rissian (I) glaciation.
Wide-spread glacial sequences predating the Elsterian glaciation
are, outside Scandinavia, only found in eastern Europe. The south-
ernmost glaciation limit is found in the Don river basin in the Rus-
sian Platform type area. Since its stratigraphical position is below
the Mimomys/Arvicola boundary, which is contemporary in the
Middle Rhine region with the first East Eifel volcanic activity at
about 600 ka, and its deposits are normally magnetised, the Doni-
an glaciation most likely corresponds to MIS 16. On other grounds,
this may also be true for the northern Alpine Mindelian glacia-
tion.

The lower boundary stratotype of the Middle Pleistocene at the
Brunhes/Matuyama geomagnetic reversal approximates to the
MIS 20/19 transition at termination IX. Since there are no clear
4" order climatic signals prior to the Donian glaciation, no related
event-stratigraphical boundary levels can be set for this period.

6.3 Global time-stratigraphical settings for the terres-
trial Middle Pleistocene subseries

6.3.1 Marine isotope stage boundaries: scale and resolution

The ratio of the '®O/'°O-isotopes as preserved in the rests of fossil
foraminifera in the deep-ocean sediments is dated by “C, U/Th
and palacomagnetic reversals, mostly by extrapolation. Since the
mid-1970s its record has recurrently been calibrated with new pal-
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Figure 6.2: Correlated (benthic)[1'*O core records from ocean sites ODP
607, ODP 677 and ODP 659 (taken from Tiedemann et al. 1994). Records
are plotted using the site 677 timescale. Isotope stages are labelled. Age
ranges for palacomagnetical and biostratigraphical boundaries are plotted
for comparison.

acomagnetic data and has been statistically tuned with the astro-
nomical time scale of the Earth’s orbit (Hays ez al. 1976, Johnson
1982; Imbrie et al. 1984; Martinson et al. 1987, Shackleton et al.
1990, Lourens et al. 1996). This has provided a relatively high
resolution time scale. Imbrie ef al. (SPECMAP group 1984) have
generated a synthetic signal of global ice-sheet fluctuation for the
last 0.75 Ma. Their isotope curve was constructed from many core
sequences from the northern hemisphere and therefore is an aver-
age signal. Timing of the marine isotope stages, however, differs
slightly between the different cores. Notwithstanding, the trends
are confirmed from several single deep-sea core records by Mar-
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tinson et al. (1987), and later Shackleton et al. (1990: using the
Pacific ODP-677 lag) and Bassinot et al. (1994; using the Atlantic
ODP-607 record off Morocco) among others. Since the SPEC-
MAP record was calibrated to about 700 ka, the latter two cores
(Fig. 6.2), extending through the whole Quaternary Period, are
used here as reference profiles for the early Middle Pleistocene.

The stage boundaries, as defined by the SPECMAP group, are
rather arbitrarily placed at the midpoints of the steep (8'%0 in-
creases, i.e. at the terminations of the glacial-interglacial transi-
tions (cf. Broecker and Van Donk 1970). Terminations are com-
promise dates which serve as worldwide averages for the age of
the deglaciations. Deglaciations comprise relatively short inter-
vals of exceptionally rapid 8'*O-increases in the ocean waters, as
a result of rapid melting of ice-sheets, starting from a ‘full glacial’
maximum into an ‘interglacial’ optimum (c¢f. Kukla and Cilek
1996). These rapid climate changes represent the least time-trans-
gressive units in the marine isotope stratigraphy, although their
time intervals range from 10 to 20 ka. Nevertheless, the fact that
several time-transgressive boundaries of the relatively-dated mid-
latitude terrestrial sequences lie within these deglaciation intervals
can serve as a basis for extrapolation and correlation of interpreted
events and isotope stages at a glacial-interglacial scale.

Because of their wide time-range, the MIS transitions only pro-
vide a rough indication of the timing of the terrestrial boundary
levels. How accurate are the stage boundaries of the oceanic iso-
tope record for use as arbitrary ‘remote’ boundary levels in the
lack of terrestrial alternatives? The problem of using boundaries in
the ocean-core isotope profiles is one of scale. It is very difficult to
identify where boundaries should go when the scale of the isotope
plots is so small. The detail is not always visible and time lags of
up to thousand years must be considered because of bioturbation
(Shackleton 1977). Moreover, the boundaries between the isotope
stages are not drawn at fixed points in the marine sequences. They
are graphic artefacts and do not represent real natural events. The
variability of the timing of the isotope stages in different cores is
the result of a combination of the graphic interpolation of the ter-
minations and the impact of bioturbation. They together limit the
chronostratigraphical resolution of ocean-bottom sediment. There-
fore it is not possible to use the isotope sequences for ‘golden-
spike’ boundary definition. Dates for the boundaries between the
MIS transitions are thus in reality rather difficult to determine,
extrapolation being the only reliable way of achieving a relatively
reliable number.

6.3.2 Marine isotope stage boundaries and their terrestrial
equivalents

Boundary stratotypes in the Middle Pleistocene terrestrial se-
quences are relative and lack adequate chronostratigraphical defi-
nitions (chapter 2). Chronological control to define (sub)stages is
largely missing. The recommendation in the last edition of the ISG
(Salvador et al. 1994), to fix corresponding physical marker units
as intervals between designated boundary stratotypes, only applies
to the Brunhes/Matuyama geomagnetic reversal as the lower
boundary of the Middle Pleistocene. There are, however, no such
other boundaries at or close to critical positions within the Middle
Pleistocene sequences and palacoclimatic events. The boundary
levels in the marine isotope stratigraphy are a reasonable alterna-
tive, although they cannot form the basis for a classification or
chronology of the land-based sequence. They are used as event-
stratigraphical reference boundaries for comparing the spatial and
temporal variability of their terrestrial equivalents. Kukla’s ‘mar-
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klines™® in the stacked loess sequences of Central Europe, the
lower bounding unconformities of coastal marine sequences in the
North Sea margins and the increasing tree pollen contents in pol-
len records from lake sequences, are, notwithstanding their dia-
chronism, boundary levels of climate-driven events corresponding
to different starting points within the global-scale deglaciation in-
tervals.

Available local records and dates may provide a more precise age
and may gain higher resolutions within the deglaciation intervals.
The deglaciation phase of MIS 6, which began roughly from about
150 ka, to the warm climatic event of MIS 5 substage e is well
documented and known in more detail from other types of records:
a) 8'80-records from ice cores (GRIP-members 1993) and several
oceanic cores, b) ice-rafted detritus accumulation rates from ma-
rine records in the Norwegian Sea (Baumann et al. 1995, Man-
gerud et al. 1996, and compared with glacier fluctuations in West-
ern Scandinavia), ¢) foraminiferal analysis of shelf records from
Denmark (Seidenkrantz 1993), d) pedostratigraphical records
from France (Van Vliet-Lano€ 1995, Antoine 1997), pollen as-
semblages from marine cores off-Portugal (Séanchez-Gotii et al.
1999) and f) speleothems from Norway (Lauritzen 1991, 1995).
This evidence reveals high order climatic fluctuations, of the
Younger Dryas type, among which a short-termed climatic oscil-
lation at about 130-135 ka just prior to the MIS 6-5¢ boundary
level at 128 ka: the Zeifen-Kattegat oscillation (Seidenkrantz et
al.1996). Whether this deglacial climatic fluctuation represents
the Warthe re-advance phase is not clear as yet. Evidence for an
independent Warthe glacial cycle is weak, however, since most
evidence from non-glacial intermediate sequences has not re-
vealed a marine transgressional maximum in the North Sea basin
nor a full forest vegetation climax in lacustrine sequences overly-
ing the regional Drenthe/Odra/Dniepr synthems (section 4.3.1).

Direct correlation of pollen evidence in deep sea-cores off the Ibe-
rian peninsula confirms an event-stratigraphical relationship with
the 5'80-minima peak for MIS 11, the Holsteinian (Desprat et al.
2005), corresponding with a 32,000 year forest vegetation record.
The time-range of forested periods is variable and geographically
determined. Vegetation cycles, such as those in the lake sequences
from Tenaghi Philippon and Lac du Bouchet, also reveal shorter
climatic oscillations which may match marine isotope substages.
They need, however, a MIS-fixed base for matching. In some
cases time lags may be very short as is shown by varve counting in
lacustrine records from Marks Tey (Turner 1970) and Bilshausen
(Miiller 1974).

6.3.3 Tentative substage boundary levels for the Middle
Pleistocene in Northwest and Central Europe

The relatively well-dated last deglaciation phase (MIS 2/1) took
place between about 18 and 6 ka BP. The age of termination I is
dated at about 12.5 ka (Bard et al. 1992), but is time-transgressive
between about 9 and 13 ka from different deep-sea cores. This
date could logically be taken as the global Pleistocene-Holocene
boundary level. Based on land evidence, the formal lower bound-
ary of the Holocene for practical reasons is placed at 10 '*C ka BP
by the INQUA-Commission on Stratigraphy (Hageman 1969) in
the absence of an internationally defined stratotype or GSSP. A
boundary stratotype is now being defined in the NGRIP ice-core
on Greenland (Walker ef al. in press).

Just as the lower boundaries for the Holocene Series and for the
Late Pleistocene Subseries, arbitrarily defined at 128 ka (termina-



tion II) within the deglaciation phase of MIS 6 to 5e between 135
and 122 ka (Gibbard 2003), at least two provisional Middle Pleis-
tocene lower Subseries boundary levels valid for both the glaciat-
ed and non-glaciated areas in Northwest and Central Europe are
placed here at relevant deglaciations further back in the marine
isotope record:

- The lower boundary level of the late Middle Pleistocene corre-
sponding to the deglaciation of MIS 12/11 substage ¢ for which
an average date of 423 ka (termination V) is interpolated (sec-
tion 6.3.3),

- A lower boundary level within the early Middle Pleistocene
corresponding to the deglaciation of MIS16/15 at about 620 ka
(termination VII), subdividing this period into an part A fol-
lowed by a part B that begins at the 620 ka point (section 6.3.4).
The base of the early Middle Pleistocene coincides with that of
the Middle Pleistocene, i.e. the B/M boundary, as is proposed
by Richmond (1996).

Fixing the terrestrial boundary levels to these MIS transitions is of
importance because they confine the timing of the most extensive
Middle Pleistocene glaciations and of the loess/palaeosol cycles in
Northwest and Central Europe, which represent the main building
blocks of the regional stratigraphies within the continent-wide
framework. The correlation scheme in Figure 6.3 is based on these
links between the oceanic and the terrestrial mid-latitude Europe-
an Middle Pleistocene sequences and will be a guide in the next
sections in discussing facts and arguments on the chronostrati-
graphical positions of the latter.

6.3.4 Evidence for the early / late Middle Pleistocene bound-
ary level at the MIS 12/11 transition

In Northwest Europe this boundary level represents the chronos-

tratigraphical boundary between the Elsterian Stage and the Hol-

steinian temperate Stage. Of crucial importance for their corre-

spondence to the marine isotope stratigraphy is the timing of the

coeval Fennoscandian and British cycle F glaciations and the sub-

sequent Holsteinian marine sea-level maximum in the North Sea

type region. Interregional correlation of these large-scale events

with other regional stratigraphies, such as with the upstream Low-

er and Middle Rhine stratigraphy, the Central European terrace

and loess stratigraphy, and with the reference pollen record of Lac

du Bouchet in the Massif Central, relies on:

- The tephrochronology in the East Eifel region,

- The stratigraphical position of the tephras interbedded in the
Middle Rhine subaerial and fluvial sequences,

- The heavy mineral composition of the subaerial and fluvial se-
quences in this area and downstream of the river Rhine,

- Various biostratigraphical markers in fluvial and lacustrine se-
quences and

- The relative time correspondence of the remarkable erosional
breaks in several early Middle Pleistocene river terrace sys-
tems.

The best dates to estimate the lower boundary level for this divi-
sion with are between 370-450 ka, coming from K/Ar- and Ar/Ar-
dates of pyroxene-rich tephras attributed to the Rieden phase of
volcanic activity in the East Eifel region. These markers are repre-
sented in the Middle Rhine Kérlich H sequence, at Miesenheim I
and in and above the Middle Rhine mMT gravel terrace sequence
at Ariendorf. Their intercalated tephra beds have been dated at
around 450 ka and are associated with cold-climate conditions
equated to MIS 12. The palacosol complexes on top of these cold
period units are overlain by tephras dated to between 370 ka (Kér-

lich Brockentuff) and 420 ka (Ariendorf Selbergit tuff), which can
therefore be attributed to MIS 11. The predominance of pyroxenes
in the heavy-mineral assemblages in the upper part of Middle
Rhine Kirlich G sequence and in the mMT terrace gravels indicate
that the pyroclastic deposition was already taking place during
MIS 13 and continued into MIS 12 and MIS 11.

The dates for the East Eifel Rieden eruption phases in the Middle
Rhine fluvial and subaerial sequences, together with the MIS trend
matching, are used to determine the timing of the subsequent ero-
sion, northward fluvial transport and incorporation of the derived
volcanic minerals in the alluvial sediments of the Anglo-Dutch/
North Sea sub-basin. Since high augite contents first occur in the
heavy-mineral spectra of the North Sea Noordbergum marine in-
tercalation (= Cromerian IV Substage ¢f. Zagwijn) this early Mid-
dle Pleistocene sea-level highstand can be assigned at the earliest
to MIS 13. Based on the stratigraphical position of the Elsterian
glaciation in this type region, intermediate of augite-rich fluvial
synthems of the Anglo-Dutch North Sea Urk sequence group, it
can be concluded that MIS 12 is the best option for its correspond-
ence to the oceanic isotope record. The maximum extent of the
Elsterian glacial advance then took place prior to the release of the
augite-containing Sel/bergit tuff'in the East Eifel region and subse-
quent fluvial transport by the river Rhine to the north.

Based on similar interregional correlations with the Dutch stratig-
raphy, but using early radiometric dates on the release of the au-
gite-bearing Selbergit tuff at around 400 ka, Zagwijn (1986, 1992)
attributed the marine North Sea Noordbergum intercalation to
MIS 11 and the subsequent glacial advances of the Elsterian gla-
ciation to MIS 10. In this option the early/late Middle Pleistocene
boundary level would be assigned to the deglaciation of MIS 10/9
(termination IV at 339 ka). This differs from by about 100,000
years with the present proposal®, assuming that deposition of au-
gite-rich alluvial sediments in the Anglo-Dutch North Sea sub-
basin may already have taken place during a 100 ka cycle earlier,
that is from MIS 13.

Additional evidence for equating the lower late Middle Pleistocene
boundary level with MIS12/11 comes from biostratigraphical evi-
dence of marine and lacustrine deposits assigned to the Holsteinian
Stage s.s. and their supposed correlation with the Praclaux forest
vegetation optimum in the Massif Central Lac du Bouchet maar
lake record. The late-temperate phase of many ‘Holsteinian’ pol-
len spectra contain the last appearance datum (LAD) of Pterocarya
pollen which is tentatively used as a biostratigraphical marker in
the reference pollen record of the Lac du Bouchet that coincides
with MIS 11 (De Beaulieu and Reille 1995). Since these pollen
records represent the first forest climax of interglacial type follow-
ing the Elsterian/Anglian glaciation maximum and accompanied
by high sea-level stands in the North Sea area, they most likely
correspond to substage ¢ of MIS 11. Furthermore, lower and mid-
dle section fine-grained fluvial channel deposits of several Euro-
pean rivers contain Pterocarya pollen and the characteristically
Holsteinian mollusc Viviparus diluvianus. Among others, the so-
called ‘Krefeld clay beds’ in the Lower Rhine Embayment type
region which lie conformably on top of the MTIlla- or ‘Rinnen-
schotter’ cold period aggradation, equivalent to the Middle Rhine
mMT sequence and attributed to MIS 12.

The absence of Pterocarya in the forest pollen assemblage of the
Middle Rhine Karlich Seeufer lake sequence, dated to the first
warm climate event following the deposition of the Brockentuff at
396 + 20 ka, points to correspondence with MIS 9 and confirms
the timing of the Elsterian-Holsteinian boundary level at the MIS
12/11 transition. This conclusion is supported by most dates on
carbonates and fossils from Holsteinian Stage deposits (section
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Figure 6.3 Correlation of the terrestrial event-stratigraphical subdivision of the Middle (and Late) Pleistocene for Northwest and Central Europe with the

marine isotope stratigraphy, on a linear time scale.

3.4.3). Similarly, Ehlers, Gibbard & Rose (1991) for Europe at-
tributed MIS 11 as the most probable correlative of the Holsteinian
Stage, as most workers from Britain and the European continent
do today.

Indirect correlation of the strong basal unconformities of the py-
roxene-dominated mMT- and ‘Rinnenschotter’ synthems in the
Middle Rhine and Lower Rhine Embayment type regions and of
the subaerial Kérlich H I synthem, dated between 450 and 500 ka,
with similar erosional phenomena documented in other Central
European terrace (and loess) sequences, may provide a link be-
tween the chronostratigraphical position of the Elsterian glaciation
and fluvial response to tectonic movements in the extraglacial
stratigraphies (section 4.4.3). The exceptionally deep incision
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phase in the Rhineland type regions is also found in, and may be
correlative with, a) the middle sections of the Elbe drainage basin,
where the so-called ‘Friihelsterterrasse’ (EET) sequence is im-
mediately overlain by the Elsterian glacial sequence, and b) the
terrace stratigraphy of parts of the Danube drainage basin. The
latter concern the erosional breaks separating the northern Alpine
Foreland alluvial Younger Deckenschotter supersynthem from the
Hochterrassen supersynthem and the eastern Alpine Foreland
Cerveny Kopec 3 fluvial terrace sequence from the CK2 terrace
sequence. The initial age of these dissimilar downcutting and
aggradation phases is intermediate between the Central European
pedocomplex PKVII and the thick Central European loess unit F
which are correlated to MIS 13 and MIS 12, respectively. Since
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the erosional breaks are provisionally linked with fluvial response
to (glacio-)isotatic rearrangements by Kukla and Cilek (1996),
they may support their conclusion that the extensive Elsterian/An-
glian/Alpine oldest Rissian (I) glaciations were responsible for
these fluvial anomalies in the extraglacial areas and for the ex-
treme changes in erosion base levels in the North Sea basin. Sub-
sequent infilling of the incised valleys and the subglacial channel
system, e.g. the Peelo Formation in the Netherlands, probably took
place during the ice-sheet maximum close to the end of MIS 12.

To conclude: the assignment of the early/late Middle Pleistocene
boundary level at the MIS 12/11 transition in the marine isotope
stratigraphy (Fig. 6.3) would solve the chronostratigraphical prob-
lems concerning the north European glacial models in the correla-
tion scheme (Fig. 3.2) and establish a link between the glacial and
extraglacial terrace and loess stratigraphies. This lower boundary

would then represent:

- The transition of the glacial deposits and unconformities associ-
ated with the Fennoscandian, British and Alpine glacial cycle F
(Elsterian, Sanian 2, Okian, Anglian and the oldest Rissian) to
the Holsteinian (Hoxnian, Mazovian and Likhvinian) non-gla-
cial sequences of marine, lacustrine and fluvial origin in the gla-
ciated type areas, including the transition to forest vegetation in
these,

- The transition of the subaerial synthems equivalent to the Cen-
tral European loess cycle F to the formation of soil complexes
correlative with PKVI,

- The transition to the (coeval) fluvial sequences following the
erosional unconformity of Central European cycle F in the ter-
race systems of the extraglacial type areas.
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6.3.5 Evidence for the MIS 16/15 boundary level within the
early Middle Pleistocene

Terrestrial evidence for an event-stratigraphical boundary level
within the lower Middle Pleistocene succession coinciding with
the MIS 16/15 transition (midpoint at 620 ka: termination VII) is
only well-documented in eastern Europe. There the boundary lev-
el represents:

- The transition of the glacial sequences correlative to the Fen-
noscandian cycle H (Donian, Sanian I, Narevian, Servackian)
glaciation event to the Russian Plain Muchkap and Polish Plain
Ferdynandov non-glacial sequences of lacustrine and fluvial
origin,

- The transition of the Russian Plain Borisoglebsk loess cycle to
the formation of soil complexes correlative with the Russian
Plain Vorona soil complex.

The latter transition is contemporary with that of the Central Euro-
pean loess cycle H to the soil complexes PKVIII and PKVII in
Central Europe. PKVII contains rubified Bt-horizons (‘Braunle-
hm’) of forest soils among others, which are associated with in-
tense warm and humid climate conditions probably during MIS
13. They are also found in several other type regions, among which
the northern Alpine Foreland (‘Riesenboden’). Here the Alpine
Mindelian glaciation predates these pronounced soils of Bt-type
and therefore most probably can be equated with the Donian gla-
ciation.

Distinguishing criteria of the subsequent Russian Plain Muchkap/
Polish Plain Ferdynandov lake sequences concern:

- The presence of the Mimomys-Arvicola boundary,

- A characteristic bi-optimal warm stage type floral succession.

Although evidence of wide-spread cold climate events prior to the
Elsterian glaciation is scanty in Northwest and Central Europe
(section 4.3.1), extrapolation of this biostratigraphical evidence
and interpreted palaeoclimatic and -environmental features also
seem to justify a subdivision of the early Middle Pleistocene in
these type areas. Their correlation with regional event-stratigraph-
ical markers and independent dates show that:

- The Mimomys-Arvicola boundary in the Kérlich section occurs
between the deposition of loess synthem F and the first deposi-
tional cycle of Kérlich subaerial sequence G. It, however, post-
dates the Bt-type soil complex developed in loess unit F which
is equivalent to MIS 15 (substage ¢),

- The West Runton marine synthem in East Anglia indicates a
transgression in the North Sea basin which may correspond to
MIS 13 or MIS 15 (substage a) and post-dating the Donian gla-
ciation. Unfortunately, stratigraphical control is lacking and
there is no equivalent in the North Sea basin. The estuarine de-
posits are overlying the warm-stage sequence of the West Run-
ton Freshwater Bed (West 1996), containing Mimomys savini,
and comparing well with the pre-Elsterian Voigtstedt warm-
stage fluvial lake sequence in Germany based on mammal fau-
na,

- The Mimomys-Arvicola boundary roughly coincides with the
first subaerial and fluvial synthems in the Rhineland that are
characterised by the dominance of derived volcanic minerals, in
particular brown hornblende, associated with the increase of
East Eifel volcanic activity starting from about 570 ka and hence
post-dating MIS 16/15 boundary level,

- This increase in volcanic activity follows the tectonic-induced
transition of the Middle Rhine and Lower Rhine Embayment
Upper Terrace (HT) sequence group to the Middle Terrace
(MT) sequence group in these type areas. It also corresponds to
the northward shift of the Lower Rhine course geographically
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separating the Lower Rhine Sterksel and Urk alluvial sequence
group. The MIS 16/15 boundary level probably lies within the
hiatus between their aggradation phases,

- The pronounced warm-climate soil complexes in the Lower
Rhine Embayment HT3 and HT4 terrace sequences (‘Ville’) is
equivalent to the pedocomplexes PKVIII and PKVII in Central
Europe and probably correspond to the period MIS 15 to 13,

- The lake sequences of Harreskov and @lgod (Andersen 1965) in
Denmark rest on glacial sediments and their forest vegetation
climaxes are very similar to that of the lowermost in the Polish
Plain Ferdynandovian glacial lake sequence.

This evidence on the timing of the early Middle Pleistocene event
markers and their correspondence with the MIS suggests that the
transition of MIS16/15 is, at least for eastern Europe, a relevant
boundary level for subdividing the period into a part A and a part
B (Fig. 6.3). A complicating factor forms the Mimomys-Arvicola
boundary which is post-dating the first Bt-soil horizons developed
on the Central European loess units of cycle H and in the Middle
Rhine Kiérlich loess sequence F and therefore cannot be attributed
to the first substage (e) of MIS 15. In addition, the position of the
MIS 16/15 boundary level within the ‘Cromerian Complex’ Stage
remains unclear. This will be discussed further in section 6.4.2.

6.4 Middle Pleistocene local-scale event correlations
and integration of Palaeolithic sites

With the wide-spread evidence of the large-scale events represent-
ing the Middle Pleistocene loess depositional cycles in Eurasia
and Central Europe, the glacial depositional cycles in northern Eu-
rope and the marine transgressional cycles in the North Sea basin,
arranged within the MIS-fixed time frame (Fig. 6.3), a suitable
chronology on the basis of event-stratigraphical criteria and indi-
rect correlation for both the loess stratigraphy and the classical
European glacial models has been established. This also corre-
sponds to the megacycle principle of Kukla and Cilek (1996)
based on the loess depositional cycles in China and Eurasia, al-
though the lower boundaries of the units are set at the base of the
Central European loess units: megacycle (MC) 1 starts with loess
unit C, MC2 with loess unit F and MC3 with loess unit H. The
loess units are equivalent to the Fennoscandian glacial sequences
C (Saalian), F (Elsterian) and H (Donian), respectively.

The global correlations prove that a substantial part of the time
represented in the Middle Pleistocene terrestrial records is locked
in unconformities and intermediate sequences which are predomi-
nantly locally controlled and preserved. The correlation scheme in
Figure 6.3 will be used as a guide for summarising the develop-
ment and stratigraphical positions of the local-scale Northwest
and Central European events. The interpretation and correlation of
these events have given much debate among researchers (chapter
2). Although their palaeoclimatic information, such as vegetation-
al forest climaxes of warm-stage character in lakes and mires,
modes of river deposition and soil complexes, also involve higher
order (short-term) cyclicities/oscillations and local neo-tectonic
effects, they nevertheless should correspond to the global-scale
MIS-fixed framework. The nearest reference vegetational proxy
records are those of Lac du Bouchet (Southeast France) and
Tenaghi Philippon (Greece) which are also shown in Figure 6.3
for comparison. Latitudinal and altitudinal differences in vegeta-
tional and soil development should be taken into account. Correla-
tions of local evidence should be achieved by following the post-
depositional succession from a large-scale MIS-fixed basal, un-



conformity-bounded, unit or a dated level upwards. The largest
hiatuses are expected after levelling of glacial relief and below the
next global-scale unconformity since erosional processes of their
related events have generally removed the upper parts of the pre-
ceding post-depositional succession.

Within the scope of this research project, referred to in the preface,
some conclusions on the stratigraphical position of Palaeolithic
sites in Northwest and Central Europe within the MIS-fixed time
frame are also integrated in Figure 6.3 and discussed below.

6.4.1 Stratigraphical position of Late Middle Pleistocene local
events (MIS 11-6: 423-128 ka)

The late Middle Pleistocene ‘superstage’® spans about 300 ka and
is correlative to MIS 11-6 between the boundary levels of MIS
12/11 (termination V at 423 ka) and MIS 6/5 (termination II at 128
ka). Its sequences are based by the Elsterian Fennoscandian gla-
cial sequence F in northern Europe and CE loess sequence F, and
equivalents, in the non-glaciated areas.

The best reference for warm palaeoclimatic events in Europe is the
Lac du Bouchet pollen record, which shows seven forest vegeta-
tion climaxes during this time interval. The last occurrence of Pte-
rocarya pollen in the forest assemblage zone of the Praclaux event
(MIS 11) is a significant biostratigraphical marker for correlation.
MIS 11 represents a period of marine transgression in the North
Sea basin, small-scale fluvial deposition (with characteristic tem-
perate freshwater molluscs), soil formation and local lake sedi-
mentation showing a single climatic optimum in their pollen con-
tent and containing Pterocarya in a late-temperate phase. These
sequences form the lower boundary of the late Middle Pleistocene
in the glaciated type regions.

Firm evidence for large-scale (4™ order) climatic events intermedi-
ate between the Holsteinian North Sea sea-level maximum and
Saalian glaciation is largely missing in the European lowland are-
as because, next to the poor accessibility, extensive glaciation lim-
its are not recorded. The cold MIS 10 and MIS 8 apparently con-
stitute ice-free periods in the Northwest European lowlands. In
Poland, on the other hand, evidence is found for ice-sheet expan-
sions beyond the Fennoscandian Shield during the cold MIS 10,
the Liwiec glaciation (Lindner 1988), separated by warm inter-
vals. Unfortunately, the intercalated organic sediments here are
not superimposed, which hampers correlation (Krzyszkowski
1991). In the western part of northern Alpine Foreland the Rissian
IT or ‘Doppelwall Riss’ glaciation has been assigned to MIS 10
(Ellwanger et al. 1995).

Glacioeustatic sea-level maxima in the North Sea did not reach the
present coast-line. There are, however, indications of high sea-
level stands on the Atlantic coast and in the Channel area. Oceanic
climate influence was very limited during MIS 7, because of the
absence of Abies from the, few available, pollen spectra. Never-
theless, Meijer and Cleveringa (2003) on the basis of AAR data
from molluscs report a marine transgression in the Netherlands
during a warm event, introduced as Oostermeer, dated within MIS
7.

Most lake basins became silted up after MIS 11. At least the first
part of one warm-climatic episode following the Holsteinian Stage
is recorded in the North Sea basin margins at Wacken and
Pritzwalk. These Wacken and Démnitz warm events may be as-
signed to MIS 9(c). Further biostratigraphical evidence is predom-
inantly preserved in upland small-scale basins related to local salt-
tectonic features, denudation and volcanics, all of which show
slightly non-standard pollen spectra, and in travertine springs, e.g.

Bilzingsleben. The lake sequence of Bilshausen in the Thuringian
Basin spans the entire MIS 9 (section 5.2.3). The age of the Mid-
dle Rhine Kérlich Seeufer (landslide) lake sequence can be dated
in a warm event younger than 370 ka, implying that its vegetation
optimum also corresponds to MIS 9. The lake and mire sequences
of the Schoningen section (section 5.4) reveals at least two warm-
climate type forest climaxes separated by major unconformities:
the Reinsdorf warm climate event and the Schéningen warm cli-
mate event which can be attributed to MIS 9 and MIS 7, respec-
tively. The stratigraphical positions of other local pollen evidence,
e.g. Hoogeveen, Zbojno, is too uncertain to reach a firm conclu-
sion regarding their ages, although their forest climaxes may point
to correlation with MIS 9. Zagwijn (1990) tentatively considered
the Hoogeveen temperate interval to belong to MIS 7. This period
is also correlated with fine-grained fluvial deposits of the river
Meuse at Maastricht/Belvédére in the Netherlands, that contain
Palacolithic artefacts, and is TL-dated to about 250 ka (Huxtable
1992). This age determination is in accordance with U/Th dates of
177-234 ka from the Schoningen peat deposits (Heijnis 1994).

Several late Middle Pleistocene archeological sites span the period
MIS 11 to 6. On typological grounds, as well as on dated geologi-
cal evidence, at least two phases of occupation can be distin-
guished during this period between the Elsterian and the Saalian
glacial maxima (Fig. 6.3):

- One group dates from MIS 11 to 9. There is evidence for occu-
pation during the late-temperate phases of two climatic optima.
The first optimum coincides with the Holsteinian North Sea ma-
rine transgression and biogenic lake deposits that can be tenta-
tively correlated to MIS 11c¢, globally dated around 420-400 ka
BP. It should be noted that only British examples are known:
Hoxne and Clacton-on-Sea. Archaeological findings from more
castward German sites, at Kairlich-Seeufer, Schoningen 13
(=Reinsdorf) and Bilzingsleben 11, date from a later climatic op-
timum, which is probably MIS 9 (substage c: ¢. 330 ka BP).
These late Middle Pleistocene Palaeolithic sites are the oldest
known on the Central European continent.

- The second group of late Middle Pleistocene Palaeolithic sites
can beyond doubt be attributed to MIS 7 and early 6, between
250-160 ka BP. They are preserved in travertine, fluvial terrace
sediments and buried soils, formed under alternatively warm-
temperate and boreal climate conditions.

6.4.2 Stratigraphical position of early Middle Pleistocene
local events (B/M boundary - MIS 12: 780-423 ka)

The early Middle Pleistocene traditionally comprises the sequenc-
es that can be palaeomagnetically dated from the base of the Brun-
hes Chron to and including those deposited during the Elsterian
glaciation and its most likely extraglacial equivalent, the Central
European loess cycle F. The ‘superstage’ may regionally be fur-
ther subdivided into a part A and a part B depending on local and
regional stratigraphical evidence.

Part B is correlative to the period MIS 15-12. Its base is formed by
the glacial sequences of Donian age in eastern Europe and CE
loess unit H and equivalents in the non-glaciated areas. This peri-
od is striking by the absence of large-scale cold events prior to the
Elsterian glaciation in both the glaciated and extraglacial areas.
Central European loess cycle G, as well as Chinese loess records,
indicate only minor cold in MIS 14, which is confirmed in the Kér-
lich G subearial sequence in the Middle Rhine type area. Instead,
many local sequences are preserved that reflect several warm cli-
matic events that can be attributed to MIS 15 and MIS 13.
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During this period the first evidence of hominid occupation in
mid-latitude Europe is also found. This corroborates the conclu-
sion of Roebroeks and Van Kolfschoten (1995) that all sound evi-
dence of early human occupation is found in local sedimentary
sequences that post-date the Brunhes/Matuyama palacomagnetic
reversal at about 780 ka (MIS 19). Early Middle Pleistocene sites
pre-dating the glacial sequences of the Elsterian/Anglian glacia-
tions probable do not exceed MIS 15 in age (Fig. 6.3, Epilogue).
Their communities, associated with bifacial industries, constitute
the oldest occupation group which is geographically located in At-
lantic western Europe, along the coasts of the Channel, e.g. at
Boxgrove, and in the valleys of some large river systems (Somme,
Rhine) draining chalk areas.

Part A is correlative to the period corresponding to MIS 19-16.
The Brunhes/Matuyama geomagnetic reversal in various local se-
quences is a clear chronostratigraphical boundary. However,
large-scale palacoenvironmental or palaecoclimatic signals of the
4™ order are missing from this time interval. There is also poor
bio- and chronostratigraphical control in the non-glacial sequenc-
es. Evidence for this period is related to the last event-stratigraph-
ical boundaries in the Early Pleistocene which can probably be set
at a glacial maximum that corresponds to MIS 22 (900 ka) and a
neo-tectonic cycle boundary of increased uplift rates that began at
about 1.2 Ma. Fluvial terrace complexes corresponding to these
intervals (MIS 22-16) include the Middle Rhine - and Lower
Rhine Embayment Upper Terrace (HT) sequence groups and the
northern Alpine Foreland Younger Deckenschotter (section 4.3.3).
The latter contains fluvioglacial deposits dating from the Alpine
Haslach glaciation, probably of MIS 22 age, as well as from the
subsequent Mindelian (MIS 16) glaciation.

The stratigraphical position of the Northwest European Cromerian
events (‘Cromerian Complex’ Stage) within the MIS-fixed frame-
work remains unclear. The reason for this is that the Cromerian
subdivision is mainly based on the fragmentary occurrence of lo-
cal warm-climate event signals within the Lower Rhine fluvial
environments. The Cromerian substages I (Waardenburg’), II
(Westerhoven) and III (Rosmalen) lack stratigraphical control and
are not related to large-scale continental events that can be matched
with the marine isotope stratigraphy. Moreover, warmest Cromer-
ian substage localities, reviewed in Turner (1996), are not com-
pletely preserved. This makes them difficult to correlate. As is
obvious from other environments in the European type regions, as
well as from the marine isotope stratigraphy, there are hiatuses in
the Cromerian succession particularly between the warm substag-
es Il and IV (Zagwijn 1996). The Cromerian IV (Noordbergum)
sediments, comprising marine reworked fluvial deposits, are found
above the ‘augite datum’ in the Rhine deposits, the latter related to
Eifel volcanism. These marine sediments, as well as those from
Ostend (England), contain the earliest remains of the water vole
Arvicola terrestris cantiana which makes an MIS 13 age very
likely. High sea-level stands during MIS 13 may have occurred in
connection with the warm climate conditions indicated by the ex-
tremely leached forest-soil complexes found at several Central
European localities. The high-sea-level stands interpreted from
the warm-stage sequence at West Runton, i.e. above the West
Runton Freshwater Bed containing Mimomys savini (West 1996),
may also coincide to MIS 13 or even indicate a potentially earlier
marine transgression in the North Sea. This may well have oc-
curred during MIS 15 (substage a), although there is no direct evi-
dence in the area of a preceding Fennoscandian glaciation. The
Cromerian III warm interval is difficult to correlate with other
evidence that can be equated to MIS 15. Since its stratigraphical
position is associated with the Lower Rhine Embayment Haupt-
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terrassen sequence group, pre-dating the MIS 16/15 boundary
level, this warm interval, as well as the Cromerian II interval,
seem to have occurred during the period between MIS 19 and 16.

6.5 Conclusions and outlook

The proposed use of genetic sequence and event stratigraphical
procedures, supplementary to the traditional climatostratigraphy,
brings about a better understanding of the stratigraphy of the ter-
restrial Middle Pleistocene sequences. Regional schemes have
been proposed herein for the Northwest and Central European
type areas. These schemes have been developed by integration of
the multidisciplinary stratigraphical evidence into local and re-
gional scale units recognised and defined on the basis of bounding
unconformities and depositional environment. This informal sub-
division of genetic sequence units provides tools for interregional
correlation of the wide-spread glacial and periglacial subaerial se-
quences. With the help of a set of interregionally significant ‘bio’-
and ‘chrono’-markers from the often localised intermediate units,
a preliminary chronostratigraphical framework has been compiled.
Subsequent interpretation of different type events, with reference
to spatial and temporal scale as a basis for correlation, brings about
a better understanding of the climatic and environmental history of
the Middle Pleistocene. Relating the event-stratigraphical frame-
work for Northwest and Central Europe with the marine isotope
stratigraphy offers possibilities for refining the relative chronolo-
gy. At least for the late Middle Pleistocene, the terrestrial equiva-
lents of the 4" order glacial-interglacial depositional cycles can be
equated fairly accurately to the MIS. With regard to the chronos-
tratigraphical positions of the classical Northwest European pal-
aeoclimatic stages of the Middle Pleistocene, one of the intentions
of this thesis, it is concluded that:

- The Saalian Stage comprises the Fennoscandian, British and Al-
pine glaciations of cycle C, corresponding to MIS 6, and evi-
dence for two more glacial-interglacial cycles, MIS 10-9 and
8-7 respectively,

- The Holsteinian Stage can be assigned to MIS 11,

- The Elsterian Stage can be equated with MIS12,

- The ‘Cromerian Complex’ Stage comprises the Donian glacia-
tion of cycle H in eastern Europe which corresponds to MIS 16.
The positions of the Cromerian warm substages® are difficult to
correlate with the marine sequence because of the fragmentary
nature of its record.

The marine isotope stratigraphy cannot be defined as the yardstick
for the terrestrial chronostratigraphy, it only forms a reference for
the timing of the terrestrial climatic stages and events. The time-
transgressive boundary levels of the stages lie within the range of
the deglaciation intervals for which the terminations give indica-
tive ages. The boundary levels at the MIS 12/11 - and MIS 16/15
transitions are proposed as lower stage boundaries for the late
Middle Pleistocene and a subdivision of the early Middle Pleis-
tocene into a part A and B, respectively.

The low-resolution event-stratigraphical framework is provisional
and is intended to be an initiative towards a formal subdivision.
The evidence, advocated to underpin and refine the terrestrial
event-stratigraphical framework, is not straightforward and still
faces the problems inherent to its fragmentary and heterogeneous
nature. The criteria for identification and definition of genetic se-
quence and event-stratigraphical units, with large-scale correla-
tion potential, need to be further developed. In many cases this
will involve a reinvestigation and reinterpretion of known sites



and sequences. Comparison of eastern and western European evi-
dence will improve the understanding of the stratigraphical rela-
tionships. Moreover, a better insight can be obtained by including
sedimentary facies analysis in geological investigation and classi-
fication. An additional aspect is the equipping of the event-strati-
graphical schemes with a revised and unambiguous nomenclature
and terminology.

Possibilities for further refinement of the timing of the interpreted
palaeoclimatic events during the Middle Pleistocene lie in new
evidence and techniques. They comprise the recognition of bound-
aries at clearly defined horizons from both the MIS and the ter-
restrial stratigraphies. Although it is well known that the terrestrial
equivalents of the global scale deglaciation intervals in the MIS
are time-transgressive within a range of thousands of years, reduc-
tion of the diachronity of the boundary levels may be achieved by
research on the various ‘lag’ times of the geological and ecologi-
cal responses of climatic change. To achieve this, local detailed
records are essential for the timing of the periods intermediate of
the large-scale events. New high-resolution information can be
embedded/integrated as reference records in the terrestrial schemes
with regard to local variability of climatic change and neotectonics
which can then be equated with the global scale of the marine
isotope record.

This, otherwise, had for long been a well understood reality.

With the exception of the marine Noordbergum (= Cromerian IV)
intercalation of which the stratigraphical position is unclear.

Chronometric controls of the Laurentide Wisconsin glacial deposits in
the USA indicate glacial advances during the time periods represented
by the MIS 4 and MIS 2, as recorded by the southernmost extensions of
end-morainesat various locations ranging between about 65-79 ka

respectively 22-14 ka BP (Richmond & Fullerton 1986).

Boundaries between thick loess beds and palaeosol complexes based
by a B-horizon.

And consequently for the absolute ages of many early Palaeolithic
levels.

Or ‘sub-subseries’.
Of Matuyama age.

8 The Cromerian substages II, III and 1V within the Brunhes Chron.
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EPILOGUE

The stratigraphical evidence and information involved in this the-
sis covers the published literature for the period until September
2005, when the manuscript was submitted for publication and
public examination. New evidence, such as the discovery of flint
artefacts within the Cromer Forest-bed-Formation at Pakefield in
Norfolk (England), is not included (Parfitt e al. 2005)". The find-
ings of Palaeolithic material within warm-stage deposits contain-
ing Mimomys savini is the first of such kind in northern Europe. It
implies that the earliest human occupation of northern Europe al-
ready would have taken place during the first substage (e) of MIS
15, or even during a warm isotope stage prior to MIS 16, centered
at around 600 ka.

The flints artefacts at Pakefield are found in organic fine-grained
channel fill and overbank deposits that are incised into marine,
estuarine and fluvial sediments. These warm-stage deposits are
unconformably overlain by glaciofluvial deposits (Corton Sands)
and the Lowestoft Till synthem of Anglian (= MIS 12) age. They
were originally correlated with similar deposits of the Cromerian
stratotype at West Runton, 60 km to the northeast, on the basis of
the occurrence of Mimomys savini, palynology and malacology.
The authors assume that both sites are close in age, also confirmed
by AAR evidence, and suggest an early Middle Pleistocene age. It
is the special combination of Mimomys savini with the occurrence
of large mammals such as Hippopotamus amphibius, Megaloceros
dawkinsi and Palaeoloxodon antiquus that distinguishes the Pake-
field sequence from that of West Runton, lacking these large
mammals. The authors propose an older age for the Pakefield se-
quence and hence an earlier presence of humans, i.e. before MIS
16. Their arguments are the occurrence of Mimomys pusillus,
which indicates a pre-Donian age, and a new lithostratigraphical

interpretation of the overlying sedimentary sequence suggesting
evidence for a glaciation cycle coinciding with MIS 16.

The marine sediments overlying the warm-stage sediments at
West Runton, noted in this thesis, are thought to reflect a marine
transgressional cycle in the Anglo-Dutch North Sea type region
equivalent to MIS 13 or MIS 15 substage a. They do not contain
Mimomys savini and post-date the Pakefield warm-stage sedi-
ments (Gibbard et al. 1991). The last appearance date of Mimomys
savini would then just have overlapped the presence of Hippopot-
amus and Palaeoloxodon antiquus in the Pakefield sequence. The
option that the Pakefield flints date from MIS 15 (substage e) can-
not be excluded therefore. The precise stratigraphical position of
both warm-stage sequences, however, remains unclear as yet.
Notwithstanding, the findings of flint artefacts at Pakefield in
warm-stage deposits containing Mimomys savini does not neces-
sarily contradict the conclusion made in this thesis that there is no
sound evidence of early human occupation before c. 600,000 years
ago. At least they confirm the proposed lowering of the age bound-
ary for the ‘short chronology’ theory (sensu Roebroeks & Van
Kolfschoten 1995) from 500,000 to 600,000 years ago.

! Simon A. Parfitt, Rene W. Barendregt, Marzia Breda, lan Candy, Mat-
thew J. Collins, G. Russell Coope, Paul Durbidge, Mike H. Field,
Jonathan R. Lee, Adrian M. Lister, Robert Mutch, Kirsty E. H. Penk-
man, Richard C. Preece, James Rose, Christopher B. Stringer, Robert
Symmons, John E. Whittaker, John J. Wymer & Anthony J. Stuart 2005.
The earliest record of human activity in northern Europe. Nature 4227,
vol. 38, p. 1008-1012.
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