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Abstract: A collection of papers appears under the title “Special External Effects on Fluvial System
Evolution” in the journal, Quaternary. This is a new Special Issue under the aegis of the Fluvial
Archives Group (FLAG), illustrating the recent progress made in paleo-fluvial research. These papers
highlight the high complexity of the external forcing of fluvial dynamics, and especially, the combined
results of several interfering variables. In addition, it appears that the study of fluvial archives cannot
be limited to the general and direct effects of external variables, but it also has to include the indirect
influences that are regionally variable.

Keywords: FLAG; paleo-fluvial; fluvial forcing; fluvial archives

Rivers are excellent witnesses of the dynamics affecting the Earth’s surface environments.
Their activity is highly sensitive to the external impacts of climate change, base-level change,
crustal movements, and human influence, as evidenced over variable temporal and spatial scales.
Because these strong relationships, fluvial geomorphology and sedimentology have, in turn, often been
applied in order to infer information related to the reconstructions of climate, tectonic (and atectonic)
crustal movements, base-level changes, and human activity. The specification of these relationships
in terms of the processes involved has always been a crucial point in the study of fluvial archives,
and thus a focal point of interest for Fluvial Archives Group (FLAG) research (e.g., [1]). In addition,
it was shown several decades ago that the fluvial system is not static, but is affected by its own
endogenetic processes, and undergoes its own internal evolution in dynamic equilibrium (e.g., [2,3]).
This means that the complexity of the external forcing of fluvial dynamics has to be supplemented
with the effects of internal mechanisms. Furthermore, it has been found that, both in internal and
external impacts, the delay and feedback effects and threshold crossing often lead to particular results
and to more complexity in fluvial evolution (e.g., [4,5]).

Until now, there has been focus on evaluating the general impacts of the individual external
factors, and more specifically, on disentangling their individual contributions. For instance, there is
a recurrent question about how to identify the separate effects of climate and crustal movement on
fluvial systems, or how to evaluate the impact of human action in comparison with climate changes.
Such basic topics still need further investigation, as is shown by the contributions to this Special Issue.
However, it remains a challenge to investigate the combined results of several interfering variables.
Furthermore, several cases in the present issue show that we cannot continue to limit the study of
fluvial archives to the general and direct effects of external variables. For instance, the climate has
an immense impact on the fluvial system, not only in terms of temperature or precipitation, but also
indirectly, by way of vegetation and frozen ground as intermediaries (e.g., [6,7]). Another example is
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the impact of crustal movement, which is often specified indirectly through its effects on the steepness
of the river gradient, the topographic shape of the river catchment, or the physical properties of
the substratum (e.g., [8]). An important result from the earlier years of FLAG research has been the
realization that the effects of the various influences, and the style and pattern of the resultant fluvial
archives, can vary according to the crustal type, particularly in terms of the susceptibility of different
crustal provinces to vertical movement [9,10]. In addition, of practical importance, is the impact of
human activity, such as land-use change and demographic pressure, in comparison with climatic
change (e.g., [11-13]).

Finally, the controlling influences, because of their own complexity, may lead to the opposite,
or at least different effects on the fluvial system. For example, cold- and warm-climate conditions
have to be differentiated in order to cope with the effects of seasonality, the role of snow cover,
and the duration of frost in the soil, while the relative magnitude and frequency of precipitation and
temperature greatly affects vegetation. Similarly, crustal movements may have different effects on the
fluvial processes as a function of the variety and rate of tectonic movement, or the regionally variable
erodibility of the substratum. The regional differences of these indirect impacts may be very important
for fluvial evolution.

In summary, the fluvial archive is a rich but also complex source of information. Rivers are reliable
recorders of complex dynamics via their sedimentary products and morphological expression, and it
is a challenge to contribute step-by-step to the understanding of the operation of the system and its
influencing factors. But, in addition to the importance of regional differentiation and the effect of the
indirect impacts outlined above, it is desirable to extract the validity of the rules that globally govern
the evolution of fluvial systems and are reflected in the fluvial archives.

The present collection of papers under the title “Special External Effects on Fluvial System
Evolution” illustrates the recent progress in the direction outlined above. It originally arose from a
conference organized by Dr Zhenbo Hu (Lanzhou University, Lanzhou, China) and Prof Xianyan Wang
(Nanjing University, Nanjing, China) in the summer of 2017, under the aegis of the Fluvial Archives
Group (FLAG), the Quaternary Research Association (QRA), and the Geologists” Association (GA) in
the upper and middle reaches of the Yellow River. In their paper, Daley and Cohen stress the significant
impacts of regional climatic change above the relatively minor, and rather local-scale effects of intrinsic
factors. More specifically, the channel incision at the beginning of the Holocene coincided with a
precipitation maximum widely recognized in the otherwise tectonically stable area of subtropical
Australia. In contrast, Gao et al. show the internal steering mechanisms apparent in the detailed
evolution of an alluvial fan (the Huangshui river, NE Tibetan Plateau), clearly related to the position
at the entrance of a subsiding basin, in combination with climatic effects. Other papers illustrate a
less equivocally forced fluvial evolution, in which climate impact is interfering with other forcing
factors. For instance, Stokes et al. discuss the evolution of the surface of the intramontane Sorbas
basin in southern Spain. That surface, originally forming the top of the basin infill, was successively
eroded towards a pediment by autogenic processes in the Early Pleistocene, followed by a (external)
base-level lowering in the Middle Pleistocene. The next case deals with the tectonic impact of relatively
local significance overprinted onto climate changes of a much wider extent in shaping a characteristic
example of fluvial morphology. It describes the evolution of the catchment of the Tis(z)a river in
the Pannonian Basin, where the differential tectonic subsidence has had a direct impact on the river
gradient, and thus on the energy conditions (Vandenberghe et al.). Demir et al. provide a review of
the inferred influence of the crustal type within the Eurasian continent on patterns of fluvial-archive
preservation over Quaternary timescales, an influence that is shown to have affected landscape
evolution in different crustal provinces. At the opposite end of the geographical scale, Cunha et al.
attempt to interpret and date a fluvial archaeological context within the lowest (T6) terrace of the Lower
Tejo (Tagus), just downstream from the Spain-Portugal border. This concerns a basal gravelly bed
beneath silty sands and sandy silts, with the archaeology occurring, in conjunction with the remains of
large mammals, at the interface between the gravel and the overlying finer-grained sequence. Indeed,
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the mammals here include some of the youngest examples of megafauna, such as the straight-tusked

elephant. Finally, Gibling et al. focus on the impact of different kinds of human activities (for instance,
as expressed by land or water management and agriculture) on the modification of channels and
floodplains augmented since the beginning of the Holocene.
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Abstract: Compilation of empirical data on river-terrace sequences from across Eurasia during
successive International Geoscience Programme (IGCP) projects revealed marked contrasts between
the records from different crustal provinces, notably between the East European Platform (EEP)
and the Caledonian/Variscan/Alpine provinces of western/central Europe. Well-developed
terrace staircases, often indicative of hundreds of metres of Late Cenozoic uplift/fluvial incision,
are preserved in many parts of the European continent, especially westward of the EEP. In contrast,
rivers within the EEP have extensive sedimentary archives that are not preserved as terrace staircases;
instead, they form sets of laterally accreted sediment packages, never more than a few tens of
metres above or below modern river level. There are parallels in Asia, albeit that the crust of the
Asian continent has a greater proportion of tectonically active zones, at one extreme, and stable
platforms/cratons at the other. The observed patterns point strongly to the mobility of lower-crustal
material within younger provinces, where the continental crust is significantly hotter, as a key part
of the mechanism driving the progressive uplift that has led to valley incision and the formation
of river terraces: a process of erosional isostasy with lower-crustal flow as a positive-feedback
driver. The contrast between these different styles of fluvial-archive preservation is of considerable
significance for Quaternary stratigraphy, as such archives provide important templates for the
understanding of the terrestrial record.

Keywords: river terraces; fluvial archives; uplift; crustal properties; craton; sedimentary basins

1. Introduction

This review highlights the enhancement of terrestrial Quaternary stratigraphy that has been
made possible by the widespread evaluation of fluvial sequences, achieved as a result of successive
International Geoscience Programme (IGCP) projects (449, 518: see acknowledgements) and the
continuation of this work under the auspices of the Fluvial Archives Group (FLAG). This has allowed
the comparison of similarities and differences in preservation style and has provided new insight
into the relation between the patterns discerned and different types of crust. The importance of the
physical properties of different crustal provinces, which were inherited from the ancient geological
past, in governing Late Cenozoic geomorphic evolution, (e.g., [1-6]), is further assessed here on the
scale of the Eurasian continent.

This work has founded a view of long-timescale fluvial sequences, particularly (but not
solely) river terraces, as regional templates for Quaternary terrestrial stratigraphy, on the basis
that they represent semi-continuous sedimentary archives representative of the period of existence
of the river system to which they pertain [6-9]. Fluvial sedimentary sequences (both Quaternary
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and pre-Quaternary) can be valuable repositories of fossils of many types (e.g., [10]) and can
also yield Palaeolithic artefact assemblages [7,11-15]. They also represent valuable data-sources
for investigating palaeoclimate and landscape evolution, the joint themes of the second of the
above-mentioned International Geoscience Programme projects [6]. Indeed, it is widely believed
that the climatic fluctuation that has characterized the Quaternary has driven the changes in river
activity, essentially between sedimentation and (downward) erosion, that have given rise to terrace
sequences (e.g., [3,4,7,16]). In comparison with fluvial sequences, the sedimentary archives from
other environments, such as caves and lakes, often represent shorter intervals of time; it is useful to
cross-correlate these with fluvial sequences, using biostratigraphy and other proxies. Long sequences
of marine terrace deposits are found in some coastal regions (e.g., [17]) and they can usefully be
compared with nearby fluvial sequences, often representing interglacials, whereas the latter represent
cold-stage aggradations [8,18]. In areas where loess sequences are well developed, often as ‘overburden
above fluvial archives, these can be sources of complementary evidence, particularly from intercalated

’

warm-climate palaeosols; as well as the famous occurrences in China [19-21], such sequences are well
known from central Europe [22-24] and northern France (e.g., [25]).

In recent decades, the formation of Quaternary fluvial terrace staircases has been associated with
‘epeirogenic’ vertical crustal motions within continental interiors [3,4,6,7,16,26-29]. Such uplifting
areas occur worldwide, but not everywhere. They are commonplace in the interiors of tectonic plates,
suggesting that the uplift cannot be attributed to plate-tectonic activity, despite contrary suggestions
(e.g., [30]). Indeed, there are several examples that show that the effects of tectonic activity are very
different from those of epeirogenic movement (e.g., [31,32]) Terrace staircases are widespread in
Europe, although two of the continent’s largest rivers have reaches that show clear evidence that they
have not been uplifting. Thus the Lower Rhine in the Netherlands is well known to coincide with a
subsiding depocentre (Figure 1), with the terraces from upstream in Germany passing downstream
into a stack of accumulated sediments with conventional ‘layer-cake’ stratigraphy (Figure 2) [33].
The Danube flows across a similar large subsiding basin, the Pannonian Basin, which formed as a
result of subduction of the Carpathian Ocean in association with the formation of the Carpathian
fold-mountains [30]; its infilled surface forms the Great Hungarian Plain (Figure 1) [34]. There are also
smaller fault-bounded basins within the upstream parts of Rhine Graben that have been subsiding
relative to adjacent terraced valley reaches, such as the Neuwied Basin [35,36]; small structural basins
of this sort have generally been omitted from Figure 1.
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Figure 2. Longitudinal profiles of the Middle and Lower Rhine terraces and stacked sediments,
from the uplifting Rhenish Massif into the subsiding coastal region of the Netherlands adapted
from [49,50]; redrawn from [3]. The numbers in blue roundels are suggested marine oxygen isotope
stage (MIS) correlations.

The contrast between uplifting areas, with terraces, and subsiding areas, with subterranean
stacked sequences, is not the only pattern apparent. Indeed, in non-subsiding areas, there are three
characteristic patterns discernible, which can be related to different types and ages of continental
crust (Figure 1) [5,51]. First, in Archaean cratons, there is evidence of considerable long-term stability,
in that the pattern and disposition of fluvial sediment-body preservation implies minimal vertical
crustal movement during the Quaternary. Second, in most other regions, including western and
central Europe, there is evidence of progressive vertical motion, upwards in the case of areas that
are not loaded by accumulating sediment. Many parts of Eurasia display combined sedimentary
and geomorphological records that match this scenario, these being the areas in which the world’s
best-documented long-timescale Late Cenozoic river terrace sequences are located, in some cases
extending back for several millions of years (e.g., [52-54]). The third pattern of preservation can
perhaps be regarded as intermediate between the other two, with a mixture of sediment stacking and
terrace-staircase formation, with the latter never amounting to long continuous sequences, giving rise
overall to little net change in valley-floor level during the latest Cenozoic—Quaternary. This pattern
essentially shows alternation between uplift and subsidence on timescales of hundreds of thousands
of years or more and it is typical of Early Proterozoic crustal provinces [3,4,6,55].

It has been shown that, in uplifting areas, the rates of vertical motion have varied over
time, in phases that suggest correlation with patterns of climate change, leading to the suggestion
that climatically induced changes in the rates of surface processes have influenced the crustal
motion [3-6,56-60]. Any suggested mechanism for this effect needs also to factor in the differences in
crustal movements observed from fluvial archives in contrasting crustal provinces. Erosional isostasy
is a well known potential driver of progressive uplift [61]. Varying effectiveness of erosional isostasy in
different crustal provinces can perhaps be accounted for by the differential operation of an important
positive feedback mechanism: lower crustal flow, whereby mobile lower crust is squeezed from
loaded, subsiding areas into unloaded uplifting areas [17,56,57,62,63]. The concept of lower crustal
flow stems from the ‘jelly sandwich” model of the continental lithosphere, which holds that the lower
crust is weaker than either the upper crust or the mantle lithosphere [64-66]. This mechanism can
explain the observed enhancement of uplift following significant deterioration of climate (cooling),
such as occurred globally late in the Mid-Pliocene and again with the transition to 100 ka climate
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cycles at the Mid-Pleistocene Revolution (MPR). This works in terms of the increased rates of
erosion and concomitant accelerated sedimentation in adjacent depocentres that would have occurred,
thus accelerating the displacement of lower-crustal material from beneath sediment-accumulation
areas to beneath the sediment sources [5,6].

An essential difference between modern ideas regarding erosional isostasy and the original form
of this concept [61] concerns the relative magnitudes of forcing (i.e., erosion rates) and the associated
response (i.e., uplift rates). Calculations [61], which are based on the assumption of conventional
Airy isostasy, indicate that, although erosion will drive uplift, this is inevitably accompanied by a
reduction in the spatially averaged altitude of the eroding landscape. On the contrary, when the
effect of erosion-induced lower-crustal flow is taken into account, erosion can indeed drive uplift
at a rate that exceeds the spatially averaged erosion rate of an eroding landscape [56]. As a result,
erosion can drive not only uplift, but also surface uplift, meaning an increase in the spatially averaged
altitude of an eroding landscape, or an increase in relief (if parts of the landscape remain at sea-level).
Furthermore, if the lower-crustal rheology is linear, with viscosity independent of strain rate, then the
flow rate in the lower crust will be proportional to the rate of forcing by erosion and/or sedimentation,
even within the limit of the very low rates that have been observed in many intraplate regions (e.g., [56]).
This mechanism can therefore cause surface uplift in such regions and the behaviour of isostatic models
of this type [56] thus replicates the observed systematic worldwide increase in altitude and relief of
landscape during the Late Cenozoic. These are represented by many examples, including those that are
covered in the present review, in a manner that follows naturally, strongly suggesting that this general
approach, incorporating lower-crustal flow, is on the right track (e.g., [59]). However, others have been
slow to recognize this reasoning [58], accepting that erosion rates have increased as a result of climate
change during the Late Cenozoic, and that relief has correspondingly increased, but expressing no
view as to whether these changes have been associated with surface uplift and offering no opinion
regarding the causal mechanism coupling landscape response to climate change. Signals have been
sought in the remote, secondary situations of offshore fans (e.g., [67]), overlooking the availability
of direct evidence from numerous fluvial archives across the world, which can provide much better
age-control for phases of uplift that can be inferred to result from increased erosion (as discussed
above). Others (e.g., [68]) have even disputed the view that erosion rates have increased during the
late Cenozoic, but nonetheless accept that uplift has occurred, implying that they consider uplift and
erosion to be independent processes with no causal connection.

The understanding of these mechanisms and the patterns of landscape evolution that they
produce are of considerable importance to Quaternary stratigraphy. The case studies of fluvial-system
stratigraphies that will be presented below, and which have provided the evidence from which the main
insights have come, are well-dated exemplars amongst numerous other well-developed sedimentary
archives that, for various reasons, are less well constrained temporally, and, as a result, are less well
understood. Some may lack the bedrock geology that would have provided lime-rich groundwater,
promoting the long-term (Quaternary-timescale) preservation of the vertebrate, molluscan and
other calcareous fossils that are important for biostratigraphical age constraint (e.g., [10,69-72]).
Another important bedrock-related factor is the presence or otherwise of lithologies that are suitable
as raw material for Lower and Middle Palaeolithic tool-making, without which well-developed
artefact assemblages and related stratigraphies are unlikely to exist. Most river systems will have
sediments rich in the quartz sand that provides the basis for optically stimulated luminescence (OSL)
dating, which is the most extensively used geochronological technique for fluvial archives, although
infrared-stimulated luminescence and cosmogenic nuclide methodologies are fast gaining ground
(e.g., [73]); some rivers have been affected by Quaternary volcanism, which has produced interbedded
tephra and lava that can be dated with the reliable argon—argon geochronological method [74-78].
In systems with well-developed fluvial sedimentary archives but a dearth of dating evidence, it is
possible to apply uplift-incision computer-modelling techniques [49,56] to generate an age model
for the terrace (morpho) stratigraphy, which can be calibrated by any available indication of age
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for particular elements within the system, and, failing that, can be matched to patterns of terrace
development in systems that are better dated and which occur in comparable crustal provinces and
climatic zones (cf., [3-5]). It is important to note, in addition, that the examples expounded upon in
this paper are dominantly from intraplate regions, where the only viable mechanism for driving and
sustaining vertical crustal motions is the lower-crustal displacement described above, giving rise to
‘regional’ or ‘epeirogenic” uplift rather than the increases in relief that can occur in plate-boundary
zones as a result of plate-tectonic processes or the effects of active faulting. The latter can of course
also give rise to localized vertical crustal motions, often overprinted onto a regional (epeirogenic)
pattern of movement (e.g., [31,77,79]). A discussion of mechanisms of tectonic/atectonic uplift is not
fundamental to this review paper, which is not the place to expand upon the various models. Readers
are instead referred to the relevant papers in the Reference List.

2. Example Eurasian Records from Areas of Dynamic Crust

Western Europe boasts many of the world’s best documented and most significant Quaternary
river terrace sequences, amongst which are the classic records from which the modern understanding
of Pleistocene landscape evolution and considerable advances in terrestrial stratigraphy have arisen.
In the north-west of the continent, these include the sequences from the Thames, UK, with its
biostratigraphical and Palaeolithic richness (Figure 3) [7,80-82], the Somme and Seine-Yonne systems
in France, with similar riches and the addition of loess—soil overburden sequences [25,83], and the
Maas, in the southernmost Netherlands, which can claim the largest number (31) of terraces of any
world river, with a sequence within which the effects of both the mid-Pliocene cooling and the MPR
are well illustrated and can be dated with some precision (Figure 4) [6,49,50,84,85]. The Rhine and
its tributaries also have important river-terrace archives (e.g., [3,49,86-89]). Further south in western
Europe, river-terrace sequences are well developed on the Iberian Peninsula [90-98], where again they
are often the context for important Palaeolithic artefact records [98-102]. Parts of this peninsula are
sufficiently close to the African-European plate boundary for an influence from tectonic activity to
have been invoked in explanation of the disposition of fluvial archives, e.g., in the Almeria, Sorbas,
Tabernas, and Vera basins of SE Spain [103]. Nonetheless, the calculated amounts of late Quaternary
uplift in those systems compare closely with those from a similarly dynamic crust in NW Europe [3,4].

From the number and disposition of their terraces it can be inferred that many rivers in western
Europe have, since the MPR, formed terraces at approximately one per 100 ka climatic cycle; again
the Thames is a good example (Figure 3), as are the Somme and Seine [25]. In the case of the Maas,
it has been suggested that more than a single terrace was formed during some Middle Pleistocene
cycles (Figure 4) [50,104], whereas the (now-drowned) River Solent in southern England appears to
have produced roughly two terraces in each of the last four 100 ka cycles [63]. Similarly, the Vltava,
in the Czech Republic, has formed more than one terrace per 100 ka cycle during the Middle and
Late Pleistocene (Figure 5) [105]. Further east, the Svratka, a Danube tributary that flows through
Brno, has fewer Middle-Late Pleistocene terraces than one per 100 ka cycle. This system is dated with
reference to the loess—soils overburden sequence that covers the fluvial deposits at the famous ‘Red
Hill” in Brno (Figure 6) [22,24]. It has been suggested [3] that the Svratka terraces correspond with
the most pronounced climatic oscillations, those identified as ‘supercycles’ [106]; essentially those
containing the marine oxygen isotope stages (MIS) that correspond with the “‘Donau’, ‘Giinz’, ‘Mindel’,
‘Riss’, and “Wiirm” alpine glaciations ([107] cf. [108]).
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Figure 3. Idealized transverse section through the terrace sequence of the Lower Thames (specifically,
the valley between central London and the estuary), showing the occurrence of Palaeolithic industries
and of Mammal Assemblage Zones (MAZ). Note that this and similar diagrams are not straightforward
transverse sections across the valley but are typically synthetic sections that draw information from
different points along a fluvial reach, with heights compensated for upstream or downstream projection,
as necessary. Modified from [82], with additions from [71,81], from which details of mammalian

assemblages can be accessed.
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Figure 5. Idealized transverse section through the terrace sequence of the River Vltava at Prague,

Czech Republic modified from [105], from which details can be accessed. The numbers in blue roundels
are suggested MIS correlations.

The Danube, Europe’s second largest river, flows through diverse crustal blocks that have
experienced contrasting Quaternary evolution, some forming subsiding basins in which sediment has
been accumulating (e.g., the Great Hungarian Plain: see above), whereas others have been uplifting and
have staircases of terraces (see [34] for a review). In the uplifting reach upstream of the Great Hungarian
Plain, through the Transdanubian Mountain Range, there seems to have been a terrace formed in most
but not all late Middle-Late Pleistocene climate cycles, with both MIS 8 and 6 represented [3,109],
as well as being marked by karstic levels within the limestone mountains [110]. Other rivers in the
central-eastern part of Europe with well-developed terraces systems, in which most post-MPR climate
cycles are separately represented, include several draining from the Carpathian Mountains, such as
the Dniester, San, and Dunajec [32,52,111-115].
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Young, dynamic crust also extends throughout the tectonically active Mediterranean
region, where terrace staircases, both marine and fluviatile, are found in Italy [17,116],
Bulgaria—Greece [5,117,118], and Turkey—Syria [18,119,120]. Turkey straddles the boundary between
Europe and Asia, and terrace sequences indicative of particularly rapidly uplifting crust have
been detected here in the Mediterranean coastal region from the Iskenderun Gulf, east of Adana,
through Hatay and into the NW corner of Syria, in the region of Latakia [18]. The dynamic crust of
the wider Mediterranean region results from its deformation in response to the convergence of the
African and Eurasian plates and subduction of the Tethys Ocean (e.g., [121,122]), although the reason
for the rapidly deforming crust of the Adana-Latakia area, with an uplift rate of ~0.1-0.4 mm a~!
during the latest Middle and Late Pleistocene [18], is less clear. The evidence for this exceptional
uplift comes from the terrace sequences of the Ceyhan and the lowermost Orontes in Turkey and
the Nahr el Kebir in Syria, the first of which is well constrained by the Ar—Ar dating of basaltic
lava emplaced abo