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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

Quaternary 2018, 1, 27; doi:10.3390/quat1030027 www.mdpi.com/journal/quaternary1
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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

Quaternary 2018, 1, 28; doi:10.3390/quat1030028 www.mdpi.com/journal/quaternary4
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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’, ‘Günz’, ‘Mindel’,
‘Riss’, and ‘Würm’ 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.

Figure 4. Idealized transverse sequence through the terraces of the River Maas, in the area of Maastricht,
Netherlands. Modified from [50,84]; reproduced from [5].
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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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Figure 6. Idealized transverse sequence through the terraces of the River Svratka and their loessic
overburden, the Red Hill, Brno, Czech Republic From [22–24]; suggested MIS ages of fluviatile gravels
and soils from [7].

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 İskenderun 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−1

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 above fluvial deposits down to the fourth terrace (of seven), ~90 m above floodplain
level, to 278 ± 7 ka, i.e., within MIS 9 (Figure 7A) [77]. Indeed, this same volcanism has armoured
the landscape around the Ceyhan course through the Amanos Mountains, preventing the complete
destruction by erosion of earlier Middle Pleistocene fluvial deposits, as has occurred in the Orontes
and Kebir, where the combination of rapid uplift and concomitant denudation has resulted in only
the youngest few climate cycles being represented in the preserved terrace staircases (Figure 7B) [18].
It has been suggested (e.g., [123]) that terrace formation will have been limited in areas of very rapid
uplift, such as New Zealand [124–127].

Another case study that has received attention as part of FLAG activity, in this case under the
auspices of IGCP 518 (see above) [6], concerns an area of China with relatively rapid fluvial incision,
in response to rapid uplift: the Middle Yangtze region in Yunnan. This was visited during the IGCP
518 conference/field meeting to Nanjing and the Yangtze in October 2006. Evidence from river terraces
near the entrance of Tiger-Leaping Gorge, where the Yangzte traverses the Yulong mountain range,
taken in combination with geomorphological and thermochronological techniques, has been used to
estimate the rates of uplift in this region [128]. The area in question can be defined as the western
part of the Yangtze crustal province, also known as the Chuxiong Block, which is located to the SE
of the Tibetan Plateau and east of the eastern Himalayan syntaxis (Figure 1). The Tibetan plateau
is a region of ~3 million km3, which is characterized by high topography (~5–6 km above sea level
(a.s.l.)) and with extreme crustal thickness (up to ~70 km), with the latter thought to result from
inflow of mobile lower crust from the south in response to the convergence between the Indian and
Eurasian plates (e.g., [129,130]). This extreme build-up of crustal thickness has been facilitated by
Tibet being surrounded by crust with dominant properties of relative coldness and high strength (such
as the Indian craton to the south, the Yangtze craton to the east, and the Tarim crustal province to
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the north and west (Figure 1)); these surroundings have helped to constrain the thickening crustal
block and promote the elevation of the plateau. The uplift of the Tibetan Plateau has been related to
the intensification of the Indian monsoon from ~8 Ma [131] and it has been calculated [130] that if all
the crustal volume flux arising from the convergence between India and Eurasia had been converted
into crustal thickening beneath Tibet (with none escaping), the resultant uplift rate of the land surface
would have been ~0.3 mm a−1.

 

Figure 7. Cross sections (with vertical scales equalized) through example terrace sequences from the
area of rapid uplift in the NE corner of the Mediterranean [18]. (A) The River Ceyhan valley in the
vicinity of the Aslantaş Dam, near Düziçi (Turkey), showing the relation of river terrace deposits to
dated basalt lavas. (B) The Kebir valley ~10 km upstream from Latakia, Syria, showing the relative
disposition of river terraces, marine terraces (raised beaches), and slope deposits, the last-mentioned
giving rise to a bogus terrace named after a hilltop at Berzine (for explanation see [18]).

3. Contrasting Records from Less Dynamic Crust: The East European Plain, Arabian Platform and
Cratonic Regions Such as India

Important differences in the patterns of river-terrace preservation are observed in areas eastwards
from those described above. In northern and central Europe, these relate to crustal differences that are
associated with the crossing of the Teisseyre–Tornquist zone (TTZ), also called the Trans-European
Suture Zone (marking the suture of the former Tornquist ocean (e.g., [132]), which runs NW–SE
through Poland and western Ukraine and separates the relatively young and dynamic crust of the area
described above (Variscan and younger) from the much older (Proterozoic) crust of the East European
Platform to the NE (Figure 1). This important geological boundary, which marks a considerable
difference in heat-flow and temperature at the mantle–crust transition (e.g., [55,133]), thus separates
regions with significantly different Quaternary landscape evolution histories, as demonstrated by
their river-terrace records. To the west of the suture, such records invariably point to monotonic
Late Cenozoic vertical crustal motion, generally progressive uplift, as is consistent with the younger,
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dynamic crustal type, which has a mobile lower layer >10 km thick, beneath ~20 km of upper-crust
(cf. [3–5,50,55]). To the east of the suture, there is evidence of alternations of uplift and subsidence over
timescales of many hundreds of thousands of years, with little net crustal motion in either direction,
as exemplified by the sedimentary archives of rivers such as the Vistula in central Poland [32], in the
north, and the Dnieper and Don, rivers flowing southwards to the Black Sea [52]. Further east the
East European Platform extends to the Urals, largely drained southwards by tributaries of the Volga,
the latter entering the Caspian Sea across the ultra-stable pre-Caspian Block, which is thought to
include a component of oceanic crust (Figure 1) [1,134].

The contrast between the two sides of the TTZ is well illustrated by the stark differences between
the fluvial archives of the large south-flowing rivers of the Black Sea region, which, fortuitously,
are also important repositories of stratigraphical data that is well constrained in terms of age,
thanks to a combination of biostratigraphy (vertebrates and Mollusca) and geochronology (multiple
techniques, including magnetostratigraphy); these are, from west to east, the Dniester, Dnieper,
and Don (Figure 8) [3–5,32,52,55,113]. There are also important loess–palaeosol sequences occurring
as overburden above the fluvial archives, providing a further check on the age constraint for the
latter, and two important glacial episodes are also recognized, named after two of the rivers (Don and
Dnieper), their sediments interbedded with the fluvial archives (Figure 8B,C).

The River Dniester has its course immediately west of the East European Platform and has a
staircase of terraces that records continuous uplift since basin inversion during the Mid-Pliocene,
before which there had been accumulation of fluvial sediments within the northern part of a larger
Black Sea (or ‘Paratethys’) Basin: the Upper Miocene Balta Series (Figure 8A) [3,5,52,135]. Although this
would seem to represent sedimentary isostatic subsidence, the Balta Group was accumulating as the
‘coastline’ of the landlocked ‘Paratethys Sea’ retreated southwards towards the present Black Sea. Thus,
the ancestral Dniester was probably forced to aggrade to maintain its gradient, forming a stacked
sequence that does not necessarily imply concomitant subsidence [5].

Neither of the other two rivers (Dnieper or Don), both situated well east of the TTZ, show this
staircase pattern of river terrace preservation. Instead their sedimentary records imply that there
have been alternations in the sense of vertical crustal motions, with little or no net uplift during
the Quaternary (Figure 8B,C) [3,52]. Each of these rivers has a different pattern of fluvial-archive
preservation. The Dnieper, ~300 km east of the Dniester, has a depositional archive in which sediment
bodies of various ages, many of which can be correlated with the regimented terraces of the Dniester,
occupy positions in the landscape that lie between ~40 m below and ~50 m above the modern valley
floor (Figure 8B). These show no clear relation between age and elevation, but instead would appear
to record alternating episodes of uplift and subsidence, with preservation also predicated by lateral
migration of the river and its tributaries, the horizontal extent of the terrain represented by the summary
diagram (Figure 8B) exceeding 200 km [5,55,113]. This type of preservation pattern, suggestive of little
net vertical crustal motion during the Quaternary, is typical of the ancient ‘cratonic’ crust of continental
cores, dating from the Archaean; similar evidence has been observed from cratons in South Africa
and India, where early Pleistocene or even pre-Quaternary fluvial sediments are close to, or even
below, modern river levels [4,51]. In the case of the Dnieper, the craton in question is the Ukrainian
Shield [136]. It has been noted [5], when comparing the records from Dniester and Dnieper systems,
that the marked contrast in valley evolution they record can only have resulted from the different
crustal stability on either side of the TTZ, there being little difference in the climate and hydrological
properties of their catchments. The crustal properties of the Ukrainian Shield and their effect on
landscape evolution has been discussed at length [55]; in fact, the course of the lowermost Dniester,
with its terrace staircase, lies ~50–200 km NE of the TTZ (Figure 1), seemingly within the stable zone of
the East European Platform. However, the crust in that area experienced later regional metamorphism
and igneous intrusion, and so it was not fully cratonized during the Archaean. Furthermore, the ancient
crust in this area is deeply buried by later sediments, which has the effect of raising its temperature
and therefore its potential for lower-crustal mobility [55].
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Figure 8. The Rivers of the Northern Black Sea region, showing suggested MIS correlations.
Modified from [5,52]. (A) Idealized transverse section through the middle to lower Dniester in the
Ukraine–Moldova border region. (B) Transverse section through the deposits of the Dnieper in the
area of Kiev, central Ukraine. The SW–NE distance depicted is 240 km. (C) Idealized transverse section
through the terraces of the River Don in the vicinity of Voronezh, Russia. Rivers located in Figure 1.

The final river in the west to east transect across this region is the Don, which flows through
SW Russia, traversing the ‘Voronezh Shield’ or the ‘Lipetsk–Losev crustal domain’, representing the
Early Proterozoic (~2300–1900 Ma), with no evidence of older Archaean material. The Don sequence
dates back to the late Middle Miocene (Sarmatian Stage of the Paratethys realm). The summary
diagram (Figure 8C) shows evidence for lengthy periods of uplift, represented by terraces, interspersed
with episodes of subsidence during which the earlier terraces were buried. Thus, an initial terrace
staircase, spanning the late Middle Miocene to the latest Pliocene, was formed during a period of
steady uplift, but was subsequently buried beneath younger deposits, which accumulated during a
phase of subsidence that began at ~2 Ma. Renewed uplift, as indicated by incision, was followed by
further aggradation and the accumulation of a stacked fluvial succession interbedded with loess layers,
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palaeosols, and the deposits of the MIS 16 Don glaciation (Figure 8C). This accumulation culminated in
MIS 8 (250 ka), when renewed incision left the capping sediments as the fourth terrace and progressed
to the modern valley depth, forming the lowest terraces of the of the Don. This sequence has been
explained in terms of interactions between conventional Airy isostatic compensation involving flow in
the mantle and the aforementioned isostatic compensation by lower-crustal flow; these have different
characteristic response times [55], with the repeated alternations of uplift and subsidence, as evidenced
by the Don fluvial sequence, considered to be characteristic of crustal types in which the lower
mobile layer is of highly restricted depth. This is typical of Lower Proterozoic crust, as here in the
Voronezh region, but also occurs where the crust has experienced significant mafic underplating, as in
rather younger crust of the Arabian Platform (see below). Indeed, seismic profiling has indicated
that crust of the Voronezh Shield has a basal layer with a P-wave velocity of 6.95–7.8 km s−1 [137],
which is consistent with mafic underplating. There are various problems in determining the crustal
characteristics of this region [55], which probably has a thin mobile layer, in approximate agreement
with the previous calculations (cf. [3]).

The comparison of these three fluvial sequences thus shows stark differences. The Dniester
has a standard river-terrace staircase, with most 100 ka climate cycles since the MPR being
represented, as well as high-level terraces representing the Pliocene and Early Pleistocene (Figure 8A).
The sedimentary records of the Dnieper and Don have considerably more restricted altitude ranges,
with the Dnieper being the more restricted of the two. Its succession (Figure 8B) is also less complete,
notably having no deposits between the earliest Pliocene (the Parafiivka Formation) and the early
Middle Pleistocene (the Traktemyriv Formation). In the Chornobyl district, ~200 km upstream of
the sequence illustrated in Figure 8B, a ~35 m stacked fluvial succesion (the Chornobyl Formation)
overlies the Parafiivka Formation and it is thought to represent the late Early Pliocene and Middle–Late
Pliocene, although the Early Pleistocene is still lacking [52]. Downstream from the illustrated sequence,
the Dnieper flows for ~400 km ESE along the Dnieper Basin, and then turns to the SW to reach the Black
Sea by way of its ~300 km long ‘Lower Dnieper’ course, where the sedimentary sequence is even more
closely spaced altitudinally [52], suggesting even greater crustal stability. This has been attributed to
the Archaean crust beneath the lowermost Dnieper course [55], which has a lower heat-flow (cf. [138])
and an evidently constricted the mobile lower layer, perhaps completely missing in some places
(cf. [51]).

To the south and south-east, there are valuable comparisons to be made between the highly
dynamic crust that has been deformed by Alpine orogenic activity, which extends from western Syria
across most of Turkey and southern-central Asia towards the Himalayas, separating the East European
Platform from a comparable stable region further south, the Arabian Platform, which underlies
central-eastern Syria and the southern fringe of central Turkey (Figure 1). This latter province is
essentially similar to the East European Platform in terms of its properties, with mafic underplating
and/or a narrow depth of mobile lower crustal material, often of limited effect. Thus the river terrace
records from the Rivers Euphrates and Tigris, where they flow through this province, show evidence
of alternating uplift and subsidence, or uplift and stability (Figure 9) (e.g., [5,18,54,78,139–141]), in a
manner that is reminiscent of the Don (see above). The Orontes, already seen in its lowermost reach,
flows northwards from Lebanon through Syria and Turkey, crosses into the stable interior of the
Arabian Platform in its middle reach (Figures 1 and 9A) before entering that region of rapidly uplifting
crust described above, around and downstream of Antakya in Turkey [18,119]. In north-western Syria
and immediately downstream of the border with Turkey, the river passes through two small pull-apart
basins that have experienced long-term subsidence, possibly throughout the Quaternary [119],
another example of small structural basins of insufficient size to be depicted in Figure 1. The Arabian
Platform covers the entire Arabian Peninsula to the south (Figure 1), so comparable sedimentary
archives might be anticipated there, although the history of long-term aridity and resultant absence of
modern-day perennial rivers explains the paucity of data, despite the importance of the region as an
archive of Quaternary environmental change [72,142,143].
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Figure 9. Fluvial archives from rivers flowing over the Arabian Platform, showing evidence
for alternations between accumulation and subsidence or stability (see text) modified from [18].
(A) Idealized transverse section through the terrace sequence of the Middle Orontes, in the
Hama–Latamneh area of Syria, showing suggested MIS correlations [119]. (B) Idealized transverse
profile through the sequence of the Euphrates in the Birecik area, southern Turkey; Holocene overbank
deposits that cover the terraces assigned to MIS 6 and 2 (cf. [144]) are omitted. (C) Idealized transverse
profile across the River Tigris at Diyarbakır, SE Turkey, showing the disposition of terrace gravels and
dated basalts, the latter revealing a lengthy period of crustal stability during the early Pleistocene.
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Much of the crust further to the east belongs to the orogenic belts of the Himalayan massif,
the Tibetan Plateau, and, further north, the Altaid collage (Figure 1). To the south of these orogenic
regions, however, is a further ultrastable peninsula, that of the Indian subcontinent. The Indian
peninsula is an Archaean craton that was one of the first to be recognized as ultrastable in terms of
its Late Cenozoic fluvial archive record, with pre-Quaternary alluvial sediments at near river level in
the valleys of rivers such as the Kukdi, Narmada, Pravara, and Son [3,4,51,145–148]. The main line of
evidence for dating these ancient fluvial deposits, apart from weathering of their components and of
bedrock below them, was Palaeolithic artefacts, although dated tephra deposits from Toba in Sumatra,
which are also found near modern river level, have provided support [148–150], albeit controversial
(cf. [151,152]).

4. Anomalous Records from Orogenic Belts in Central Asia

The orogenic belts of the Himalayan massif and the Tibetan Plateau are associated with the
India–Eurasia collision, whereas the Altaid collage, also known as the Central Asian Orogenic Belt,
is a huge area that experienced large-scale plate movement (including ocean-crust subduction) during
the Palaeozoic, creating an agglomeration of different terranes, including island arcs (Figure 1)
(e.g., [48,134]). There is a somewhat patchy documentation of fluvial archives from such regions,
although the high mountain ranges are associated with deep foreland basins, such as that to the south
of the Himalayas (Figure 1), which have experienced prolonged sediment accumulation, much of
it fluvial or fluvio-deltaic (e.g., [45]). The recent plate-tectonically generated Himalayan orogenic
belt comprises accreted terranes that are associated with the convergence of the Indian and Eurasian
plates. These include the Tibetan Plateau (visited during the FLAG meeting that generated this
publication), where a complex history of crustal accretion has given rise to west–east crustal extension
on north–south striking normal faults, creating the present ‘basin and range’ landscape (see other
contributions to this special issue). The accreted terranes, derived from the Gondwana supercontinent,
are aligned west–east to the north of the Himalayan mountain range, turning towards north–south and
extending, in attenuated form, into southern China (Figure 1). Here, they give rise to the ‘three rivers’
region, immediately east of the collision zone, in which the Salween, Mekong and Yangtze flow in deep
parallel gorges within a few tens of kilometres of each other, and incised several kilometres beneath an
uplifted low-relief palaeosurface [153–156]. This attenuation, which is presumed to have pre-dated
gorge initiation, has been attributed to orogen-perpendicular crustal shortening and/or orogen-parallel
stretching [156,157], the deeply incised valleys having been brought into greater proximity as a result
of the attenuation of the crustal terranes to which they belong. Such drainage systems, being highly
influenced by this tectonism, are anomalous in that they are not part of systematic patterns, as described
in this paper, although the uplift that has led to the formation of these deep valleys is perhaps as much
the result of crustal properties and lower-crustal processes as of the orogenic thickening of the crust;
analysis of the Yangtze [128] indicates that the incision of these valleys is a consequence of regional
crustal thickening in the absence of shortening, which is potentially attributable to movement of mobile
lower crustal material beneath the region. Despite flowing in deep gorges, it has been suggested that
the three rivers and their near neighbours and tributaries have also been involved in a complex history
of drainage diversion and capture, part of the progressive enlargement westwards of the Yangtze,
largely at the expense of the Red River [156].

Further west two other examples of the world’s great rivers are worthy of mention, although their
records are equally anomalous. First, the Yarlung–Zangbo, which drains from Tibet and, becoming the
Bhramaputra, through India to the Bay of Bengal in Bangladesh, having turned sharply southward from
its original west–east course and flowed through a deep and steeply graded gorge reach; this course has
long been attributed to drainage diversion by river capture, with the original downstream continuation
of the modern Zangbo suggested to have been the lower Irrawaddy, or, further back in time, the Red
River (Figure 1) [153,155,156]. In its middle reaches in Tibet, the Yarlung–Zangbo valley preserves a
remarkable sequence of terraces and evidence for transitory glacially impounded lakes, with some

18



Quaternary 2018, 1, 28

of the higher terraces taking the form of thick (>200 m) sedimentary sequences akin to ‘perched
basin-fills’ [158]. These early deposits, clearly representing the river in ancestral form, date back to
pre-Quaternary times, leading to the claim [158] that this reach of the Yarlung-Zangbo has existed since
the Miocene, presumably when it drained to the Irrawaddy or the Red River. The second noteworthy
great river of the Himalayan orogenic region is the Indus, which has also been affected by river capture
during the Late Cenozoic, gaining left-bank tributary rivers draining from the Punjab [159,160]. As it
crosses the Himalayan mountain range, the Indus forms what is arguably the world’s deepest gorge,
>5000 m deep, in the vicinity of the Nanga Parbat massif [155]. This provides a clear indication that this
river has been ‘locked’ in its present course to the Arabian Sea throughout the Himalayan orogenesis,
as is also evidenced from the provenance of sediments that were retrieved by offshore drilling in the
Indus Fan (Figure 1) [159,160].

5. The Effects of Glaciation

There is little potential for comparison with areas further north from those described, as these
have been repeatedly glaciated and long-timescale fluvial records are, as a result, generally absent,
although again, this generalization is less well-established in Asia than in Europe. Given that sufficient
precipitation is a requirement for the formation of glaciers, some northern and/or upland areas that
have been sufficiently cold have seemingly escaped, or largely escaped, the effects of glaciation on
account of their aridity, a prime example being large parts of the Tibetan Plateau (e.g., [161,162]).
The influence upon river systems of interactions with glaciation, in both upstream and downstream
areas, was reviewed recently, with the important role of deglaciation, with its (temporary) boosting
of discharge and sediment supply, particularly noted [163]. Such fluvial–glacial interactions can also
have a profound effect on the evolution of drainage patterns, since rivers can be diverted and even
obliterated by glaciation; the recently elucidated evolution of the River Trent, in Midland England,
provides a good example [164–166].

Notwithstanding the emphasis thus far given to variations in crustal properties as an influence
on uplift rates, it is important to note for comparison the considerable difference in uplift rates that
can result from the contrast between upland glacial erosion and extra-glacial surface processes within
a single crustal province. By way of example, such a contrast has been revealed by recent research
the SE margin of the Alps in Slovenia ([167,168]; cf. [59]). Here, in a high-altitude, formerly glaciated
region, cave sediments that have been dated by magnetostratigraphy and cosmogenic dating have
provided an insight into Late Cenozoic landscape evolution. The studied cave, Snežna Jama (Figure 1),
is situated ~1530 m a.s.l. and ~950 m above the adjacent River Savinja, which is a tributary of the
Sava, itself a right-bank Danube tributary. From analysis of its sediments, and by analogy with other
caves, it can be inferred that Snežna Jama cave would have formed and been filled while close to
local fluvial base level. Dating results have led to the conclusion that the cave was isolated from the
local fluvial system [167], presumably by erosional valley-floor lowering, by ~1.9 Ma. It has been
estimated [59] that the local post-MPR uplift rate might have been as high as ~1 mm a−1. In contrast,
in the lowlands of the Ljubljana Basin <40 km from Snežna Jama, outside the maximum limit of
Pleistocene glaciation [169], the oldest river terrace deposit (of another Sava tributary) is at 564 m a.s.l.,
119 m above the modern river, and is likewise dated cosmogenically and from magnetostratigraphy
to ~1.9 Ma [168]. The time-averaged local uplift rate thus indicated has therefore been ~0.06 mm a−1,
with a maximum upper bound to the local uplift rate post-MPR of ~0.13 mm a−1. Both localities are in
the same crustal province of Alpine age (Figure 1), the difference between them being that one has
experienced glacial erosion and the other has not.

There is thus evidence from the above case study in support of the view that glaciation has had an
important effect on erosion rates in glaciated regions [72]. Nonetheless, it also provides evidence for an
increase in uplift and erosion rates during the Late Cenozoic in unglaciated regions, as demonstrated
by numerous examples in this paper, albeit that these rates have been typically lower than in glaciated
regions of equivalent crustal properties [59]. Furthermore, the contrasting localities in Slovenia are
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separated by the active Sava Fault [168], with downthrow towards the Ljubljana Basin, although it is
currently unclear to what extent the dramatic variation in Quaternary uplift has been accommodated
by slip on this fault or by tilting or warping of the adjoining crustal blocks. Moreover, it is also currently
unclear whether this fault is accommodating plate motions (a small part of the relative motion between
the African and Eurasian plates) or is slipping to relieve build up of stress as a result of the warping
of the adjoining crustal blocks, in response to the different rates of surface processes that are being
imposed on them [170].

6. Discussion: The Influence of Crustal Province on Erosion Rates and Patterns of Stratigraphical
Disposition and Preservation of Fluvial Sediments

The different styles of fluvial archive preservation in the different parts of the Eurasian continent
are an important consideration in the understanding of Quaternary stratigraphy in these regions,
given that fluvial sequences provide valuable templates for the Late Cenozoic terrestrial record [5,8,27].
There are significant differences between these patterns of preservation that point to important
contrasts in landscape evolution, in particular, relating to the extent of valley incision [6,51].
These have important repercussions for Quaternary stratigraphical data from other environments.
Thus, the occurrence of karstic caves, with their important records of fauna, hominin occupation,
and datable speleothems, is directly related to valley incision, paralleling underground the records
of progressive down-cutting provided above ground by river terraces [59,60,171–175]. Furthermore,
the preservation patterns of fluvial archives have a direct bearing on the likelihood of preservation of
evidence from ancient lacustrine and other terrestrial environments, since the former document the
extent of, and likely loss to, erosional processes, which will be substantially greater in areas of dynamic
and rapidly uplifting crust.

From their distribution, especially in Europe, it is clear that the different preservational patterns
of fluvial archives are related to crustal type, with progressive and extensive vertical incision being
evidenced from fluvial sequences in regions of relatively ‘young’ dynamic crust, whereas older crust
generally has greater stability and has seen much less valley deepening by rivers, if any at all (see
above). These different patterns of fluvial archive preservation can be matched to the different crustal
provinces. As has been seen, the most stable regions, in which the fluvial archives suggest a complete
or near absence of net uplift during the Quaternary, coincide with the most ancient cratonic crustal
provinces, such as peninsular India and parts of the East European Platform, in particular the Ukrainian
Shield (Figures 1 and 8). Such highly stable regions are the exception in the case of the East European
Platform; however, over much of this crustal province, there has been limited net uplift as a result
not of ultra-stability but of alternations of vertical crustal movements, resulting in periods of terrace
generation with intervening periods of subsidence and burial. Such patterns are seen as far west as
eastern Poland, to the north of which is an area of general subsidence, at the margins of the Baltic
Basin [32]. The difference between the fluvial records from the East European Platform and those
from the youngest and most dynamic crust are quite profound, although many of the comparisons
above are with crust of somewhat intermediate age, such as the Variscan and Avalonia provinces
(Figure 1). This is because a large part of the youngest crust, such as the Alpine and Carpathian
provinces, remains tectonically active and so has fluvial archives that are less clearly related to regional
vertical crustal movements.

The patterns are less clear in Asia (excepting India), despite the well-known occurrence of terraces
in the valleys of many of the larger rivers, including the Huang He (Yellow River), the inspiration for
the meeting from which this special issue arises [53,176]. In the very high relief areas of much of central
Asia, the fluvial response to uplift will have been gorge incision, with only sporadic terrace formation,
such as described above for the Middle Yangtze [128] and the Yarlung-Zangbo [158]. As already
noted for Europe, the active tectonic processes in these areas make the interpretation of the fluvial
archives and their relation to other forcing effects problematic. Asia also has a greater proportion
of highly stable cratonic crust (Figure 1); the combination of this and the dominantly arid climate
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regimes of inland area has led to the persistence of endorheic drainage systems, which are probably
characterized by subsidence (cf. [177]), such as the cratonic Tarim Basin (e.g., [58]). A feature of the
Yellow River system is that its upper reaches pass through the basins and ranges of the high-altitude
Tibetan Plateau, many of them endorheic earlier in the Quaternary and several remaining so, in total
or in part [176,178–180].

7. Conclusions

It has been shown that crustal properties have a very important influence on the style of fluvial
archive preservation, which is linked to their role in determining patterns of landscape evolution. Thus,
the staircases of river terraces familiar in many parts of Europe, and from which much stratigraphical
information (including biostratigraphy and Palaeolithic artefact sequences) is derived, are largely
confined to the younger and more dynamic crustal provinces, whereas more ancient, stable crust has
not undergone the progressive Quaternary uplift that is required to generate such flights of fluvial
terraces. Some ancient crust, such as in the East European and Arabian Platforms, has been subject to
periodic uplift, such that combinations of river terraces and limited stacked sequences are observed.
The patterns of differential preservation, which have important implications for understanding and
resolution of Quaternary stratigraphy, appear likely to result from the movement of lower crustal
material from beneath areas under isostatic load to beneath adjacent areas undergoing Quaternary
erosion, thus acting as a positive-feedback driver that sustains the uplift generated by denudational
isostasy in these latter areas. This uplift has accelerated through coupling between crustal and surface
processes, in response to global cooling in the late pre-Quaternary and again as a result of the greater
climatic severity as part of the 100 ka cycles that followed the Mid Pleistocene Revolution. The patterns
are less clear-cut in Asia, where much of the crust has been (and/or continues to be) subject to plate
tectonic processes.
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Abstract: Reconstruction of Pleistocene environments and processes in the sensitive geographical
location of westernmost Iberia, facing the North Atlantic Ocean, is crucial for understanding impacts
on early human communities. We provide a characterization of the lowest terrace (T6) of the Lower
Tejo River, at Vila Velha de Ródão (eastern central Portugal). This terrace comprises a lower gravel
bed and an upper division consisting of fine to very fine sands and coarse silts. We have used a
multidisciplinary approach, combining geomorphology, optically stimulated luminescence (OSL)
dating, grain-size analysis and rock magnetism measurement, in order to provide new insights
into the environmental changes coincident with the activity of the last Neanderthals in this region.
In addition, we conducted palynological analysis, X-ray diffraction measurement and scanning
electron microscopy coupled with energy dispersive spectra of the clay fraction and carbonate
concretions. We discuss these new findings in the context of previously published palaeontological
and archeological data. The widespread occurrence of carbonate concretions and rizoliths in the
T6 profile is evidence for episodic pedogenic evaporation, in agreement with the rare occurrence
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and poor preservation of phytoliths. We provide updated OSL ages for the lower two Tejo terraces,
obtained by post infra-red stimulated luminescence: (i) T5 is c. 140 to 70 ka; (ii) T6 is c. 60 to 35 ka.
The single archaeological and fossiliferous level located at the base of the T6 upper division, recording
the last regional occurrence of megafauna (elephant and rhinoceros) and Mousterian artefacts, is now
dated at 44 ± 3 ka. With reference to the arrival of Neanderthals in the region, probably by way of
the Tejo valley (from central Iberia), new dating suggests a probable age of 200–170 ka for the earliest
Mousterian industry located in the topmost deposits of T4.

Keywords: OSL dating; river terraces; Late Pleistocene; environmental change; western Iberia

1. Introduction

The Vila Velha do Ródão and Arneiro depressions are located in the furthest upstream reach of
the Lower Tejo River, about 20 km from the Spanish border (this is Portuguese Reach I as defined by
reference [1]) (Figure 1). From the sensitive location of the study area close to the North Atlantic, we
can assume strong interaction between marine and terrestrial processes and environmental conditions.
This highlights the relevance of this area for research on past climate and environmental change.
Previous research in the study area has mainly focused on characterizing the geological setting,
geomorphic genesis (e.g., of the terrace staircase), active tectonics, archaeological background and
landscape evolution in general (e.g., see review in reference [2]). Climatic and environmental changes
in the Lower Tejo Basin during the last glacial cycle and especially during Marine Isotope Stage (MIS)
3, remain poorly documented.

The Middle Palaeolithic of Iberia has received considerable attention in recent times in connection
with the extinction of the Neanderthals [3–15], but is also relevant in connection with the early
establishment of the Mousterian, the diversity and demise of early hominins and the widespread
distribution of the first Neanderthals [16–21].

Since the 1970s, 37 archaeological contexts in the study area have been recorded, ranging
from Acheulean to Mesolithic; amongst these, 17 are small surface assemblages of uncharacteristic
chopper-like cores and flakes, broadly assigned to the Palaeolithic, and eight were obtained from
excavation [22] (Foz do Enxarrique, Vilas Ruivas, Pegos do Tejo-2, Azinhal, Tapada do Montinho,
Cobrinhos, Monte da Revelada and Alto da Revelada) (Figure 1).

In this contribution, we focus on the sedimentary record from the lowest terrace (T6) of the Tejo
at Vila Velha de Rodão, which represents an important terrestrial archive of relevance to the possible
relation between palaeoenvironmental conditions and early human occupation dynamics in the region.
Herein, we reconstruct and discuss the climate and environmental conditions during the last glacial
cycle, through integration of evidence from optically stimulated luminescence (OSL) dating, grain-size
distribution, rock magnetic properties (low field magnetic susceptibility, frequency-dependent
magnetic susceptibility and isothermal remanent magnetization curves), sediment mineralogy,
phytolites and palynology, as well as reviewing published paleontological and archaeological data.

2. Geological and Geomorphological Setting

The Tejo is one of the largest systems of Western Europe and flows E–W across almost the whole
of Iberia; it is an ancient river (c. 3.7 Ma) with an important sedimentary record [23,24]. In the
uppermost Portuguese reach of the Lower Tejo, the river flows through two quartzite ridges by way
of the Ródão gorge (named “Portas de Ródão”), which separates the Ródão (upstream) and Arneiro
(downstream) depressions.

The oldest bedrock comprises the Neoproterozoic and lower Cambrian schists and
metagreywackes of the Beiras Group and the Ordovician Armorican Quartzite Formation. The latter
is dominated by resistant ridges that topographically dominate (by c. 150 m) the extensive adjacent

32



Quaternary 2019, 2, 3

planation surface developed on phylites and metagreywackes. The Cenozoic is represented by the
Cabeço do Infante Formation, the Silveirinha dos Figos Formation and the Murracha Group. The first
two are dominated by soft sandstones and gravels, while the Murracha Group consists of gravels
interbedded with fine sediments [23,25].

In Lower Tejo Reach I, below a culminant sedimentary unit (the Falagueira Formation, at c.
+260 m—above the river bed) corresponding to the ancestral Tejo River before drainage network
entrenchment, the Pleistocene to Holocene record is summarized as follows [1,2,26] (Figure 1): (i) T1,
with the surface at +111 m, without artefacts; (ii) T2, at +83 m, without artefacts; (iii) T3, at +61 m,
without artefacts; (iv) T4, at +34 m, with Acheulean in the basal and middle levels and Mousterian in
the uppermost levels; (v) T5, at +18 m, with Mousterian industries through the entire fluvial sequence;
(vi) T6, at +10 m, with Mousterian industries at the lower deposits; (vii) Carregueira Formation (aeolian
sands) (32 to 12 ka), with Upper Palaeolithic to Epi-Palaeolithic industries; (viii) Alluvial plain and
a cover unit of aeolian sands (Holocene), with Mesolithic and more recent industries. Immediately
upstream of the Ródão gorge, the modern river bed is at c. 72 m above sea level (a.s.l.). In this area,
geomorphological evidence for late Cenozoic tectonics arises from interpretation of valley asymetry
and drainage patterns, fault scarps, tectonic lineaments, fracture-controlled valleys, and vertical
displacement of planation surfaces and terraces [26]. The sedimentary controls for the formation of
the Lower Tejo terrace staircase (mainly glacio-eustasy and differential uplift) are different from those
affecting the Middle and Upper Tejo, because of separation (between the Middle and Lower Tejo) by a
lengthy knick zone through hard basement [27,28].

Figure 1. Geomorphological map of Lower Tejo Reach I (Vila Velha de Ródão and Arneiro depressions):
1—quartzite ridge; 2—erosion level (a strath without sedimentary deposits) correlative with T1; 3—T1;
4—T2; 5—T3; 6—erosion level correlative with T3; 7—T4; 8—erosion level correlative with T4; 9—T5;
10—erosion level correlative with T5; 11—T6; 12—alluvial plain; 13—colluvium; 14—Ponsul fault;
15—archaeological sites; 16—altitude (m). Palaeolithic sites: 1—Cobrinhos; 2—Foz do Enxarrique;
3—Monte do Famaco; 4—Monte da Revelada and Alto da Revelada; 5—Vilas Ruivas; 6—Tapada do
Montinho; 7—Pegos do Tejo-2; 8—Arneiro; 9—Azinhal.
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Previous dating of the Pleistocene litostratigraphic divisions was undertaken using
Uranium-series, Thermoluminescence (TL), Optically stimulated luminescence on quartz (Quartz-OSL)
and infra-red stimulated luminescence (IRSL) on K-feldspar. Quartz-OSL was used to date: the
Carregueira Formation (32 to 12 ka; 3 ka) [2]; the alluvial deposits at the Azinhal archaeological
site, linked to T6 (61 ± 2 ka: GLL code 050302); the topmost deposits of T4 at the Pegos do Tejo-2
archaeological site (minimum age of 135 ± 21 ka: GLL code 050301) [29]. In Reach I of the Tejo,
IRSL dating provided a first temporal framework for the Lower Tejo terraces [26], but at that stage of
research T5 and T6 were not yet separated as distinct terraces. Recently, T4 in Lower Tejo Reach IV
was dated to c. 340 to 155 ka, using post infra-red stimulated luminescence (pIRIR) [28].

3. Methods

Geomorphological, stratigraphical, sedimentological and chronological data were obtained using
standard methodology (e.g., [30]): (1) geomorphological study, complemented by local detailed
investigations and the production of a detailed map using Geographic Information System (GIS),
(2) field descriptions of the sedimentary units, (3) sedimentological characterization of the deposits
and (4) luminescence dating.

3.1. Geomorphological Mapping

Geomorphological mapping was undertaken in three stages: (1) field mapping onto topographical
(1/25,000) and geological (1/50,000) base maps, (2) analysis of 1/25,000 aerial photographs and of a
digital elevation model (DEM) based upon a 1/25,000 and 1/10,000 topographic databases and (3) field
ground truthing.

3.2. Field Work

The T6 deposits at Foz do Enxarrique were studied in detail in order to improve our understanding
of the local stratigraphy and sedimentology. Exposures of T5 and T4 in the study area were also
revisited. Fieldwork included stratigraphic logging and sedimentological characterization of the
sedimentary deposits in order to obtain data on the depositional facies, including sediment colour,
texture, maximum particle size, clast lithology, fossil content, bedding and depositional architecture.

At the studied stratigraphic section of T6 at Foz do Enxarrique, continuous sediment sampling
was undertaken manually, every 1 cm, to a depth of 5.00 m. Samples were labelled as follows: e.g., for
“T6FE0.21”, T6 identifies the terrace code, FE the site and 0.21 the sample depth. We also collected a
present-day sediment sample from the Foz do Enxarrique stream bed (FE-modern). Each sampled
horizon (1 cm) was characterised according to its colour (using the Munsell system), texture and
the relative abundance of carbonate concretions. Phytolith analyses were undertaken on carbonate
concretions from five levels within the sequence (T6FE0.72, T6FE2.00, T6FE2.46–2.48, T6FE3.48 and
T6FE5.00). An additional seven samples (spanning greater depth) were collected for clay mineralogy
and palynological studies (T6FE0.70–0.74, T6FE1.13–1.17, T6FE1.98–2.02, T6FE2.88–2.92, T6FE3.46–3.50,
T6FE4.10–4.14 and T6FE4.49–4.52). Palynological study also included samples collected from the T6
archaeological level with fossil bones: codes T6FE/15 0.25–0.30, T6FE/15 0.35–0.40 and T6FE/15
0.45–0.50 (here, the depth refers to the top of the archaeological level). The T6 upper unit at Foz do
Enxarrique was sampled for optically stimulated luminescence (OSL) dating: sample 062201 collected
at 0.89–0.93 m depth (below the terrace surface); sample 052202 collected at a 5.20–5.30 m depth;
sample 052201 collected at a 5.40–5.50 m depth (top of the archaeological and fossiliferous layer).

At the Foz do Enxarrique site, a 1 m thick exposure reveals the lower part of T5. Two samples
(T5FE0.15–0.23 and T5FE0.92–1.00) were collected here for clay mineralogy and palynological studies.
At this site, two further samples for OSL dating (052204 and 052247) were collected at depths of 1.50
and 2.00 m below the T5 surface. T5 was also sampled for OSL dating at the Vilas Ruivas site (052207,
052231 and 052253).
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From T4, samples for OSL dating were obtained from the Vilas Ruivas, Rodense Bolaria (Vila
Velha de Ródão) and Pegos do Tejo-2 (Arneiro) sites (Figure 1).

3.3. Optically Stimulated Luminescence Dating

From Reach I of the Lower Tejo, samples for OSL dating were previously collected from the
sedimentary successions of the T4, T5 and T6 terraces and dated by IRSL, with a correction for
the anomalous fading effect [26], because the quartz-OSL signal was found to be in saturation.
However, it was later documented that the fading correction used was inappropriate, leading to
age underestimation. In order to improve the chronology of the terrace sequences and their associated
lithic industries, we now use the pIRIR protocol. K-feldspar grains from the samples dated in 2008
(IRSL) were measured (Equivalent doses) in 2013 by pIRIR (the most up-to-date protocol); these new
results are now presented. The storage of K-feldspar grains does not affect the luminescence properties
or the resulting ages. In summary, several samples were selected for OSL dating (pIRIR protocol):
three from T6 at Foz do Enxarrique (upper unit), five from T5 (collected at Foz do Enxarrique and
Vilas Ruivas; Figure 1) and four from T4 (collected at Pegos do Tejo-2, Vilas Ruivas and Rodense
Bolaria/V.V.Ródão; Figure 1).

OSL is an absolute dating technique that measures the time elapsed since sedimentary quartz or
feldspar grains were last exposed to daylight [31]. Exposure to daylight during sediment transport
removes the latent luminescence signal from those minerals. After burial, the luminescence signal
(trapped charge) starts to accumulate in the mineral grains due to ionising radiation. The annual dose of
a sediment sample is related to the decay of 238U, 232Th and 40K present in the sediment itself, to cosmic
ray bombardment and to the water content of the sediment. In the laboratory, the equivalent dose
(De, assumed to be the dose absorbed since the last exposure to light, i.e., the burial dose, expressed
in Grays —Gy) is determined by comparing the natural luminescence signal resulting from charge
trapped during burial with that trapped during a laboratory irradiation. In this study, the radionuclide
concentrations were measured by high-resolution gamma spectrometry [32]. These concentrations
were then converted to environmental dose rates using the specified conversion factors [33]. For the
calculation of the dose rate of sand-sized K-feldspar grains, an internal K content of 12.5 ± 0.5% was
assumed [34]. Dividing the De by the environmental dose rate (in Gy/ka) gives the luminescence age
of the sediment.

Sample preparation for luminescence analyses was carried out in darkroom conditions, at the
Department of Earth Sciences of the University of Coimbra. Samples were wet-sieved to separate
the 180–250 μm grain-size fraction, followed by HCl (10%) and H2O2 (10%) treatments to remove
carbonates and organic matter, respectively. The K-feldspar-rich fraction was floated off using a heavy
liquid solution of sodium polytungstate (ρ = 2.58 g/cm3). The K-feldspar fraction was treated with
10% HF for 40 min to remove the outer alpha-irradiated layer and to clean the grains. After etching,
the fraction was treated with HCl (10%) to dissolve any remaining fluorides.

At the Nordic Laboratory for Luminescence Dating (NLL), OSL were conducted using automated
luminescence Risø TL/OSL-20 readers (Roskilde, Denmark), each containing a calibrated beta source.
Small (2 mm) aliquots of K-feldspar were mounted in stainless steel cups. The K-feldspar equivalent
doses (De) were measured with a pIRIR SAR protocol using a blue filter combination [35,36]. Preheating
was at 320 ◦C for 60 s and the cut-heat 310 ◦C for 60 s. After preheating the aliquots were IR bleached
at 50 ◦C for 200 s (IR50 signal) and subsequently stimulated again with IR at 290 ◦C for 200 s (pIRIR290

signal). It has been shown [36] that the post-IR IRSL signal measured at 290 ◦C can give accurate
results without the need to correct for signal instability. For all IR50 and pIRIR290 calculations, the
initial 2 s of the luminescence decay curve less a background derived from the last 50 s was used.

3.4. Grain-Size Measurements

Grain-size analyses of uncemented sediment samples was carried out using a Beckman Coulter
LS230 laser granulometer (Brea, CA, USA), with a measurement range of 0.04 to 2000 μm and a
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relative error less than 2%. Visual inspection of grain-size distribution curves allowed the identification
and interpretation of unimodal or multimodal subpopulations. The T6FE sediment samples of the
5.00–3.20 m depth interval were analysed at a 5 cm spacing; the 3.18–2.60 m and 2.50–0.30 m depth
intervals were analysed at a 1 cm spacing in order to provide a better distinction between fluvial and
aeolian deposition.

3.5. Mineral Composition

Analyses of sediment composition were based on binocular microscope observation and X-ray
diffraction (Department of Earth Sciences—University of Coimbra), as well as Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectometry (EDS) of selected carbonate concretions (UNESP
Laboratory, at the University of Rio Claro—Brazil). A Philips PW 3710 X-ray diffractometer (Virginia,
USA), with a Cu tube, at 40 kV and 20 nA was used for mineralogical identification within carbonate
concretions and for clay mineralogy. The mineralogical composition of the <2 μm fraction was
obtained in oriented samples before and after ethylene glycol treatment and heating up to 550 ◦C.
The percentages of the clay minerals in each sample were determined through the peak areas of the
mineral present, with the use of specific correction parameters.

3.6. Rock Magnetism

For magnetic susceptibility measurement, samples were dried at 40 ◦C and transferred into
plastic bags for subsequent analysis. Rock magnetic properties were measured in the Instituto
Dom Luis, University of Lisboa and in the Department of Earth Sciences of the University
of Coimbra, and consisted of low field mass specific magnetic susceptibility (χ in m3/kg),
frequency-dependent magnetic susceptibility (Kfd in %) and isothermal remnant magnetization
(IRM). Magnetic susceptibility measures the ability of a material to be magnetized and includes
contributions (in proportion to their abundance) from all diamagnetic (calcite), paramagnetic (clays),
and ferromagnetic (magnetite) minerals present in the sediment. Low-field magnetic susceptibility was
measured with a MFK1 (AGICO Inc, Brno, Czech Republic) apparatus operating with magnetic
field intensity of 200 A/m and frequency of 978 Hz. Data were reported as mass-normalized
values (m3/kg). Frequency-dependent magnetic susceptibility is an indicator of the presence of
superparamagnetic particles (SP), generally produced during pedogenic processes. Low (0.47 kHz)
and high (4.7 kHZ) frequency-dependent magnetic susceptibility was measured with a Bartington
Instruments magnetic susceptibility meter coupled to a MS2B sensor and reported in percentage
as follows: Kfd (%) = 100*(Klf-Khf)/Klf. After cleaning by alternating field demagnetization up
to 100 mT, samples were subsequently submitted to stepwise isothermal remanent magnetization
(IRM) acquisition with an impulse magnetizer (model IM-10-30). We applied maximum fields of 1.2T
following approximately 30 steps. Remanence was measured with a JR-6A (AGICO Inc, Brno, Czech
Republic) magnetometer.

Data were analysed using a cumulative log-Gaussian (CLG) function with software developed
for the purpose [37]. The S-ratio was calculated with the formula −IRM−0.3T/IRM1T.

3.7. Phytoliths

For phytolith analyses, samples with a volume of 1 cm3 were placed in an Erlenmeyer flask
and dissolved in 20 mL of HNO3 and H2SO4 solution at 1:4. The material was heated for 3 h at
90 ◦C on a hot plate. After cooling at ~25 ◦C, 10 ml of H2O2 was added, before washing in distilled
water, centrifuging (1500 rotations per minute up to neutralization (pH ~ 7.0), and washing with
alcohol. For slide preparation, 50 μL of material was extracted by pipette, placed on slides and dried
on hot plates. Coverslips were fixed using Entelan® resin (Hatfield, UK). Phytoliths were analyzed
through optical microscopy (×160 and ×640), identified with reference to literature [38–40] and named
according to the International Code of Phytolith Nomenclature [41].
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3.8. Palynology

For palynological studies, thirteen sediment samples were selected: two from lower and middle
levels within T5; three from the T6 archaeological level and eight samples from the upper division of
T6 (silty very fine sands and sandy silts). These samples were subjected to a physical and chemical
pollen concentration pre-treatment. The pollen residue was isolated with a standard palynological
preparation methodology [42], with some modifications: omitting acetolysis and sieving, the latter in
an attempt to increase pollen concentration. The pollen residue was assembled on thin glass slides
to allow its identification and counting. It was embedded in glycerine and sealed with histolaque, to
permit movement of the grains for more complete observation of the morphological features of pollen
and non-pollen-palynomorphs. Grains were identified (based on references [43–46]) and counted
using an optical transmitted-light microscope.

3.9. Geochemical Analyses

Geochemical analyses on sediment samples collected from the upper unit of T6 were performed,
at the laboratory, with a X-ray fluorescence spectrometer (Niton XL3t Ultra Analyser—Thermo Fisher
Scientific; Waltham, MA, USA).

4. Results

4.1. Geomorphology, Lithostratigraphy and Sedimentology

In the confluence area of the Enxarrique stream with the Tejo, several geomorphic units are
represented: T1, at 179 m a.s.l.; T2, at 149 m a.s.l.; T3, at 132 m a.s.l.; T4, at 106 m a.s.l.; T5, at 89 m a.s.l.;
T6, at 83 m a.s.l.; alluvial plain of the Açafal stream, at 78 m a.s.l. (Figure 2).

Figure 2. Geomorphological map of the neighbourhood of the Foz do Enxarrique site (Vila Velha de
Ródão). This digital elevation model was performed with 2 m of equidistant contours and pixels of
5 × 5 m. The fluvial terraces, numbered from higher (T1) to lower (T6), are disposed in a staircase.
The mapped erosion surface (a strath without sedimentary deposits) correlates with the T4 terrace.
The location of the Foz do Enxarrique archaeological site is indicated.

In the Vila Velha de Ródão—Arneiro area, T4 comprises a lower boulder gravel (up to 2 m-thick)
and an upper division of gravelly coarse sands (up to 2 m thick). The main exposures are at Pegos do
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Tejo-2 and Vilas Ruivas, both located in the Arneiro depression (Figure 1). The massive clast-supported
boulder gravel comprises clasts that are subrounded, with MPS (mean diameter of the 10 largest
clasts) = 32 cm, of quartzite (75%), white quartz and rare slates/metagreywackes.

The T5 terrace usually has a basal gravelly pavement (c. 0.2 m thick) overlain by very fine sands
(up to 2.3 m thick), with some very thin (<1 cm) levels containing calcium carbonate concretions.
The main outcrops are provided by the sites at Foz do Enxarrique (up to c. 2.5 m thick) and Vilas
Ruivas (0.5 m thick).

The sedimentary deposits of T6 are well exposed at the Foz do Enxarrique site (Figures 2–4) and
were studied in detail during the work reported here. The sedimentary infill of T6 comprises a lower
gravel, up to 0.40 m thick, and an upper unit, c. 5.60 m thick, dominated by very fine sands and
coarse silts.

 

Figure 3. View of the T6 section at the Foz do Enxarrique archaeological site, with sampling underway.
The surface of the T6 terrace is at 82 m a.s.l.; the exposures show the full thickness of the upper unit.
The lower artificial pavement is placed approximately at the top of the bed containing artefacts and
fossil bones (the archaeological level); the lower gravel bed is located just below this. A metal staircase
and a platform has been built in front of the exposed section and provides access to the top as well
some protection for the exposure. Note one of the several explanatory panels provided at the site.
The Tejo River can be seen in the right background.

The upper unit of T6, generally lacking bedding but with rare lamination, can be divided into
three layers: (i) from the surface to a depth of 4.55 m, an upper bed comprising sandy silts; (ii) from 4.55
to c. 5.40 m, a middle division consisting of micaceous very fine to fine sands with some interbedded
thin gravel stringers; (iii) from c. 5.40–5.60 m, a bed comprising Mousterian artefacts and fossil
bones in a matrix of micaceous fine sands. The predominant colour of the T6 upper unit deposits is
yellowish brown to bright brown. The thin (1–3 cm thick) levels with calcium carbonate concretions
and rhizoliths (Figure 5), 1–2 cm wide, are intercalated between thick intervals of uncemented sediment.
At the depths of 4.55–4.57 and 4.73–4.82 m, quartzite and quartz clasts (<0.5 cm and <10 cm in size,
respectively) and rolled concretions were observed dispersed in micaceous very fine to fine sands.
A massive calcium carbonate level is present at a depth of 5.33–5.36 m, just above laminated fine sand.
The levels containing calcium carbonate concretions do not show evidence of any erosive surface and
they dip (up to 5 degrees) toward the Tejo River, progressively increasing in thickness.

The lower bed T6 consists of clast-supported boulder–pebble gravels, c. 0.4 m thick. The maximum
clast diameter is 40 cm, with MPS = 31 cm. The gravel clast lithologies are quartzite (58%), milky
quartz (27%) and metagreywakes/phylites (15%). The clasts are sub-rounded to angular. At about
76 m a.s.l., the T6 deposits overlie metamorphic basement, by an unconformity.
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Figure 5. Examples of calcium carbonate concretions occurring in the coarse silts of T6: (A) three
concretions collected, respectively, from depths of 3.56, 3.57 and 3.60 m; (B) a 2.5 cm thick concretion,
obtained from a depth of 3.91–3.93 m; (C) two concretions and an agglomerate of two quartz pebbles,
collected from a level at a depth of 4.73–4.83 m; (D) fragment of a quite continuous caliche level,
3 cm thick, that occurs at a depth of 5.33–5.36 m; (E) a 1 cm thick rhizolith, collected from a depth of
3.91–3.93 m.

4.2. Luminescence Dating Results

The luminescence dating results of the samples collected from T6, T5 and T4 are summarized
in Tables 1 and 2. The geographical and stratigraphic locations of each sample are provided by
Table 2. Four out of the twelve samples have De values lying above 2xD0 (corresponding to 86% of
luminescence saturation). In view of the possibility of small systematic errors in the measurement of
the luminescence signal, we feel it prudent to adopt the strategy of only presenting minimum doses
for these samples (equivalent to 2xD0) and the derived minimum ages [47].

Table 1. Burial depth, Radionuclide activities (238U, 226Ra, 232Th and 40K) and water content used for
dose-rate calculations of the luminescence dating samples.

NLL and
Field Codes

X-Y
Coordinates

U-238
(Bq kg−1)

Ra-226
(Bq kg−1)

Th-232
(Bq kg−1)

K-40
(Bq kg−1)

Water
Content (%)

052201
PC1

39◦58′59′′ N
7◦40′13′′ W 108 ± 6 109.2 ± 1.4 191.4 ± 2.0 784 ± 19 10

052202
PC2

39◦58′59′′ N
7◦40′13′′ W 89 ± 6 77.4 ± 0.8 98.4 ± 0.9 727 ± 10 10

052204
PC4

39◦58′59′′ N
7◦40′13′′ W 52 ± 3 52.3 ± 0.5 75.5 ± 0.7 715 ± 9 10

052207
PC8

39◦38′29′′ N
7◦41′56′′ W 63 ± 11 70.3 ± 2.0 108.6 ± 2.1 621 ± 33 20

052208
PC9

39◦39′19′′ N
7◦40′07′′ W 19 ± 6 27.6 ± 0.6 29.6 ± 0.6 902 ± 17 25

052231
VRU4

39◦38′29′′ N
7◦41′56′′ W 78 ± 9 74.5 ± 1.0 114.3 ± 1.2 583 ± 12 20

052246
VRU5

39◦38′29′′ N
7◦41′56′′ W 27 ± 4 23.1 ± 0.4 28.0 ± 0.5 843 ± 12 10

052247
ENXAR1

39◦58′59′′ N
7◦40′13′′ W 44 ± 4 48.7 ± 0.5 75.1 ± 0.7 765 ± 8 10
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Table 1. Cont.

NLL and
Field Codes

X-Y
Coordinates

U-238
(Bq kg−1)

Ra-226
(Bq kg−1)

Th-232
(Bq kg−1)

K-40
(Bq kg−1)

Water
Content (%)

052253
VRU3

39◦38′29′′ N
7◦41′56′′ W 69 ± 7 61.3 ± 0.8 96.3 ± 1.1 536 ± 10 10

062201
ENXAR2

39◦58′59′′ N
7◦40′13′′ W 64 ± 7 68.4 ± 0.9 92.0 ± 1.1 764 ± 14 10

062202
PARN1

39◦38′11′′ N
7◦41′35′′ W 25 ± 5 27.9 ± 0.5 21.6 ± 0.5 843 ± 14 10

062203
PARN2

39◦38′11′′ N
7◦41′35′′ W 18 ± 5 24.9 ± 0.5 27.1 ± 0.5 995 ± 12 10

Table 2. Summary of the luminescence ages obtained from sediment samples from the study area.
All ages were obtained by using a post IRIR290 protocol (K-feldspar), in the Nordic Laboratory for
Luminescence Dating (NLL). For samples having natural pIRIR290 signals >86% of the saturation level
of the dose response curves, a minimum age is given based on the 2*D0 value. Previous IR50 age
estimates, including fading correction, are also shown [26].

NLL and
Field Code

Sampled
Site

Terrace
Unit

Depth
(cm)

IR50, with
Fading Corr.

Age (ka)

pIRIR290

Age (ka)

pIRIR290

2*Do
(Gy)

pIRIR290

De (Gy)

pIRIR290

Aliquots
(n)

Dose Rate
(Gy/ka)

052201
PC1

Foz de
Enxarrique

T6, base
middle part 550 38.5 ± 1.5 44 ± 3 350 ± 14 12 7.94 ± 0.32

052202
PC2

Foz de
Enxarrique

T6, lower
middle part 530 34.8 ± 1.3 43 ± 4 251 ± 21 9 5.83 ± 0.22

052204
PC4

Foz de
Enxarrique

T5, middle
part 150 136 ± 10 135 ± 9 683 ± 34 12 5.05 ± 0.18

052207
PC8

Vilas
Ruivas

T5, middle
part 400 105 ± 8 99 ± 7 507 ± 28 12 5.10 ± 0.19

052208
PC9

Rodense
Bolaria

T4, lower
part 200 277 ± 17 >220 >835 ± 51 6 3.95 ± 0.13

052231
VRU4

Vilas
Ruivas

T5, upper
part 400 71 ± 4 367 ± 17 9 5.18 ± 0.18

052246
VRU5

Vilas
Ruivas

T4, lower
part 300 277 ± 17 >220 >863 ± 13 6 4.19 ± 0.15

052247
ENXAR1

Foz de
Enxarrique

T5, lower
part 200 125 ± 7 145 ± 10 741 ± 40 12 5.11 ± 0.19

052253
VRU3

Vilas
Ruivas

T5, middle
part 400 113 ± 6 117 ± 7 587 ± 27 6 5.02 ± 0.19

062201
ENXAR2

Foz de
Enxarrique

T6, topmost
part 90 31.6 ± 1.3 37 ± 2 212 ± 6 6 5.73 ± 0.22

062202
PARN1

Pegos do
Tejo-2

(Arneiro)

T4, lower
middle part 400 209 ± 11 >190 >767 ± 27 9 4.14 ± 0.15

062203
PARN2

Pegos do
Tejo-2

(Arneiro)

T4, lower
top part 300 129 ± 11 >160 >743 ± 31 8 4.62 ± 0.17

Two of the four samples collected from T4 were collected from the lower gravel (052208 and
052246) and provided age estimates of c. 280 ka by IRSL and minimum ages of >220 ka by pIRIR.
Samples 062202 and 062203 were collected from the base and middle of the T4 upper division which
mainly consists of soft sandstones, and gave underestimated ages of 209 ± 11 ka and 129 ± 11 ka by
IRSL and minimum ages of >190 ka and >160 ka by pIRIR, respectively. Sample 062203 was collected
below the Middle Palaeolithic site of Pegos do Tejo-2, which is located c. 1 m bellow the T4 surface.
As the uppermost deposits of T4 were recently dated at 155 ka ([28] (Cunha et al., 2017)) and sample
062203 provided a minimum age of 190 ka by pIRIR, it is very probable that the Middle Palaeolithic in
the region had started by 200–170 ka.
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From T5, which is onlaped by T6 at the Foz do Enxarrique site, ages of 145 ± 10 ka (at the terrace
base) and 135 ± 9 ka (1.5 m below the terrace surface) were obtained by pIRIR dating. Samples
collected from the T5 sequence at Vilas Ruivas were also dated, giving ages of 117 ± 7 ka, 99 ± 7 ka
and 71 ± 4 ka by pIRIR.

From the T6 upper unit at Foz do Enxarrique, pIRIR dating provided the following three ages:
44 ± 3 ka, sample 052201 collected from the archaeological and fossiliferous bed (at a depth of
5.50–5.40 m); 43 ± 4 ka, sample 052202 collected from the micaceous fine sands located 20 cm higher
(5.30–5.20 m); 37 ± 2 ka, sample 062201 collected c. 90 cm below the terrace surface (0.93–0.89) m.
Previously, the archaeological bed was dated by Uranium series on equid and bovid teeth, providing
an average age of 33.6 ± 5 ka ([48] (Raposo, 1995)), and by fading-corrected IRSL, giving an age of
38.5 ± 1.6 ka ([26] (Cunha et al., 2008)). It appears that both the U-series and conventional IRSL ages are
underestimates, compared with the pIRIR ages. As previously noted, the IRSL dating used a correction
for the anomalous fading effect which is not fully appropriate, leading to age underestimation. It should
also be noted that U-series on teeth can easily be impaired as a result of the uptake of young uranium.
The pIRIR protocol constitutes the best approach to date the type of material in consideration and
should be considered to provide the best estimates for burial ages and for dating the associated
lithic industries.

4.3. Sediment Characterization of T6

4.3.1. Mineral Composition

The sand and silt fractions of the T6 upper unit mainly comprise detrital grains of quartz
(predominant), K-feldspar, plagioclase and muscovite, locally cemented by calcite. SEM and EDS
analysis of 17 selected carbonate concretions also confirmed that these consist of calcite (micrite)
developed in detrital silt–fine sand consisting of quartz (predominant), microcline, plagioclase and
mica grains.

Exoscopy (SEM) (Figures 6 and 7) document well preserved microcline and quartz grains.
The quartz grains are sub-angular and show conchoidal fractures, but with no evidences of abrasion or
dissolution. Biotite grains show some dissolution features.
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Figure 6. Back-scattered Scanning Electron Microscopy (SEM) photographs of samples from the T6
profile at Foz do Enxarrique. (a,b) poorly-sorted detrital material; (c,d) sub-angular quartz grain
with conchoidal fractures and smoothed surfaces; (e,f) well preserved K-feldspar (microcline); and
(g,h) mica grains, mainly biotite, with dissolution features.
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Figure 7. SEM photographs of samples T6FE2.46 and T6FE2.48. (a) compositional mapping showing
the widespread distribution of calcium; (b,c) calcium particles and (d) nodules with size varying from
5 to 40 μm.

The mineralogical composition of the <2 μm fraction (Table 3) of 8 samples collected from the
T6 upper unit does not indicate any vertical change and consists of smectite 35–52%, illite 22–35%,
kaolinite 20–31% and vermiculite 17% (only present in sample T6FE 3.46–3.50). For comparison, two
samples from T5 were also studied and contained smectite 53–54%, illite 21–29% and kaolinite 18–25%.
Thus both terraces have a similar clay-mineral association, although T6 has less smectite. The modern
sample also has vermiculite and chlorite.

Table 3. Mineralogical composition of the <2 μm fraction of samples collected from the T5, T6 upper
unit and modern river bed of the Enxarrique stream.

Sample Code Smectite (%) Vermiculite (%) Kaolinite (%) Illite (%) Chlorite (%)
Clay Mineral
Association

T5FE0.15–0.23
T5FE0.92–1.00

54
53

0
0

25
18

21
29

0
0

S k i
S i k

T6FE0.70–0.74
T6FE1.13–1.17

48
52

0
0

26
23

26
25

0
0

S k i
S i k

T6FE1.97–2.02
T6FE2.88–2.92
T6FE3.46–3.50
T6FE4.10–4.14
T6FE4.49–4.52
T6FE4.98–5.02

FE modern

41
47
35
42
46
45
17

0
0

16
0
0
0

14

27
31
25
24
24
20
22

32
22
24
34
30
35
35

0
0
0
0
0
0

12

S i k
S k i

S k i v
S i k
S i k
S i k

I k s v c
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4.3.2. Grain-Size Analysis

The sediment samples collected from the upper unit of T6 and analyzed by laser granulometry
provided the results presented in Figure 4 and Supplementary Material. This unit is clearly dominated
by coarse silt, but sampling at the 1 cm scale has documented significant grain-size oscillations as well
as major grain size cycles.

From the 0.05–0.30 m depth, an organic dull yellowish to brown soil (10YR 5/3 and 10YR 4/6)
has an average mean grain size of 41 μm. The samples are very poorly sorted (4.60) with very fine
skewed (−0.72) distributions. In average, the sediment comprises 49% sand, 41% silt and 10% clay.

For the 0.31–5.00 m depth, the average grain-size data shows a mean grain size of 40.55 μm (very
coarse silt), a standard deviation of 5.57 (very poorly sorted), fine skewed (−1.09), leptokurtic and
bimodal distributions in the silt fraction (6–20 μm and 40–60 μm) (Figure 8). In average, the sediment
comprises 44% sand, 45% silt and 9% clay. The range of mean grain size is 11–110 μm; all main fractions
change significantly: 6–72% sand; 25–78% silt; 3–20% clay. The following intervals can be differentiated
to a depth of 5.00 m:

- For the 0.31–4.32 m depth, the samples have a yellowish to bright yellowish brown color,
(10YR 5/3, 10YR 5/6, 10YR 5/8 and 10YR 6/8). The mean grain-size is c. 37 μm and is usually very
coarse-grained silt. The average grain-size fractions consist of 40% sand, 49% silt and 10% clay. Some
thin levels have calcium carbonate concretions reaching 1.5 cm of diameter (e.g., T6FE0.88; T6FE 0.95).
There are some layers (e.g., at 1.15–1.20 m and 2.39–2.58 m depth) with much more silt (e.g., 76%; 68%)
than sand.

- For the 4.33–5.00 m depth, the sediment is increasingly coarser, with a mean grain-size between
32 and 110 μm. In average, the sediment consists of 57% sand, 36% silt and 7% clay. Between depths of
4.73 and 4.82 m, rolled calcium carbonate concretions occur.

Figure 8. Grain size distributions of selected samples: (a) 0.45–1.20 m depth range; (b) 1.30–2.30 m
depth range; (c) 2.70–3.80 depth range; (d) 3.90–5.00 m depth range.
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4.3.3. Rock Magnetism

Magnetic Susceptibility

Mass specific magnetic susceptibility of samples from the Foz do Enxarrique T6 profile varies
from c. 8 × 10−8 m3/kg to c. 6 × 10−7 m3/kg (Table S1—Supplementary Material; Figures 4, 9
and 10). These values are comparable with those of suspended sediments from other fluvial systems,
such as the Jackmoor Brook catchment in South West England [49]. The lowest values of magnetic
susceptibility (c. 7 × 10−8 m3/kg) are found at the base of the profile, from c. 5.00 up to 4.58
m, and corresponding to sand-rich sediment (Figure 4). From 4.57 up to 4.32 m, there are some
dispersed quartzite pebbles; magnetic susceptibility increases and exhibits saw-tooth oscillations from
c. 1.2 × 10−8 to 4.1 × 10−8 m3/kg. Between 4.32 and 0.40 m, magnetic susceptibility shows short-term
and discrete cyclical oscillations from 1.4 × 10−7 to c. 3.7 × 10−7 m3/kg and gradually increases up to
c. 5.5–8 × 10−8 m3/kg in the uppermost 0.40 m.

Magnetic susceptibility is primary controlled by lithological changes, but can also reflect
pedogenic and/or post-depositional weathering driven by environmental and climatic forcing in
the case of continental sediments [50]. Quartz is diamagnetic (negative and very low magnetic
susceptibility), explaining the very low values of magnetic susceptibility observed at the base of the
profile (Figure 4). Phyllosilicates, including clays, are paramagnetic (positive and weak magnetic
susceptibility), giving significant higher values of magnetic susceptibility in the silt interval from 4.32
m to 0.40 m. The short-term cyclical variations observed in this part of the profile do not seem to be
controlled by the lithology, which is very homogenous in the field, but may reflect changes in the
magnetic mineralogy (ex. proportion of magnetite and hematite), including magnetic enhancement by
weathering and/or pedogenic processes. The saw-tooth oscillation observed from 4.57 m to 4.32 m
probably reflects the mixture of gravel with different origin and composition. In contrast, the increase
of magnetic susceptibility in the topsoil horizon, which corresponds in the field to a black sediment,
rich in organic material, probably reflects magnetic enhancement resulting from burning, pedogenic
processes and/or anthropogenic pollution [51–53].

Frequency-Dependence Magnetic Susceptibility

Frequency-dependence magnetic susceptibility varies between 4 and 10 along the entire profile,
indicating a significant contribution from superparamagnetic particles. These superparamagnetic
particles are generally ultra-fine magnetite and/maghemite produced during pedogenic processes,
as a by-product of the metabolism of iron-reducing bacteria [54,55]. The presence of pedogenic
magnetic particles in the T6 profile agrees with the ubiquitous occurrence of rhizoliths (root moulds
and concretions) observed in the field. However, these pedogenic particles can also have a detrital
origin, from the incorporation of soil sediments or clays.

Isothermal Remanent Magnetization Curves

Isothermal Remanent Magnetization (IRM) measurements were conducted on eight samples from
the T6 profile in order to investigate the nature and origin of the ferromagnetic particles present in
the sediment and their contribution in the short-term cyclical oscillations observed in the magnetic
susceptibility curve. In addition, a sample of modern sediments was analyzed for comparison. Results
are shown in Table 3 and Figure 9. After treatment of the raw data by the cumulative Log-Gaussian
function [37], two main components are obtained in all samples. Component 1 has B1/2 values of
21–24 mT and DP (dispersion parameter) of 0.25–0.30, corresponding to the coercivity range of detrital
magnetite [56]. Magnetite contributes to 77–83% of the total remanence. Component 2 has B1/2 values
of 200–234 mT and DP of 0.50–0.55, typical of hematite [56]. Hematite contributes to 17–22% of the total
remanence. Goethite has not been identified although the data are noisy above imparted fields of 1 T.
The S-ratio varies between 0.86 and 0.92 and reflects the dominance of magnetite in the total remanence.
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Except for the slight variations of the S-ratio, no significant changes in the magnetic mineralogy
(coercivity and grain-size) was noted within the eight analyzed samples, nor with modern sediments
(Figure 9). However, there is a clear correlation between magnetic susceptibility and saturation
isothermal remnant magnetization (SIRM), suggesting that magnetic susceptibility is mostly controlled
by the concentration of ferromagnetic iron oxides (magnetite and hematite) (Figure 10). In addition,
samples having the lowest magnetic susceptibility values also have lower S-ratio (Table 4), suggesting
that the short-term cyclical variations observed in the magnetic susceptibility curve reflect variation in
the relative proportion of magnetite and hematite.

 

Figure 9. Isothermal Remnant Magnetization (IRM) curves treated by the log-Gaussian function,
of representative samples from the upper unit of T6 (the sample depth is indicated by the sample
reference) and present-day sediment from the Enxarrique stream (sample FE modern), all collected at
the Foz do Enxarrique site.
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Figure 10. Correlations between mass specific magnetic susceptibility and (a) grain size,
(b) frequency-dependent magnetic susceptibility and (c) Saturation Isothermal Remanent
Magnetization of component 1 (i.e., magnetite content) and (d) S-ratio (relative proportion of magnetite
and hematite). R2 is the determinant factor.

Table 4. Rock magnetic parameters calculated from the analysis of the IRM curves (see Figure 9).
The % column represents the percentage of the contribution of the magnetic phase; SIRM is the IRM
at saturation is proportional to the concentration of the magnetic phase; B1/2 corresponds to the
coercivity and DP is the dispersion parameter of the Gaussian curves.

Sample
Code

Component 1 (Magnetite) Component 2 (Hematite)

% SIRM B1/2 DP % SIRM B1/2 DP S-Ratio

FE modern 83.1 1.52 24.0 0.25 16.9 0.31 218.8 0.52 0.90
T6FE0.09 86.2 3.75 21.9 0.26 13.8 0.60 223.9 0.55 0.92
T6FE0.62 77.8 1.47 21.9 0.26 22.2 0.42 223.9 0.55 0.87
T6FE2.00 80.6 1.75 21.9 0.3 19.4 0.42 223.9 0.55 0.89
T6FE2.16 77.2 1.46 21.4 0.26 22.8 0.43 223.9 0.55 0.86
T6FE2.22 82.3 1.95 21.4 0.27 17.7 0.42 223.9 0.50 0.89
T6FE2.33 76.7 1.25 21.4 0.26 23.3 0.38 199.5 0.53 0.87
T6FE3.74 84.3 2.09 22.4 0.25 15.7 0.39 199.5 0.53 0.91
T6FE3.84 79.5 1.75 22.4 0.25 20.5 0.45 158.5 0.50 0.90
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4.3.4. Phytolith Analysis

Phytoliths were identified in those carbonate concretions corresponding to samples with codes
T6FE0.72, T6FE2.00, T6FE2.90, T6FE3.48 and T6FE4.12, but constituted fewer than 10 units per observed
concretion, which limits their potential for environmental interpretation. The identified morphotypes
are predominantly larger than 20 μm, of Bulliform and Cuneiform types (Figure 11) and rare Elongates
and Trapeziforms. The Bulliform and Cuneiform types are usually produced by grasses undergoing
hydric stress. The poor preservation of the studied phytoliths is probably due to the alkalinity of the
concretions, although there is some evidence of aeolian abrasion.

Figure 11. Phytoliths of Bulliform and Cuneifom types, identified in carbonate concretions. Scale bar:
20 μm.

4.3.5. Palynology

From a general point of view, the prepared residues from both the T6 and T5 terraces are very
poor in organic matter and pollen. A small number of highly degraded pollen grains were observed,
of which some are indeterminable because of their damaged state. The small number of identified
pollen grains and, in some cases, the sterility of the samples, precludes the construction of pollen
diagrams. The results are presented in Table 5, organized by sample; taxa for each sample are divided
into arboreal types, followed by shrubs and herbaceous and, finally, indeterminate pollen grains.

Table 5. Palynology of the T6 and T5 terrace deposits, from the stratigraphic sections at Foz do
Enxarrique site.

Sample Code Taxa Count

Basal layer (archaeological strata) of the T6 upper unit

FE/15 0.25–0.30 Indeterminate 1

FE/15 0.35–0.40
Chenopodiaceae 2

Indeterminate 4

FE/15 0.45–0.50 Indeterminate 2

Upper part of the T6 upper unit (silty sands and sandy silts)

T6FE0.70–0.74

Pinus sp. 4

Ericaceae 2

Poaceae 2

Artemisia 1

Chenopodiaceae 2

Indeterminable 9
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Table 5. Cont.

Sample Code Taxa Count

Upper part of the T6 upper unit (silty sands and sandy silts)

T6FE1.13–1.17

Pinus sp. 1

Poaceae 2

Indeterminate 10

T6FE1.97–2.02

Pinus sp. 1

Asteraceae tubuliflora 1

Indeterminate 6

T6FE2.88–2.92 Indeterminate 1

T6FE3.46–3.50 Indeterminate 3

T6FE4.10–4.14 Indeterminate 1

T6FE4.49–4.52 Indeterminate 1

T6FE4.98–5.02
Pinus sp. 1

Indeterminate 1

T5 lower part (sandy silts)

T5FE0.15–0.23 Indeterminate e 1

T5FE0.92–1.00
Pinus sp. 1

Indeterminate 2

The two samples from the lower part of the T5 sequence from outcrops at the Foz do Enxarrique
site (T5FE015–0.23 and T5FE0.92–1.00) only allowed the identification of a pollen grain of Pinus sp.
For the three samples collected from the basal layer (archaeological strata) of the T6 upper member
only Chenopodiacea could be identified. In the samples collected in the upper part of T6, the few
taxa identified indicate the presence of Pinus sp., the only tree species, Ericaceae (shrubs) and, in the
herbaceous group, Poaceae, Artimisia, Chenopodiaceae and Asteraceae tubuliflora. In conclusion, the
results obtained from the palynological study of the T6 and T5, from oxidized sediments, revealed
very few palynomorphs and do not allow any palaeoenvironmental interpretation.

4.3.6. Geochemical Analyses

The results of geochemical analyses performed with the Thermal Scientific Analyzer Nikon XL3t
spectrometer, on samples collected from the upper unit of T6, indicate that Ca has high values on the
calcium carbonate concretions/rizoliths and very low values on uncemented siliciclastic sediment
(coarse silt to fine sand) (Appendix A, Figure A1).

4.4. Palaeolithic Sites and Fauna Associated

No evidence has been found to date of industries prior to the Acheulean in this area. However,
considering the presence of Oldowan material at several sites in Iberia, some dating back to c. 1.4 Ma,
this absence must be seen as a problem of archaeological visibility [57].

The oldest archaeological evidence in this region appears in the basal deposits of T4, which
are dated as older than 280 ka and perhaps as old as c. 340 ka [26,28]. A large Acheulean quartzite
assemblage, with handaxes, cleavers, very large flakes and respective cores, was recovered from Monte
do Famaco (Vila Velha de Ródão), in a colluvium resulting from the erosion of basal T4 deposits [58].
Test pits were excavated at this site and a large assemblage was also collected from the surface, but no
thorough excavation was undertaken, nor has the assemblage been published in detail. Other evidence
of Acheulean (e.g., identification of single or small numbers of handaxes and cleavers, sometimes
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along with quartzite flakes) has been reported from T4 deposits at Vilas Ruivas (Arneiro), but also at
the surface of Pegos do Tejo-1, Monte das Nove Oliveiras, Monte do Arneiro and Monte da Cabeça
Gorda; all these sites at Arneiro are still to be excavated [59,60].

The earliest Mousterian (Middle Paleolithic) industries occur on both sides of the Tejo in
the uppermost deposits of T4. At Pegos do Tejo-2 (probably dating from c. 200–170 ka), the
identification of a ring of cobbles was interpreted as a possible hearth (fire pit). These occur along
with Levallois, discoidal, opportunistic and bipolar cores, flakes (often thick), denticulates, notches
and sidescrapers [61,62]. A similar age (c. 165–155 ka) was attributed to Cobrinhos (Vila Velha
de Ródão), a dense lithic assemblage spread over 1300 m2 and dominated by Levallois, discoidal,
radial and opportunistic cores and Levallois and Kombewa flakes (and also some points and blades),
pseudo-Levallois points, sidescrapers, denticulates and notches [22].

At Monte da Revelada (Vila Velha de Ródão), also at the top of T4, the lowest archaeological
context has discoidal and Levallois cores, flakes with dihedral and faceted platforms, along with radial
dorsal patterns, including some Levallois flakes and pseudo-Levallois points that can be associated
with a Mousterian occupation. These artefacts occur along with oval stone features that that again may
correspond to hearths. At the nearby site of Alto da Revelada, Mousterian artefacts occur scattered on
the surface, on the Cabeço do Infante Formation (Paleogene), in the western area where it has not been
covered by aeolian sands [63].

In the T5 deposits at Vilas Ruivas (Arneiro), now dated to c. 117–71 ka, it was again possible
to recognize hearths, windshields and post-holes [59,60], associated with a small but well-preserved
Mousterian assemblage. This was composed of Levallois, discoidal and centripetal cores, Levallois
flakes, pseudo-Levallois points, some blades and points, denticulates, notches and sidescrapers, mostly
quartzite, but without faunal remains.

At Azinhal (Arneiro), archaeological evidence located at an alluvial deposit dated to c. 61 ka and
connected with T6 terrace, corresponds with a lithic assemblage dominated by quartzite (62%), quartz
(36%) and some flint (2%), with discoidal, centripetal and opportunistic cores, Levallois flakes and
blades, choppers, perforators, burins, denticulates and handaxes, suggesting some mixture with both
Acheulean and Upper Paleolithic [61,62].

At Tapada do Montinho (Arneiro), a site in an alluvial fan unit dated to c. 51 ka and connected
with T6, the lithic assemblage is composed of quartzite (84%), quartz (10%) and flint (5%) and comprises
Kombewa, Levallois, and discoidal cores and Levallois flakes along with notches [61,62].

At the Foz do Enxarrique site, several archaeological campaigns were undertaken between 1982
and 2001. A single archaeological level was identified, at the base of the T6 upper unit, with a diverse
Pleistocene faunal assemblage associated with a rich Mousterian industry represented by more than
10,000 artefacts [48,64]. Among them are Levallois, discoidal and centripetal cores, Levallois flakes and
pseudo-Levallois points, plus blades and points, denticulates, notches and sidescrapers, most of them
produced from quartzite (c. 66%), quartz (c. 25%) and flint (c. 9%). A complete sequence of debitage is
present. The explotation of raw materials was interpreted as resulting from local and opportunistic
procurement [48].

The Foz do Enxarrique faunal assemblage from the campaigns carried out between 1982 and 1999,
a total of 785 bone specimens, was studied by Brugal and consists of red deer (Cervus elaphus—54.8%),
horse (Equus caballus—36.5%), aurochs (Bos primigenius—2.2%), elephant (1.2%), rhinoceros (0.5%),
rabbit (4.2%), and a very few carnivores such as fox (0.5%), hyena (0.2%) and lynx (0.2%) [65–68].
The fauna collected during later campaigns (2000 and 2001) has the same characteristics: a clear
predominance of deer, horse and aurochs; the predominance of these herbivores and the weak
occurrence of carnivores points to an anthropogenic accumulation [69]. This seems to be reinforced by
the distribution of the anatomical units of the skeleton identified from the most commonly represented
species (Cervus and Equus). The cranial specimen is the most represented (47.3% for the deer and 75.3%
for equidae), the axial and appendicular skeleton representing only 52.7% and 24.7%, respectively [66].
This suggested the idea that the site served as a hunting zone, because the edible parts (associated
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to the appendicular and axial skeleton) have been removed. Such interpretation is more difficult for
the megafauna assemblage as, for instance, in the case of the elephant remains (classified as Elephas
antiquus (=Paleoloxodon antiquus)) that are represented by a lamella of a superior molar and four bone
fragments [66–68]. Worthy of note is the occurrence of birds, fish and mollusc remains [66]; however,
in a subsequent study no bird bones have been identified [69]. Amongst the studied remains, just over
50% are small fragments of unidentified bones; there are 42% of identified remains, which represents a
high rate compared to other Paleolithic sites, where the fauna remains appear very fragmented (10
to 20% of total remains: TNR) [66]. About 13 specimens were identified with marks from the action
of carnivores and 15 with marks from human butchery (nine with cutmarks and six with evidence
of burning) [66]. Results from use–wear study on the lithic assemblage performed on 110 quartzite
artefacts showed a dominance of wear traces associated to butchering, cutting of soft-animal tissue
and scraping on bone activities [70]. Based on this, the authors conclude that the site was primarily a
hunting zone, in which the animals were killed, quartered and then mainly taken to other places.

The Carregueira Formation (the cover unit of aeolian sans) contains Late Palaeolithic to Neolithic
industries. At Monte da Revelada, the upper bed is composed of aeolian sands, disturbed by ploughing,
and contains a mixture of Epipaleolithic and Neolithic material. A similar context, but here with
backed bladelets, was found within the aeolian sands covering the eastern area of Alto da Revelada.
At Vilas Ruivas, the aeolian unit, again disturbed by ploughing, has a Late Upper Palaeolithic or
Epipaleolithic industry, in which flint occurs in greater quantity and the lithic assemblage has prismatic
cores, blades and bladelets, small flakes, burins and endscrapers. Therefore, it is possible that the MIS
2 aeolian sands of the Carregueira Formation may preserve the first modern human occupations in
the region.

5. Discussion

Regarding the environmental interpretation of the T6 record in the study area, the lower
boulder–pebble gravel, 0.4 m thick and overlying a strath cut in metamorphic basement, corresponds
to the coarse river-bed sedimentation near the margin of the energetic Tejo palaeochannel, probably
during the interval c. 60–45 ka (MIS 3). No lithic artefacts or fossils, which could have helped in the
interpretation, were found in this bed.

The T6 upper unit, mainly consisting of fine to very fine sands, grading upwards to coarse
silt, is attributed overbank sedimentation. The detailed environmental interpretation of the various
stratigraphic subunits is discussed in the following paragraphs.

The c. 20 cm lower bed (at 5.60–5.40 m depth), comprising Mousterian artefacts and fossil
bones in a matrix of gravelly micaceous fine sands, is interpreted as overbank deposits close to the
channel margin that also record hominin activities of hunting and butchery [48,64,66,70]. During
this period, the Tejo channel moved laterally towards the west, preserving this record of human
occupation. Thus, this confined place at the confluence of the Enxarrique and Açafal streams was
used by animals for drinking and they were easily hunted. As this thin layer, now dated to 44 ± 3 ka,
represents the last regional evidence of Mousterian industries and the megafauna, it may correspond
to a cold and dry period that negatively impacted the animals and the Neanderthals. It is possible
the Neanderthals relied heavily on some specific biotic resource that may have been reduced during
cold climatic conditions, so that they faced difficulties in adapting. The remaining Neanderthals could
have been induced to move toward the better climate conditions of SW Iberia and were later absorbed
into modern human populations. Also relevant to this discussion is the fact that the ages of the
stratigraphic levels with the youngest Mousterian industries in westernmost Iberia are progressively
younger toward the SSW: the Cantabrian region, c. 48–45 ka [71]; central Portugal, c. 44–34 ka (e.g., Foz
do Enxarrique, c. 44 ka; Almonda, c. 32 ka; Mira Nascente, c. 42–40 ka; Gruta da Figueira Brava, c.
34 ka) [58,72–75]; Murcia, 37 ka [11]; Gibraltar, between c. 33 and 24 ka [9].

The sediments of the 5.40–4.55 m depth interval within T6, consisting of micaceous fine sands
with some interbedded thin gravel stringers, are also attributed to fluvial overbank deposition close to
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the channel margin. No fossils or artefacts were found here or in the upper deposits of T6. The onset
of a new sedimentation phase (overbank fine-grained sediments) without artefacts is not necessarily
evidence for cultural breakdown. However, in other areas of the Lower Tejo where T6 is preserved, no
Mousterian artefacts were found in younger stratigraphic levels.

Regarding the T6 upper unit, the coarse silts from 4.55 cm depth to the surface are attributed to
overbank sedimentation, but some characteristics point to the possibility of short-distance transport by
wind, namely the lack of lamination and of erosion surfaces, the absence of dispersed coarser grains, the
low clay content, a mean grain size in the coarse silt range, the fine skewed distributions and evidence
of aeolian abrasion provided by phytolith analysis. The literature shows grain-size-distribution curves
of loess deposits to be very similar to these silty T6FE deposits (e.g., [76–80]. Possible short-distance
aeolian transport of exposed overbank fines could have been promoted by strong winds coming
from the west and penetrating through the Ródão gorge (Figure 1). However, if there had there been
significant aeolian transport, the resultant sediments should also cover higher terrace levels, and this
is not evidenced by field observation.

Sediment magnetic properties have been widely applied to fluvial sediments and loess and
may provide useful information about fluvial activity, climate and environmental changes, as well as
pedogenesis [50,51,81–83]. In fluvial sediments from Beijing, for example, high magnetic susceptibility
values generally reflect warm-climate conditions, whereas lower values match colder periods [84].
In wind-blown sediments and buried soils from southern Siberia [81], colder high-wind periods
that are associated with an absence of soil formation show low values of frequency-dependence of
magnetic susceptibility, whereas higher values are observed in episodes with less wind. In the classic
loess–palaeosol sequence of the central Chinese Loess Plateau, there is a striking correlation between
magnetic susceptibility and grain size [85], which are good indicators of summer and winter monsoon
intensity respectively [86,87]. In general, ferromagnetic crystals in soils derive from both primary
(detrital) and secondary (enhanced) iron minerals. The latter are most often of stable single-domain
size or less and associated with the clay fraction, whereas the former are usually associated with
sand and coarse silt-size fractions [49]. Regarding the studied T6 sediments, no significant correlation
(R2 = 0.0261) is observed between sedimentary grain size and magnetic susceptibility, suggesting that
the latter is not controlled by mineralogy (ex. paramagnetic clay and phyllosilicates versus diamagnetic
quartz) (Figure 5). In contrast, a striking correlation between SIRM and magnetic susceptibility
(R2 = 0.9554 for magnetite; R2 = 0.769 for hematite) indicates that magnetic susceptibility is dominantly
controlled by the iron-oxide content, in the form of magnetite and hematite (Figure 10), probably of a
detrital origin. The proportion and contribution of magnetite and hematite in the bulk remanence is
mostly similar in all samples, as illustrated by narrow S-ratio values of 0.86–0.92. In particular, the
IRM curves of the T6 samples are very similar to those of modern sediments (Figure 9), suggesting
a common source for the entire sedimentary profile during the last millennium. Superparamagnetic
particles, generally interpreted as a product of pedogenic processes, are present in all samples and
may have been formed in situ or transported from the surrounding soils. The presence of numerous
rhizoliths observed in the field suggests that pedogenic magnetic particles may have precipitated
in-situ, during soil development. However, the poor correlation (R2 = 0.0145) between mass specific
magnetic susceptibility and frequency-dependent magnetic susceptibility indicates that pedogenic
processes alone cannot explain the short-term cyclical variations observed in the magnetic susceptibility
curve of the T6 profile (Figure 4). Conversely, a slight but significant correlation (R2 = 0.5023) between
the S-ratio, i.e., the relative proportion of magnetite versus hematite, and magnetic susceptibility
imply that the short-term cycles may correspond to changes in weathering regime and climate. More
exactly, warmer/drier periods would enhance the oxidation of magnetite (or maghemite) and promote
precipitation of hematite, and the reverse. Because the magnetic susceptibility of hematite is lower than
magnetite, this provides a potential explanation for the cyclical oscillations observed in the magnetic
susceptibility curve.
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The 0.60–5.40 m depth interval contains c. 30 thin levels of calcium carbonate concretions
and rizoliths intercalated in uncemented coarse silt. The characteristics of these levels, which have
no evidence of any erosive surface and dip toward the palaeochannel, progressively increasing in
thickness, point to a secondary origin for the carbonate concretions. A relatively stable surface and
a certain amount of rainfall during the represented periods are indicated. The most probable source
of calcium carbonate for these pedogenetic concretions is the dissolution of dolomitic and calcium
carbonates that occur at the base of the Cabeço do Infante Formation (Paleogene), which crops out at a
short distance from the site. Upstream sources of calcium carbonates are located at least at 200 km
away (in the Madrid Cenozoic basin).

The aggradation of T5 (c. 140–70 ka) correlates with the very high sea levels of MIS 5, whereas the
following period of river down-cutting (c. 70–60 ka) indicates to have been mainly determined by the
low-sea-level conditions during MIS 4 and the aggradation of T6 (c. 60–32 ka) seems to correlate with
the higher sea levels and high sediment supply coeval with MIS 3 [2,27,28]. During this interval (c.
140–32 ka) Iberia was influenced by several climatic (e.g., [88–92]) and oceanographic changes [93,94],
registered in the North Atlantic region and in records from Greenland Ice Cores (e.g., [95,96]).

The results obtained from palynological study of the T6 and T5 deposits do not allow
palaeoenvironmental interpretation. Regarding the interval represented by the T6 terrace, the
palynological record of the MD95-2039 ocean core points to an open landscape with steppe vegetation
and low values of tree pollen, suggesting a severely cold and dry climate, during 61–59 ka; during
the interval 57–31 ka, there are fluctuations in the expansion and contraction of arboreal pollen and
Ericaceae related to the alternation of warmer and humid conditions during the interstadials and the
cold and dry stadial minima of the last glacial cycle [92]. In the Puente Pino sequence (Toledo, Spain),
for the 42–34 ka interval, declining woodland and the increasing herbaceous pollen taxa are observed,
related to adverse climate conditions of cold and dry character [97]. The palaeoenvironmental data
provided by these two adjacent contexts support the possibility of an open landscape in the region of
the study area and could explain the several levels with pedogenic calcium carbonate rizoliths and
concretions in the T6 upper unit.

The mineralogical composition of the <2 μm fraction of the samples collected from T6 and T5 are
similar, consisting of smectite, illite and kaolinite, although T6 has less smectite. Even if a significant
part of the clay minerals could have been sourced from erosion of the local Paleogene and Miocene
formations, very rich in smectite [23,25], this clay mineral association seems compatible with the
regional climatic conditions during MIS 5–3 [91,92].

By 32 ka, the climate had changed to cold and dry conditions and aeolian deposition dominated
the valley landscape, preserving Upper Palaeolithic industries.

6. Conclusions

Updated ages from the three Lower Tejo terrace sequences, containing Mousterian industries,
were obtained by pIRIR, as follows:

(i) OSL dating of the oldest Mousterian industry, stratigraphically situated in the uppermost T4
deposits, suggests a probable age of c. 200–170 ka for the arrival of the Neanderthals in this region,
probably by way of the Tejo River valley from central Iberia;

(ii) T5 dates from c. 140 ka at the base and 70 ka at the top;
(iii) T6 dates from c. 60 ka at the base and c. 35 ka near the top;
(iv) The new date of 44 ± 3 ka for a level located at the base of the T6 upper unit records the last

regional occurrence of a Mousterian industry and of the megafauna.
The T6 upper unit (so far without Mousterian or Early Upper Palaeoleolithic industries), consists

of fine sands to coarse silts interpreted as overbank sediments. It has a large number of intercalated
thin levels of carbonate concretions and rizoliths, suggesting episodic evaporation and development
of paleosols in a seasonal dry period, in agreement with the occurrence of phytoliths.
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Table S1—Grain-size statistical parameters and mass specific magnetic susceptibility of samples collected from of
the T6 upper unit at Foz do Enxarrique site.

Author Contributions: Conceptualization, P.P.P.; Methodology, P.P.C. and E.F.; Validation, P.P.C., J.-P.B., M.P.G.,
E.F., P.Y. and R.M.; Formal Analysis, J.-P.B., A.S.M, M.P.G., E.F., C.F., P.Y., J.C.S. and R.M.; Investigation, P.P.C,
A.A.M., J.-P.B, A.S.M, M.P.G., E.F., T.P., S.F.,C.F., P.Y., J.C.S. and R.M.; Writing-Original Draft Preparation, P.P.C.,
A.M., M.P.G., E.F., T.P., S.F., C.F., D.R.B.; Writing-Review & Editing, P.P.C., A.A.M, J.-P.B., E.F., T.P., S.F., C.F., D.R.B.;
Visualization, A.A.M., P.P.C., M.P.G., E.F., P.Y., R.M.; Supervision, P.P.C.

Funding: This research was part funded by the Fundação para a Ciência e a Tecnologia, through
projects, UID/MAR/04292/2013—MARE (PPC, MPG, YP and RM), UID/GEO/04683/2013—ICT (SF
and CF), UID/GEO/04683/2013—ICT (AAM) and IF/01075/2013 (TP). MPG has the FCT PhD grant
SFRH/BD/116038/2016.

Acknowledgments: Thanks to Ana Bárbara Costa, Johannes Remhof, José Erbolato Filho, Alexandre Cabral and
Paulo Pedrosa for assistance during fieldwork and at the Sedimentology Laboratory. Lídia Catarino is thanked for
assistance during the use of the Thermal Scientific Analyzer Nikon XL3t spectrometer. Luis Raposo and Nelson
Almeida provided very constructive comments regarding the Palaeolithic of the area. Thanks to the reviewers
and editor for manuscript improvements.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Appendix A

 

Figure A1. Comparison between the mass specific magnetic susceptibility results and the results of
geochemical analyses performed with a X-ray fluorescence spectrometer (Al, K, Fe; Si, Ca; P, S, Ba, Mg
and Ti), on samples collected from the upper unit of T6 at Foz do Enxarrique (sample depth in meters).
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Abstract: Collisional mountain belts commonly develop intramontane basins from mechanical
and isostatic subsidence during orogenic development. These frequently display a relict top
surface, evidencing a change interval from basin infilling to erosion often via capture or overspill.
Such surfaces provide markers that inform on orogenic growth patterns via climate and base level
interplay. Here, we describe the top surface from the Sorbas Basin, a key intramontane basin
within the Betic Cordillera (SE Spain). The surface is fragmentary comprising high elevation
hilltops and discontinuous ridges developed onto the variably deformed final basin infill outcrop
(Gochar Formation). We reconstruct surface configuration using DEM interpolation and apply
10Be/26Al cosmonuclides to assess surface formation timing. The surface is a degraded Early
Pleistocene erosional pediment developed via autogenic switching of alluvial fan streams under stable
dryland climate and base level conditions. Base-level lowering since the Middle Pleistocene focused
headwards incision up interfan drainages, culminating in fan head capture and fan morphological
preservation within the abandoned surface. Post abandonment erosion has lowered the basin surface
by 31 m (average) and removed ~5.95 km3 of fill. Regional basin comparisons reveal a phase of Early
Pleistocene surface formation, marking landscape stability following the most recent Pliocene-Early
Pleistocene mountain building. Post-surface erosion rate quantification is low and in accordance with
10Be denudation rates typical of the low uplift Betic Cordillera.

Keywords: intramontane basin; pediment; glacis; alluvial fan; river terrace; DEM; interpolation;
cosmonuclide; base level

1. Introduction

Intramontane basins are areas of fault and fold-related subsidence that develop within an evolving
collisional mountain belt [1]. The tectonically dynamic nature of such settings means that intramontane
basins can cyclically form, fill and erode over geological timescales [2,3]. The basins can be internally
drained, dominated by alluvial fan and lacustrine settings, but can then switch to externally drained
systems via lake overspill or river capture processes [4,5]. Studies of intramontane basins are either
(1) geological, focusing on the sedimentary infill record for stratigraphic, palaeoenvironmental and
tectonic purposes [6] or (2) geomorphological, using inset river-fan-lake terrace levels to reconstruct
the basin incisional history linked to tectonic-climatic-capture-related changes in sediment supply and
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base level [7]. A key, but often overlooked stratigraphic unit is the surface that caps the final stage of
intramontane basin infill. This surface can be (1) depositional, with a morphology reflecting the final
depositional environment(s) (alluvial fan/lake) or (2) erosional, formed by regional subaerial processes.
Such ‘epigene’ land surfaces (sensu Watchman and Twidale [8]) are scientifically important because
they mark the point at which the basin has switched from erosion to deposition [9]. Furthermore, they
can act as a regional marker, providing insight into patterns and drivers of the onset and subsequent
basin incision [10] or as a marker for surface deformation assessments [11]. However, these surfaces
can be problematic to study due to poor preservation, post depositional modification and dating
challenges meaning the surfaces often only attract peripheral attention as the respective end or start
context points of geological and geomorphological research. For example, surface remnants are
often highly fragmentary and can be degraded by erosion or deformation causing across basin or
between basin correlation problems [12,13]. Once abandoned, the surface can become modified due to
cementation by pedogenic or groundwater processes [14]. Surface dating can be a significant challenge
due to technique limitations or material suitability issues collectively related to surface composition,
degradation because of surface antiquity (i.e., surface is beyond the technique age range limit) and post
depositional degradation and modification also linked to antiquity [15,16]. To explore and overcome
some of these challenges and to highlight the importance of intramontane top basin surfaces for
understanding sedimentary basin evolution and longer-term Quaternary landscape development we
examine the Sorbas Basin in SE Spain (Figure 1). The Sorbas Basin is a medium sized (30 × 20 km)
Neogene sedimentary basin that has developed as part of the ongoing fault and fold related uplift of
the Betic Cordillera, a major Alpine mountain range, formed because of the ongoing Africa-Europe
collision [2]. The basin fill is dominated by marine Miocene sedimentation [17,18], with continental
sedimentation forming the final stages of basin infill (Gochar Formation [19,20]).

 

Figure 1. Tectonic zonation of the Betic Cordillera and key intramontane basins referred to within the
text (modified from [21–23]).
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A surface is developed onto the final stage of basin fill, commonly referred to as the “Gochar
Surface” by studies examining long-term drainage evolution [10,24]. The purpose of this paper is
to: (1) describe the relict morphology of the basin surface, (2) to digitally reconstruct the surface
using interpolation of surface remnants, (3) to provide age estimates for surface development using
cosmonuclide dating; (4) to use the interpolated and dated surface to quantify spatial and temporal
patterns of basin erosion and (5) to consider the development of the surface as a Quaternary landscape
feature in the context of the ongoing cyclic development of an intramontane basin.

2. Geological and Geomorphological Background

The Sorbas Basin (Figures 1 and 2) is one of a series of Neogene intramontane sedimentary basins
within the Betic Cordillera [2]. It is defined to the north and south by mountain ranges of metamorphic
basement (Figure 2) that are organized into km-scale regional antiformal fold structures formed in
consequence of Miocene-Recent collision-related tectonic denudation [25,26]. The Sierra de los Filabres
to north peaks at 1304 m (Ermita de la Virgen de la Cabeza) and comprises an embayed non-faulted
mountain front with a relief of up to 700 m. To the south, the Sierra Alhamilla is characterised by a
linear faulted mountain front [27], peaking at 1004 m (Cerrón de Lucainena) and with a relief of ~400 m.
The intervening basin is infilled with a sequence of Miocene to Quaternary marine and continental
sediments that are folded into an open E-W orientated syncline structure (Figure 2). The basin narrows
to the west and east, joining the adjacent Tabernas and Vera Basins, delimited by poorly defined
topographic highs developed into the sedimentary infill.

Figure 2. Simplified Sorbas Basin geology map and cross section (modified from [28,29]). EdlV: Ermita
de la Virgen; M: Moras; G: Gochar; ET: El Tieso; S: Sorbas; Z: Zorreras; U: Urra; LM: Los Molinos; CP:
capture point; CdL: Cerron de Lucainena; A0-A1: line of section.
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Miocene marine sediments dominate the Sorbas Basin sedimentary infill (Figure 3), becoming
progressively continental during the late Miocene represented by coastal plain sediments (Zorreras
Member) and basin margin alluvial fan sequences (Moras Member) [19].

 

Figure 3. Simplified composite graphic log of the Sorbas Basin sedimentary infill (modified from [19])
illustrating key stratigraphic units referred to within the text and other figures.

The end Zorreras Member is stratigraphically important, being constrained to the Mio-Pliocene
boundary from magnetostratigraphic and biostratigraphic studies [30,31]. Furthermore, the Zorreras
Member lacustrine-marine bands have been used as marker horizons to demonstrate spatially variable
Plio-Quaternary uplift patterns, ranging from 0.08 to 0.16 mma-1 from the basin centre to the southern
margin [19].

The overlying Gochar Formation (Figure 3) represents the final infilling stage of the Sorbas Basin,
forming an outcrop of ~80 km2 (Figure 2). It comprises a 40–200 m thick conglomerate and sandstone
sequence deposited by alluvial fans and braided rivers [19,20,32] with spatially and temporally variable
degrees of syn- and post-depositional deformation [19]. The fan and river systems are organised into
four distinct drainage systems based on variations in sedimentology, provenance and palaeocurrent
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directions [19,20,32]. These drainage systems are important for the morphological development of
the top basin surface, providing a relict topography onto which surface erosion occurred. The timing
of the Gochar Formation is unclear as it lacks any direct age control, with a broad assignment to the
Plio-Quaternary based upon stratigraphic bracketing with the Miocene basin fill (Zorreras Member)
and Pleistocene river terraces.

Post Gochar Formation the Sorbas Basin has undergone incision, reflected in the development
of an inset Pleistocene river terrace sequence [24] with coeval landslide, karst and badland
development [33,34]. The river terraces (Figure 4) are configured into up to 5 inset levels (labelled A to
E, where A: highest and oldest, and E: lowest and youngest), comprising up to 20 m thick aggradations
of undeformed conglomerate capped by varying degrees of calcrete and soil reddening dependent on
relative age [35].

 

Figure 4. Sorbas Basin Middle-Late Pleistocene river terrace map (modified from [10]). See Figure 2 for
catchment-scale overview.

Terrace level A can be inset by up to 20 m into the Gochar Formation sediments (Figure 5), with
the entire terrace sequence recording between 40 m to 160 m of incision between upstream (Moras)
and downstream (Los Molinos) regions [10]. These incision patterns are linked to spatially variable
base-level lowering driven by combinations of regional uplift variability and river capture [12,24].
Terrace ages span the Middle-Late Pleistocene based on a range of radiometric and luminescence
techniques [24,36–38]. The terraces are developed along the valleys of the trunk drainage (Río Aguas)
and its major tributaries (Ramblas de Gochar, Moras, Cinta Blanca, los Chopos, etc.) (Figure 4).
Terraces have formed within a catchment area of ~285 km2 upstream of the Aguas-Feos capture point
(Figures 2, 4 and 5), the site of a major basin-scale capture that occurred ~100 ka, beheading and
re-routing the former southwards flowing drainage (Rambla de los Feos) to the east into the Vera
Basin [24].
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Figure 5. (A) River long profile and terraces of the (upstream) Rambla de Sorbas and (downstream)
Río Aguas (modified from [10]). Marked steps in the Gochar surface and terraces A-C profiles around
Sorbas relate to rock strength variations and a change in drainage orientation. (B) Cross valley profiles
to illustrate the top basin surface (Gochar surface) and its relationship to key inset river terrace levels
(modified from [10]).

The surface studied here is stratigraphically positioned between the Gochar Formation and Level
A of the Pleistocene river terrace sequence (Figures 3–5) and is likely to be of Quaternary age based on
relative dating. Similar high elevation surfaces occur in adjacent intramontane basins (Huércal-Overa,
Vera, Tabernas: Figure 1) where they cap the basin fill and mark the onset of basin incision [16,39,40].
Similar surfaces with varying degrees of expression and quality of preservation are noted throughout
the Betic Cordillera Internal Zone region where they are considered as an indicator of the most recent
phase of relief generation within the Betics [41]. In the Sorbas Basin, the surface is fragmentary but
appears to be a single and spatially extensive feature, comprising a series of rounded ridge crests
and hilltops, developed primarily onto the Gochar Formation. Here, we focus on the most extensive
surface remnants associated with the Gochar Formation outcrop.

3. Methods

3.1. Surface Morphology

We describe the top basin surface morphology using a combination of field and remote sensing
approaches. The general surface configuration is imaged from different basin margin perspectives
using elevated view points and oblique aerial drone imagery. Remote sensing of the surface used digital
datasets, interrogated within Arc Map 10.5.1 (Esri, Redlands, CA, USA). The basin-scale outcrop of the
Gochar Formation used digitized 1:50,000 geological maps [25,26]. The broader basin geomorphology
used 5 m DEM data sourced online [42] with checks against other commonly used datasets (e.g., SRTM)
to ensure visualization and analysis quality [43].

The top basin surface is an erosional feature that lacks any sedimentary deposits. As such,
the surface remnants are preserved in the rounded ridge crests and hilltops within the highest elevation
areas of the Gochar Formation outcrop (Figure 6).
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Figure 6. (A) DEM and hillshade showing Gochar Formation outcrop and key locations. (B) Slope map
of areas of <4◦. (C) Ridge lines within the Gochar Formation outcrop. (D) Final dataset of the highest
elevation hilltops used for surface interpolation.

To map these areas, hilltop locations and elevations were combined with flat ridge crest regions.
The assumption is that these highest-flattest ridges are the most representative surface remnants,
since steeper dipping and lower elevation ridges will have been formed by incision into the top basin
surface. Hilltops were extracted from spot heights using scanned 1:25,000 topographic maps [42] in
combination with the 5 m DEM. Hilltops were removed from the dataset if (1) the spot height coincided
with lower level inset river terrace locations (cross-referenced by using a combination of published
terrace maps [10,35], terrace capping red soil regions identified from satellite imagery, and cross-valley
profiles); (2) had no proximity relationship to the high elevation flat ridge areas (see below); (3) were
anomalously low/high elevation occurrences compared to adjacent spot heights and (4) where the
difference between the spot height and DEM elevation value was >5 m. Ridge crests were obtained
from the DEM using an inverse stream extraction approach [44]. A reclassified slope map was then
used to capture the flattest ridges (i.e., ridges coinciding with slopes of <5◦). Hilltops that coincided
with the flat ridges were then used as interpolation points from which to reconstruct the top basin
fill surface.

3.2. Surface Reconstruction and Erosion Quantification

Digital surface reconstruction is a common geomorphological method for analysis of erosional
landscapes at a range of spatial and temporal scales [45–48]. In this study we used the variable Inverse
Distance Weighting (IDW var) approach [49] due to similarities of basin scale, landscape morphology
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and higher quality of method statistical performance. Digital points from the cleaned hilltop dataset
(see above) were used for the interpolation. The IDW var interpolates between known points giving
greater weights to points closest to the prediction location, with weights diminishing with distance
away from the known points. The interpolation was extrapolated outside of the Gochar outcrop
into the basin margin mountain reliefs to explore the wider configuration of the surface, noting that
interpolation accuracy would have diminished due to the nature of IDW var method. The resultant
interpolated top basin surface was combined with the modern landscape DEM to allow analysis of
areas above and below the interpolated surface (a DEM of Difference). We consider the original top
surface to dip towards the basin centre and to have an undulating morphology based on erosion due
to lithological and tectonic substrate heterogeneities onto which the surface was developed. Surface
hilltops (N = 278) within the Gochar Formation outcrop range from 582 m to 442 m with a mean
elevation of 511 m and average distance between hilltops of 273 m. Elevations between groups of
adjacent hilltops is typically <10 m. In areas adjacent to the river valleys the hilltop elevations (i.e.,
the surface remnants) range from 10–20 m above terrace level A (Figure 5). Thus, a buffer value of
±10 m was used to reclassify the DEM of Difference to model the extent of the top surface that is
preserved within the modern landscape.

The interpolated top basin surface was used to assess the amount of erosion that has taken place
since surface formation. Erosion was calculated by subtracting the interpolated surface from the
modern landscape DEM. Since surface formation, the Sorbas Basin catchment area has been modified
by capture-related drainage network re-organization [24] and we therefore use the Aguas-Feos capture
site as the downstream limit for the erosion calculation (Figure 2, Figure 4, and Figure 5).

3.3. Surface Dating

Dating of the top basin surface was undertaken using a 10Be-26Al cosmonuclide depth-profile
originally sampled and analysed by Ilott [38] as part of a broader chronological investigation
of the timing of Quaternary fluvial landscape development within the Sorbas Basin. The paired
isotope and depth-profile approach allowed for surface exposure and burial age quantification [50].
The surface exposure technique measures the concentration of cosmonuclides at the surface [51],
with concentrations affected by the time of exposure to cosmic radiation, cosmonuclide loss due to
erosion, sediment density variability (affects cosmic ray attenuation) and cosmonuclide production
variations [15,52]. Burial dating uses known radioactive decay rates of cosmonuclides and requires
analysis of samples shielded (deep burial) from cosmic radiation after exposure [53], but with potential
problems concerning cosmonuclide inheritance issues related to complex exposure-burial histories
prior to deposition [54,55].

Sampling was undertaken on a road cutting (37.12692 −2.148214) that passed through one of the
higher elevation flat ridges (~495 m) developed into Gochar Formation conglomerates in a north-central
basin location (Figure 2). The section comprises ~2.5 m of massive and variably cemented gravel-cobble
conglomerate capped by a 0.4 m soil unit, comprising a 0.1 m laminar calcrete and overlying 0.3 m
red soil (Munsell = 7.5YR/4R). Sampling was undertaken up the section face at 0.5 m intervals from
2 m depth to the surface with >30 quartz clasts of >5 cm length sampled for each interval. The section
location, aspect, angle of section repose, angle to highest topographic feature and surface altitude
were quantified for data modelling inputs. The samples were crushed and milled, etched with HF for
cleaning followed by dissolution, chemical separation (anion exchange and hydroxide precipitation)
and a final metal mixing before AMS measurement.

The original age modelling [38] was undertaken using the CRONUS calculator [56] within Matlab
(MathWorks, Natick, MA, USA). The concentration results revealed no hiatus within the profile so a
simple exposure history was explored. This involved using a Chi square minimization method that
was applied to the raw nuclide concentration data to allow fitting to the accumulation model equations
of Lal [57] with variable inheritance, density and erosion data input values [15,50].
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For the purpose of this study we remodelled the concentration data using the updated CRONUS
2.3 calculator [58]. New surface erosion estimates of 10 m and 4 m were inputted to represent
the relationship of the cosmogenic sample site to the interpolated surface (see results). A value of
10 m was used to reflect the general elevation range between adjacent hilltop heights used for surface
interpolation. A value of 4 m was also used as this is the height of the sample site below the interpolated
surface. An average upstream altitude of 689 m was derived from the 5 m DEM as a modelling data
input to improve the maximum burial age value.

Maximum and minimum exposure and burial ages were calculated. These values were considered
alongside other published age data for the region to inform on the timing of surface formation.
Combination of the remodelled ages with surface incision data enabled amounts and rates of basin
erosion to be calculated.

4. Results

4.1. Surface Morphology and Erosion

The field expression of the surface is shown from a range of basin margin perspectives in Figure 7.
The surface comprises high elevation isolated hilltops and gently dipping but discontinuous ridge
crests, with numerous intervening topographic lows along the ridge lengths and between adjacent
hilltops. The hilltops and ridges are further accentuated by incision of the modern drainage network
and its tributaries. Despite the erosion, the various landscape panoramic perspectives and along ridge
slope profiles (Figure 7) clearly demonstrates a visual correlation and reconstruction of a single surface
in a downslope basin centre direction.

Reconstruction of the surface using IDW var interpolation of the hilltop dataset within the Gochar
Formation outcrop shows that the top basin surface is contained almost entirely within the broader
sedimentary infill of the Sorbas Basin (Figure 8). The surface is particularly prevalent in northern,
central and western regions, with low preservation in the south (Figure 8). Areas eroded below the
surface coincide with the modern drainage network, concentrated along the major tributary valleys and
becoming widespread towards the east along the Río Aguas as it routes into the Vera Basin (Figure 9).
Other extensive areas below the surface occur in the headwaters of the Tabernas Basin (west) and the
Carboneras-Almería Basin (south). Areas above the surface are mainly concentrated in the mountains
of metamorphic basement that border the Sorbas Basin, but there are notable areas where Miocene
basin fill sediments form topographic highs within the west and south of the basin. When compared
to the modern Río Aguas catchment upstream of the capture site (285 km2), the maximum extent of
the interpolated surface covers 144 km2, some 50% of the modern catchment. The amounts of incision
below the interpolated surface increase downstream to a maximum of −254 m (Figure 9) with a mean
basin surface lowering of ~31 m. This incision is concentrated along the lower reaches of tributaries
draining to the basin centre and downstream along the main Rio Aguas valley, especially between
Sorbas and the capture point east of Los Molinos. The volume of sediment removed by the erosion is
5.95 km3.

The areas of better surface preservation are associated within the confines of the Gochar Formation
outcrop. Within this region, the interpolated surface comprises an area of 35 km2, some 44% of the
Gochar Formation outcrop. The hilltops, ridges of the interpolated surface and the incised drainage
pick out a series of relict fan-shaped bodies (Figure 10) that broadly correspond to the dip slopes
of the synclinal fold configuration of the Sorbas Basin (Figure 2). These are most evident along the
northern basin margin, comprising at least two fans of 5–6 km length that backfill into the embayed
Sierra de los Filabres mountain front (Figure 10). The clearest of the fans, the eastern ‘Cariatiz Fan’
(Figure 10B), was used by Mather et al. [59] as part of a regional morphometric study of modern and
older Plio-Quaternary fans in SE Spain to illustrate the importance of capture-related re-organizations
of fan source areas.
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Figure 7. Field imaging of relict surface. (A) View from south western basin margin (37.06899 −2.19864)
looking north across the basin surface with little dissection. EdlV = Ermita de la Virgen 1304 m. (B) View
from southeastern basin margin (37.10498 −2.11419) looking west across the Rambla de Sorbas inset
terrace sequence (A, B, C) in the Sorbas town region. Surface remnants (S) visible in distance. (C) View
from eastern basin margin (37.12254 −2.11848) looking northwest across the El Tieso ‘B’ terrace with
extensive surface remnants visible in far ground (S). (D) View south-southwest from the northeastern
basin margin (37.145648 −2.099306) along ridgelines of the relict surface (S).

 

Figure 8. (A) Interpolated surface results. (B) Comparison of the interpolated surface with the modern
landscape highlighting areas that are 10 m above and below the interpolated surface.
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Figure 9. Surface lowering map showing concentrated erosion in the east and upstream along
tributary channels.

 

Figure 10. Fan-shaped geometries (F) enhanced by surface interpolation (A). Modern landscape DEM
(B) for comparison. Cariatiz Fan = NE fan.

A series of 4–7 km long fans are also evident along the western and northwestern basin margins,
but their morphology is less clear. The surface interpolation (Figure 10) accentuates these fan features
suggesting that the formation of the surface erosion and its subsequent incision is accentuating and
exploiting the Gochar Formation palaeogeography and its drainage morphology of the Marchalico and
Gochar systems [20]. Fan morphologies are not evident in the surface remnants along the southern
basin margin, possibly reflecting a more fragmentary surface record or that the higher uplift rate
and greater degree of deformation along the southern basin margin [60] has destroyed any Gochar
Formation drainage morphology in that area.
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4.2. Surface Age and Erosion

The cosmonuclide sample site location examined by Ilott [38] is located on a gently dipping
NW-SE orientated ridge with rounded edges that slope into an adjacent incised drainage network
that visually appears to be part of the relict surface. Within the broader landscape, the sampled ridge
is slightly inset when compared to adjacent ridge hilltop elevations (Figure 11). The interpolation
modelling confirms the inset configuration (Figure 11), with the site occurring at −4 m below the
interpolated surface and within the broad −10 m buffer zone (see Section 3). As such, the sample site
does not provide the best representation of the ‘true’ surface but instead relates to the onset of incision
into it. However, this incision amount is too small for the sampled ridge to be part of terrace Level A,
which is typically positioned at 20 m below the interpolated surface (Figure 5). A benefit of knowing
surface and terrace elevation variability is that the values provide erosion data inputs for modelling
the cosmonuclide exposure and burial ages (see Section 3).

The remodelled cosmonuclide data are presented in the Supplementary Materials and summary
results in Table 1. Using the higher 10 m erosion value provides exposure ages of 1990 ka (maximum)
and 169 ka (minimum) and burial ages of 1056 ka (maximum) and 679 ka (minimum). In contrast,
using a 4 m erosion value provides exposure ages of 798 ka (maximum) and 169 ka (minimum)
and burial ages of 1048 ka (maximum) and 679 ka (minimum). These ages span the Early-Middle
Pleistocene (maximum exposure-burial ages) and Middle-Late Pleistocene (minimum exposure-burial
ages). Stratigraphic convention should mean that the sediment (burial) age should be older than that
of the surface (exposure) age. However, the age inconsistencies are explainable as they reinforce the
surface origin as an erosional form as opposed to a depositional top basin fill surface. Furthermore,
despite the age variability, the results provide some insight into the broad timing of surface formation.
The minimum 679 ka burial ages suggest that surface is older than 679 ka and probably more in keeping
with the Early Pleistocene. Indeed, the more realistic surface age scenarios are probably closer to the
maximum burial age range 1056–798 ka for both the erosion amount scenarios. An Early Pleistocene
surface age is also supported by the chronologies of the inset river terrace sequence where U-Series
dating of pedogenic terrace capping calcretes show that terraces A and B are Middle Pleistocene
landforms [36,37].

Table 1. Remodelled cosmonuclide exposure and burial age results. See Supplementary Materials
for detail.
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Figure 11. Visualization of the interpolated surface at 10 m (A) and 2 m (B) intervals, showing that
the cosmonuclide sample site is located ~4 m below the interpolated surface. (C) Topographic profile
further illustrating the inset nature of sample site.

The AMS measurements collectively revealed high concentrations of inherited 10Be and 26Al
(Supplementary Materials) and this begins to inform on the transport history and relative landscape
stability of the end Gochar Formation period prior to surface formation. It suggests that sediments
were generated under low basin erosion rate conditions, implying a relatively stable landscape with
recycling of the basin fill most likely from the Gochar Formation sediments into which the surface has
developed [19].

The cosmonuclide age data can be combined with the interpolated surface to provide insights
into rates of basin erosion. Because the surface is most likely Early Pleistocene (see above discussion)
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we use the maximum and minimum burial ages in conjunction with the surface lowering (~31 m) and
volume (5.95 km3) data to calculate the surface lowering and volume erosion rates. Surface lowering
rates range from 46 mm/ka (minimum burial age: 679 ka) to 29 mm/ka (maximum burial age—10 m:
1056 ka). Volume rates range from 0.001 km3/ka (minimum burial age: 679 ka) to 0.004 km3/ka
(maximum burial age—10 m: 1056 ka).

5. Discussion

5.1. Controls on Surface Formation

Despite the fragmentary nature of high elevation hilltops and ridges within the Sorbas Basin,
they link together to form a single surface developed across the basin fill. Its crosscutting relationship
with the underlying Gochar Formation suggests it represents a key basin wide erosional event that
marks the onset of basin incision. The erosion has cut across deformed Gochar Formation sediments,
meaning that surface construction post-dated a basin wide deformation event. Although surface
remnants form a single surface that grades from the basin margins to the basin centre there are local
elevation differences between adjacent surface remnants. These differences may relate to variations
in strength, stratigraphy and localised deformation of the basin fill or a passive exploitation of the
basin fill palaeogeography and its relict morphology of the depositional environment. For example,
surfaces developed into flat lying and fine grained lacustrine dominated intramontane basin infills (e.g.,
Guadix-Baza [11]) are more likely to be well developed and spatially extensive than those developed
into dipping and coarse-grained alluvial intramontane basin fills (this study).

Surfaces are evident throughout Betic Cordillera intramontane basins (Figure 12), occupying
mountain fronts where surface remnants dip towards the basin centre [13]. These surfaces are
either (1) degraded forms, lacking in sediment cover and developed onto the Plio-Pleistocene
continental alluvial basin infill (e.g., Sorbas Basin) or (2) are well preserved, with a <20 m thick
cover of coarse-grained alluvial conglomerates, that unconformably overlie Neogene marine basin
infill (e.g., Tabernas and eastern Vera Basin) (Figure 12). The well-preserved surfaces often comprise a
pedogenic calcrete cap, with groundwater calcretes sometimes developed along the basal unconformity
contact [14,61]. Although surfaces may have origins associated with alluvial fan environments [13],
they are more typical of pediments (sensu King [62]) that have been observed worldwide, with
examples throughout SE Spain often referred to using the French term ‘glacis’ [63]. The degraded
surface considered here could be a highly eroded pediment remnant, most likely a bedrock pediment
or the remnants of the bedrock base of a pediment due to absence of calcrete and alluvial cover.
Studies of pediment formation [64] suggest they form at mountain fronts where bedrock weathers to
sediment; in climates with a soil hydrology, vegetation cover and weathering style that suppresses
fluvial incision and deep bedrock weathering; and a balanced mountain front sediment flux and
base level position. If the top basin surface follows these criteria for autogenic formation, then the
surface informs indirectly on Quaternary climate and tectonics. The climatic criteria are fulfilled
due to a persistence of seasonally variable cool/warm dryland climatic conditions throughout the
Quaternary [65–68]. However, the base level configuration has changed, particularly with respect to
the top basin surface as it marks a key point at which the basin switches from sedimentation to erosion,
after which there is a sustained base-level lowering linked to tectonic uplift and capture [13,69]. For the
top surface to form as a basin wide feature means that dryland conditions must have coincided with
a stable and sustained basin level position during a time of relative tectonic quiescence and a time
when the drainage network configuration was not conducive to capture. Uplift rate quantifications
for the Sorbas Basin are time averaged from the lower Pliocene (70–160 m Ma−1: [19,69] and thus
lack temporal clarity to inform on the restricted pediment formation timescale. However, direct
evidence for deformation is restricted to the Gochar Formation sediments into which the surface is
developed, implying a marked reduction in tectonic activity at the time of surface formation and thus
base level stabilization. Tectonics would have also played a passive role in surface formation, with the
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overall basin syncline configuration forming fold limb dip slope drainages routed to a basin centre
axial drainage coincident with the basin syncline axis. Subsequent fluvial incision appears to have
concentrated along the synclinal axis, dissipating upstream along the fold limb configured streams
(Figures 8 and 9). The passive influence of fold structures on drainage pattern configuration and
development is a commonly reported feature in collisional mountain belt settings [70].

 

Figure 12. Regional occurrence of Plio-Pleistocene alluvial fan/pediment systems within the
east-central Betic Cordillera [13]. Degraded surfaces are developed onto Plio-Pleistocene continental
(alluvial fan) sediments, whilst well preserved surfaces (pediment veneers) are developed onto Neogene
marine sediments.

The very nature of the surface as a continuous basin wide feature implies the absence of an
incised drainage network for it to form by autogenic processes, e.g., [64]. Drainage routing throughout
the Plio/Quaternary has recorded a persistent pattern of basin margin streams feeding an axial
drainage [12,20,24]. Because the surface has formed as an interval in-between the final basin infilling
and pre-basin incision, it too is likely to have formed by the same basin convergent drainage pattern
(Figure 12). If the basin was undissected then radiating streams with collective fan-shaped forms would
have dominated the palaeogeography (in-keeping with the Gochar Formation), with autogenic lateral
shifting of the radiating streams being responsible for creating the pediment like surface, noting that
any pediment cover sediments are not preserved due to the eroded/degraded surface form. The surface
remnants and interpolation mapping (Figure 10) provides strong evidence for large fan-shaped bodies
along the northern and western basin margins. These morphologies, particularly along the northern
margin, are accentuated because of progressive surface incision and localised captures.

Headwards erosion by the axial drainage has exploited the inter-fan drainage areas (Figure 13).
It is common for alluvial fans to develop an incised drainage along their axial feeder channel due to a
connectivity interplay between fan head and fan toe base-level variations [71]. Because incision and
headwards erosion has been concentrated along the interfan areas it suggests that the fans responsible
for autogenically creating the surface were undissected with insufficient axial drainage to be exploited.
As headwards erosion has proceeded up the interfan areas it has captured the fan feeders, resulting in
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fan abandonment [72]. The fans forming the pediment surface would have also possessed an overall
convex morphology with topographic lows present within interfan areas. This convex morphology
may have also played a role in passively influencing interfan drainage exploitation.

Figure 13. Fan/pediment abandonment model based on Sorbas Basin northern margin. (A–C) Interfan
development and capture of mountain front fan feeder streams. (D) Relict fan morphology with former
interfan drainage now forming a key component of the current drainage network.

5.2. Timing of Surface Formation

The remodelled cosmonuclide data suggest that the surface is an Early Pleistocene feature, with
the max-min burial ages (1056–679 ka: Table 1) providing the most coherent age range indicators for
surface development. This means that the underlying Gochar Formation into which the surface is
developed spans the Pliocene and probably the earliest Pleistocene based upon bracketing between a
basal Mio-Pliocene boundary age [30] and a top Early Pleistocene age (this study). From a geological
perspective the Early Pleistocene surface age presented here is significant for understanding the
Late Miocene geological history of the Sorbas Basin which has received considerable attention for
its role in documenting the Mediterranean Messinian Salinity Crisis. Clauzon et al. [31] describe
the same surface studied here (see Figure 8G in [31], and Figure 7C of this study) as a fan-delta
abandonment feature assigning a Mio-Pliocene (~5.3 Ma) boundary age to the surface through
downslope extrapolation to a biostratigraphically dated Zorreras Member type location section,
the Zorreras Hill (Figure 2). This 450 m elevation hilltop is capped by Gochar Formation conglomerates
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and fits within our interpolated surface dataset. However, its Early Pleistocene cosmonuclide age
bears no relationship to the immediate post Messinian Salinity Crisis recovery of the Sorbas basin as
implied by Clauzon et al. [31].

The regional significance of the style and timing of Sorbas Basin surface formation within the Betic
Cordillera can be further explored through comparison with adjacent intramontane basins (Figure 12).
To the east, the Vera Basin is like Sorbas, comprising a deformed continental basin infill (Salmerón
Formation) that grades into a high elevation pediment surface and an inset fan pediment-river terrace
sequence [73–75]. Electron Spin Resonance (ESR) dating brackets the Salmerón Formation and its
pediment to the Early Pleistocene (~2.4–1.3 Ma) [76,77]. The timing appears co-eval with the latter
stages of the Gochar Formation, attributed to regional uplift timing and amount variability between
the Sorbas (earlier and greater uplift) and Vera Basins [40]. The inset Vera Basin pediment-river
terrace sequence spans the Middle to Late Pleistocene based upon ESR and OSL chronologies [78,79].
This timing is in-keeping with the U-Series dated Middle-Late Pleistocene Sorbas Basin river terrace
sequence [36,37]. Other adjacent basins (Huércal-Overa, Tabernas, Carboneras-Almería) show
varying degrees of geological-geomorphological similarity: (1) Pliocene-Early Pleistocene basin fill,
(2) Early Pleistocene deformation and (3) Middle-Late Pleistocene pediment-river terrace sequence
formation [16,39,50]. Farines et al. [41] attributes the Early Pleistocene to the most recent phase of
Betic Cordillera relief generation, highlighting a poorly understood interplay between mechanical
and isostatic relief building processes, with ductile crustal flow cited as a key Plio/Quaternary
uplift mechanism. Of note, is the Guadix-Baza Basin, the largest and most intensively studied
intramontane basins in the region. This basin occupies a central-interior location within the Betics
and differs in timing to Sorbas and its adjacent basins. The Guadix-Baza Basin is characterised by
a continuous Miocene-Late Pleistocene continental sedimentary infill [68], capped by a single Late
Pleistocene pediment into which extensive basin wide erosion has occurred following capture by the
Río Guadalquivir sometime between 350 to 68 ka [4,47]. This difference in timing and pattern of basin
geological-geomorphological development reflects variations and connectivity of regional base-levels.
Sorbas and adjacent basins occupy marginal mountain belt locations with better connectivity to the
Mediterranean coastlines, thus responding more effectively to regional base-level change. In contrast,
the Guadix-Baza Basin has an interior mountain belt location with an internal drainage disconnected
from regional base-level variability, until captured very recently geologically speaking.

High elevation Early Pleistocene pediment surfaces are also present within intraplate basins as
part of the largest drainage systems in Iberia such as the Duero and Tajo [80]. These surfaces have
alluvial fan origins and show development within wide-shallow valleys that form the beginnings of
river terrace staircases that record hundreds of metres of incision [80]. Thus, the Early Pleistocene is
an important interval for surface development and a key marker for subsequent fluvial landscape
incision, both within the Betic Cordillera (this study) and within Iberia [81]. Climate and base level
(tectonic and capture) variability are widely cited controlling mechanisms for Early Pleistocene Iberian
landscape development [48,80–82]. Surface formation within the Sorbas Basin clearly demonstrates
interplay of these factors, but the surface itself probably reflects a sustained period of climate stability
and base level position to allow the surface to form autogenically at a basin scale. Marked changes
to the global climate [83] and regional base levels [12,41] are then driving the surface abandonment
and incision.

5.3. Basin Erosion

The interpolation derived basin erosion rates quantified in this study (Figure 9) can be compared
with erosion of the Sierra de los Filabres using 10Be [84]. Rates of 52 ± 6 mm/ka were derived from
basement schist dominated catchments of tributaries to the Río Jauto along the northeastern margin
of the Sorbas Basin [84]. These catchments were formerly part of the main Sorbas Basin drainage
before being captured and routed to the southern Vera Basin sometime during the Middle-Late
Pleistocene [12]. The average basin surface lowering rates calculated in this study using the dated
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interpolated surface cover a lower range at 29–46 mm/ka. This could be due to rock strength
differences between variably cemented conglomerate basin infill (this study) vs easily weathered
basement schist [84]. However, the low value from the Sorbas surface is still broadly in keeping with
Betic Cordillera mean (64 ± 54 mm/ka−1), reflecting low tectonic uplift and possibly a steady state
topography where denudation balances uplift [84].

6. Conclusions

• Despite a fragmentary nature, the top Sorbas Basin surface can be reconstructed using GIS
interpolation (IDW var) where a sufficiently high-resolution DEM is available;

• The surface is an erosional pediment (glacis) form and not the depositional surface of the
Gochar Formation;

• The surface is an Early Pleistocene feature, developed onto deformed basin fill;
• The surface reconstruction approach used here could be used to inform on sampling strategy for

dating or could help clarify local surface erosion for age modelling purposes;
• The basin wide configuration of the surface suggests surface formation by autogenic processes

that are operating within a stable landscape characterized by a sustained dryland climate and
fixed base-level;

• The relict fan-morphology picked out by the surface remnants suggests the surface
was autogenically eroded by undissected radiating mountain front streams that formed
fan-shaped bodies;

• The Early Pleistocene surface age helps stratigraphically bracket the underlying Gochar Formation
to the Pliocene. This clarifies the degraded pediment surface as a Quaternary landscape feature
and not a Mio-Pliocene fan delta abandonment surface linked to the post Messinian salinity
crisis recovery;

• Surface abandonment took place during the Middle Pleistocene with preferential incision along
interfan drainage lines, resulting in capture to preserve the relict fan morphologies;

• Early Pleistocene surfaces are evident throughout Betic Cordillera intramontane basins as either
(1) well developed pediments, developed onto Neogene marine basin fill sediments (e.g., Tabernas,
Vera Basins) or (2) degraded pediments developed onto Plio-Pleistocene continental alluvial
basin fill sediments (Sorbas Basin). Collectively these pediments are regionally and temporally
significant, with formation occurring during a stable phase that post-dates deformation of the
Plio-Pleistocene continental sediments that form the final basin infill. The deformation and
subsequent surface formation probably correspond to the most recent major uplift and relief
building phase of the Betic Cordillera;

• Surface form reflects differences in substrate lithology, passive basin tectonic configuration and
depositional setting (e.g., lake vs fan);

• Regional variations in surface preservation and differences in formation timing relates to base-level
connectivity with the Mediterranean coastal margins of the Betic Cordillera;

• Surface lowering and erosion amounts, and rates are low, comparing well with other denudation
techniques (e.g., 10Be) and are in keeping with the Betic Cordillera as a low uplift rate mountain
range. The base-level lowering since surface formation is probably an ongoing response to the
low uplift rates and basin scale capture events.
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Figures S1–S4: cosmonuclide results graphs for 4 m erosion scenario, Figures S5–S8: cosmonuclide results
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cosmonuclide datasets for 10 m erosion scenario.
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Abstract: Alluvial-fan successions record changes in hydrological processes and environments that may
reflect tectonic activity, climate conditions and changes, intrinsic geomorphic changes, or combinations
of these factors. Here, we focus on the evolution of a stream-dominated fan in a tectonic depression
of the Xining basin of China, laid down under a semi-arid climate in the northeastern Tibetan Plateau
(NETP). The fan succession is composed of three facies associations, from bottom to top: (1) matrix
to clast-supported, poorly sorted, planar cross-stratified to crudely stratified sheets of coarse-grained
sediments; (2) horizontal laminated sand, laminated layers of reddish fine silt and yellow coarse silt with
stacked mounds of sand; and (3) clay-rich deposits with incipient paleosols. The succession shows rapid
sediment aggradation from high-energy to low-energy alluvial fans and finally to a floodplain. The dating
results using optically stimulated luminescence (OSL) method show that a gravelly, high-energy fan was
deposited during MIS 6, after which a low-energy fan, mainly composed of sand and silt, was deposited
and finally covered by flood loam during the MIS 6–5 transition and the warmer last interglacial.
Stacked sand mounds are interpreted from their sediment structure and grain-size distribution as
shrub-coppice dunes in low-energy fan deposits. They may be considered as a response to the interaction
of alluvial and aeolian processes in a semi-arid environment.

Keywords: alluvial fan; fluvial facies; grain-size analysis; optical stimulated luminescence (OSL)
dating; vegetation-induced sedimentary structures

1. Introduction

Quaternary terrestrial sediments record information on climatic conditions and changes,
environmental evolution, and tectonic events. Sediment composition and structures reflect changes
in the sedimentary environment, which may be indicative of particular climatic conditions [1].
Paleoclimate changes in semi-arid regions in China have been studied extensively from aeolian loess [2–8],
lacustrine [9–13], and fluvial (alluvial) sediments [14–16], but research based on alluvial fans is relatively
scarce. Alluvial sediments are sensitive to changes in hydrological conditions, and interpretation of
the sediments may provide valuable information on past climate [17]. The intricacy of fluvial response,
including aggradation/incision rhythms and terrace formation, to late Quaternary climate change, has been
studied for several decades [16,18–21]. In addition, the interactions between fluvial and aeolian processes
and their response to climate change in semi-arid areas have also been reported elsewhere in China and
around the world [22–26].

Alluvial sequences allow process inference, which then can be used to infer environments, at the
depositional site, as well as environmental change and related controls in the catchment area [17]. In the
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past few decades, understanding of how tectonic activity and climate change influence alluvial deposits
has progressed considerably [27–29]. Tectonically active zones may preserve sediment sequences by
providing accumulation space, whereas climate influences sediment supply by affecting water and
sediment discharge and vegetation cover [30]. Climatic factors and autogenic effects appear to exert an
overwhelming control on Quaternary fan sequences and sedimentary styles [31–34], especially under
arid or semiarid conditions [35].

As an important alluvial sediment record, a fan can be formed as a stream-dominated alluvial fan,
as part of the main trunk valley, with braided channels created where the valley widens downstream,
and as a gravity flow (debris) dominated fan at a tributary junction [1,36–38]. The majority of
flow-dominated alluvial fans documented in modern and Quaternary settings are from perennial or
semi-permanent channelized rivers, and most are located in humid areas, such as the Kosi fan in Nepal
and India [37]. Such fluvially dominated mega-fans are special cases of alluvial fans with a lower slope,
the presence of a floodplain, and the absence of sediment-gravity flows [39,40]. However, there has only
been limited work on stream-dominated alluvial fans in semi-arid environments. In modern arid and
semi-arid environments, fans are commonly characterized by debris flows. However, Jolley et al. [36]
proposed that ephemeral river deposits are dominant in modern syn-tectonic fans, and they concluded
that such fans were formed by highly concentrated, turbulent tractional flows.

The Xining basin, in the northeastern Tibetan Plateau (NETP), has been most intensively studied
at a large scale [41–44], whereas the small depressions within the basin have been mainly studied at a
reconnaissance scale [45,46]. Most studies have paid attention to the river terraces, for instance, along
the Huangshui River, and the sedimentary process response to climate change and tectonic activity.
However, the number of alluvial fans documented in this area is small, which may reflect, in part, their
low preservation potential as geomorphologic features. The presence of a large sand pit with extensive
outcrops in this study provided an excellent opportunity for investigating an alluvial-fan succession.

Local debris fan may dam the main channel of a river, resulting in dam-collapse and huge related
floods; these have been widely studied in this area [47]. However, a stream-dominated fan in a
large catchment has not been reported from this area. Thus, the first main goal of this study was to
document and interpret the sedimentary lithofacies and investigate the stratigraphic evolution of a
stream-dominated alluvial fan, with an estimated width of 1.7 km and length of 3.5 km, at the margin of
a tectonic depression, the Ping’an depression, in a semi-arid environment. Secondly, we interpreted the
relationships between sedimentary environments and climate and also the influence of vegetation and
internal dynamics, drawing on detailed facies analysis, sedimentary structures, and sedimentological
evidence for the former presence of vegetation. To further this goal, we analyzed the grain-size
distributions of sediments to assess the relative contribution of fluvial and aeolian processes in a
fan environment. Finally, we dated the sediments using optically stimulated luminescence (OSL)
method, to establish the timing of deposition in relation to long-term climate evolution in the region,
and tectonic events.

2. Geographical Setting

The study site is located in the Xining basin on the NETP, which has undergone coeval crustal
shortening and left-lateral strike-slip faulting [48] and has experienced dramatic and pronounced
cyclic climate changes. The Xining basin was bounded by two main thrusts, the North Middle
Qilian Shan Fault (NMQF) in the north and the Laji Shan Fault (LSF) in the south [45,49] (Figure 1a).
Tectonic fragmentation of the Xining basin has resulted in the formation of several gorges between
subsiding sub-basins or depressions (e.g., the Ping’an depression) and up to 16 river terraces,
recording deep incision into ~600 m of basin filling [45,49]. At the outlet of one gorge (Xiao
gorge), a stream-dominated fan, correlated with a terrace, was formed (Figure 1c) (see Section 5.
Discussion below).

The climate of the NETP is at the boundary of influence from the Asian summer monsoon (ASM)
and the westerlies [50–52]. The integrated influence of these climate systems, combined with the high
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elevation, makes the area sensitive to climate changes. The study area, a depression in the Xining basin,
is currently located at an elevation between ~2000 m and ~3000 m (Figure 1) and is characterized by a
cold semi-arid climate with a strongly variable temperature and precipitation. The regional average
annual temperature and precipitation are 6.4 ◦C and 319–532 mm, respectively, and the average annual
evaporation can reach up to ~1800 mm. At present, precipitation occurs mainly in summer, probably
caused by invasions of the Asian summer monsoon. In winter, the climate of this region is controlled
by the winter monsoon, with strong winds and cold and dry conditions. This framework is also typical
for the Quaternary climate situation in this area.

Figure 1. (a) Overview of the study area derived from ASTER Global Digital Elevation Model (ASTER
GDEM) data. The black lines show the faults (modified after the 1:500,000 geological map). (b) Detailed
morphological features (gorges and depressions) of the study area and the location of the study section
(red star). The Huangshui River flows through a series of gorges and depressions. The swath profile
(AA’ in yellow rectangle) shows detailed elevation change of the study area and the Xiao gorge and Ping’an
depression. The black lines show the faults (modified from [53]). (c) Geomorphological sketch map of the
studied area, showing the terrace and fan (plain green: terrace; green hatched lines: fan; red: erosion of the
terrace and the fan after deposition; purple: V-shaped incision of the Huangshui in the Xiao gorge).

The studied sediment sequence is present in a sand pit, excavated in the fan at the western side
of the Ping’an depression (Figure 1c), with a section oriented northwest to southeast, around 22 m
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high and with a lateral extent of 500 m. The top of the basal unit at the west end of the sand-pit is
situated 26 m above the modern floodplain of the Huangshui River, which is a first-order tributary of
the Yellow River (Figure 1c). The river flows roughly W-E through the Xining basin and has deeply
incised the Precambrian to Mesozoic bedrock in the gorges and Cenozoic clastic sediments in the
basin [45,46]. The sediment sequence is located directly at the east of the Xiao gorge and the west end
of the Ping’an depression (36◦33′27.7” N, 101◦55′53.38” E) (Figure 1b).

3. Methods

3.1. Field Work

In order to study the vertical and lateral variations of the sediments, and distinguish the
sedimentary environment, eight sediment sections were logged in detail (Figure 2) and described.
The facies codes of Miall [54] were used (Table 1). To allow an interpretation of the process and
environment, some particular sedimentary structures/architectures were quantified by measuring
individual maximum thickness and width, in the field and from photographs. Photomosaics were used
to correlate units across the outcrop face. In addition, 50 samples were taken from different sediment
units for grain-size analysis and 13 samples for OSL dating (Table 2) to supplement the interpretation
of the sediment processes and transport dynamics and changes of the sedimentary environment.

3.2. Grain-Size Measurements

The grain-size samples were prepared largely according to the methods described by Konert
and Vandenberghe [55]. A few grams of sediment were pre-treated with 10% H2O2 and 10% HCl to
remove organic matter and carbonate, respectively. With (NaPO3)6 as a dispersing agent, the pure
siliciclastic sediments were then measured using a Malvern master-size laser particle analyzer (Malvern
Panalytical, Almelo, The Netherlands). The grain-size distribution shows 100 size classes, ranging from
0.02 to 2000 μm. In addition to modal values, distribution curves and additional grain-size parameters,
including the proportion of specific grain-size intervals (e.g., clay and sand content), were calculated.

3.3. Optically Stimulated Luminescence Dating

OSL samples from different sediment units (Table 2) were taken by hammering a steel tube
25 cm long with a diameter of 5 cm into the cleaned profile. Pure quartz (grain size 63~90 μm, except
samples XX-A90 and XX-A220, which extracted from the 40~63 μm fraction) was extracted from the
intermediate material of the tubes using standard methods (30% H2O2, 10% HCl, wet sieving, 40% HF),
and was used for an equivalent dose (De) measurement. For extracting K-rich feldspar, pre-treated
63–90 μm grains (30% H2O2, 10% HCl, wet sieving) were first cleaned using 10% HF to remove
coatings and the outer alpha irradiated skin and then washed with 10% HCl to remove fluoride. K-rich
feldspars were floated off using heavy liquid of a 2.58 g/cm3 density.

All luminescence analyses used an automated Risø reader (DTU Nutech, Roskilde, Denmark)
equipped with blue (470 nm; ~80 mW cm2) LEDs and an IR laser diode (870 nm, ~135 mW cm2).
Quartz OSL signals were collected through a 7.5 mm Schott U-340 (UV) glass filter (emission 330 +
35 nm). K-feldspar pIRIR signals were collected through a combination of Corning 7–59 and Schott
BG-39 glass filters (blue-violet part of the spectrum). Quartz equivalent doses (De) were measured
using a standard single-aliquot regenerative-dose (SAR) protocol [56,57]. Preheating of natural and
regenerative doses was for 10 s at 260 ◦C, and the response to the test dose was measured after a cut-heat
to 220 ◦C. K-feldspar aliquots were measured using the post-IR IRSL (pIRIR290) protocol [58–62].
Samples were preheated at 320 ◦C for 60 s followed by IR diode stimulation at 200 ◦C for 200 s and the
IRSL signal was then measured at 290 ◦C for 200 s. The response to the test dose was measured in the
same manner and was followed by IR illumination at 325 ◦C for 200 s at the end of each SAR cycle,
to reduce recuperation.
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Sample material from both outer ends of the tube was used for water-content and radioactive
element analysis. The material (about 20 g) was first dried and then ground to powder to determine
concentrations of U, Th, and K using neutron activation analysis (NAA). The water content varied
during the long-term burial period, so we assumed 50% of the saturated water content as the average
value during historical time according to previous work [16,26], with an absolute uncertainty of
7% of this value to allow for possible fluctuations on the basis of the local climatic characteristics.
Based on applying conversion factors from Guérin [63] and beta attenuation factors from Mejdahl [64],
the external beta and gamma dose rate was calculated using the radionuclide concentration.
For K-feldspar dose rates, a K concentration of 12.5 ± 0.5% and Rb concentration of 400 ± 100 ppm
was assumed [65]. A small internal dose rate contribution from U and Th of 0.03 ± 0.015 Gyka−1 and
0.06 ± 0.03 Gyka−1 was also included for quartz and K-feldspar, respectively [66–68].

4. Results

4.1. Facies Analysis and Grain-Size Analysis

The Ping’an site is characterized by a complex spatial facies distribution (Figure 2). The strata are
subdivided into six units (Figure 2) and grouped into three facies associations from bottom to top: a
high-energy alluvial fan, low-energy alluvial fan, and floodplain. The unit boundaries are typically
abrupt but conformable, and the upward succession of facies associations reflects the evolution of the
depositional environment, without any marked breaks in deposition.

4.1.1. High-Energy Alluvial Fan (Facies Association 1)

Description

The facies association forms unit 1 (U1) in the lower part of the study site. The basal contact of
U1 is not exposed, and the unit is presumably below the exposed base of sections I and IV. The exposed
unit varies between 1 and 1.6 m in thickness, with a high thickness of 4 to 5.5 m in section VII.
U1 changes in dip (the dip of the boundary of U1 and U2) eastward from 9◦ in section VII to 7◦ and 5◦

in sections II and III, respectively, and the unit thins eastward.
The unit is composed of poorly sorted gravel, deposited as horizontally stratified sheets (Gh),

planar cross-beds (Gp) which show an ESE flow direction, and disorganized, clast-supported and
matrix-supported beds of facies Gcm and Gmm (Table 1) (Figure 3). Clasts in the Gp facies are locally
imbricated. The gravel clasts are mainly sub-rounded and rounded, but also sub-angular, set in a
matrix of fine-to-coarse grained sand and silt. Locally, lenticular sandy bodies with trough and planar
cross-beds (St, Sp) are preserved (Figure 3a). Overall, the particle size of the gravels varies greatly,
with small pebbles between 0.5 and 1 cm and cobbles ranging from 10 to 20 cm. A few large blocks (up
to ~70 cm diameter) occur at the base. This unit fines upward in section VII, with particle size ranging
from 60–70 cm at the bottom to 10–20 cm at the top (Figure 3b). The gravel is mainly composed of vein
quartz, sandstone, granodiorite, and quartzite, as well as lesser amounts of granite and platy green
schist. Sample II-1 (Table 2) is mainly composed of fine-to-medium sand (modal value of 225 μm) with
a small amount of fine silt (Figure 3d).
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Table 1. Description and interpretation of sedimentary facies of the Ping’an site (after Miall [54] and Einsele [69]).

Facies Codes Description Interpretation

Gmm Granules and pebbles, matrix-supported, granule-sand matrix, massive,
poorly sorted, tabular-or lenticular-shaped, sub-rounded to rounded

Mass-flow deposition of hyper-concentrated
or turbulent flow

Gcm Granules and pebbles, clast-supported, massive, poorly sorted,
sub-rounded to rounded

Rapid deposition by streamflow with
concentrated clasts

Gh Granules and pebbles, clast-supported, crudely horizontal beds,
sub-rounded to rounded

Deposition of hyperconcentrated flow in
unconfined sheet flood

Gp Granules and pebbles, planar cross-beds, weak imbrication, tabular-shaped,
sub-rounded to rounded Transverse 2-D gravel bedforms

Gt Granules and pebbles, trough cross-stratified, sub-angular to rounded,
lenticular units

Minor channel fills with deposition from 3-D
gravel dunes

Sh Very fine to-coarse-grained sand, horizontal lamination Deposition of planar bed flows in channels,
or sheet flood, upper flow regime

Sp Very fine-to-coarse-grained sand, planar cross-lamination Migration of two-dimensional (2-D) dunes in
channel

Sl Very fine-to-very coarse-grained sand, low-angle (<15◦) cross-lamination Deposition of antidunes in upper flow regime

St Very fine-to-coarse-grained sand, solitary or grouped trough cross-beds
Migration of sandy ripples/dunes in
channels; or filling of scour hollows or
channel pools

Sr Very fine-to-coarse-grained sand with ripple cross-lamination, thinly bedded Migration of ripples in shallow channels in
lower flow regime; overland sheetflows

Sm Very fine-to-coarse-grained sand, structureless Rapid deposition of sand

Fl Silt, fine lamination, very small ripple sets. Occasional lenses of granules
and pebbles, calcareous cement and iron-manganese coating, mottled

Waning flood deposits or overbank,
abandoned channel deposits

Fm Silt, structureless, desiccation cracks. Occasionally calcareous cement and
iron-manganese coating, bioturbation, mottled

Suspension deposits of waning flows in
overbank or abandoned channel,
weak pedogenesis

Fr Silt, massive, roots, bioturbation Root bed, weak pedogenesis

Table 2. Sediment types sampled for grain-size analysis and OSL dating (in bold and italics, respectively).

Sample Sediment Type

Unit 1

II-1 Lenticular sand body

Unit 2

XX-II-1
II-2

Trough cross-stratified sand

II-3 Silt layer

XX-C490, XX-C600, XX-VI-1
II-4; IV-1; VII-1

Horizontally laminated sand

Unit 3

XX-I-1, XX-II-2, XX-V-1, XX-V-2
I-6, 7, 8; II-7, 8; III-5, 6, 7, 8; IV-4; V-4, 5, 6, 7

Sand mounds

I-2, 4, 9; II-5; III-1, 3; IV-2; V-2; VII-2 Silt layers

XX-C200
I-1, 3, 5; II-6; III-2, 4; IV-3; VII-3, 4

Sand to silty sand layers

Unit 4

XX-II-3 Planar cross-bedded sand

I-10; II-9, 10; V-3 Sand layers

Unit 5

XX-B100
I-11; II-12

Sandy silt layers

II-11; VII-5 Silt layers

Unit 6

XX-A90, XX-A220 Structureless silt

I-11; II-13, 14; VII-6 Silt and sandy silt layers
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Interpretation

The disorganized and relatively rounded gravels, the sharp lateral changes of thickness (Figure 2),
and the slope of unit 1 (5–9◦) reflect deposition on a streamflow-dominated alluvial fan. The slope
of U1 is relatively steep over a short distance but decreases eastward, which points to alluvial fan
deposition with an eastward flow direction from the gorge to the depression. The flow direction is
confirmed by the imbrication of gravels (e.g., Figure 3a) and also by the gravel composition, which
reflects source areas in the upstream Huangshui catchment (including the nearby gorge), rather than
local sources of Mesozoic to Cenozoic reddish sandstone that fill the Ping’an depression.

The sediments are interpreted as high-magnitude streamflow deposits on the basis of weakly
developed imbrication, crude stratification, sub-rounded-rounded gravel shape, and the lack of basal
inverse grading. The laterally extensive, sheet-like geometry of Gh beds within U1 is indicative of
streamflow on low-relief longitudinal bars [70], and the planar cross-sets developed in Gp facies are
interpreted as the foresets of low bars and dunes. The poorly sorted and disorganized gravels in facies
Gmm and Gcm are indicative of rapid deposition from a highly concentrated sediment dispersion.
High-energy streamflows can transport a mixture of gravel and sand in thin bedload sheets [35] and
thick traction carpets [71]. Additionally, the interbedded sandy lenses could represent waning stages of
the flows that laid down the gravel, or low-energy secondary overland flows across the gravel surface.
The upward decrease in clast size indicates a declining energy towards the top of U1. The overall
characteristics of this facies association are suggestive of a high-energy alluvial fan, which aggraded
rapidly as a result of highly concentrated streamflows.

 

Figure 3. The basal stratigraphic unit (U1) consisting of high-energy alluvial environment facies:
(a) clast-supported planar cross-bedded gravel (Gp) and a sand lens, and sampling point (II-1); the
cross-bedded gravels are inclined to WNW, showing an ESE flow direction; (b) crudely stratified gravel
sheet (Gh) of unit 1, and sampling points (III-1 to III-8); person (circled) for scale 155 cm; (c) clast-supported
massive gravels (Gcm) and gravel sheet, forming crude fining-upward; person in white for scale 163 cm;
(d) the grain-size distribution of sample II-1 taken from lenticular sand in section II.

90



Quaternary 2018, 1, 16

4.1.2. Low-Energy Alluvial Fan (Facies Association 2)

Description

The middle part of the succession includes four units of mica-rich sand and silt (U2–U5, from
bottom to top (Figure 2)). The overall thickness of facies association 2 ranges from 8.75 m to 13.6 m,
and the top and basal parts contain a <5 cm thick layer of granules and pebbles of a ~1–3 cm size.

Unit 2 (U2) is dominated by pale-brown, silty sand and sand, locally interbedded with reddish-brown
silt. The facies are mainly horizontal lamination (Sh) with minor trough cross-stratification (St), ripple
cross-lamination (Sr), and planar cross-bedding (Sp) (Figure 4). U2 extends laterally for more than 150 m,
and is 0.4 m thick in section II, absent from section III, and 2.8 m thick in section IV. Calcareous cement and
a few nodules are present. Coarse sand is locally interbedded with lenses of 1–2 cm-sized pebbles (section
VII). The beds show distinct boundaries and include local scours into the underlying gravel beds of U1.

Units 3 (U3), 3.2–5.4 m thick, and 5 (U5), 2.1–3.5 m thick, are characterized by laterally extensive
alternate beds of reddish-brown silt and pale yellow-to-orange, micaceous sand and silty sand. The silt
predominates (Figure 5), especially in U5. The thickness of individual reddish silt beds varies from
3 to 20 cm, and they typically have abrupt bases and tops, but fine upward locally, with stacked layers
occupying slight hollows in places. The beds become thinner upwards in U3 in section III (~15–20 cm
to ~3–10 cm). The reddish silt layers are structureless (Fm) or weakly laminated (Fl), and some show
ripple structures (Fl) and weak soil formation (Fr). Mottling in some silt layers may be due to iron
and manganese coatings or organic matter. The pale sand layers comprise horizontal lamination (Sh),
minor low-angle cross-bedding (Sl), ripple cross-lamination (Sr), and structureless sand (Sm).

 

Figure 4. Sedimentary structures observed in unit 2 (U2): (a) horizontal laminated sand (Sh)
interbedded with reddish-brown silt (Fm); length of the shovel is 58 cm; (b) minor ripple
cross-laminated sand (Sr); pen length 14 cm; (c) planar cross-laminated sand (Sp) overlying trough
cross-laminated sand (St); length of the shovel is 75 cm; (d) silt layer with carbonate cement; pen length
15 cm; (e) the grain-size distributions of samples (II-2 from the trough cross-stratified sand, II-4, IV-1,
and VII-1 from the horizontal laminated sand, II-3 from a silt layer with carbonate cement) in U2
(see Figure 5, for the specific sampling points).
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A distinctive feature of the sand layers in U3 (and locally in U4 and U5) is the presence of more
than 50 connected and disconnected low mounds that were observed laterally over tens of metres in
the outcrop and vertically over 7 m (Figures 5–7). The mounds have convex-up forms and contain
form-concordant bedding that builds in height from a planar or gently inclined base; many contain
ripple cross-lamination. The mounds are mainly symmetrical to slightly asymmetrical in cross-section,
and although none were observed in three-dimensions, we infer from the similarity of cross-sectional
form of many examples that the mounds are circular to slightly elongate in planform. In one case,
a single mound divided into two and later recombined as the sand aggraded. The mounds are
bordered by reddish clay layers that curve upward (upturned beds) and pinch out against the mounds.
Successive clay layers extend progressively further across the mounds and eventually cover them.
Most mounds are isolated (Figure 7a), but a few mounds at the same level are connected by thin sand
layers (Figure 6). Root traces were observed in one mound (Figure 5).

 

Figure 5. Line drawing of U1 to U3 in section II, showing alternate reddish-brown silt with sand layers
that include mounds with local root traces. The red dots represent sampling points and the red triangle
represents an OSL sample point. The thickness of the mound at the upper right is 0.5 m.
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Figure 6. Line drawing of connected sand mounds with planar bases and silt layers that pinch out
in the horizontal laminated sand (Sh). Overlying beds are fine laminated silt (Fl) in U3. The red dots
represent sampling points. The length of the spade is 58 cm for scale.

 

Figure 7. Line drawing of vertically stacked sand mounds interbedded with silt and gravel in U3.
The sand bodies are flanked by upturned beds of clay and contain for-concordant stratification.
The length of the pen and the spade are 14 cm and 58 cm, respectively.
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For thirty-seven mounds that were low in the cliff and readily measured and photographed,
the thickness ranges from 0.05 m to 1.14 m (mean 0.24 m), and the width ranges from 0.6 m to
5.14 m (mean 1.48 m), with a positive correlation of thickness and width (Figure 8). The aspect ratio
(width/thickness) of the mounds averages 7.5, with most being between 5 and 10 (Figure 8).

At several levels, up to six mounds separated by thin clay layers are stacked near-vertically, to a
maximum height of 2.3 m and width of 5.14 m, with a positive correlation between thickness and width
(Figures 7 and 8). The width/thickness ratio of the stacked mounds ranges from 0.9 to 2.9. One stack
of mounds shows a slight lateral drift in the crest position of individual mounds through time.

Gravel lenses, 10 cm thick and 3 m wide, are commonly present on the eastern side of vertically
stacked mounds in section V, lapping in places against them. Some mounds are interbedded with
5–10 cm-thick silt layers that include 1–5 cm pebbles (Figure 7b). In places, U3 contains a higher
proportion of dispersed, trough cross-stratified gravel lenses and sand mounds 1.5 m wide and 15 cm
thick (Figure 9a,b). Both U3 and U5 show a small amount of white calcareous cement and nodules in
silty layers and granules in coarse sand layers (Figure 9c), root traces (Figure 5), and bioturbation and
desiccation cracks (Figure 9d).

Figure 8. Dimensions of sand mounds, measured from two-dimensional outcrops in the Ping’an pit.
The individual mounds include those that are part of stacked mounds.

Unit 4 (U4) is 2.4 to 3.6 m thick and is composed of silty sand and sand with horizontal lamination
(Sh), planar cross-bedding (Sp), and low-angle cross lamination (Sl) (Figure 10a,b). Laterally, sand
layers thin eastwards, where more and thicker reddish-brown silt layers appear; these layers are
absent to the west in section VII. A sand mound and root traces with weak pedogenesis are present
in the upper part of U4 in section II (Figure 10b). U4 in sections IV and PA and east of section V is
characterized by large sand mounds interbedded with reddish-brown silt layers (Figure 2). In contrast
with other sections further east, U4 in section VII contains gravel layers with trough cross-bedding
(Gt) and channel forms 1–1.5 m wide and 0.6 m thick that contain clast-supported gravel (Gcm)
with clast sizes of 10–15 cm (Figure 10d). Large angular blocks (up to ~1 m) are present locally.
The small channel fills become thinner and their elevation in the area of section VII becomes lower
when moving eastward.
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Figure 9. The characteristics of U3 deposits: (a) gravel lenses as trough fills; pencil length 17 cm for scale;
(b) sand lens; pencil length 17 cm for scale; (c) carbonate nodules in coarse sand layer in section VII; pen
length 14 cm for scale; (d) desiccation cracks; pen length 15 cm for scale; (e) raindrop impressions; diameter
of the lens cap is 5.2 cm for scale.

OSL- and Grain-Size Analyses

In total, 11 OSL samples and 45 grain-size samples were taken from facies association 2 (Table 2),
with the positions of some samples shown in Figures 4e and 11a–e.

U2: samples II-4 (from section II) and VII-1 (from section VII) are mainly coarse silt-to-fine sand
with a modal value of 80 and 100 μm, respectively, and IV-1 is coarser with a modal size of 126 μm
and is rather poorly sorted. Sample II-2 is very fine-to-medium sand (mode of 178 μm). Sample II-3 is
poorly sorted silt with a modal value of 10 μm, mixed with a small amount of clay and sand. This silt
is also present, although in very small amounts, in all other sediments of U2.

U3: all samples from sand mounds are closely similar (except IV-4), mainly consisting of
well-sorted fine sand and coarse silt (major mode of 63–79 μm), minor fine silt (mode of 9–10 μm),
and a very small amount of coarse sand (mode of 502 μm). Although sample IV-4 consists of very
fine sand and coarse silt with a modal value of 71 μm, it also contains coarse to very coarse sand with
a secondary modal value of 1262 μm, which may represent ferruginous or manganese concretions.
The grain-size distribution of samples from silt layers is mostly bimodal, with main peaks of 32–45 μm
and a secondary modal value of 7–8 μm. Sample III-1 is poorly sorted and only contains the very fine
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fraction with a modal value of 11μm. Compared with other samples in silt layers, samples IV-2 and
VII-2 are relatively coarser grained, containing some sand. Samples I-2, I-3, I-5, and IV-3 from sand
layers are very similar to samples taken from the sand mounds in this unit (very fine sand and coarse
silt and minor amount of fine silt), but they are slightly finer grained with a modal value of 56–71 μm.
Other samples from sections III and VII show grain-size distributions that are similar to equivalent
ones in the other sections (Figure 11).

U4: samples I-10 and V-3 are mainly very fine sand and coarse silt with a modal value of 63
μm, mixed with a small amount of fine silt similar to many other samples. Samples II-9 and II-10 are
fine-to-medium sand with a modal value of 200 μm, but II-9 shows a secondary modal value (1416
μm) in the very-coarse sand fraction.

U5: sample II-11 from silty laminated beds is almost identical to V-2 (in U3), presenting a bimodal
distribution with a modal value of 45 and 8 μm. Sample VII-5, also from a silt bed, is similar to I-4 and
VII-4 in U3, but shows a secondary modal value in the sand fraction (448 μm). Sample II-12 from a
sand bed is mainly composed of very fine sand and coarse silt (major mode of 56 μm), but contains
more fine silt and clay.

 

Figure 10. Main sedimentary structure observed in unit 4: (a,b) low-angle to horizontal laminated
sand (Sl, Sh) with local roots; pen length 14 cm; (c) sketch of section VII, where the red dots represent
sampling points; the dotted lines separating three facies associations; (d) minor channels which face
ESE, containing pebble lenses in section VII; the person is of the height 155 cm for scale.
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Interpretation

The horizontally laminated, trough and planar cross-bedded, and ripple cross-laminated facies
(Sh, St, Sp, Sr) in U2 are interpreted as fluvial in origin. The abundance of horizontal lamination
(Sh) indicates a common transition to an upper-flow regime. The local presence of cross-beds (St, Sp)
may represent channel deposits of two- and three-dimensional dunes within low-energy channels,
commonly as minor channels on gravel sheets at the top of unit 1 and within units 2–5 [72]. The ripple
cross lamination (Sr), locally present at the bed tops, implies the gradual waning of flow, typically at
the end of flood events [54,73].

 

Figure 11. The grain-size distribution of samples taken from U3–U6: samples from (a) the sand mounds,
(b) sand layers, and (c) silt layers in U3; from (d) sand sediments in U4; from (e) U5 (II-11 and VII-5 from
silt layers and II-12 from a sand layer, and (f) massive silt sediments in U6.

The large differences in the grain-size of samples II-2, 3, and 4 (Figure 4d) in a 0.4 m thick sediment
sequence in unit 2, show a variable transport energy. Sample II-2 (St) is coarser and contains more
fine-to-medium sand than II-4, IV-1, and VII-1 (Sh), in line with the sedimentary structure, which represents
a variable transport energy. Sample II-3 contains higher amounts of fine silt and clay, corresponding
with the increase of carbonate cement in structureless silt that underwent weak pedogenesis. Planar to
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low-angle cross-bedded sand (Sl) points to sandy sheet flows. The presence of sand sheets a half meter to
a few meters thick, showing little evidence of channelization and interbedded with silt with carbonate
cement, is regarded as a clear indication of ephemeral, flash-flood sedimentation [54].

In U3 and U5, the alternate coarse- and fine-grained beds point to moderate- to low-energy fluvial
transport. The interbedding of sand, thin silt layers, and gravel is considered the product of flood-wash
over the surface of the alluvial fan or of fluctuations in flow strength during a single flow event [74].
The gravel stringers may represent diffuse channel lag sheets [75]. At some levels, the interspersed, incised
gravel lenses in units U3, U4, and U5 are interpreted as shallow gravelly channels migrating on the surface
of an alluvial-fan, and the eastward decrease in their scale and abundance in U4 indicates that wedges
of coarser channelized sediment spread eastwards across the fan at this level, fining to silt away from
the source. The presence of channel forms with bases scoured into sand sheets but coalescing above
(Figure 10d), lenses of gravel, and some cross bedding is consistent with deposition from shallowly incised
to poorly confined, braided-river channels on the fan surface, similar to those described by Nemec and
Postma [75]. Sheets of gravel and sand lenses were the product of the lateral migration of the flow over
the fan surface during a discharge event, or of the amalgamation of deposits laid down by several events.
The bimodal grain-size distributions result from the mixture of clay with fine to coarse silt (I-9, II-11,
III-3, V-2) and coarse silt to fine sand with very coarse sand (II-9, III-4, IV-4), resulting in poor sorting.
These distributions reflect considerable hydrodynamic variation during deposition.

The beds of structureless and laminated silt (Fm, Fl) mark suspended-load deposition from
low-velocity sheet flows. The presence of low-relief hollows filled with silt beds indicates that some
flows covered a slightly irregular landscape, but there is little indication of strong scouring during
these events. The abrupt silt beds, which locally fine upward, formed in single flow events, and their
considerable thickness (typically 5–15 cm) suggests that large amounts of fine sediment were available
during floods and that the successions aggraded rapidly. In places, reworking due to bioturbation and
weak pedogenic processes contributed to the structureless nature and mottling of the Fm silt [74].

Sample VII-5, from fine laminated silt (U5), is similar to I-4, II-5, and VII-4 in U3, but the presence of
coarse sand, analogous to samples I-2 and IV-3 in U3, indicates an occasional flood event. Samples II-6
(U3), III-2 (U2), and VII-1 (U2) are very-fine sand, which suggests streamflow or a low-energy sheet flow.

Considering the extent of horizontally laminated sand over tens of meters and the grain-size
distributions of samples II-4, IV-1, and VII-1, we attribute the U2 sand sheets to moderate-energy,
shallow sheet flows, capable of forming plane lamination in the upper flow regime. The predominant
reddish mud layers represent lower energy flows from which fine suspended sediment settled
out, and the occasional root traces and carbonate nodules indicate phases of stability and weak
post-depositional pedogenic modification as temporary interruptions in deposition [76]. The observed
poorly developed soil and desiccation cracks may also indicate the temporary sub-aerial exposure of
shallow channels on the alluvial fan [77]. The small fine clay fraction (<1 μm) is probably due to soil
formation in accordance with the presence of root traces and carbonate nodules. Sample II-3 from
a silt bed with carbonate nodules contains a relatively high fraction of <1 μm clay, which supports
this hypothesis.

The mounds have been previously attributed to several processes, including formation by
termites [78]. However, the mounds in several units at Ping’an are interpreted as vegetation-induced
sedimentary structures, formed as upturned beds with form-concordant stratification around in situ
plants that decreased current velocity and promoted deposition [79]. Upright plants were not noted
in association with the mounds, which may reflect decay of the vegetation and/or the presence of
vegetation outside the plane of the cross-section. However, roots were observed in one instance
(Figure 5). The positive correlation of mound width and thickness (Figure 8) indicates that the
mounding process typically formed wider mounds as their height increased, as expected for the
accumulation of soft sand. The mounds were fully developed as elevated bedforms prior to mud
deposition, as indicated by the onlap of mud layers against the mounds. There is little indication of
the erosion of sand where the mud drapes the mounds, suggesting that the clay settled from gently
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flowing or stagnant water. There is also little indication of deformation of the soft sand in the mounds,
probably due to subsequent induration of the clay during sub-aerial exposure.

In general, the grain-size distributions of all samples from sand mounds (except IV-4) are almost
identical, which implies a relatively similar transport energy. On the basis of the non-erosional bases
of the stacked mounds and their closely similar grain-size distributions, we interpret the mounds
as formed during aeolian deposition. The main modal value of 56~71 μm (see sediment type 1.a
of Vandenberghe [80]) may point to saltation, which is analogous to the typical component of loess
deposits overlying river terraces along the Huangshui River [51,81]. The secondary mode of 10 μm
resembles that of an original fine-grained loess deposit (type 1c.2 of Vandenberghe [80]). The two
fractions may occur in different relative percentages. Most sediments in the mounds (except IV-4)
and some sediments in other sand layers (for example, I-2, 3, 5, 10, IV-3, V-3) show a small content of
fine-silt components. Some samples (II-1, 9, III-4, IV-1, 4) contain a fraction of medium-coarse sand,
interpreted as fluvial in origin.

Two other lines of evidence support an aeolian origin for the mounds. The planar bases of the
mounds and the lack of scouring contrast with the abundance of scours around vegetation, which is
typical of fluvial settings with high-velocity flow [79]. However, in other settings, scours are commonly
associated with larger upright trunks, and smaller and less rigid plants would have been less likely
to promote scour. The predominantly symmetric form in the cross-section implies mounding under
gentle flow conditions, again in contrast to many fluvial examples elsewhere.

The presence in a few cases (Figure 6) of mounds of a similar height and quasi-regular spacing,
connected by thin sand layers, might be interpreted as suites of mega-ripples. However, samples
suggest a grain-size distribution compatible with an aeolian origin. Additionally, the examples lack
unidirectional flow indicators such as planar cross-sets, and they are interpreted as mounds formed
around closely spaced plants where enough sand was available to connect the mounds.

We interpret facies association 2 as the product of several processes. Higher energy flows laid
down gravel and sand in shallowly incised and extensive braided-channel systems, especially in the
western part of the outcrop belt. Associated sheet floods laid down thin sand and silt layers, which
were locally affected by desiccation and incipient soil formation. The sand was redistributed by aeolian
processes to form individual and stacked mounds around standing vegetation. In combination,
these deposits represent an alluvial fan under moderate-energy, but predominantly low-energy,
conditions [76].

4.1.3. Floodplain (Facies Association 3)

Description

The upper part of the succession in unit 6 (U6) is characterized by abundant layers of structureless
sandy silt and silt (Fm) interbedded with thin reddish-brown fine laminated silt (Fl), forming a broadly
fining-upward succession (Figure 12). Carbonate nodules occur locally within facies Fl. The thickness
of each coarser-silt layer ranges from 1.7 m to 7 m and the thin finer-silt layers are up to 0.5 m thick.
U6 is well exposed in section V, with a maximum thickness of 8.7 m.

Four samples (Table 2) are very fine sand and coarse silt with a modal value of 45–50 μm and
small amounts of fine silt and clay (Figure 11f). II-14 is slightly finer grained and contains more fine
silt and less very fine-grained sand than other samples. Two OSL samples were taken (Table 2).

Interpretation

Facies Fm reflects deposition from low-energy flows during waning-flow and channel
abandonment on the alluvial fan [54,74]. The fine grain size and lack of distinct channel structures
argue for floodplain deposits, which may have developed in an inactive part of the alluvial system
that only received sediment during overbank floods. The structureless form and carbonate nodules
suggest that the sediments were subject to weak pedogenic processes [72] on a floodplain that aggraded
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rapidly [82]. The grain-size distributions (Figure 11f) point to sediment that settled after the main
flooding event or at the terminal calm period of the flooding event in pools on the floodplain. The fine
silt may be interpreted as aeolian in origin but later reworked by the river and laid down in the
standing water of pools on the floodplain [80,83]. The integration of all these characteristics points to
floodplain processes in a low-energy fluvial system.

 

Figure 12. Sedimentary features of U6 in section IV and V, showing detailed sampling points.
The dashed lines are the boundaries of the sediment units.

4.2. Dating Results

Table 3 shows all analytical data and quartz SAR-OSL ages and K-feldspar pIRIR290 ages.
The dates using each mineral show a relatively close grouping, without an apparent upward age trend
(Table 3, Figure 13c).

For quartz SAR-OSL ages, the samples (XX-II-1, XX-C600, and XX-C490) in unit 2 were dated to
around 78 ka, 86 ka, and 81 ka, respectively (Table 3). Samples XX-C200, XX-II-2, and XX-V-1 in unit
3, were dated to around 83 ka, 74 ka, and 83 ka, respectively (Table 3). Samples XX-II-3 from planar
cross-bedded sand in unit 4 and XX-B100 from a sand layer in unit 5 were dated to around 89 ka and
87 ka, respectively (Table 3). Samples XX-A90 and XX-A220 in unit 6 were dated to around 72 ka and
92 ka, respectively (Table 3). The quartz SAR-OSL ages may be underestimated because the credible
upper limit of an equivalent dose is ~200 Gy [84–86]. All samples calculated from quartz-De values are
more than 200 Gy (Table 3), and therefore, exercising prudence, these should be regarded as minimum
ages. In summary, the quartz SAR-OSL ages demonstrate that these samples are older than 72 ka.
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For K-feldspar pIRIR290 ages, the samples XX-II-1, XX-V-1, XX-II-2, XX-II-3, XX-A220,
and XX-A90 were dated to 133 ± 7 ka, 133 ± 7 ka, 131 ± 7 ka, 134 ± 8 ka, 135 ± 10 ka, and 131 ± 7 ka,
respectively (Table 3), which suggests rapid aggradation. Samples XX-I-1 and XX-V-2 from the sand
mounds in unit 3 were dated to 143 ± 7 ka and 140 ± 8 ka, respectively, and sample XX-VI-1 from
horizontal laminated sand in unit 2 was dated to 158 ± 10 ka (Table 3). It should be mentioned that,
when a high-temperature post-IR IRSL (pIRIR) was carried out at 290 ◦C, less-fading or a non-fading
signal may be supposed, and thus accurate fading corrections are not necessary, especially for older
samples [58,62]. In summary, the K-feldspar pIRIR290 ages appear in the range of ~168 to ~124 ka.

In assessing dates that were derived using protocols for quartz and feldspar, we consider the
feldspar pIRIR dates to be reliable, and they form the basis for later interpretation. The quartz SAR
dates with De values in excess of 200 Gy provide minimum age for the samples, and they are helpful
in constraining the age of the Ping’an sections.

5. Discussion

5.1. Origin of Stacked Sand Mounds, and the Interaction of Aeolian and Alluvial Process

Standing vegetation is able to slow sediment transport by hindering the flow in channels and
overbank areas [87–91] and similarly decreasing the wind velocity. Downflow movement of sediment
combined with in situ accumulation of organic material forms mounds around plants [79], and the
local presence of root traces in the sections (Figures 5 and 10b) supports a link to vegetation. The nature
of the nucleating vegetation is unclear, but the plants were probably thin shrubs or clumps of grass
and herbaceous vegetation, based on the lack of several features (scour hollows with centroclinal cross
strata, decay-related hollows with downturned beds, and stump casts [79,92]), which are commonly
associated with thicker and stronger plants. This interpretation of the kind of vegetation matches
palynological results at nearby sites on a terrace that might correlate with the studied sand-pit, around
10 km to the south, which shows herbaceous plants dominated by Artemisia and Chenopodiaceae growing
in valleys [93].

Grain-size analysis provides important evidence for discriminating between fluvial and aeolian
processes as agents responsible for the formation of the mounds. The grain-size distributions of all
samples from different mounds and from sediments at different locations in a single mound are very
similar, containing significant amounts of well-sorted very fine sand and coarse silt with modal values
of 63–71 μm (Figure 11a). The low modal values and narrow grain-size range support accumulation
by aeolian processes. Supporting sedimentological evidence for an aeolian origin includes the planar
base of the mounds (Figure 7) and their mainly symmetric form.

The identification of vegetation-induced structures in deposits that largely lack preserved
vegetation has important implications for the depositional setting, as does the interpretation of aeolian
activity in their formation. The stacking of sandy mounds onlapped by finer sediment suggests that
accumulation of water-laid deposits alternated with periods of aeolian reworking. Raindrop imprints
and desiccation cracks (Figure 9d,e) also indicate temporary subaerial exposure on the alluvial fan.
Sufficient time was available between inundation events for vegetation to become established, and the
abundance of mounds suggests that the fan was well vegetated at times, although the plants were
probably modest in scale. Stacked mounds with more than 2 m of sediment in aggregate suggest a
rapid aggradation of sediment during the life of a single plant or group of plants on the fan.

During dry periods or seasons, the wind reworked the exposed alluvial material transported
onto the fan. Under the effect of plants, the wind slowed and the material was redeposited, forming
mounds as shrub-coppice dunes. The mounds were dated at a roughly similar age of ~143–131 ka.
The mounds thus developed from aeolian processes over a short period, alternating with alluvial
deposition, at the transition from marine isotope stage (MIS) 6 to MIS 5.

Most mound sediments are composed of two major components, fine silt (mode at 7~10 μm) and
very fine sand or coarse silt (mode at 56~71 μm). These may reflect two typical aeolian components [80]
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that were reworked but preserve their original grain-size [83]. The finest silt component in all samples
can be viewed as dust transported in high-level suspension clouds, as in westerlies over a long
distance [94–96]. The coarse component can be regarded as derived from low-level suspension
during spring-summer dust storms from proximal sources, for instance, dry interfluves or river
terraces [5,26,83,97]. Combining the evidence from sedimentary structures and grain size, the deposits
record the interaction of aeolian and alluvial processes on the fan, with wind action reworking local
alluvial sediment and additions from distantly derived suspension clouds.

5.2. Alluvial-Fan Process and Links to Autogenic Models and Exterior Controls (Climate and Tectonics)

The upward-fining succession at Ping’an (Figure 13b) from a high-energy (gravel sheet of unit 1)
to a low-energy facies association (sands and muds of units 2–5, with minor gravel), capped by a
floodplain facies association (unit 6 muds), is attributed to deposition on a stream-dominated alluvial
fan. Eastward fining in parts of the succession, along with paleoflow information from imbrication and
the orientation of channel bodies, indicates sediment transport from the exit point of the Xiao gorge
into the Ping’an depression. The complex intercalation of gravel, sand, and mud bodies; the rapid
lateral fining; and the steep upper contact of unit 1 accord well with deposition on an alluvial fan,
rather than deposition on the alluvial plain of the Huangshui river. In view of the transport direction,
the fan succession is interpreted as a deposit of the mainstem Huangshui river, rather than a tributary
valley. The units are conformable, and the succession is most simply interpreted as the product of a
single alluvial-fan lobe (Figure 13a).

Many features of the Ping’an succession may be explained by an autogenic model for fan evolution
in a situation of rapid sediment supply and buildup. Channel patterns in alluvial settings are mainly
dependent on water discharge, sediment load, and basin slope [54], and these parameters change
intrinsically as fans develop.

The succession is interpreted here in accord with this model (Figure 13a). As lobe 1 began to
develop, the relatively steep slope of the alluvial fan led to high competency and deposition from
the upper flow regime, laying down clast-supported, planar cross-stratified, and crudely horizontally
stratified gravel of unit 1 (facies association 1). As accumulation proceeded, the slope gradually
decreased. As the lobe built up vertically and extended downflow through time, the river exhibited
a lower energy and transported finer sediment in repeated flood pulses, with occasional gravel
from flash flooding (facies association 2). Streamflow was poorly confined on the fan, causing a
decrease in capacity and velocity, and lenticular gravels were deposited in minor, shallow channels of
a braided style. Rapid aggradation of the sediment sequence in units 2 to 5, as shown by the mound
accumulations and thick fine-grained flood beds, was temporarily interrupted by weak pedogenesis of
the deposits. As the elevation of the lobe increased, only the highest magnitude floods would have
deposited sediment on the top of the succession. River incision and diversion would have transferred
deposition to a successor lobe 2 (Figure 13a), leaving lobe 1 inactive.

This simplified model is subject to several caveats. The abrupt change from unit 1 gravel to finer
sediment implies a sudden change in transport conditions. River incision and lobe abandonment may
have commenced after the deposition of unit 5 (facies association 2), and the floodplain succession of
facies association 3 may reflect flooding that topped lobe 1 as lobe 2 or lobe 3 built in elevation.
Scouring along some surfaces (e.g., unit 1/2 contact), upward fining in several units, and the
pronounced lateral facies change in unit 4 indicate that accumulation involved a series of events,
and it is possible that the succession includes deposits of several superimposed or overlapping
fans. These influenced the supply of water and sediment to the fan and were superimposed on the
progressive growth of the fan lobe. The topmost part of unit 6 has been eroded, and it is not known
whether a more mature paleosol or other evidence of a hiatus was originally present.
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Figure 13. Model for alluvial fan development at Ping’an: (a) framework of sediment supply from
the Xiao gorge exit, rapid accumulation, and intrinsic fan evolution as a result of lobe elevation and
switching; (b) summary of the fan succession; and (c) correlation of OSL dates with marine isotope
stages [98].

The studied sediment sequence started with high-energy alluvial gravels of unit 1, the top of which,
in the western part of the pit, is 26 m above the flood plain of the Huangshui River. This unit may relate to
terraces at 26 m above the floodplain upstream, at the west end of the Xiao gorge in the Xining basin [45,48],
and downstream of the pit in the Ping’an depression [99]. Before the studied fan sequence was deposited,
several higher terraces formed in the Ping’an depression [99]. The presence of these terraces indicates that
the Xiao gorge had been cut and depressions upstream and downstream of the gorge (Xining and Ping’an
respectively, Figure 1a) had been connected by Huangshui River before the fan began to form. These lines
of evidence suggest that the start of alluvial fan deposition was a response to the uplift of Xiao gorge as a
result of reactivation of the fault at the boundary of the gorge (Figure 1b), rather than a response to the
cutting of the gorge. However, the tectonic evidence needs further investigation.

Climate change is one of the major factors controlling depositional processes and played a
prominent role in the formation of Quaternary alluvial fans [31–34], affecting the sediment supply and
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(or) flow energy. The paleoclimate during Ping’an fan deposition was relatively arid, as shown by
several features: episodic deposition with periods of exposure and desiccation, frequent aeolian activity
in the reworking of fluvial sediment, and the presence of modest vegetation, which nucleated aeolian
sediments around plants that were probably shrubs and herbs. Although a few carbonate nodules are
present, they do not form prominent petrocalcic horzions that might indicate more humid conditions.

The OSL ages provide some constraint on the timing of deposition, in relation to climatic rhythms.
Based on the principles laid out above, the quartz OSL dates are underestimated, and the feldspar
pIRIR290 dates are considered to provide a more reliable age. The dates are closely grouped without
a clear upward stratigraphic trend (Figure 13c), and this may imply rapid deposition of the fan
succession. As shown in Figure 13c, the feldspar dates with error ranges bracket Marine Isotope Stage
(MIS) 6 and the transition to MIS 5. A reasonable interpretation of the dates is that the fan succession
reflects rapid aggradation during the penultimate glacial (MIS 6) (units 1–5) and/or during the last
interglacial (MIS 5), slowing down during stage 5 (unit 6). The fine-grained topmost floodplain beds
may have been deposited at the beginning of the interglacial period (MIS 5). We speculate that during
the next warm-cold transition (MIS 5 to 4), the temperature dropped and, with decreasing vegetation,
lower evapotranspiration, and higher amounts of surface runoff [16,19], the river started to incise,
and could no longer reach the fan surface. Thus, although some climatic response cannot be excluded,
altogether, this succession is inferred to represent intrinsic fan evolution.

6. Conclusions

Based on sedimentary architecture, structures, and grain-size analysis, an alluvial-fan succession
at Ping’an in the Xining basin shows the distinctive evolution of sediment processes and the
environment. Three facies associations are recognized in upward succession: (1) a high-energy
association with matrix- to clast-supported, disorganized, and organized gravel sheets, interpreted
as highly concentrated streamflow deposits; (2) a low-energy association with laminated sand and
interbedded laminated silt and sand, with vertically stacked sand mounds and dispersed gravel lenses,
interpreted as braided-stream and sheet-flood deposits; and (3) a floodplain association composed
of massive silt with incipient palaeosols, interpreted as the result of settling from floodwaters and
weak pedogenesis. Vertically stacked mounds with form-concordant bedding are vegetation-induced
sedimentary structures formed around in situ vegetation. Their grain-size distributions indicate that
the mounds were the result of aeolian reworking of fluvial sediment.

Sediments were supplied from the west, from the Xiao gorge on the Huangshui River, forming a
streamflow-dominated alluvial-fan system where the valley was locally enlarged. Based on sedimentary
evidence and tightly grouped OSL ages, the Ping’an sediment sequence records rapid aggradation, with
large volumes of fine detritus that were reworked by aeolian processes from fluvial sources. The succession
yielded OSL dates of ~168–124 ka based on feldspar pIRIR290 protocol, and the site was located in the
semi-arid NETP during the transition from MIS 6 to 5, from the penultimate glacial to the last interglacial.
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Abstract: External impact on the development of fluvial systems is generally exerted by changes
in sea level, climate and tectonic movements. In this study, it is shown that a regional to local
differentiation of fluvial response may be caused by semi-direct effects of climate change and tectonic
movement; for example, vegetation cover, frozen soil, snow cover and longitudinal gradient. Such
semi-direct effects may be responsible for specific fluvial activity resulting in specific drainage
patterns, sedimentation series and erosion–accumulation rates. These conclusions are exemplified
by the study of the fluvial archives of the Tis(z)a catchment in the Pannonian Basin in Hungary
and Serbia from the middle of the last glacial to the Pleistocene–Holocene transition. Previous
investigations in that catchment are supplemented here by new geomorphological–sedimentological
data and OSL-dating. Specific characteristics of this catchment in comparison with other regions
are the preponderance of meandering systems during the last glacial and the presence of very large
meanders in given time intervals.

Keywords: Tisza; Tisa; Pannonian Basin; fluvial evolution; terrace development; tectonic impact;
local conditions; last glacial; OSL-dating

1. Introduction

The impact of climate on fluvial activity and subsequent drainage patterns has long been
recognized [1–3] in addition to other external forcing factors, such as tectonic movements, base-level
changes and anthropogenic activity. The traditional correspondence between glacial–interglacial
cycles and fluvial evolution has been modified over the last few decades, focusing particularly on the
important fluvial morphological changes occurring at climate transitions, originally in temperate to
periglacial environments [4–6], and later slightly adapted by the same and other authors [7–9] and
confirmed by many field cases (e.g., [10] and references therein). Meanwhile, the timing of considerable
changes of fluvial evolution at climatic transitions has also been recognized in other climatic zones,
such as the monsoonal environment, for instance in China [11,12] and Australia [13]. It has been
called a model of non-linearity as the fluvial action is influenced by the delayed effect of vegetation
development with regard to the climatic change driver.
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However, progressive fluvial research has demonstrated that the general validity of the climatically
driven, non-linear fluvial model may also need some adaptation in specific climate circumstances,
e.g., in glacial [14–16] and arctic environments [17,18], Mediterranean environments [19,20] and tropical
conditions [21]. Often, external variables, climate and tectonic movements, may play indirect roles.
Such semi-direct climate influences are, for example, the development of specific vegetation cover,
the degradation of thick snow cover and glacier ice or the presence of frozen ground. Similarly, climate
may have a direct impact on the power supplied by the water flow characteristics that determine fluvial
discharge, but also indirectly on the sediment delivery to the drainage system (by way of vegetation).
Also, the morpho-structural framework and topography, as indirectly imposed by the tectonic setting,
give a characteristic identity to the catchment [15,16,22,23]. In particular, the energy of the fluvial system
is determined by the river gradient, which consequently represents a most influential factor in the eroding
or accumulating character of a river. In addition, several studies consider the complexity of climate cycles
with weakly expressed interstadials or stadials [24,25] or climatic episodes of short duration that hindered
rivers crossing thresholds [26–28]. Finally, the ultimate morphological result of river action is determined
by its preservation potential as an expression of the river’s intrinsic evolution [9,26,29].

The present study concerns the Tisza catchment in the Pannonian (Carpathian) Basin of Hungary
and Serbia (“Tisa” in Serbian, Romanian and Ukrainian; “Tisza” in Hungarian) (Figure 1), for which
different phases of evolution are identified and dated. Some years ago, the first results were published
for the middle Tisza in Hungary [30] and for the lower Tisa in Serbia [31]. We compare and extend
that research in an adjacent area to the north in the middle Tisza and further downstream in the
lower Tisa. This paper aims to illustrate the effects of a specific climatic and topographical setting
on fluvial morphological development, namely that of temperate continental climate conditions,
in contrast to previous studies, which generally dealt with more oceanic conditions. In addition,
a low-relief and thus low-energy topography is considered. This means, with regard to vegetation
cover, that a more steppic environment rather than tundra is involved and, with regard to topography,
that a low bedload–suspension load ratio is characteristic of this catchment due to its low gradient.

Figure 1. Location map of the Tis(z)a catchment in Hungary and Serbia.
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2. Study Region and Previous Research

The Tis(z)a is a major tributary of the Danube, starting its course from the Eastern Carpathian
Mountains in Romania, flowing through Ukraine and arriving in the Pannonian Basin in Hungary
(middle Tisza) and finally in Serbia (lower Tisa), which is the lowest part of the Basin [32,33]. Both the
Danube and Tis(z)a formed their valleys in thick Quaternary basin deposits. Their wide floodplains
show an intriguing pattern of successive meandering systems and impressive fluvial deposits from the
last glacial and Holocene, extensively described previously [30,34–36].

In comparison with the periglacial-temperate regions further north, the environmental setting
in the loess-covered Tisza catchment differed in a few aspects during the late Weichselian. Firstly,
the vegetation cover was less dramatically reduced; probably a steppic cover including some persistent
tree refugia, in contrast to the bare tundra landscape in the northern coversand regions [37,38].
Secondly, the climate was more continental, with colder winters, warmer summers and less
precipitation [39]. Thirdly, the study region coincides with the marginal zone of permafrost at the end
of the last glacial, in contrast to NW Europe, which was invariably within the permafrost belt [40,41].

Structurally, the Tisza catchment is situated in the Pannonian basin, a zone of considerable tectonic
subsidence [42–44]. On average, the longitudinal gradients in the drainage system of the tectonic basin
are very low, from c. 1.86 cm/km in the lower Tisa to 5–10 cm/km in SE Hungary and to 15 cm/km
in central–northern Hungary, leading almost entirely to suspension transport currently [30,31,35].
The evolution of the drainage system was obviously determined by the particular tectonic subsidence
pattern during the Pleistocene. In addition, this tectonic impact was supplemented by evident climatic
overprints [30,35,36,45–47].

3. Methods

Following the original research set-up applied by Kasse et al. [30], information on the sedimentary
architecture was acquired by topographic (DEM) analysis and field investigations, mainly consisting
of transects across the present floodplain using hand-drill data and a few geoelectric sections.
Detailed coring enabled the reconstruction of the precise geometry of former, now abandoned
channels. A semi-closed gouge and suction-tube corer were used in the water-saturated sediments.
Drill coring was supplemented with exposure data from sand or clay exploitation pits. Apart from
palynological analyses [30], sedimentological analysis involved grain-size measurements by laser
diffraction. The preparation method of the grain-size analyses involved, for instance, the removal
of calcium carbonate and organic material by adding HCl and H2O2, respectively [48]. It initiated,
amongst others, a clay–silt boundary at 8 μm, which we apply here.

Our previous work in the Tisza basin demonstrated the complexity of interpreting chronologies
derived from radiocarbon dating because of the possible and uncertain degree of reworking [30].
The present project therefore explores the possibilities of luminescence dating. Luminescence research
in the Hungarian fluvial domain has been summarised previously [36]. The first results in the Serbian
domain focused on the methodology (involving infrared stimulated luminescence—IRSL—signals
from K-feldspar) that was used for dating a sequence of aeolian and fluvial deposits as exposed in the
sandpit at Mužlja [49].

In this study, four additional optically stimulated luminescence (OSL) samples were collected
from a sequence of floodplain deposits exposed at a section at Zrenjanin, of which three could be dated
using OSL signals from fine-sand sized (63–90 μm) grains of quartz. These samples were prepared
in the usual manner (HCl, H2O2, sieving, density separation, HF) and mounted on the inner 8 mm
of 9.7 mm stainless steel discs using silicon oil as adhesive. Luminescence measurements were made
using automated Risø readers (Risø National Laboratory, Roskilde, Denmark) equipped with blue
(470 nm) and IR (870 or 875 nm) LEDs; all luminescence signals were detected through a 7.5 mm thick
Hoya U-340 filter (details of the luminescence equipment can be found in Bøtter-Jensen et al. [50] and
Lapp et al. [51]). The purity of the quartz grains was confirmed by an OSL IR depletion ratio consistent
with 1.0 ± 0.1 [52]. Equivalent dose (De) determination was carried out using the single-aliquot
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regenerative-dose (SAR) protocol [53,54]. Optical stimulation with blue diodes was undertaken for
38 s at 125 ◦C. The initial 0.31 s of the decay curve, minus a background evaluated from the 0.31–1.08 s
interval, was used in the calculations. The measurement of the test-dose signal was preceded by
a reduction in heat (cut-heat) to 160 ◦C and followed by a high-temperature cleanout by stimulation
with the blue diodes for 38 s at 280 ◦C. Des were calculated from the flat 160–260 ◦C region in a plot
of De versus preheat temperature (“preheat plateau”; the duration of the preheat was 10 s). For one
of the samples, the dependence of the measured dose on preheat temperature was also investigated
through a dose recovery test [54]. Natural aliquots were bleached using the blue LEDs at room
temperature (two times 250 s, with a 10 ks pause between), given a dose close to the estimated De,
and measured using the SAR protocol as outlined above. Three aliquots were measured at each of
seven different preheat temperatures in the range of 160–280 ◦C. For all samples, a dose recovery test
was also performed for a preheat of 220 ◦C only, but using a higher cut-heat to 200 ◦C. Low-level
high-resolution gamma-ray spectrometry was used for the determination of the natural dose rate
(see [55,56] for details). For this, the sediment collected around the OSL tubes was dried at 110 ◦C (until
at a constant weight), homogenized and pulverized. A subsample of typically ~140 g was then cast in
wax [57] and stored for one month before being measured. The radionuclide activities were converted
to dose rates using tabulated conversion factors [58]. Based on Mejdahl [59] and Aitken [60], a factor
of 0.9 (±5% relative uncertainty) was adopted to correct the external beta dose rates for the effects
of attenuation and etching. An internal dose rate of 0.013 ± 0.003 Gy ka−1 was assumed [61]. Dose
rates were corrected for the effect of moisture, assuming a time-averaged moisture content of 20 ± 5%.
The contribution from cosmic rays was calculated [62]. Uncertainties on the luminescence ages were
calculated following the error assessment system proposed by Aitken [63,64], using contributions from
quantified systematic sources of uncertainty [56,65].

4. New Results

4.1. Middle Tisza (NE Hungary)

We complete the former description of the middle Tisza system [30] by adding the sedimentology
and morphology of a large meander further upstream near Tiszacsege (Figures 2 and 3). That meander,
belonging to system 3b (see below), together with a few neighbouring meanders of similar size
(e.g., at Ujszentmargita; Figure 3), is eroded into the sediments of the previous meandering system 1
comprising, for instance, the Meggyes meander (Figures 2 and 3). A detailed drilling section along the
axis of the Tiszacsege meander bend shows the development and appearance of a typical meander
bend. It consists morphologically of a series of ridges and swales and an outer deep abandoned
channel (Figure 3). The latter channel marks the final stage of that meander development before it was
cut off. The entire area is covered with a veneer of clayey silt, often consisting of alternating laminae of
sandy silt and clay, interpreted as flood sediment from the contemporaneous and/or younger river.
The top of the ridges may be up to 3 m higher than the swales in between. They consist of vertical
sets of weakly laminated, fining-upwards sediment sequences from coarse (gravelly) to fine silty
sands (Figure 4), with each individual set reaching a maximum thickness (when not eroded) of 2–3 m.
The depressions between them show a similar sediment sequence, except that the upper clayey–silty
cover is generally thicker than on top of the ridges, which means that the topography predating the
ultimate flooding of the areas was even more pronounced than it is at present. From the morphology,
sedimentology and position within the meander bend, these forms and sediments are obviously
interpreted as a series of (high) scroll bars (point bars) leaving a depression successively between
each of them and its neighbours. The youngest channel of the system is filled, after abandonment,
with up to 15 m of similar fine-grained sediment as the upper flood sediment that covers the point
bars, but more humic and containing molluscs. The pollen diagram of Tiszacsege is located at the
maximum curvature of this abandoned channel; it starts in the final phase of the Pleniglacial [30].
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Figure 2. (A) Morphological map of the middle Tisza area. H: Hortobagy system; E: aeolian forms
(yellow); 1–4: fluvial systems (see text); 3a-b-c: Berekfurdo (B), Kunmadaras (K), Tiszaörs (T) meanders
in the lower left corner (from Mol et al. [10]); S: Sajo alluvial fan; W-E section, see B; (B) topographic
W-E section through the Hortobagy plain (white color in A), including the old Kadarcs system, and the
Meggyes meander (system 1 of the younger valley belt).
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Figure 3. (A) Orthophoto of the study area in the middle Tisza (location see Figure 1). (B) Photo shows
the swale and ridge topography in the meander bend of Tiszacsege.
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Pointbar Sediments Abandoned-meander Fill 

  

Figure 4. Typical grain-size distributions of point bar, flood and channel fill sediments of the Tiszacsege
meander (middle Tisza). The left diagram shows a representative grain-size evolution in one individual
point bar (at depths of 6.50, 5.20, 4.60 and 3.80 m). The right diagram shows the grain-size distribution
in the centre of the last abandoned channel of max. 15.5 m depth (flood sediment from the upper 2 m,
channel fill at c. 8 m depth).

Detailed grain-size information from the point-bar series and the channel fill is represented in
Figure 4. An upward decreasing grain size typifies the sands of point bars [66]. The upper flood
sediments generally contain a fraction with a mode around 40 μm (the red (top sediment) curve in
the left diagram of Figure 4), which is the typical mode for loess deposits in this region [67,68], thus
easily interpreted as reworked (alluvial) loess deposits [69]. In addition, the flood sediment often also
contains a sand fraction (most obvious in the right panel of Figure 4) indicating some flow on top
of the previous floodplain [69,70]. The channel fill shows a clear bimodality (Figure 4, right panel):
one fraction is a fine silt of c. 19 μm, corresponding with the fine component in the regional loess
cover [67,68] and preferentially settled in the standing water of the abandoned meander, in contrast to
the coarser-grained silt (40 μm) which is dominant in the flood sediments; the second fraction is a clay
(c. 2 μm) which can only be deposited by settling in standing water (‘lacustro-aeolian loess’ [69]).

4.2. Lower Tisa (Serbia)

The former morpho-sedimentary research [31] is extended here by additional field and laboratory
investigations. Three sections approximately perpendicular to the present Tisa River were investigated
mainly by hand drilling supplemented with some exposures [71]. A series of meander systems may
be distinguished, sharply dissecting the Titel plateau in the west (at 110–130 m a.s.l.) and the Tamiš
plateau in the east (at >82 m a.s.l.), both consisting of Late Pleistocene loess [68,72–74]. The Zrenjanin
section is the most representative, crossing three terrace levels (location Figure 5). As in the case of
the middle Tisza, the different systems were distinguished by elevation and are separated by distinct
erosive meander scarps.

The oldest fluvial series, mainly consisting of large meanders, may be subdivided into systems
(1), (3a) and (3b), all situated approximately at the same elevation of c. 79–81 m a.s.l.; a system (3c)
slightly lower at 78–79 m a.s.l.; and a youngest one a few metres lower (system 3d at c. 75 m a.s.l.).
Clearly separated from these series of large meanders is a series of small meanders (system 4), which
are not further subdivided, at 72–75 m a.s.l. elevation (Figure 5).
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Figure 5. Morphological map of the study area in the lower Tisa comprising the terrace systems 1,
3 and 4 incised in the loess plateaus at both sides of the river. The system (2) braided pattern from
Hungary (level B, unit 2) is absent here. The squares indicate the locations of the exposures at Zrenjanin
and Mužlja. Height scale in m a.s.l.

In general, each terrace level shows the same morpho-sedimentary expression as in the Tiszacsege
meander described above. Morphologically, there is a clear succession of ridges and depressions,
interpreted as point bars and inter-bar swales, respectively. Both are covered by a sheet of clayey flood
sediments. somewhat thicker than their equivalents in the middle Tisza (1.5 to 3.5 m). The underlying
point-bar facies consist of individual sets of 1 to 3 m thick fining-upward sediment ending at their
top in gyttja or clay (in the middle Tisza, these very fine capping sediments are missing, except in the
abandoned channels) and occasionally containing shell debris and coarse sand grains at the bottom.
They are interrupted by channels to a depth of 12 m, often at the outer edge of a terrace level. Following
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abandonment, the latter channels have been filled mainly with similar fine-grained sediments as the
flood cover, i.e., (clayey) silt or fine sand at the base covered by (humic) silt-clay with sand laminae and
ultimately clay–silt without sand. The lowest fill-sediments may occasionally contain poorly sorted
sand beds.

An exposure at Zrenjanin (location Figure 5) enabled the detailed study and sampling of the
sedimentary structures in the 2–6.5 m thick, fine-grained sediments that occur at the top of the series in
meander system 3a (Figure 6). There is a gradual transition to the underlying sediments, which contain
more sand and were cored by hand-drilling to a depth of 10.7 m below the surface. The sediment
series is described according to sedimentary structures and grain-size composition:

• 0–2.30 m: clay-rich silt (c. 30% clay) with uniform grain-size composition, a modal size of c. 30 μm
and almost completely free of sand (Figure 7A). A chernozem soil (1 m thick) is formed at the top
while a brown-rusty soil with prismatic structure is present between 1.70 and 2.00 m (Figure 6);

• 2.30–2.80 m: a clay-silt sediment without any sand and a modal size of 10 μm, horizontal,
and finely laminated (Figures 7A and 8A). The transition to the overlying sediment is gradual
with bimodal laminae, and similarly the transition to the underlying layer is gradual;

• 2.80–5.20 m: alternating thin beds consisting of clay-rich fine-to-medium or coarse silt without
sand (350 cm in Figure 7A) and obliquely bedded silty sand layers (up to 20% sand, modal values
of 20 and 50 μm) (Figure 8A). The sand beds become thicker towards the base of this unit (ranging
from a few centimetres to a few tens of centimetres thick), showing small but clear cross-laminated
ripples pointing to a westward water flow (Figure 8B). The lower boundary of these sand beds is
mostly sharp (erosive). Calcium carbonate nodules are frequently present, as well as mica grains
on the bedding surfaces. A layer between 5.20 and 5.80 m shows a transitional grain size to the
underlying layer;

• 5.80–6.50 m: horizontal, finely laminated, silty fine sands with modal values between 55 and
80 μm (Figure 7B) alternating with silt–clay beds (a few tens of centimetres thick) with sharp upper
boundaries. Convoluted deformation at the scale of tens of centimetres resulting from liquefaction
is seen in the silt–clay beds; a periglacial origin is not obvious. Gradually changing (6.50–7.00 m)
to 7.00–8.70 m: sandy beds coarsening to >100 μm modal values with occasional coarse-sand
fractions and decreasing silt and clay content, alternating with silt–clay beds (Figure 7B);

• 8.70–10.70 m: two clearly developed fining-up sand series (Figure 7C).

 

Figure 6. Cont.
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Figure 6. Top of the section at Zrenjanin in the upper sediments of a large meander. Notice the
chernozem soil at the surface and a soil at 1.7–2.00 m depth with prismatic structure. Sampling depth
(base of exposed section) is at 6.90 m.

Figure 7. Cont.
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Figure 7. Grain-size distribution curves of the sediments in the meander system of Zrenjanin (location
in Figure 5); depths in cm below surface. (A) different facies in the exposed upper silty floodplain
sediment; (B) grain-size distributions from drilled laminated sandy–silty sediment (channel fill) at
the same location; (C) grain-size distributions from a drilled fining-upward point-bar series. q3* is
a volumetric density parameter equivalent with the distribution frequency.
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(A) (B) 

Figure 8. Sedimentary structures in the section at Zrenjanin: (A) finely laminated clay–silt (2.30–2.80 m);
(B) cross-laminated ripple bedding in fine silty sand at c. 4 m depth.

The lowest unit (8.70–10.70 m) is interpreted as a typical facies of channel and point-bar
deposits within an actively meandering system. The facies of heterogeneous, poorly sorted sands
and silts between 7.00 and 8.70 m shows characteristics of upper point-bar deposits. The upper
6.50 m fine-grained sediments are interpreted as channel fills or accumulation in the floodplain of
a meandering system that formed in between the point bars of system 3a (see below and Figure 5).

Samples for quartz-based SAR-OSL dating were taken at 5.40 m in homogeneous silt–clay,
6.10 m and 6.60 m in cross-laminated sand, and at 6.90 m in a silt–clay bed. The uppermost sample
yielded insufficient fine-sand quartz for OSL-analyses. The results for the other three samples are
summarised in Table 1. An internally consistent set of OSL-ages was obtained (33–32 ka), showing
no variation with depth. Given the depositional context of the samples and the multiple-grain mode
of analysis (see above), the results are to be interpreted as maximum ages. It has been argued,
however, that incomplete resetting is rarely a significant source of inaccuracy for the ages under
consideration [75]. A dose-response and OSL-decay (inset) curve for an aliquot of sample GLL-150803
are shown in Figure S1. To describe the dose-response curves, we used either a single or the sum
of two single saturating exponential functions. De values exhibit no systematic dependence on
preheat temperatures in the range of 160–260 ◦C (see Figure S2); across this region, recycling ratios are
generally consistent with 1.0 ± 0.1, and values for recuperation remain comfortably below 0.5% of
the sensitivity-corrected natural signal. The dose-recovery test yielded an average measured to given
dose ratio (±1 standard error) of 1.13 ± 0.03 across the 160–260 ◦C preheat temperature range (N = 18;
sample GLL-150803; Figure S3). This implies that a known laboratory dose, administered following
bleaching but prior to heating, cannot be measured to within 10% and is systematically overestimated
by about 10%. Increasing the cut-heat temperature to 20 ◦C below the preheat temperature did not
improve our ability to recover a dose; a dose recovery test using a preheat temperature of 220 ◦C
(chosen as the approximate middle of the preheat plateau) and a cut-heat to 200 ◦C yielded a value of
1.15 ± 0.05 (n = 9; three aliquots for each sample). This behaviour, and its relevance as to the accuracy
of measurements of natural doses, remains to be understood. Combining these finds with our earlier
results [49] indicates that the possibilities of OSL dating using quartz may be limited; future studies
may therefore seek to investigate the potential of K-feldspar.
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Table 1. Radionuclide concentrations used for dose rate evaluation, estimates of past water content,
calculated dose rates, Des, and calculated ages (Zrenjanin). The dose rate includes the contributions
from internal radioactivity and cosmic rays. The uncertainties mentioned with the De and dosimetry
data are random; the uncertainties on the ages are the overall uncertainties, which include the systematic
errors. All uncertainties represent 1s.

Field Code GLL Code
234Th

(Bq kg−1)

226Ra
(Bq kg−1)

210Pb
(Bq kg−1)

232Th
(Bq kg−1)

40K
(Bq kg−1)

Water Content
(%)

Dose Rate
(Gy ka−1)

De

(Gy)
Age
(ka)

ZR 6.10 GLL-150802 33 ± 3 38.5 ± 0.6 35 ± 2 44.0 ± 0.3 605 ± 4 20 ± 5 2.82 ± 0.02 92 ± 5 32 ± 3
ZR 6.60 GLL-150803 29 ± 1 31.5 ± 0.5 34 ± 2 36.6 ± 0.4 445 ± 3 20 ± 5 2.27 ± 0.02 74 ± 3 33 ± 3
ZR 6.90 GLL-150804 31 ± 2 34.7 ± 0.5 33 ± 2 42 ± 0.4 624 ± 4 20 ± 5 2.80 ± 0.03 90 ± 6 32 ± 4

The lateral erosion scar of meandering system 3d enabled the study of an exposure in the
sediments of system 3c at Mužlja (location Figure 5). This 4 m deep exposure is located only a few
meters from the section that had previously been sampled for luminescence dating [49]. The sediments
underlie a point bar of that system. In general, they are finely and horizontally laminated fine-grained
sands, occasionally silty and cross-laminated.

Below a 1 m thick Holocene chernozem soil is a fine-grained sand, in general finely and
horizontally laminated, with slightly more silty beds at 1.30–1.50 m and 1.70–1.80 m depth. Slightly
coarser sand, mica-rich with low-angle cross-lamination and containing some pebbles of mm size,
occurs at depths of 2.70–2.80 m and 3.10–3.25 m (Figure 9). The presence of a 2 cm thick, finely
laminated, clayey silt bed is striking. The origin of this 4 m sediment series is not readily obvious:
their spatial and stratigraphic position would suggest a fluvial point-bar origin, but no current
flow structures were found, and a local dune blown up from point-bar deposits is not excluded.
However, the nearby section used for the OSL-sampling (Figure 9) shows clearer channelling structures
(concave-down discontinuous boundaries, cross-lamination of dm size) and ripple cross-lamination,
thus favouring a (low-energy) fluvial interpretation of the deposits in the exposure.

Figure 9. The Mužlja section showing sediments of the meander system 3c (location Figure 5);
description of sedimentary structures and lithology, and IRSL dates from Popov et al. [49] with
x-axis in ka.
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IRSL-dating of K-feldspar provided an age of 15.3–15.6 ka for the deposition of the point bars of
that specific meander system [49] (see Figure 9).

5. Identification and Age of the Different Phases of Fluvial Evolution

As a result of the dominant regional subsidence of the Pannonian Basin, the different phases
of fluvial evolution are only weakly manifested by height differences, and no real terrace staircase
landscape was formed. Some of these phases terminated their accumulation at a similar elevation
and can only be distinguished from each other by erosional contacts or the dissection of the older
fluvial morphological patterns. An additional difficulty in the sedimentary record is that, in general,
all sediments of a specific evolution phase are covered by floodplain deposits of (a) younger phase(s)
of fluvial activity as a consequence of the subdued morphology. Finally, as previously discussed
extensively [30], both meander-fill and floodplain deposits may give radiocarbon ages that are too old
due to the reworking of older organic deposits.

Originally, the Tisza occupied a position near to the eastern margin of the Pannonian basin during
the Early–Middle Pleistocene [35]. Due to relatively more intense subsidence in the central part of the
basin, the river shifted its position during the late Pleistocene in a westward direction to its current
valley [33]. Remnants of the last drainage system before the Tisza reached its present-day valley
occur in a subparallel belt east of the present valley (Kadarcs River), occupied in the Holocene by the
Hortobagy River, and consist of a series of sinuous channels (grey shaded areas H in Figure 2).

In the Hungarian sector, the surface of the oldest part of the present valley (system 1;
meander at Meggyes, Figure 3) is—similar to the precursor of the modern Tisza—morphologically
weakly expressed due to the cover of younger vertical floodplain accretion (unit 1 and level A in
Kasse et al. [30]). Remnants of sinuous channel scars and point bars with differing orientations suggest
formation by a meandering river, as in the Kadarcs system. The humic clay with soil characteristics
at the top of this floodplain deposit yielded uncalibrated radiocarbon ages of 24.7 to 22.2 ka BP for
autochthonous organic matter (supported by dating of the alkali extract [30]). Since this alluvial
clay–soil complex (unfortunately without pollen) probably represents the ultimate phase of floodplain
deposition, we infer that the age of activity of this system was prior to that date: i.e., older than
c. 28 ka cal BP. The oldest parts of the lower Tisa valley system in the Serbian sector are only
represented by two very small areas at c. 80 m altitude (Figure 5: level 1/2). Morphologically,
this oldest level of the present-day system shows alternating parallel ridges and swales with an
indistinct or slightly curved pattern (Figure 5). No age information is available, preventing correlation
with the middle Tisza.

The next and younger phase (2) in the middle Tisza region is represented by a braid plain
consisting of straight to slightly curved ridges. The radiocarbon dates from these deposits range
from 18,010 BP (bulk detritus) to 13,560 BP (snails) [30], which means a (calibrated) age of c. 22–17 ka
(see also discussion below). This system cuts through the large meander system 1. More recently,
aeolian sands occurring on top of these fluvial deposits were dated ([36], Figure 8; slightly modified by
Novothny) at −27–21.5 ka (OSL/IRSL). System 2 has been previously interpreted as the southernmost
extension of the Sajo alluvial fan and may thus be of local, rather than general, importance [33,76].

There then follows a characteristic series of meanders (3) in a belt of the present-day Tisza valley
that is approximately at the same altitude as the oldest meanders (system 1; level C at 88–90 m a.s.l.
in the middle Tisza [30] and at c. 80 m a.s.l. in Serbia) and the braided system 2. The morphology
is characterized by well-developed point bars with ridge-and-swale topography and clear sinuous
erosive scars, pointing to lateral migration which has often led to neck-cut-offs. The point bars consist of
fine sandy deposits occurring in a series of fining-upward sequences. Abandoned channels are always
filled with, occasionally humic, fine sandy to clayey silts, as in Figure 7A. Different generations (3a–d)
may be distinguished morphologically in this belt by the successive lateral erosion of previous meander
remnants and by progressively decreasing meander wave length. Lateral erosion is accompanied with
distinct channel incision, and the deepest meander channels reach considerable depth (up to 15 m).

124



Quaternary 2018, 1, 14

The correlation of remnants of meander generations is not easy, not least because of the difficulties
associated with radiocarbon dating.

Based on the relative magnitude of the meanders and their morphologically relative age,
we correlate the oldest and largest meanders of that phase (3a) in the lower and middle Tis(z)a
with each other, i.e., the meander of Zrenjanin with the meander of Berekfurdo. The meanders that
formed during that first phase have a remarkably large wavelength, although exact determination is
difficult (in the Hungarian sector it is estimated at c. 6–10 km at Berekfurdo, and in the Serbian sector
at c. 10 km at Zrenjanin); the palaeochannel is up to 600 m wide and locally more than 14 m deep at
Berekfurdo in Hungary [30] and up to 2 km wide in Serbia. There seems to be a lateral morphological
transition into a braided system (2) at Berekfurdo, which could mean that systems 2 and the terminal
part of 3a were contemporaneous. The floodplain deposits at a depth of 6 to 7 m at Zrenjanin have been
dated by OSL at 33–32 ka. The uncalibrated radiocarbon age of c. 29 ka BP for the meander fill in the
Berekfurdo channel [30] fits with the OSL dates obtained at Zrenjanin, but conflicts with younger ages
(25–22 ka) of adjacent dissected floodplain deposits (belonging to system 1 [30] and unpublished IRSL
dates for the uppermost point-bar deposits at Berekfurdo (14.3 ± 1.1 ka to 9.4 ± 2.1 ka [77]). However,
the latter point-bar deposits reflect only very weak flow, as evidenced by the dominance of clayey
flood deposits overlying very thin beds of fine sand without any pebbles (except locally derived clay
pebbles), the absence of channelling structures, but the frequent occurrence of small ripples draped
by clay; thus, they may have been rejuvenated by younger (Lateglacial) fluvial action towards the
final stage of activity of that system (see below), which would explain why their young age obviously
deviates from the older radiocarbon ages. In addition, the older ages of the Berekfurdo meander
system (3a) are also inconsistent with the younger radiocarbon age (22–17 ka cal BP; see above) of
the older or contemporaneous braided system (2) [30], although older OSL-ages (27 to 20 ka) from
braided system 2 were also obtained [36] (see above). At any rate, the different dates from Berekfurdo
remain inconsistent with each other. Rather than trying to reconcile the different age determinations,
we favour a more generalized pattern of the fluvial evolution of system 3a. It assumes continuous
activity from at least 33–32 ka until 22–17 ka when river activity slowed down (top of Berekfurdo
meander) (Table 2). At that same terminal phase of system 3a, the meandering system would seem
to have interfingered with braided system 2, which probably represents the outermost zone of the
Sajo alluvial fan (Figure 2). Continuous meandering alluviation over that long period from c. 33
to c. 17 ka may explain the occurrence of many beds dated in that interval (e.g., [36]), occurring at
different positions in the system. They may even include dated material from 25–22 ka attributed to
system 1 [30]. Moreover, transitions between a braided and meandering pattern exist at present at the
Ukrainian–Hungarian border and occurred also during the Lateglacial in the Maros river (tributary
of the Tisa near to the Hungarian–Serbian border) [78]. The advantage of this hypothesis of fluvial
evolution is that we can assemble in a single framework all absolute dates (radiocarbon and OSL) from
the two regions within their error bars.

Table 2. Summary of the fluvial systems 1 to 3d, and their periods of activity in the Tis(z)a River.

Fluvial Phase Fluvial Systems with Type-Sites Periods of Activity

3d Meanders W of Mužlja (lower Tisa) Late Glacial
3c Meanders of Tiszaörs (middle Tisza)—Mužlja (lower Tisa) 15.6 ka to start of Younger Dryas
3b Meanders of Kunmadaras (middle Tisza) 19–17 ka
3a Meanders of Zrenjanin (lower Tisa)—Berekfurdo (middle Tisza) From c. 33 to 17 ka
2 ‘Sajo alluvial fan’—braided c. (27–)22–17 ka
1 Large meanders of Meggyes >28 ka

A subsequent younger phase (3b) within this system of meanders clearly dissects the meanders
of phase 3a. It has distinctly smaller wavelengths than the previous generation 3a, in the range of
4–5 km at Kunmadaras. In the lower Tisa, the oldest phase eroding the Zrenjanin terrace is represented
by a terrace remnant of very limited extent W of Zrenjanin. The radiocarbon age of the Kunmadaras

125



Quaternary 2018, 1, 14

system is 19.26–16.25 ka BP, as derived from the meander fill, but 15.26–13.56 ka BP for adjacent
sediments (c. 19–17 ka after calibration). It has been suggested that the ages of the meander fill
are probably a few thousand years too old [30]. The Tiszacsege meander and a series of meanders
nearby (of comparable size) may correspond with the Kunmadaras meander; the pollen diagram
Tiszacsege (discussed by Kasse et al. [30]) shows the fill of a meander scar that started at the final part
of the Pleniglacial). Fills of large meanders, radiocarbon-dated between 25 and 20 ka, were previously
reported [34,36,79] in the neighbourhood of Polgar at c. 50 km north of our study area. They could be
correlated with phase 3a or 3b.

The next, third phase (3c) has smaller meander wavelengths but still occurs at the same
topographic level. It is IRSL-dated for the upper point-bar series at Mužlja, giving an age of
15.6–15.3 ka [49] (Figure 9), which is definitely younger than the Kunmadaras terrace. It may
correspond with the Tiszaörs meander (wavelength 3–4 km) of the middle Tisza which is
radiocarbon-dated between 17.9 and 13.8 ka BP using detritus from within point-bar deposits [30].
However, the pollen diagram of the meander fill at Tiszaörs shows that infill started only in the final
part of the Lateglacial [30], which is certainly much younger than the Tiszacsege meander (system 3b).
We assume that the meander may have been active from the end of the Pleniglacial until the Lateglacial
after which the pollen registration started and thus—accepting the radiocarbon ages—we correlate the
Tiszaörs meander with the Muzlja terrace. The period between 17 and 14 ka was a very dry interval
that led to reduced vegetation and river activity [34,65,80].

In the lower Tisa, the next terrace system W of Mužlja (3d) occurs some 2 m lower (at c. 75 m
elevation) than the previous one at Mužlja (3c). The meander size seems again to be somewhat reduced
in comparison with the previous phase. It is not recognized in the study region of the middle Tisza.
Taking into account the age of the Mužlja terrace, we infer a Lateglacial age for system 3d (Table 2).

A strikingly abrupt change towards the most recent phase, which dates from the Holocene, is
found in the middle Tisza. In that area, this system of small meanders (4) is separated from the next
older terrace by a sharp scarp of about 4 m. In both areas, there is a strong reduction in meander
length, channel depth and width (which decreased to 500–400 m) and lateral and vertical erosion of
the system. It persisted until pre-modern time, i.e., until human intervention.

Table 2 summarizes the different systems in the present valley belt with their derived ages.
The most striking features are the clear phase of incision slightly prior to 33 ka, followed by a rather
long period of alluviation in a system of very large meanders (system 3a). This system persisted until
c. 17 ka, followed by relatively rapid (relative) decrease of meander size in several stages 3b–d ending
in the Lateglacial. A sharp decrease of meander size occurred at the transition to the Holocene.

6. Discussion

6.1. General Characteristics of the Middle and Lower Tis(z)a River Systems

The general fluvial pattern is that of a dominantly meandering system in which accumulation and
erosion seem to have alternated. The subsidence of the Pannonian Basin led to low river gradients and
thus to generally low-energy conditions that favoured a meandering river pattern. The accumulative
activity is interrupted once by the deep erosion of the meanders just before system 3a (Berekfurdo,
Tiszaszege). Its age could not be established precisely but is estimated to be shortly before 33 ka. Similar
to but possibly slightly earlier than in more northern regions [10], the onset of frozen-ground conditions
and the delayed response of deteriorating vegetation cover in the Pannonian Basin may have induced
considerable erosion before system 3 alluviation, leading to increased runoff with a still low sediment
supply [8]. At the time of degradation of frozen soils (towards the end of the Weichselian and/or
the transition to the Holocene) and subsequent increase of soil permeability, the runoff decreased,
and meanders reduced their dimensions due to lower and more steady discharges [80].

The oldest recorded systems in the present-day valley belt (systems 1 and 3a) date from the end of
the Weichselian Middle Pleniglacial and show meandering patterns that are relatively large compared to
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later patterns [30,33]. Because of a relatively thick cover of fine-grained flood-sediment, it is not possible
to determine precise form parameters such as wavelength or curvature radius. A rough estimate of that
system is between 6 and 10 km in wavelength. Postdating the meanders at Berekfurdo and Zrenjanin
(3a), the size of the meanders decreased successively in the meander systems from 3b to 3c in the middle
Tisza (Kunmadaras and Tiszaörs meanders). In the lower Tisa, this evolution from 3b to 3d is less distinct,
as the preserved terrace remnants are too small to be measured (meanders W of Mužlja). In contrast,
the Holocene meanders in both regions are considerably smaller than all pre-Holocene systems. This fact
is very common in many river systems ([10,81,82] and references therein).

Comparable large meanders have been described from the Russian Plain and mid-Russian
Uplands [83–85], as exemplified by the Late Valdaian (~Weichselian) Seim river with meander
wavelengths of 5 to 6 km, an amplitude of 4 km and channel widths 15 times the recent ones [83].
In that river, the elevation difference between the highest levels and deepest point of the palaeo-channel
amounts to 14 m. In that same river valley in the southern Russian Plain, younger meanders with
Lateglacial valley fills show a reduction of the wavelength to 1.3 km, while the Holocene meander
dimensions decreased considerably [84]. That Holocene size reduction is absent in the northeastern
Russian Plain, which is still in the modern permafrost zone [83].

Explaining the large meander sizes requires consideration of the specific energy conditions in
the fluvial systems during the Middle Pleniglacial (~MIS 3) and early Late Pleniglacial (~MIS 2).
The available energy for meander development is especially determined by the discharge and the river
gradient [26,86] as applied for the Tisza by Petrovszki et al. [87]. Due to the geographical position
of the Tis(z)a within the Pannonian Basin, river slopes are very low (see below). With respect to the
runoff in this region, it may further be assumed that in a continental environment, the soils were frozen
and thus impervious, at least for a considerable part of the year, but especially after the relatively cold
winters [2,28]. These conditions may have been present in the Middle Pleniglacial and even more
pronounced during the Late Pleniglacial when this region was situated at the margins of sporadic
to discontinuous permafrost [40,41]. In addition, peak discharges may have increased due to the
thaw of glacier ice in the Carpathians, feeding the Tisza catchment. Also, the rapid and spatially
extensive thaw of snow cover in the low-relief setting of the Hungarian Plain may have contributed
to high discharges in spring, as they have been, e.g., up to eight times larger at that time than at
present in the Russian Plain [83,84]. In the Russian systems, frozen-soil conditions were probably even
harsher than in western regions, while the topography was subdued in an environment of thermokarst
depressions [85].

Furthermore, it is striking that in the Serbian Tisa and the Russian systems, no braided-river
patterns are present during the Late Pleniglacial. Also, in the middle Tisza, a braided system was
only occasionally present (see below). This contrasts with most river systems in other West European
cold-temperate regions [10,22,88] (more examples in Kasse et al. [30], p. 192). Although the impact
of frozen soil may have been similar in both regions during that period, the river gradients in West
Europe were generally higher, even in lowlands (e.g., 0.2–0.3 m.km−1 and c. 0.15 m.km−1 for the lower
Maas river and the middle Warta river in Poland, respectively [81], versus 0.02–0.15 m.km−1 for the
Tisza river). In addition, braided development requires, in general, a relatively high sedimentation
bedload which is favoured by the absence of vegetation. As the tundra vegetation in West Europe was
more sparsely developed, in contrast with the well-developed steppe or even forest-steppic vegetation
in central and eastern Europe, it is logical to assume less bedload sediment supply to the rivers in
the latter regions. A relatively denser vegetation cover, together with the very low river gradients,
may thus explain the absent tendency for braiding pattern development in those regions during the
Late Pleniglacial.

6.2. Intercomparison between the Middle and Lower Tis(z)a

The general characteristics of stream patterns towards the end of the Lateglacial and the transition
to the Holocene are similar in both the middle and lower Tis(z)a in Hungary and Serbia. Despite the

127



Quaternary 2018, 1, 14

difficulties in absolute dating of individual systems and the discontinuous nature of fluvial deposition,
the trends in the evolution of the Tis(z)a in Hungary and Serbia occur in a parallel manner.

There is one specific difference, however, which is the existence of a braided system (2) during
the Late Pleniglacial in the middle Tisza in contrast to the lower Tisa. This braided system in the
middle Tisza seems to be of local significance and restricted to a limited period of time. Apart from
the theoretical possibility of the later removal of braided deposits and river patterns in the lower
Tisa, the particular location of that braided system at the southern margin of the alluvial fan at the
confluence of the Sajo and Tisza Rivers should be mentioned. In addition, different energy conditions
exist in the two regions. Applying the same theories of drainage pattern development as described
above to explain the dominant meandering systems during the last glacial period, topographical
conditions may again provide a plausible explanation for the absence of a braided pattern in the lower
Tisa. Especially striking is the strongly reduced longitudinal gradient in Serbia, which at present is
1.86 cm/km [31], when compared to the gradient in the middle Tisza of 15 cm/km in central to north
Hungary [30], gradually diminishing to 5–10 cm/km in a zone of intense subsidence in south-eastern
Hungary [35]. In contrast, it is not feasible to invoke a substantially different vegetation cover between
the latter two regions. Thus, the strongly reduced stream power in a downstream direction is supposed
to be the main reason for the persistent formation of a meandering pattern, uninterrupted by braiding,
in the lower Tisa during the Late Pleniglacial.

As a general conclusion, and as a result of the further studies of the Tis(z)a system in Hungary and
Serbia, the importance of timescale (cf. [5]) is confirmed here. In the long term, the tectonic framework
(basin development) and resulting topography have determined the available energy in this fluvial
system. At a shorter timescale, climatic conditions (including their effects on vegetation and soil
frost) have left a distinct imprint. Finally, looking at more detailed spatial and temporal scales, local
variations of topography and sediment availability may be responsible for further shaping the river
morphology [22,81] next to intrinsic variables as thresholds and delay times.

7. Conclusions

Several characteristics of fluvial development found in the continental low-relief setting of the
Tis(z)a river are identical to the cold-temperate conditions in the West-European lowlands. In this
respect, the sharp decrease in meander size at the Weichselian to Holocene transition is striking.
However, there are also a few differences, such as the near absence of braided river patterns and the
existence of exceptionally large meanders during the Weichselian Middle and Late Pleniglacial.

Previous studies have frequently stressed the importance of climate and tectonic movement as
external factors in fluvial morphological development. This study of the Tis(z)a valley illustrates
that, for a reliable understanding of fluvial evolution, the impact of climate on fluvial processes and
morphology cannot be limited to general estimates or averages but also needs to be effectively specified
in detail, for instance including the continental conditions with cold winters and relatively warm
summers in the Tis(z)a catchment and in the Russian plain. In addition, they have to be supplemented
with indirect climate variables (as vegetation, frozen soil and snow cover), while the impact of tectonic
subsidence, and its variability within one catchment as in the Tis(z)a, has to be specified in semi-direct
variables such as the longitudinal river gradient and relief intensity. This study confirms the impact of
varying conditions of climate and topography at a local and regional level on fluvial development.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-550X/1/2/14/s1.
Figure S1. Illustrative dose-response and luminescence decay curve (inset) for an aliquot of quartz grains extracted
from sample GLL-150803; Figure S2. Dependence of equivalent dose on preheat temperature; Figure S3. Ratios of
measured to given dose (dose recovery data) as a function of preheat temperature for sample GLL-150803.
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Abstract: In the tectonically stable rivers of eastern Australia, changes in response to sediment
supply and flow regime are likely driven by both regional climatic (allogenic) factors and intrinsic
(autogenic) geomorphic controls. Contentious debate has ensued as to which is the dominant
factor in the evolution of valley floors and the formation of late Quaternary terraces preserved
along many coastal streams. Preliminary chronostratigraphic data from river terraces along four
streams in subtropical Southeast Queensland (SEQ), Australia, indicate regionally synchronous
terrace abandonment between 7.5–10.8 ka. All optically stimulated luminescence ages are within
1σ error and yield a mean age of incision at 9.24 ± 0.93 ka. Limited samples of the upper parts
of the inset floodplains from three of the four streams yield near-surface ages of 600–500 years.
Terrace sediments consist of vertically accreted fine sandy silts to cohesive clays, while top stratum
of the floodplains are comprised of clay loams to fine-medium sands. The inundation frequency
of these alluvial surfaces depends on their specific valley setting. In narrow valley settings, where
floodplains comprise <5% of the valley floor, terraces are inundated between the 20 and 50-year
annual exceedance probability (AEP) flood, while in wide settings (floodplains >20%), the terraces are
no longer inundated. Floodplain inundation frequencies also vary between these settings by an order
of magnitude between 5- to 50-year AEP, respectively. The correlation of terrace abandonment within
SEQ with fluvial and palaeoenvironmental records elsewhere in the subtropics, and more broadly
across eastern Australia, are an indication that terrace abandonment has primarily been driven by
climatic forcing. Contemporaneous channel incision in the early Holocene may have been driven
by an increasingly warmer and wetter environment in SEQ, with a climate commensurate with the
delivery of more extreme weather events. Following channel incision, many streams in SEQ have
been largely confined to their entrenched “macrochannel” form that remains preserved within the
valley floor.

Keywords: terrace; channel entrenchment; extrinsic controls; Holocene; climate; optically stimulated
luminescence; OSL; eastern Australia

1. Introduction

River terraces typically form due to tectonic or climatic controls but can also develop due to
intrinsic factors (within-system changes, such as slope threshold exceedance, channel avulsion, or
stream capture) [1–3], as well as direct or indirect human disturbances [4,5]. In tectonically-controlled
settings, persistent uplift can create terrace staircases several hundred of meters above the present
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channel, preserved over millennia [6,7]. However, even in such settings, climatic controls can
remain critical factors that cause subsequent incision [8]. A global comparison of terrace sequences
reveals that terrace formation is dominantly a climatically-induced process, commonly associated
with transitions between glacial and interglacial cycles. Issues remain regarding the exact timing of
terrace development within the climatic cycle, which may depend on other geoclimatic factors [9–13].
Generally, aggradation is initiated during glacial cycles and pronounced channel incision occurs
during the subsequent deglacial (warming) phase. Channel incision and floodplain abandonment (e.g.,
Figure 1) may reflect changes in discharge or sediment regimes associated with rainfall, vegetation
changes, or weathering/erosion production [13].

In Australia, low to negligible rates of tectonic uplift and denudation over the past ca. 30 Ma [14,15],
along with high streamflow variability [16,17], ensure terraces are abandoned relatively slowly. Shallow
alluvium in narrow valley settings often feature polycyclic alluvial units which are only partially
removed under subsequent climatic regimes [18,19]. In southeastern Australia, debate has ensued as
to whether terraces have formed in response to climatic controls or intrinsic properties [20,21]. In this
region, chronological investigation of alluvial fills has identified a hiatus in sedimentary records from ca.
10–4.5 ka [21,22]. This gap was initially interpreted as an erosional void caused by episodic but laterally
active river systems under a warmer and wetter climate, termed the Nambucca Phase and comparative
in timing to the Holocene hypsithermal [22]. Contemporaneous terrace abandonment and erosion
occurred in two basins on the subtropical eastern seaboard Nambucca and Bellinger basins [18,22]
(Figure 2B) and a comparative alluvial gap has also been identified in the wet tropics [23–25].

Additional palaeoclimatic records (e.g., pollen, charcoal, and other biological indicators) suggest
increased warming or precipitation between 10–6 ka in eastern Australia [26–29] accompanied by
abrupt changes in vegetation cover, with a significant expansion of arboreal taxa recorded from
10 ka [30–32]. Increasing lake levels (relative to today) across the continent provide further indication
of a broad increase in effective precipitation [33–35]. In the eastern highlands, wet conditions for peat
formation occurred from ca. 9–6 ka [36] and a reduction in charcoal abundance on the subtropical North
Stradbroke Island also indicates regionally wetter conditions at this time [31]. A general reduction in
rainfall has been interpreted from ca. 6 ka [28,37].

In contrast, geomorphic responses to intrinsic drivers can produce a range of chronologically
disjunct terraces along a channel network [18]. Indeed, upstream channel instability can result
in downstream infilling and apparent asynchronicity in longitudinal and adjacent valley fills [38].
A focus on catastrophic floodplain formation and pseudo-cyclic river behavior has emerged from
the Australian geomorphic literature [39–41]. The role of large floods has been implicit in the
understanding of past and present river dynamics and form-process relationships in southeastern
Australia [39–42]. Large-magnitude flood events often act as geomorphic perturbations that exceed
thresholds of channel stability and adjust the channel boundaries [42,43]. As such, intrinsic factors
such as within-channel sedimentation, channel avulsion, and stochastic events have been suggested
as the dominant mechanism in the dynamic evolution of late Quaternary alluvial units in eastern
Australia [20,41].

Research in Southeast Queensland (SEQ) has highlighted that the riverine response to extensive
high-magnitude flooding in recent years was largely affected by the presence of entrenched river
channels, termed macrochannels [44–49]. Macrochannels were first described in the South African Sabie
River [50,51], but similar channel forms have been identified elsewhere [52–54]. Such streams feature
large, compound river channels where multiple alluvial units are inset within a broader, entrenched
channel (Figure 1). An active low-flow channel lies within this much larger “macrochannel”, which
can accommodate flood waters of extreme magnitude. Along Lockyer Creek in SEQ, synchronous
incision of a Pleistocene terrace after 11.5–9.3 ka suggests the macrochannel formed rapidly as a
basin-wide response [46]. However, given the extent of these findings are limited to the partly-confined,
mid-reaches of Lockyer Creek, it remains unclear whether channel entrenchment and terrace
abandonment was a single-basin phenomenon or reflects a regional scale response.
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This is a critical question with regard to understanding regional stream patterns and the inherent
drivers of macrochannel formation. Regional integration of fluvial processes, such as channel
entrenchment, can provide substantial evidence of the factors driving channel change [11,55]. Did
channel entrenchment in SEQ occur coevally or have intrinsic factors driven an asynchronous response?
This paper investigates adjacent alluvial units at four sites throughout SEQ exhibiting macrochannel
morphologies to determine the chronological characteristics of the channel boundary and whether
Quaternary regional climate change has had an impact on contemporary river systems.

 

Figure 1. Field photo from the left bank of the incised Lockyer Creek macrochannel, exhibiting inset
benches, steep banks, and a terrace surface beyond the macrochannel boundary. Bankfull capacity of
the macrochannel exceeds the 50-year recurrence interval.

2. Materials and Methods

2.1. Site Selection and Fieldwork

SEQ is a biogeographical region ranging in latitude from 26◦ to 28◦ south, along the central
eastern coast of Australia (Figure 2), consisting of four coastal basins with a total area of approximately
20,400 km2 that rise along the eastern slopes of the Great Dividing Range. The region includes the
major metropolitan areas of Brisbane and the Gold Coast (Figure 2). The geology of SEQ has primarily
developed from a complex series of tectonic processes from the Late Palaeozoic onwards, primarily
associated with the development of the New England Orogen. The dominant lithologies are broadly
comprised of Palaeozoic to early Triassic metasediments, Mesozoic intracratonic sedimentary basins
and intrusive granites, and early Miocene volcanics capping the highland regions along the basin
boundaries (Table 1). Erosion-resistant Palaeozoic metamorphic and igneous lithologies dominate
much of the highlands throughout the region while the lowland and coastal regions are mostly
comprised of Mesozoic sedimentary basins and more recently deposited sediments.

The SEQ region has a subtropical climate with mean monthly temperatures between 21 to 29 ◦C
and annual rainfall between 700–2200 mm. High seasonal, inter-annual and inter-decadal variability
in rainfall is driven by a number of Pacific climate phenomena that modulate ocean temperatures,
pressure gradients, and precipitation across the Indo-Pacific region, including the El Niño-Southern
Oscillation (ENSO) and the Inter-Decadal Pacific Oscillation (IPO) [56–59]. Most rainfall occurs in
the summer months between October and February followed by a relatively dry winter. The most
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substantial sources of precipitation for the region are summer-dominated, east-coast, low-pressure
systems and the southward migration of post-tropical cyclone storms.

Extreme climatic events are frequent and include long-term droughts, very intense rainfall,
flooding, and flash flooding. Significant localized variations in annual rainfall are also driven by
orographic effects related to the presence of highland ranges along basin divides. SEQ is broadly
characterized by a high index of flood variability, particularly in the major river systems. A review
of flood variability along the east coast of Australia found from three metrics that peak discharge
variability occurs in SEQ, declining to the south in the relatively smaller Gold Coast streams [17].

Four study sites within SEQ were selected for geomorphic and chronostratigraphic analysis,
including the Brisbane, Logan, and Albert Rivers and Lockyer Creek (Figure 2). Study sites were paired
with stream gauging stations (with minimum record lengths of 58 years) to provide an association
of alluvial surfaces with contemporary inundation frequencies. Flood frequency analyses utilized
the Generalised Extreme Value of the annual maximum series for water years (September–August)
and is further detailed in [60]. All sites are located in the mid-reaches of their valleys and feature
macrochannel morphologies with varying degrees of inset alluvial units, but all are characterized as
having Quaternary alluvium on both channel margins.

Figure 2. (A) Location map of study sites, major streams, and basins in SEQ, Australia. Underlying
base map shows 1:1M Surface Geology (Geoscience Australia) (B) Inset shows the location of SEQ in
Australia and additional site locations discussed in text.

Geomorphic mapping was undertaken by delineating units through hypsographic analysis, using
a probability distribution function, of a detrended digital elevation model (DEM), derived from 1 m
LiDAR data [61,62]. Alluvial valley floors were identified as relatively flat-lying (<2◦ slope) surfaces
adjacent to the channels. Based on the presumption that alluvial units are generally flat-lying, breaks
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in the slope of the curve define the boundaries between adjacent landforms, which were classified
based on their relative height above the channel. Peaks in the hypsographic curve are indicative of
a higher proportion of the valley floor associated with a given elevation range. Breakpoints were
assessed against slope class intervals and hillshade rasters derived from the DEM for consistency with
user-identified geomorphic breaks.

Field observations were undertaken to characterize the geomorphic structure (Figure 1) and
verify mapping at each site. Near-surface sediments on the adjacent terrace and inset units were
targeted for geochronology to determine how recently surface sediments that form the macrochannel
boundaries were deposited. The terraces are presumed to be fill terraces following chronostratigraphic
descriptions in the Lockyer Creek basin [46]. In some circumstances, the Lockyer Creek terrace sits on
an elevated bedrock strath surface, but preservation of older basal material within inset units suggests
the underlying bedrock strath existed prior to the deposition of the alluvial fill [46]. However, as only
short cores were collected in this study, the alluvial units investigated in this study are presumed to be
equivalent to those of Lockyer Creek given the proximity of the sites and comparative forms of the
valley floors.

The sampling approach assumed that ages from terrace surfaces reflected the last period of valley
floor aggradation, vis-à-vis abandonment. Bank exposures were analyzed at two sites, and short cores
up to 3 m long were extracted in units directly adjacent to channel banks using a hand-held percussion
corer to date the abandonment age of various alluvial surfaces.

Table 1. Summary details of field sites.

Site Location Lockyer Creek Logan River Albert River Brisbane River

Gauge ID 143203 145008 145102 143001

Gauge Name Helidon Round Mountain Bromfleet Vernor

Drainage area (km) 357 1262 544 10,172

Distance upstream
(km) 99 125 47 131

Elevation (m) 129 44 28 18

Slope (m·m−1) 0.002 0.001 0.001 0.0002

Stream order 6 6 6 8

Channel setting partly confined partly confined partly confined partly
confined–unconfined

Bankfull AEP (a−1) >200 20 40 48

Bed load mixed sand-cobble m/c sand m/c sand mixed sand–cobble

Primary geology 1

Lithofeldspathic labile and
feldspathic labile sandstone;

quartzose sandstone,
siltstone, shale, minor coal,
ferruginous oolite marker

Lithofeldspathic labile and
feldspathic labile sandstone;

quartzose sandstone,
siltstone, shale, minor coal,
ferruginous oolite marker

Lithofeldspathic labile and
feldspathic labile sandstone;

quartzose sandstone,
siltstone, shale, minor coal,
ferruginous oolite marker

Lithofeldspathic
labile and

feldspathic labile
sandstone

Secondary
geology 1

Quartz-lithic and quartzose
sandstone, quartz-rich

granule conglomerate, silty
sandstone, siltstone,

claystone; carbonaceous
siltstone and claystone

Alkali-olivine basalt Alkali-olivine basalt

Feldspathic and
lithic meta-arenite,
metasiltstone and

conglomerate
proximal turbidites,

with structurally
intercalated or

stratigraphically
underlying chert,
jasper and basic
meta-volcanics.

Soils 2

Fine textured
alluvium—hardsetting
brown and grey loam

surface soil over neutral to
alkaline clay

Fine textured
alluvium—black earth and

grey clays

Fine textured
alluvium—black earth and

grey clays

Fine textured
alluvium—black
earth and grey

clays

1 Geological descriptions after 1:25,000 scale Geoscience Data, Queensland Mapping Data. 2 Soil descriptions after
1:2,000,000 scale Digital Atlas of Australian Soils.
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2.2. Chronology

Cores were examined under subdued red-light (>590 nm) conditions and sampled for
luminescence and particle size analysis. Grain size was described from field texture tests using grain
size class intervals [58], to primarily distinguish between clay, loam, sand, and gravels. Particle size
analysis using a Mastersizer (Malvern Instruments, Malvern, UK) was undertaken on representative
samples to verify field textures and the relative change with depth. The degree of alteration or
pedogenesis (e.g., iron staining, carbonates, or ped development) was described based on the presence
of sedimentary structures and the nature of contact between unit boundaries.

A combination of optically stimulated luminescence (OSL) and radiocarbon dating was used to
establish the chronology of the sites across the four rivers. In total, nine samples were analyzed for
OSL analysis and two charcoal samples were analyzed for radiocarbon determinations. OSL samples
were collected from the center of cores with particular care to avoid stratigraphic boundaries following
standard procedures by [63,64]. Following the pre-treatment of samples to remove carbonates, organics,
feldspars, and heavy minerals, single-grain (180–220 μm) quartz sands were etched in 48% hydrofluoric
acid for 40 min to remove the outer 10 μm α-irradiated rind. Etched grains were analyzed using optical
stimulation, and equivalent dose (De) values on individual grains were determined according to the
modified single aliquot-regenerative dose (SAR) protocol [65] and Risø instrumentation described
therein, using the acceptance criteria listed by [66]. Age modelling from measured De values followed
the well-established approach of [67–70]. Equivalent dose determination of two samples with high
overdispersion (σd) followed [66] by fitting a single Gaussian curve to the peak of a multi-Gaussian
summed probability distribution. The final age determinations are summarized in Table 2.

Lithogenic radionuclide concentrations were analyzed from sediments adjacent to OSL samples
using high-resolution gamma spectrometry for 238U, 226Ra, 210Pb, 232Th, and 40K concentrations [71].
Dose rates were calculated using the conversion factors [72] and β-attenuation factors [73]. Cosmic
dose rates were calculated from [74] using an alpha-efficiency “α” value of 0.04 ± 0.02 [75]. Water
content was measured directly from each sample and assigned errors of ±5% to account for uncertainty.
Water content was assumed to be representative of saturation levels over the full period of burial.

Radiocarbon analyses on charcoal fragments were conducted at Beta Analytic Inc. laboratory
using the 14C Accelerator Mass Spectrometry (AMS) technique, with age and error calculations
following parameters outlined by [76]. Table 3 presents radiocarbon results as conventional 14C ages
and calibrated ages in cal. ka BP using the SHCAL13 database [77].

3. Results

3.1. Integrity of Chronology

Chronological data for OSL samples is presented in Table 2 and for radiocarbon in Table 3.
All eight OSL samples exhibited good luminescence characteristics. Optical ages were all from
single-grain determinations. For samples 16-0115-002, 16-0115-005, 16-0115-007, 16-0115-008, and
16-0115-009, Des were calculated using the central age model (CAM) [69]. The low σd values in the
range of 15–20% suggested complete bleaching and hence the use of the CAM (Figure 3A). For sample
16-0115-001, although the σd was 28%, no clear stratigraphic distinction could be made between this
and the underlying sample (with a lower σd, sample 16-0115-002; Table 2). In this case, the CAM was
accepted. Some samples had high σd (25–60%), and in these instances, age models were employed on
a sample-by-sample basis.

In some examples, the difference between the De returned from the CAM and the minimum age
model (MAM) had no impact on the final age determination, with the ages for each model within
1σ error (sample 16-0115-004 in Table 2; the Des for both models are presented in Figure 3B). Sample
16-0115-0003 displayed a high degree of mixing and over-dispersion of 60%. For samples such as this
(and 16-0115-004, Figure 2B), equivalent doses determined that using the MAM yields results were
consistent with the dominant population of a finite mixture model (FMM) and the multi-Gaussian
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summed probability approach. As such, the MAM was selected for these two samples and it was
assumed they were partially bleached. However, the low-dose components identified in some of the
samples were likely to be a contamination signal due to bioturbation (e.g., grain instrusion).

Figure 3. Radial plots for OSL samples displaying equivalent doses (De) and model predictions for
(A) 16-0115-0002, and (B) 16-0115-0004. The black line is CAM and the blue line is MAM.

3.2. Valley Floor Characteristics

Valley floors across the four sites were 0.5–3 km wide and were characterized by dissected
floodplain surfaces in partly confined settings. The Logan and Albert Rivers had similar bed slopes
of 0.001 m·m−1 and basin areas varied between 540 and 1260 km2 (Table 1). All four study sites
featured the same primary underlying geology (Table 1). Three of the four basins shared the same
geological units in their upper basins, draining predominantly basalts and feldspathic sedimentary
lithologies (Figure 2). The Brisbane River site was in the partly confined mid-reaches of the basin and
was located several kilometers downstream of its junction with Lockyer Creek. The reach features
the same underlying geology found in the mid- to lower Lockyer, but upstream it was dominated
by metasediments (Table 1). The stream abruptly changed course at the downstream extent of the
study reach as it again abutted this lithological unit (Figure 4A). The Brisbane reach had a slope
of 0.0002 m·m−1 and a basin area an order of magnitude larger than the other sites (Table 1). All
streams featured comparative morphologies to the Lockyer Creek [46,49]. In all settings, infrequently
inundated valley floors bound comparatively narrow macrochannels 50–100 m wide that featured
an active channel and inset alluvial units, with up to four alluvial units across the valley floor;
bars, benches/inset floodplains, and terraces. The channels were low-sinuosity, but featured sharp,
structurally-controlled bends. However, two valley settings could be distinguished by the spatial
extent of their floodplains.

Figure 4A shows the distribution of alluvial units along the Brisbane River at Vernor
(mid-Brisbane). The wide floodplain setting was comparable to the Lockyer Creek at Helidon, where
floodplain formation had been influenced by changes in variations in underlying lithology [46].
The valley floor on the Brisbane River had a complex morphology (Figure 4A). The site featured a
number of alluvial units, with floodplains comprising 30–40% of the valley floor within the reach
(Figure 4A). However, the floodplain had a recurrence interval for overtopping of 50 years under the
current flow regime (annual maximum series), while the T1 terrace on the Brisbane River exceeded the
100-year recurrence interval flood and there were no records it had been inundated in historical records.
In the mid-Brisbane reach, a higher terrace (T2 in Figure 4A) occurred as discontinuous remnants ≈4 m
above the T1 terrace. However, it was unclear whether there were two terrace surfaces or whether the
apparent height difference between the two terraces was simply a function of drainage development
and terrace dissection. The T1 terrace and floodplain on the mid-Brisbane were heavily dissected, with
numerous palaeochannels and meander cut-offs within inset units across the valley floor. While T2
was comparatively less dissected, it featured higher order drainage development along its margin with
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T1 (Figure 4A). At this location, we have mapped the terraces as two separate units, but we do not
have chronological or stratigraphic control that allowed us to verify this. This upper T2 terrace was
also clearly identified along the Logan River, with similar drainage features (Figure 4C), but was not
present along other streams and was not further investigated in this study.

In comparison to the Brisbane River, the valley floor morphology in the other locations was
comparatively simple (Figure 4B). In these settings, the valley floor was dominated by a single terrace
(T1) which occupied up to 90% of the valley floor. Floodplains were comparatively narrow (10–30 m
wide) and are commonly referred to as alluvial benches within the Australian literature [40,78,79].
These were inset within the macrochannel and are inundated by 2–5-year annual exceedance probability
(AEP) floods. Valley floors were up to 2 km wide and were dominated by the T1 terrace, which formed
the boundary of the macrochannels, was longitudinally continuous down valley, and has inundation
frequencies of between the 20 and the 50-year AEP. Occasional palaeochannels along T1 suggested
comparative channel widths prior to abandonment (Figure 4B).

Figure 4. Representative geomorphic maps showing the distribution of alluvial units and the spatial
extent of terraces along the valley floor for (A) Lockyer Creek at Site 3 (Helidon), (B) Brisbane River at
Vernor, (C) Logan River at Round Mountain, (D) Albert River at Bromfleet. Also shown are the location
of cores, stream monitoring gauges, and valley cross sections shown in Figure 5. Blue arrows indicate
flow direction. Gauge locations for Brisbane River are <500 m beyond the mapping extent of (B).

3.3. Alluvial Sedimentology and Chronology

Short cores 1–4 m in length were collected from units adjacent to the channel at each site (Figure 5).
Terraces sediments were consistent with overbank vertical accretion and were comprised of fining up,
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light brown, very fine–fine sandy silts, to a dense, black silty clay. Silt and clay content varied with
depth, but was overall relatively homogenous. The stratigraphic relationships varied across sites, but
overall expression of sediments was relatively consistent (Figure 5). At three sites, the upper facies of
the terrace consisted of highly cohesive black clay (7.5 yr 2.5/1) and showed a gradual down-profile
transition to sandier units. No mottling was apparent in the cores, but Fe concretions and detrital
carbonates <2 mm diameter were present throughout the cores at 0.5–1.5 m depths.

Figure 5. Core logs sedimentology and chronological data for (A) Brisbane River, (B) Logan River, and
(C) Albert River. Geomorphic units are shown in brackets next to the log name; see Figures 1 and 4 for
locality of sites and Figure 6 for transects.

Floodplain sediments were more stratigraphically variable and consisted of coarser-grained
sediment than terraces, dominantly composed of unconsolidated clay loams to massive sands.
The surficial units reflected overbank sediments on the floodplain levee comprised of vertically
accreted, decimeter-thick beds. The loams consisted of light-brown to brown sandy clay loam to
sandy clay with fine sands and small quantities of fragmented charcoal and minor ferruginous
staining. Sharp boundaries occurred with massive beds of brown, fine–medium sand that featured
increasing silt content down the profile. Sands were well sorted, unaltered, and had sharp contacts
with adjacent units.

A preliminary terrace abandonment chronology was provided using OSL dating of near-surface
sediments within terraces adjacent to terrace scarps within four basins, as well as basal floodplain
material in Lockyer Creek (Table 2). OSL ages were obtained from 0.4–1.2 m to avoid soil disturbance
associated with agriculture and have been used to infer the age of terrace abandonment. Sediments
from the upper part of the T1 terrace along the mid-Brisbane River yielded age estimates ranging
from 8.08 ± 0.77 ka at 1.0 m and 10.83 ± 0.84 ka at 1.7 m depth (Figure 6D). The ages were within
2σ error of each other and had a mean age of 9.46 ± 0.90 ka. While no basal ages were determined
for the adjacent floodplain, a 0.4 m thick flood unit of fine sands in the floodplain levee returned a
minimum age of 0.54 ± 0.06 ka at 1.4 m depth (MB2, Table 2). Such deposition on this floodplain
has been recorded anecdotally with recent flooding depositing a unit of massive sands at the surface
0.5 m thick. These chronological results from the Brisbane terrace site were comparable to what is
observed in Lockyer Creek (Figure 6A,B), where nine OSL ages from the upper parts of the terraces, as
well as basal ages from adjacent floodplains (Table 2), constrained the age of terrace abandonment to
9.19 ± 1.2 ka (Figure 6).

Along the Logan River, sediments in the upper part of the T1 terrace have been dated at
7.51 ± 0.82 ka (1.2 m; Figure 6D) and 7.61 ± 0.68 ka (1.6 m; Figure 6D). The upper sample at 1.2 m
yielded slightly older age estimates when a CAM was employed (8.88 ± 0.81 ka) but the estimates
remained within 1σ of the underlying sample, and as such, the age estimates from the MAM were
used as the depositional age. In the adjacent inset floodplain, radiocarbon determinations on charcoal
yielded calibrated ages of 226–142 cal. years BP at 0.65 m and 550–500 cal. years BP at 1.8 m (Table 3).
Despite different methods of age determination, these much more recent ages compared with the age
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of flood deposits in the inset floodplains along the Brisbane River and Lockyer Creek, although the
present inundation frequency of these units differs by an order of magnitude (e.g., 5 year AEP at Logan
River vs 50 year AEP at Brisbane River, Figure 6).

In the sediments along the Albert River, three terrace samples dated with OSL were all within
error and indicated an age range of 9.51 ± 0.82 ka, 8.71 ± 0.66 ka, and 9.08 ± 0.81 ka (1.1, 1.5, and
1.9 m respectively; Figure 6E). The ages yielded a mean pooled age of 9.10 ± 0.87 ka, coeval with the
age of abandonment in the Lockyer and Brisbane River (Figure 6C).

 

Figure 6. Representative valley cross sections and chronology for study sites (A) Lockyer Creek, Site 2,
(B) Lockyer Creek, Site 3, (C) Brisbane River, (D) Logan River; and (E) Albert River. Location of cross
sections are shown in planform in Figure 4. (A,B) Lockyer Creek sites and chronology after [46]. Flood
frequency analyses and heights after [60].
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Table 2. Summary of OSL data, description and ages (1σ errors). See Table S1 for complete OSL results.

Basin Core ID Lab Code Depth (m) Landform
Depositional
Environment

Age (ka) Method

Mid-Brisbane

MB1 16-0115-001 1.0 Terrace Overbank 8.08 ± 0.77 CAM
Overbank 5.86 ± 0.80 MAM

MB1 16-0115-002 1.7 Terrace Overbank 10.83 ± 0.84 CAM
MB2 16-0115-003 1.4 Floodplain Overbank 0.54 ± 0.06 MAM

Logan
LOG1 16-0115-004 1.2 Terrace Overbank 8.88 ± 0.81 CAM

Overbank 7.51 ± 0.82 MAM
LOG1 16-0115-005 1.6 Terrace Overbank 7.61 ± 0.68 CAM

Albert
ALB 16-0115-007 1.1 Terrace Overbank 9.51 ± 0.82 CAM
ALB 16-0115-008 1.5 Terrace Overbank 8.71 ± 0.66 CAM
ALB 16-0115-009 1.9 Terrace Overbank 9.08 ± 0.81 CAM

Lockyer
[46]

LV1.1 14-0528-001 0.4 Terrace Overbank 11.51 ± 1.29 CAM
LV1.2 14-0596-005 5.7 Floodplain Basal 7.97 ± 1.02 MAM
LV2.3 14-0596-015 0.2 Terrace Overbank 9.25 ± 0.84 CAM
LV3.1 14-0596-001 0.4 Terrace Overbank 6.45 ± 0.57 MAM
LV3.1 14-0528-010 2.1 Terrace Overbank 10.60 ± 1.09 MAM
LV3.3 14-0528-008 9.4 Floodplain Basal 7.34 ± 0.67 MAM
LV3.8 14-0528-003 0.4 Terrace Overbank 9.50 ± 0.93 CAM
LV4.3 14-0596-007 2.0 Terrace Overbank 10.01 ± 1.23 MAM
LV4.4 14-0596-012 10.3 Floodplain Basal 10.08 ± 1.03 MAM

Table 3. Radiocarbon ages for the Logan River at Round Mountain.

Basin
Core #/Depth

(m)
Lab Code Material pMc δ13C (�)

Conventional
Age (a BP) ±

1σ Error

95.4%
Calibrated Age

(cal. BP) [%]

Logan LOG2/0.65 BETA-482192 Charred material 97.18 −24.3 230 ± 30 226–142 [67.8%]
306–252 [27.2%]

79–74 [0.4%]
LOG2/1.8 BETA-482191 Charred material 93.5 −25 540 ± 30 550–500

4. Discussion

4.1. Regional Correlation in Terrace Abandonment

Regional dating demonstrates that terraces ubiquitously bounded the macrochannels analyzed
here. At all locations, valley fills were dominated by a terrace comprising 60–90% of the valley floor
area. In most instances, these terrace surfaces were still inundated under the modern flow regime, but
only by high-magnitude floods greater than a 20-year AEP (Figure 6). At all sites, the age determination
of alluvium in the mid-reaches demonstrated an incisional episode between 7.5–10.8 ka (Figure 7),
which was broadly synchronous with estimates of terrace abandonment in the mid-reaches of Lockyer
Creek at 9.6 ± 0.98 ka. Estimates of terrace abandonment throughout the region were all within 1σ
error and yielded a mean pooled age of 9.24 ± 0.93 ka. Surficial ages of inset floodplains in two of the
streams (Brisbane and Logan Rivers) suggested these units have been forming at least at timescales at
102–103 years and were the locale of “active” flood deposition.

Contemporaneous early Holocene terrace abandonment was apparent in the regional correlation
of terrace surface ages in north-eastern Australia (Figure 7). On the mid-north coast of New South
Wales, early Holocene terrace abandonment was associated with laterally active river systems [18,21,22].
In the subtropical Fitzroy River basin, north of SEQ (Figure 2B), chronostratigraphic evidence indicates
a peak in fluvial activity at 11 ka followed by a sharp decline through the remaining Holocene
period [80]. However, the adjacent upper units of the terraces exhibited a mean pooled age of
12.2 ± 1.4 ka [80]. These ages were obtained from samples 3–6 m below the surface and therefore
probably underestimated the true age of terrace abandonment. As such, terrace abandonment in
the Fitzroy River basin was likely to be younger than that presented in Figure 7 and may well be in
the range presented for other subtropical streams. The comparative entrenched channel form (e.g.,
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enlarged macrochannel that was constrained between the 10- and 100-year AEP floods) in this basin
suggested a further regional phenomenon.

In the wet tropics (Figure 2B), nine OSL ages from terrace sediments and adjacent basal deposits
in four basins suggest terraces were abandoned slightly earlier at 10.3 ± 1.3 ka [23,24,81]. Basal OSL
ages from the adjacent alluvial unit had a pooled mean age of 7.5 ± 0.9 ka [81], which was similar
to that investigated on the Lockyer. This was further indicative of a possible regional correlation
with the subtropical rivers of SEQ. The fact that terrace abandonment ages in six of the seven basins
presented in Figure 7 overlapped within 1σ is a compelling argument for a regional climatic control
and is discussed below.

Figure 7. Mean terrace abandonment ages in north-eastern Australia. The number of samples per
region is represented in brackets. Samples include OSL age determination from the upper terraces
and, where noted by (*), from basal samples in adjacent inset units. Fitzroy and wet tropics OSL ages
after [24,80,81], respectively. Black bars represent 1σ errors and grey bars represent 2σ errors. The
Bellinger basin age (hollow circle) was derived from conventional and AMS 14C ages [18,82], calibrated.
Due to the differences in error calculations between OSL and 14C methods, errors for the Bellinger ages
were the standard deviation of the population.

4.2. Relationships to Late Quaternary Climatic Changes

The documented entrenchment/incision and the abandonment of previously active floodplains
across SEQ closely aligned with widespread evidence of the onset of an early Holocene wet period in the
subtropics and throughout eastern Australia between ca. 10–6 ka [26–28,37]. Channel incision during
a glacial–interglacial transition is a commonly considered process in models of climatically-induced
terrace development [83,84]. An increasingly warmer and wetter environment in SEQ may indeed
have driven channel incision in the last glacial–interglacial transition and early Holocene [29,31].
Rapidly warming sea surface temperatures (SST) [85,86] may have presented a subtropical climate
commensurate with the delivery of more extreme weather events [31].

Increased erosion in the wet tropics associated with the onset of wet conditions may have been
more related to the strengthening of the summer monsoon [35,37,87,88]. Catchment instability, in the
form of alluvial fan incision, slope instability, and changes to vegetation communities, were likely
associated with higher humidity and rainfall events after 12 ka [88,89]. However, terrace abandonment
ages within the wet tropics fall within 1σ of those presented in this study (Figure 7) and may be
indicative of climatic forcing throughout eastern Australia across the latitudinal range of 16–27◦ S,
despite differences in climatic regimes.
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Despite broad, regional differences in present climatic regimes, the proposed concept of a regional
climatic factor could be observed in the modern regime. Within the present climate, dominated by
multi-decadal wet and dry phases influenced by both ENSO [58] and the Interdecadal Pacific oscillation
(IPO), there was generally a dominant spatial synchronicity of years with above average rainfall and
flooding (Figure 8) [57]. In years where a strong La Niña had occurred, much of eastern Australia
experienced very high anomalous rainfall and catastrophic flooding, as occurred in 1974 and 2011
(Figure 8). Such external climatic forcing may have also been reflected in the late Holocene riverine
responses, with three of the four sites investigated in this study featuring pronounced flood deposits
on adjacent surfaces dating to c. 0.5 ka (Figure 6).

 

Figure 8. Maps of rainfall anomaly from long-term average conditions in Australia for water years
September 1–August 31, (A) 1955, (B) 1974, and (C) 2011, demonstrating the tendency for broad
continental trends in rainfall along the eastern margin. After [90].

4.3. Alternative Drivers of Terrace Abandonment

The correlation of terrace abandonment provided an intriguing opportunity to explore the
geomorphic controls on fluvial activity. If such terraces were driven by intrinsic factors [41], it is
unlikely there would be basin-wide coherence in terrace formation, let alone across the sub-tropical
region. However, the regional synchronicity of terrace abandonment and inset basal ages invoked an
extrinsic control. Whilst a regional landscape response suggested a climate driver of channel incision
in the Australian sub-tropics, it was important to evaluate alternatives.

While the minimal rates of uplift throughout the late Cenozoic [14] ruled out the role of tectonic
processes, alternative interpretations of broad cut-and-fill episodes in SEQ could implicate eustatic
base-level changes [91] or prehistoric human–landscape interactions [92]. Base-level changes over the
late Quaternary would undoubtedly have had an impact to coastal rivers as sea-level transgression and
regression of 124 ± 4 m occurred along the eastern margin [93,94]. For such a control to be dominant
on the timing of incision, as documented here, it would require a temporally consistent lag since
lowstand-driven incision (assuming incision was initiated at, or prior to, the Last Glacial Maximum),
was expressed across all basins. The incisional phase at 9.24 ± 0.93 ka that formed the macrochannels
in SEQ (Figure 7) occurred as the sea level rapidly rose from −30 m below present mean sea level to
+0.5–1.5 above modern at c.7 cal. ka BP [94]. As such, lowstand-driven incision could be discounted.
This phase of incision counters an expected depositional response to sea-level changes [95,96]. The sites
investigated in this study had elevations that ranged between 16–110 m and were above the inferred
impacts of an immediate sea-level response [96].

Likewise, a changing environment throughout the late Quaternary most likely played a significant
role in the population dynamics of Indigenous Australian people [97–99], who first inhabited the region
>40 ka [100,101]. Indigenous land management practices would have been spatially localized [98,102].
Although impacts may have occurred, it is challenging to decouple these from climate forcing at
the broad landscape level and rationalize a ca. 30 ka lag in riverine response to human–landscape
interactions. Without any sound evidence on the role of human impacts in the early Holocene
and given the regional synchronicity in terrace abandonment ages and their association with other
palaeoenvironmental records, we favor the role of a climatically-driven broad-scale fluvial response in
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SEQ. What awaits further validation is the ultimate cause of this period of terrace formation, and the
quantitative evidence for changes to runoff in this late Pleistocene/early Holocene period.

4.4. Modern and Late Holocene Floodplain Dynamics

Following channel incision in the early Holocene, many streams in SEQ have been largely
confined to their entrenched “macrochannel” form that remains preserved within the valley floor.
While the macrochannels themselves may reflect a broadly similar entrenched morphology to arroyos
in south-western United States [103,104], a lack of sediment supply limited the capacity for dynamic,
cyclic responses commonly observed in arroyo valley fills [38,105]. As such, the modern floodplains in
SEQ equated to narrow, depositional benches that formed within the macrochannel; in some cases,
wider inset floodplains developed. The observed lack of a Holocene signal in the Fitzroy River basin
may have been due to a lack of sediment preservation in a narrow (entrenched) fluvial corridor, or
the dominance of in-channel bench formation [80]. Chronostratigraphic data of alluvial benches in
Lockyer Creek indicated that these units had been the primary depositional sequences over the last
2000 years [78]. These inset units had been periodically stripped and reformed in relation to stochastic
flood events and their formation may well be driven by intrinsic thresholds of channel capacity [41],
relating to longitudinal distribution of flood power.

4.5. Comparison to Terrace Abandonment in Other Climatic Regions

Invoking climate forcing in the formation of terraces is not a new or novel idea. Indeed, it is
understood to be a principle driver of Cenozoic terrace formation globally [9,13,84,96]. Particularly,
in regions affected by glacial ice sheets, global syntheses suggest the cyclicity of terrace staircases
that reflect glacial-interglacial cycles [9,106]. Cold to warm transitions have produced coarse-grained
deposits during glacial periods, with terraces capped by early-interglacial, vertically-accreting fines
prior to abandonment [84]. This is a significant factor in glacially-fed fluvial systems, where melt water
and changes to both flow regime and sediment supply were significant between glacial and interglacial
cycles. Likewise, other regions may have experienced similar temperature-driven cyclicity in a fluvial
response due to changes in vegetation cover and associated effects on sediment supply [106–108].

In humid climates, there is greater uncertainty as to the drivers of terrace formation and whether
temperature or moisture flux had a more significant role (although these may be difficult to decouple).
The important role of precipitation (aridity-humidity cycles influenced by global climate patterns)
is seen as the dominant control on fluvial processes [109,110]. In these regions, humidity had a
similar impact on ecological communities as temperature in cooler regions. In the wet tropics,
moisture-driven changes in vegetation cover during the Last Glacial–Interglacial Transition initiated
processes of landscape instability [88,111]. A shift between rainforest and dry sclerophyll forests
critically impacted slope stability and sediment supply [89], although lowland terraces in the wet
tropics did not appear to have been abandoned until the early Holocene (Figure 7). In contrast,
empirical evidence from subtropical Australia suggests a positive moisture balance during the last
Glacial period, with pollen from rainforest communities persisting in both the headwaters and lower
reaches of the coastal-draining streams [31,112,113]. Indeed, the distribution of precipitation may
have been a more important factor, particularly with regard to extreme events [114]. A precipitation
maximum driven by changes in SST may have been significant enough to alter weather systems
and increased the intensity of rainfall throughout the subtropical region during the early Holocene.
As such, precipitation-driven terrace abandonment in the subtropics may have been associated with
extreme events and may well have occurred rapidly. However, further research is required to evaluate
exactly what elements of the environment the fluvial systems were responding to in the late Glacial to
early Holocene.

Interestingly, entrenched channels with compound forms have also been identified in other regions
noted for a lack of late Cenozoic uplift, such as the Indian subcontinent and the Kaapvaal Craton in
South Africa [115]. While it is challenging to draw a comparison between the exact mechanisms of
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terrace abandonment, particularly one of global climate forcing, crustal stability may be an important
factor in the preservation of alluvial fills in such regions [9,115]. This tectonic stability may have
ensured that terraces were abandoned slowly, had a polycyclic nature, and were retained in the
landscape for extensive periods, exposing them to considerable weathering processes. Such factors
would have increased the preservation potential of alluvial fills [116], and as such, allowed streams to
retain entrenched channel forms over considerable periods, as with the macrochannels found in these
regions [50,52].

5. Conclusions

This study presented a preliminary regional terrace chronology for subtropical SEQ, Australia.
The results indicated a synchronous response of early Holocene channel incision and terrace
abandonment that likely reflected large-scale climatic changes in eastern Australia. Chronostratigraphic
interpretations from four basins within SEQ suggested a major phase of terrace abandonment
between 7.5–10.8 ka with a mean age of 9.24 ± 0.93 ka. This age range closely aligned with a
precipitation maximum identified from other palaeoenvironmental records in eastern Australia. While
intrinsic factors have likely impacted local scale variations in channel morphology, particularly within
in-channel alluvial units, external climatic factors appear to have been the principal drivers of major
phases of valley-scale erosion and deposition in subtropical Australia. The correlation with fluvial
records elsewhere in the subtropics, and more broadly across eastern Australia, are further indication
that terraces have been driven by climatic forcing. Further clarity around late Quaternary riverine
responses within this region would be significantly enhanced by the addition of floodplain and
palaeochannel chronologies and quantitative palaeodischarge calculations.
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Abstract: Rivers are central to debate about the Anthropocene because many human activities from
antiquity focused on channels and floodplains. A literature compilation for the onset of human
modification of rivers identifies six stages that represent key innovations focused in the Near East
and adjoining areas: (1) minimal effects before about 15,000 cal yr BP, with the use of fire and gathering
of plants and aquatic resources; (2) minor effects from increased cultivation after about 15,000 cal yr BP,
with plant and animal domestication after about 10,700 cal yr BP; (3) agricultural era after about 9800 cal
yr BP, with legacy sediments, widespread fire use, the first dams and irrigation, and mud-brick
manufacture; (4) irrigation era from about 6500 cal yr BP, with large-scale irrigation, major cities,
the first large dam, urban water supplies, expanded groundwater use, river fleets, and alluvial mining;
(5) engineering era with embankments, dams, and watermills after about 3000 cal yr BP, especially
in the Chinese and Roman empires; and (6) technological era after about 1800 CE. Anthropogenic
river effects were more varied and intense than commonly has been recognised, and they should be
considered routinely in interpreting Late Pleistocene and Holocene fluvial archives.

Keywords: agriculture; Anthropocene; archaeology; dams; deforestation; dikes; domestication; fire;
legacy sediments; river engineering

1. Introduction

Humans exert a geomorphic force that now rivals that of the natural Earth [1,2]. The period of
human dominance has been termed the Anthropocene, and several dates have been proposed for
its onset. Many researchers have emphasised the dramatic changes associated with the Industrial
Revolution in Europe after about 1750 CE (Common Era) and the Great Acceleration in technology
at about 1950 CE [3–6]. However, a detectable human imprint on the environment extends back for
thousands of years [7–10], and an emphasis on recent changes minimises the enormous landscape
transformation caused by humans in antiquity [11]. Important earlier human effects with significant
environmental consequences include megafaunal extinctions between 14,000 and 10,500 cal yr BP [12];
domestication of plants and animals close to the start of the Holocene at 11,700 cal yr BP; agricultural
practices and deforestation at 10,000 to 5000 cal yr BP; and widespread generation of anthropogenic
soils at about 2000 cal yr BP [6,13–16].

Rivers are central components of the terrestrial realm, and historically many human settlements
have been located along rivers. As used here, river systems include the channels themselves,
the riparian zone, floodplains and terraces, adjoining uplands dissected by lower order channels,
and deltas. Anthropogenic activities are often considered as discrete elements, including the use of
fire, domestication of plants and animals, soil development, cropland expansion, the establishment
of settlements, and irrigation. However, they are all affected by, and contribute to, the dynamics of
nearby rivers, and it is important to consider them in a holistic environmental and geomorphic context.
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Key evidence of anthropogenic activity is encoded in early fluvial successions [17,18], long predating
anthropogenic effects that have intensified over the past centuries and led to the modern worldwide
river crisis [19,20].

During the Late Pleistocene and Holocene, rivers around the world were affected by deglaciation,
sea-level rise, and climatic instability on timescales from millennia to decades. Effects included
damming by ice and glacial sediment, pulses of meltwater, runoff over permafrost, and major
monsoonal and other climatic fluctuations as seen in alluvial-plain and terrace successions [21–26].
Geoscientists commonly interpret fluvial successions with reference to such powerful forcing factors.
However, these factors may have masked early anthropogenic effects, contributing to a limited
awareness of human influence on rivers through time. Assessing the balance between anthropogenic
and natural processes, which vary greatly on temporal and spatial scales, is a major challenge,
and cultural and geomorphic records must both be evaluated in order to assess human impacts [18,27].

The present paper is an exploratory attempt to identify and investigate some of the key processes
through which humans have modified rivers from antiquity, including processes that are less obvious
but potentially important [18]. Because many anthropogenic effects took place in fluvial settings,
any comprehensive assessment of land-use change needs to highlight rivers explicitly [18]. Drawing
on a compilation of literature from several disciplines, we set out a provisional timeline and stages for
the onset and intensity of human modification of river systems worldwide, from the Late Pleistocene
to the present, covering a wide geographic and climatic range but with a focus on the Near East and
adjoining areas. Such an assessment of key processes and their onset is a necessary precursor for
constructing realistic timelines for river modification in certain areas; timelines for some regions and
quantitative approaches to assessing the intensity of modification are discussed briefly. Comparisons
are drawn with available quantitative estimates of population and land use from 12,000 years cal yr BP
to the modern era.

2. Major Anthropogenic Influences and Their Effects

Table 1 summarises key anthropogenic influences on modern river landscapes. Some are
illustrated in Figures 1–3 with reference to low-technology settings that have some application to
the Late Pleistocene and Holocene. The influences may have direct or indirect effects on rivers,
commonly altering the boundary conditions of processes such as sediment erosion and transport [18].
They are substantiated in the table with references that demonstrate their impact in modern and
submodern settings.

A central set of influences concerns agriculture. Fire is used for hunting and deforestation
(Figure 1A) and, along with other anthropogenic vegetation changes, converts forests and other
undisturbed ecosystems to cropland and grazing land, commonly with terrace construction
(Figure 1B–D). Cropland is the sum of land under permanent crops, with the addition of arable land
for temporary crops, meadows for mowing or pasture, market and kitchen gardens, and temporarily
fallow land [8,9]; it covers rain-fed and irrigated crops. Grazing land includes pasture (permanent
meadows and pastures and land used for growing cultivated or wild crops for forage) and wider
rangelands. Animal husbandry involves grazing, with additional use of animals for ploughing and
transport (Figure 1E,F). Collectively, these influences reduce regolith strength and enhance erosion,
increasing sediment supply to rivers.
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Table 1. Effects of some anthropogenic activities on modern and submodern channel and floodplain
systems. Some of the cited literature refers to human activity at a technological level much greater than
that of the earlier Quaternary. Italics denote processes not substantiated here by citations.

Human Activity Effects on Modern River Systems References

Fire use
Vegetation loss promotes rapid runoff, soil erosion, and enhanced flux of sediment
and charcoal to rivers. Change in soil properties enhances erosion. Fire may trigger
vegetation change.

[28–30]

Agriculture and
deforestation

Reduced resistance of river banks and hillslopes where crops with shallow roots
replace natural vegetation. Widening of channels and sediment coarsening. Slope
failure, and increased sediment flux to fluvial, deltaic, and eolian systems. Change in
palynomorph associations.

[17,31–33]

Animals used for food,
ploughing, and

transport

Herds reduce vegetation cover and enhance soil erosion, gullying, and sediment flux
to rivers. Trampling breaks down river banks, widens channels, and increases
suspended load. Ploughing intensifies use of floodplains and hillslopes and, along
with animal transport trails, enhances erosion.

[34–40]

Embankments along
channels

Embankments narrow channels, reduce their migration, increase flow velocity,
funnel sediment to deltas, and reduce channel siltation; complex upstream feedbacks.
Sediment trapping within embanked floodplains reduces inundation capacity.
Embankments raise the channel base, promoting catastrophic avulsion.

[41–43]

Dams and irrigation
systems

Dams alter river flow regime, cause deposition in millponds and reservoirs, and
increase downstream erosion. Irrigation reduces river discharge, and the use of river
and groundwater promote soil waterlogging and salination.

[44–47]

Navigation and bank
structures

Riverside construction (wharves, steps, access roads, bridges) affects banks and channels.
Dredging, riverbed scour, and removal of wood snags and jams to aid navigation
alters river morphology. Reduced number of delta distributary channels aids
year-round navigation.

[48,49]

City water supplies
Remove river and groundwater from the hydrological system, with water pollution
from sewage and waste. [50]

Warfare
River diversions during warfare causes catastrophic floods and floodplain
aggradation. Deliberate 1938 breach of the Yellow River dikes caused death toll of
>800,000.

[51,52]

Extraction of channel
and floodplain

materials

Alluvial mining of channels and terraces for gold and other minerals increases
aggradation and erosion rates locally. Pits on floodplains for bricks, tiles, pottery,
and ochre, and on terraces for laterite remove fertile soil and aquifer media, cause
soil erosion, increase suspended load, lower the water table, and cause waterlogging.

[43,53–55]

Extraction of aquatic
materials

Reeds, papyrus and other in-channel plants influence flow dynamics and
sedimentation. Fisheries and aquatic harvesting enhance human activity along river banks. [56]

Cultural events
Water festivals involve large populations, with infrastructure on river banks and
sand bars. Khumbha Mela festival at Allahabad, India, had 120 million attendees in
2 months in 2013.

[57]

Anthropogenic effects mediated through a change in vegetation, however, are unlikely to have
resulted in a simple linear change from forest to open terrain. Prior to anthropogenic modification,
postglacial lowland Europe and other areas may have been a park-like landscape of forests, grasslands
and shrublands, where keystone species that included large herbivorous mammals and birds influenced
the vegetation succession [58,59].

More direct effects on rivers involve the modification of channels and changes to the connectivity
of channels and floodplains, including the transfer of large volumes of water to floodplains for
irrigation and other human uses. Irrigation is defined as applying water, in addition to natural rainfall,
to the soil to enhance crop yield [60]. Irrigation systems are commonly linked to dams and barrages,
with the use of specialised irrigation technology (Figure 2A,B). Settlements and agricultural land are
protected by embankments along channel margins (Figure 2C). The transport of materials by boats,
rafts, and barges (here termed navigation) requires infrastructure that includes wharves and access
roads along river banks (Figure 2D), as well as dredging of channels and the removal from the channel
of snags such as fallen trees and large logs. Linked with these activities are riverside settlements
and cities, which require large-scale water supplies. Bridges and river crossings are a common focus
for human activity (Figure 2E). The deliberate breaching of embankments during warfare has been
responsible for catastrophic avulsions and widespread floodplain aggradation.

A third set of influences involves resource extraction from floodplains and channels, commonly
yielding technofossils [61]. The influences include placer mining in channels for alluvial gold and other
minerals, and the extraction of floodplain clay for bricks, tiles, pottery, and ochre (Figure 2F). In some
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regions, terraces are capped by indurated regolith that includes laterite, extracted on a large-scale for
city construction. The removal of aquatic plants such as reeds and papyrus potentially alters river
dynamics, and fisheries (Figure 2G) may involve considerable traffic and bank infrastructure.

Figure 1. Anthropogenic effects on modern river landscapes due to fire, agriculture, and animal
husbandry. Examples are from settings with modest technological influence. See Table 1 for some
modern results of these effects. (A) Firing of forests for tapioca plantations, southeast Thailand.
(B) Hillslope terracing for barley cultivation above tributary of Kali Gandaki River, Himalayan foothills,
Nepal. (C) Ricefields on floodplain of Chao Phraya tributary, Thailand. Note well sweep for water
supply at centre-left. (D) Crop growing on sand bars during seasonal low-flow stage, with temporary
causeway in foreground, Sabarmati River, India. (E) Olive grove at oasis along creek, Sinai Desert,
Egypt. (F) Ploughing of floodplain of Marsyandi River, Nepal. (G) Camel-cart carrying brushwood
for fires, and water buffalo, Sabarmati River, India. (H) Yak caravan crossing mountain pass by Kali
Gandaki River, Nepal.
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Figure 2. Anthropogenic effects on modern river landscapes due to irrigation, embankments,
navigation, floodplain workings, fishing, and cultural events. Examples are mainly from settings
with modest technological influence. See Table 1 for some modern results of these effects. (A) Irrigation
canal from barrage on Sutlej River (in distance), Ropar, India. (B) Waterwheel for irrigation from
Yellow River, Lanzhou, China. (C) Embankment for flood protection, Baghmati River, India. (D) Rice
barges and riverside structures, Chao Phraya tributary, Phitsanulok, Thailand. (E) Low-season bridge,
stilt buildings, and access path, Mae Moei River, Thailand. (F) Brickpit, Ganges River plains, India.
(G) Fishing in Ganges River, India, with temple ruins at left. (H) Festival on sand flats at confluence of
the Ganges and Yamuna rivers, Allahabad, India.

Major cultural events take place at rivers around the world. For example, tens of millions of
people attend the festival of Khumba Mela, held every twelve years at the confluence of the Ganges
and Yamuna rivers in India (Figure 2H).

Subdivided in a different way, the processes identified above form two inter-related groups that
have varied in intensity in space and time: (1) a group linked to the development of agriculture
in association with fire, irrigation systems, and dams; and (2) a group associated with cities and
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strings of settlements that are concentrated along rivers, with effects from urban water use, boat use
and navigation infrastructure, fish and vegetation use, bridges, brick and pottery manufacture on
floodplains, and water-related cultural events. The first group of processes has received considerable
attention in the fluvial literature, affecting extensive areas of river plains, adjoining uplands,
and channel reaches. The second group of processes has received much less attention, but it is the
contention of the author that these processes had a considerable and underestimated effect on rivers.

Alluvial mining and the effects of warfare have been locally important.

Figure 3. Schematic diagram to show range of anthropogenic influences on river systems. Illustrated
examples are mainly from settings with modest technological influence, especially in the period of
about 10,000 to 4000 cal yr BP. Figure designed and drafted by Meredith Sadler.
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3. Methods

Fluvial scientists have drawn largely on sedimentological evidence to assess anthropogenic
influence on rivers, linked especially to developments in agriculture. However, this approach
yields only a partial view of river modification: humans have interacted with rivers over the
past millennia in ways that are enormously varied, culturally and climatically influenced, and in
ways that are often obscure to modern technological societies. To make a realistic evaluation of
anthropogenic effects, it was necessary to consider information from a wide range of disciplines
that included archaeology, anthropology, genetics, ancient history, engineering, geomorphology,
palaeoclimatology, and material science (Tables 2–5). Each discipline has its own approach to age
assessment. The literature examples cited here are selections, and they represent only a small
sample of a voluminous literature. They variously include the oldest known instances of certain
processes, times when certain processes became prominent, and good examples from later times,
where distinguishable from natural climatogenic and autogenic processes.

The evaluation required a careful analysis of each cited age assessment. Radiocarbon dates
were mainly reported in the cited literature as calibrated years BP, with a few as radiocarbon years
BP (uncalibrated), linked to a 1950 datum. Calibrated dates variously represented age models that
were updated periodically over more than two decades. A few studies used optically stimulated
luminescence (OSL), thermoluminescence (TL), and U-Th dates, reported in years BP. The ages and
uncertainties were commonly reported without indication of confidence limits, which could be either
2 or 1 sigma, even for the same chronometric technique. In some studies, calibrated radiocarbon dates
and OSL, TL, or U-Th dates were used collectively to provide a general assessment. Some studies
provided a detailed account of methods, including supplementary data files, whereas other studies
gave only brief information. Studies of plant and animal domestication report dates linked to a genetic
assessment of selected characters, some of which are controversial as indicators of human influence.

The selected studies include dates from individual sites as well as summaries of dates for
numerous sites, some of which reported a range of methods applied over several decades. Direct dates
from pottery and parts of domesticated plants and animals were provided in some studies. In other
studies, indirect dates on charcoal, wood, and other materials constrained the timing of key events,
from the stratum in question or from adjoining strata. These dates are commonly subject to some
uncertainty due to reworking and mixing of materials.

Archaeological studies commonly provided dates based on regional comparisons. These include
widely accepted designations such as Pre-Pottery Neolithic B (not necessarily dated at the site in
question), the duration of a dynasty in Egypt or China, or the reign of a ruler for which historical
information is available. Some assessments were constrained only to part of a millennium BCE (Before
Common Era), and some studies provided dates in BCE without any indication of the data sources.

A usable compilation requires a representation of all age dates in a comparable manner. In view
of the wide variation in type of information, methods used, and the reliability of sites and materials,
no attempt was made to apply a uniform calibration to the dates. Many publications did not provide
the measured uncalibrated radiocarbon dates and uncertainty, and it was not possible to recalibrate
with a single more current calibration. The great majority of age assessments used here is based on
calibrated radiocarbon dates, and in these cases the dates are given as calibrated years BP (cal yr
BP). A few dates, noted in the tables, were provided as uncalibrated (uncal) years BP. A minority of
studies used OSL, TL, and U-Th dates along with radiocarbon dates; although these dates are in years
BP, they are considered as supporting the radiocarbon dates in cal yr BP. Dates within the past two
thousand years are reported with respect to CE. A broad archaeological assessment such as “in the
fifth millennium BCE” was converted to “greater than 6000 years ago”, taking the duration of the
Common Era as 2000 years. The variable datums of 1950, 2000, and years BP for different sources yield
a slight discrepancy, but error ranges are unavailable for most dates and the effects of this discrepancy
are modest. Formal subdivisions for the Holocene have recently been ratified, with the Early, Middle,
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and Late Holocene termed the Greenlandian, Northgrippian, and Meghalayan with basal dates of
11,700 yr b2k (years before 2000 CE), 8326 yr b2k, and 4250 yr b2k, respectively [62].

Tables 2–5 document the basis of age assessment for each study cited, and dates in the text note
the units recorded in the original studies. The author acknowledges the limitations of this approach
to a complex problem of age assessment. However, the purpose of the study is to provide a general
overview of human effects on rivers and their approximate timing, rather than to reconcile dates for
specific sites. The reader is referred to the original references if precise age assessment is required.

4. Early Hominins and Fire

The earliest hominins date to >7 Ma in Chad [63], and early hominins used stone tools along
Ethiopian rivers by at least 2.6 Ma [64]. The use of stone tools was widespread along European rivers
after the introduction of handaxe technology at about 600 ka [65], and continued through the Neolithic
(Figure 4A,B). However, there is little evidence that early hominins modified rivers.

Figure 4. Archaeological sites associated with rivers and springs. (A) Palaeolithic quartzite corestone
extracted from cemented river gravels, Rajasthan, India. Coin 2.5 cm in diameter. (B) Palaeolithic to
Mesolithic site above bedrock river bank in middle distance, Belan River, India [66]. The site had a
small settlement where stone tools were worked. Stone extraction in progress in river bed. (C) Structure
dated to ca. 10,300 to 9800 years ago at Jericho, Israel, possibly a watchtower for flash floods [67].
(D) Ancient well during dry season, near Sabarmati River, India. (E) Roman bath fed by hot springs,
Bath, UK.

In contrast, nonhuman animals greatly influenced rivers worldwide prior to European settlement,
and they continue to do so intensively in some regions. In North America, some 60 to 400 million
beaver ponds trapped hundreds of billions of cubic metres of sediment; huge bison herds widened
stream channels at crossings and increased the streambed silt fraction; and colonies of black-tailed
prairie dogs moved large volumes of earth [68,69]. In Africa, hippo trails across levees promote
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avulsion and the formation of new channel systems [70]. Other examples include earth movement by
worms [71] and disturbance of river gravel by fish and crayfish [72].

The use of fire may be the first detectable anthropogenic influence on river landscapes, perhaps
as early as 1.6 Ma in Africa [73]. Fire was used for warmth, cooking, and hafting of stone artefacts
after about 300 to 400 ka in Europe and the Near East [74–76]. Indigenous populations had entered
Australia by 65,000 years ago [77], and they may have altered vegetation through controlled burns
to manipulate resources, although charcoal records also reflect climatic fluctuations [78–80]. Human
use of fire was identified in New Guinea at 28,000 cal yr BP based on charcoal in slopewash deposits
at a site with artefacts [81]. As noted below, human use of fire intensified as agriculture developed.
However, a close linkage exists between climate and fire on a global scale [82], and the attribution of
charcoal to human activity requires careful analysis.

5. Domestication of Plants

The Neolithic rise of agriculture [50,83] had a major impact on river systems around the world.
Floodplains, terraces, and uplands were deforested, and croplands were irrigated from rivers and
springs. Crops are commonly grown on modern river bars during seasonal low-stage flow (Figure 1D),
a tradition probably inherited from antiquity. Many major crops were domesticated and came under
production from about 10,700 to 7000 cal yr BP at localities around the world (Table 2).

Food procurement initially involved gathering wild plants, with progressive cultivation that required
local clearance of vegetation and modest tillage, although wild plants remained the predominant food
source [84]. Subsequent domestication involved genetic changes through selection pressures imposed
by cultivation, with increased labour to maintain the crops, and cultivation continued to accompany
domestication [85]. Plant resources on river plains were increasingly managed by manipulating growth
conditions and the environment to increase their relative abundance and predictability [86].

Table 2. Estimates of time and place of domestication of some plants and animals. Evidence for
domestication is based on a genetic selection process that leads to organisms adapted to cultivation and
utilisation by humans [86]. See Section 3 for the approach used in presenting age dates. Dates shown
are in calibrated years BP from the cited papers, with some general age assessments (*) and dates based
on genetic analysis (**). cal: calibrated, uncal: uncalibrated.

Crop or Animal Data Sources
Approximate Date

(years BP)
Location References

Plant Domestication

Barley, emmer, and
einkorn wheat

Varied sources, cal c. 12,000–10,000 Near East [87]
Approximate uncal date for domestic spikelets

in einkorn wheat 9250 Near East [85]

Varied sources, cal 10,700–10,200 Near East [88]
Flax Varied sources 9000 Near East [89]

Date palm Varied cal and uncal sources >6000 Arabia [90]
Millet Varied sources 8000–7000 China [91]

Rice

Varied cal sources for initiation of rice
cultivation 9000 China [92]

Varied sources for domesticated rice, after
6000 cal BCE 8000 China [84]

Varied sources 9000–8000 China [93]

Squash Cal date for charred or desiccated squash seed 10,400–10,160 Peru [94]
Cal dates on plant and other materials >8700 Mexico [95]

Maize Cal dates on plant and other materials >8700 Mexico [95]
Peanut Cal dates for charred peanut hull 8640–8440 Peru [94]
Cotton Cal dates for cotton boll 6280–5950 Peru [94]

Banana Cal dates on materials that include banana
phytoliths 6950–6440 New Guinea [96]

Grape and wine
culture

Cal dates on pottery sherds, ca. 7000–6600 BCE 9000 China [97]
Cal dates on pottery sherds and soil, ca.

5900–5750 BCE 8000 Georgia [98]
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Table 2. Cont.

Crop or Animal Data Sources
Approximate Date

(years BP)
Location References

Animal Domestication

Cattle Varied sources, cal date for Early Pre-Pottery
Neolithic site, Syria 10,650–10,250 Near East [99]

Sheep, goats Cal dates for Early Pre-Pottery Neolithic at
Near East sites 10,250–9500 Near East [100,101]

Pigs

Intensification of relationship between humans
and pigs, second half of 9th millennium BCE,

sites in Turkey and Cyprus
>10,000 Near East [102]

Assessment of zooarcheological data 9000 Near and Far
East [103]

Water buffalo
Varied sources suggest 3rd to 5th millennium
BCE in parts of Asia and Near East; authors

support origin in Indian Subcontinent
5000 Indian

Subcontinent [104] *

Horses Faunal remains, bridles and milk suggest
mid-4th millennium BCE, using cal dates 6000–5000 Eurasian steppes [105,106] *

Dromedary Varied archeological sources suggest late 2nd
millennium BCE >3000 Arabia [107] *

Donkey Varied archeological sources suggest late 5th to
first half of 4th millennium BCE in Egypt 7000–6000 Africa [108,109] *

Yak Genome model for domestication, confidence
interval of 7914 to 7227 BP 7300 Tibetan Plateau [110] **

Llama, Alpaca Archaeozoological data at dated sites and
genome models 7000–6000 Peruvian Andes [111] *, [112] **

As demonstrated from starch grains on grinding tools, hunter-gatherers processed cereals and
probably produced flour by 32,000 cal yr BP in Europe [113,114]. Food processing also took place
along the Tigris, Euphrates and Jordan rivers and adjoining uplands in the Near East, with dates from
23,000 cal yr BP [115,116]. The emergence of the Natufian culture in the Near East approximately
14,500 years ago involved cultural innovations that made later agricultural developments possible,
although there is no evidence that plants were domesticated at that time [115,117]. By 11,700 to
10,700 cal yr BP and prior to domestication, cultivation of wild cereal species, legumes, goatgrass,
fruits, and nuts was widespread across the Near East [88].

From 10,700 to 10,200 cal yr BP, some Near East sites show increased proportions of domesticated
cereal chaff that includes barley, emmer and einkorn wheat (Table 2). Agriculture, “a provisioning
system based primarily on the production and consumption of domesticated resources” [86], was in
evidence by about 9800 cal yr BP [88]. Domesticated traits gradually emerged through to about 8500 cal
yr BP, and over the next few thousand years most Near East villagers were farmers with key crops
playing a crucial role in establishing the region’s civilisations [50,87,118]. By approximately 7000 years
ago, cereal production had spread across most of Europe, with migration of some farmers from the
Near East [119], and wheat and barley reached northern China by 3000 to 4000 cal yr BP [120].

In Asia, millet was cultivated in northern China 7000 to 8000 years ago. Rice was gathered by
11,000 to 12,000 cal yr BP in the Yangtze area, with a mixture of collection and cultivation by 8000 to
10,000 cal yr BP [92]. Genome analysis of wild and cultivated rice suggests that domestication took
place between 8000 and 9000 years ago along the Pearl river in southern China, probably with a single
domestication event [93,121]. Domesticated rice spread to the Yellow River area by 7500 cal yr BP
and to Southeast Asia, Korea, Japan, and the Philippines over the next few thousand years, reaching
the Indus Valley and other parts of the Indian Subcontinent by 4000 years ago and Mesopotamia by
2000 years ago [84,122–124]. Grape and fruit cultivation for wine dates to 9000 cal yr BP in China.

In Central and South America, squash was domesticated before 10,000 cal yr BP in Peru and
maize by about 9000 cal yr BP in Mexico (Table 2). Sustainable agriculture has been practised along the
Amazon for at least 2500 years, as indicated by widespread dark anthropogenic soils [125]. In eastern
North America, maize-based agriculture increased valley sedimentation from about 1000 to 1300 CE,
some 500 years prior to major European settlement [126]. In the Pacific region, the banana was
domesticated nearly 7000 years ago in New Guinea, and anthropogenic soils in Australia may date
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to 3500 years ago [127]. Crops widely used for textiles, including cotton and flax, were domesticated
early in several parts of the world.

Agricultural terraces are a major modifier of alluvial landscapes, serving to retain water and soil,
reduce erosion, improve ploughing, and promote irrigation [128]. However, abandoned terraces may
increase gully erosion and ultimately fail, liberating sediment [128,129]. Terracing is believed to have
originated in Asia, and terraces date to about 6000 years ago (ca. 3500–4000 cal yr BCE) in Yemen and
to about 5000 years ago (ca. 3000 cal yr BCE) in the Mediterranean and NW Europe during the Bronze
and Iron Ages [18,130].

6. Domestication of Animals

The domestication of many animals took place between about 11,000 and 3000 years ago (Table 2).
Products included meat, wool and milk, the latter used before 8000 years ago (by the seventh
millennium BCE) in the Near East [131]. Nomadic herdsmen exploited extensive pasturelands from
early in the Holocene [8]. Grazing and watering of cattle, sheep, goats, pigs, yaks, llamas, and alpacas
would have caused land degradation, sediment runoff, and trampling of river banks and sediments
(Table 1), especially near settlements, although such effects may have been limited largely to parts of
the Near East and Asia [40]. Cattle and water buffalo would have aided ploughing of floodplain soils,
enhancing erosion. The earliest known image of a plough dates to ca. 5000 years ago (3000 BCE) in
Mesopotamia [129].

Domestication of the horse, dromedary, camel, and yak revolutionised transport and
communication, aiding the establishment of trading routes such as the Silk Roads across Asia, many of
them along river systems. The early domestication of the donkey promoted food transport and
distribution early in the development of the Egyptian state [108].

Sites in Europe dating from 7900 to 4400 years ago (ca. 5900 to 2400 cal yr BCE) show that
Neolithic farmers used livestock manure and water management to enhance crop yields, linking plant
cultivation and animal herding through a strong investment in the land [132]. The production of
fodder plants such as goatgrass and legumes may have been linked to caprine management in parts of
the Near East [88].

7. River and Floodplain Modification for Surface Water and Groundwater

Croplands are largely rain-fed, but agriculture in many seasonal settings requires irrigation
(Table 3). The earliest archaeological evidence for irrigated farming comes from the Near East and Egypt
approximately 8000 years ago, developing across the Near East and Mediterranean over the following
millennia and emerging independently in the Indian Subcontinent and China [9,60,129]. Irrigation led
to the development of hydraulic technology [133,134] and may be the most important environmental
modification practised intentionally by humans [60]. In the geological record, identification of irrigation
channels requires analysis of conduit form, sediments, and artefacts [134–137].

A settlement existed by 10,000 years ago at Jericho [67] (Figure 4C), where early farmers probably
practised irrigation at least 8000 years ago [129] from springs along the margin of the Jordan Valley [138].
On the northeastern margin of Mesopotamia in Iraq and Iran, indirect evidence supports irrigation
on alluvial fans approximately 7000 to 8000 years ago (during the sixth millennium BCE), mainly
following natural water courses that yield ceramic fragments [135]. By 7000 years ago (5000 BCE) in
parts of this area, wide lateral canals followed hillside contours, and river flows were manipulated
for agriculture.

On the southern plains of Mesopotamia, agriculture was underway by about 8000 to 7500 years
ago (6000 to 5500 BCE) [135]. Although evidence for irrigation is indirect, farmers probably took
advantage of levee breaks and crevasse splay formation to grow irrigated crops, under a seasonal
climate with unstable westerlies [139]. By 7000 years ago, croplands of barley and wheat supported tens
of thousands of city dwellers [140]. After about 6500 years ago (in the second half of the fifth millennium
BCE), many irrigation canals traversed the Tigris and Euphrates plains, with a progressively increased
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scale of canals and the construction of thousands of brick sluice gates along the main water courses
over the following millennia [135,141]. Irrigation progressively raised the water table on the plains
and, as early as 4400 to 3700 years ago (2400 to 1700 BCE), salt precipitation in the soils led to a major
decline in productivity, causing farmers to replace salt-sensitive wheat with barley [129,141,142].

In the Nile Valley, long irrigation canals were impracticable, and farmers used artificial levees
and short canals to trap floodwaters [129,143]. The falling water table following flooding allowed
recession agriculture and leached salt back into the river. A ceremonial macehead from approximately
5100 years ago shows irrigated fields and the Scorpion King cutting an irrigation ditch [129,142].

Table 3. Some early events in the development of water technology and river navigation. See Section 3
for the approach used in presenting age dates. Dates in original papers are based on assessments of
archaeological evidence and historical events, with a few dates in calibrated years BP (*). cal: calibrated.

Location Activity
Approximate Date

(Years BP)
References

Irrigation and Drainage Systems

Mesopotamia
and uplands

Irrigation systems in existence in SW Iran by 5000 BCE, maybe by
6000 BCE, with large organised systems on Mesopotamian plains
by 4500 BCE

~8000–7000 [129,135]

Near East
Water raising systems: shaduf (well sweep) by 2300 BCE, with
later appearance of saqia (water wheel) and Archimedes screw in
Ptolemaic times

~4300 [133]

New Guinea Drainage ditches and channels, from cal dates on charcoal in ditch
fills 4350–3980 [96] *

China
Large-scale engineering of embankments and canals on Yellow
River for flood control and irrigation, with large dike projects in
first half of 7th century BCE [144] to the 1800s

~3000 [41,144,145]

Peru Irrigation canals dated at 5000 to 3750 cal BCE ~7000 [146]

U.S.A.

Gila River, Arizona: large areas under irrigation by 900 BCE, and
earth dam 5 km long and 7 m high with irrigation canals by
1000 CE [147]; individual irrigation systems of 10,000 hectares
(100 km2), with large developments in 850–1450 CE [148];
distinction of canals from natural channels [136]

~2900 [136,147,148]

Dams

Near East
Weirs of brushwood, stones and earth divert water into irrigation
canals [135], estimated at 8000 years ago on E flank of
Mesopotamia [149]

~8000 [135,149]

Mesopotamia Nimrud Dam, probably an earth dam, diverted Tigris; dam later
failed and returned the Tigris to its former course >4000 [133,150]

Egypt Sadd-el-Kafara Dam (Dam of the Pagans), 14 m high, >100 m long,
with 17,000 cut stone blocks; built to aid quarrying ca. 2650 BCE 4650 [133]

Near East and
Europe

45 dams built under the Roman Empire in the Near East, with
irrigation canals, waterwheels, aqueducts, and qanat systems,
from 63 BCE to 636 CE [151]. Earthen dams in Spain: Prosperina
12 m high and 427 m long, Cornalvo 20 m high and 194 m long
with dam crest 8 m wide [133].

2700–1400 [133,151]

China Dam at Anfeng Tan, east China, ca. 600 BCE 2600 [152]

Groundwater Systems

Iran

Qanat systems of sloping tunnels that bring water from water
table or springs at a high elevation to fields downslope, dated to
ca. 3000 years ago in Iran, introduced from Indus to Nile under
Persian rule, 550–331 BCE

~3000 [133]

Israel
Chamber excavated at Hazor, where water rises up the Dead Sea
Fault; access to the underground water table by staircases;
construction coeval with stratum dated at 9th century BCE

2800 [153]

Israel
Tunnel at Siloam, Jerusalem, routes spring within walls, dated by
U-Th dating of speleothems, cal radiocarbon dating, and
historically to ca. 700 BCE

2700 [154]
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Table 3. Cont.

Location Activity
Approximate Date

(Years BP)
References

River Navigation

Egypt

Models of reed and log rafts at ca. 5500 to 4000 BCE [155].
Boats preserved to >5000 years ago, with a wooden boat 43.6 m
long preserved from 4th dynasty, ~2500 BCE; barge with two
350-ton obelisks towed by 27 boats with 810 oarsmen, ca. 1472 to
1458 BCE [156].

>7500 [155,156]

Mesopotamia
Fleets for transport and warfare on Tigris, Euphrates, and canals;
request for 600 vessels to bring grain to Ur in 3rd Dynasty [156];
channel straightening for boats, 3rd to 1st millennium BCE [135].

~4000 [135,156]

China
Grand Canal, 1800 km long, linked pre-existing canals, rivers,
and lakes; connected southern and northern plains, locks across
Yellow River; built by 5 million workers

609 CE [157]

Technical innovations aided irrigation across the Near East [129,133,142]. By about 4300 years
ago, the well sweep or shaduf allowed a bucket to be swung round to irrigate the fields (Figure 1C).
Later inventions included the waterwheel or saqia with an animal-powered treadmill, typically raising
water from a well or standing water; the noria or water-powered wheel to draw river water (Figure 2B),
operative in Egypt in the first millennium BCE; and the Archimedes screw, an inclined tube with a
spiral fin. In the Negev Desert, the Nabateans directed rare torrential rains down cleared hill slopes into
underground cisterns, and fed runoff into dry river beds for cultivation, supporting tens of thousands
of people in the early centuries CE [129,158].

Irrigation channels were used in Peru by about 7000 years ago (Table 3), with sophisticated
pre-Columbian dryland terrace systems and water-control structures [159,160]. From approximately
700 to 1130 CE, the Hohokam culture of Arizona built hundreds of kilometres of canals with a carefully
engineered gradient, with large areas under irrigation as early as 3000 years ago. Drainage ditches
were excavated in New Guinea prior to 4000 cal yr BP. In China, major dike and canal systems for
water supply and flood control date back at least 3000 years, with large public irrigation projects along
the Yellow River over the past 2000 years. Over the past thousand years up to 1855, Chinese emperors
organized large-scale dike and channel management on the Yellow River, employing hundreds of
thousands of workers and in some years using ten percent of the imperial budget [41,161].

The earliest dams to supply irrigation canals were probably constructed about 8000 years ago
in the Zagros uplands bordering Mesopotamia (Table 3). Rock and earth dams some four metres
high and 80 m long supplied water in Jordan about 5000 years ago [149], and the Nimrud Dam in
Mesopotamia diverted the Tigris River before 4000 years ago. In Egypt, the large Sadd-el-Kafara Dam
was constructed more than 4600 years ago, faced with cut stone blocks and designed to store water for
quarrying [133].

Using Egyptian and Mesopotamian infrastructure, the Romans built dams in many parts of the
Mediterranean and Near East from about 2700 years ago to 400 CE, including 45 large dams on rivers
in the Near East, with irrigation canals, waterwheels, and aqueducts. Some Roman dams in Spain
are more than 400 m long and 20 m high. The earliest known dam in China dates to approximately
2600 years ago (600 BCE), and the Mogollon culture built a large earth dam in Arizona at about
1000 CE [147].

Groundwater was widely used for agriculture from wells dug under alluvial plains (Figure 4D),
and by 3000 years ago farmers in the Near East had a good understanding of the water table [133].
The qanat systems of Iran used a gently sloping tunnel from the water table or springs at a high
elevation to fields as much as 70 km downflow, with many vertical shafts to provide ventilation.
At Jerusalem and Hazor in Israel, engineers exploited chambers and tunnels at the water table to
provide water from 2700–2800 years ago (700 to 800 BCE).
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8. Riverine Cities and Water Supplies

Most early settlements were built along rivers [135,162], and some were large enough for a
considerable environmental footprint (Table 4). Hunter-gatherers built monumental structures at
Göbekli Tepe in Turkey before 11,000 years ago (second half of the tenth and ninth millennia cal
BCE) [163], and structures at Jericho date to at least 10,000 years ago [67]. Çatalhöyük in Anatolia may
have been the world’s first major settlement, occupied between about 9400 and 7600 years ago (ca. 7400
to 5600 BCE) [164]. In the Fertile Crescent, settlement density increased dramatically after about
6500 years ago, with high points at about 4400 BCE and 400 CE [165]. Settlements large enough to be
considered “cities” date back to the Uruk period in Mesopotamia some 6000 years ago, with urban
areas as large as 400 hectares (4 km2) by about 4700 years ago. Early Dynastic cities in Egypt date to
about 5000 years ago. By about 2000 years ago, organised societies had generated anthropogenic soils
over large areas [14].

Table 4. Estimates of time and place of early use of channel, floodplain and aquatic resources, and the
development of large settlements on floodplains. See Section 3 for the approach used in presenting
age dates. Most dates are based on assessments of archaeological evidence and historical events.
Some dates (*) are based on calibrated (cal) dates, uncalibrated (uncal) dates, OSL, and TL dates.

Activity and Location
Approximate

Date (Years BP)
References

Large settlements and cities

Mesopotamia, Uruk period ca. 4000–3000 BCE (uncal) [166]; area of 400 ha by Early
Dynastic II period, ca. 2700 BCE [167]

>6000 [166,167]

Indus Civilisation, first cities in the region before 3500 BCE; >500 ha of large
settlements in aggregate by late Mature phase; peak populations of 40,000 in Harappa
and Mohenjodaro, and several million inhabitants in the region in the Mature phase

5500 [168]

Egypt, city of Memphis in Early Dynastic and Old Kingdom times, ca. 3000 to
2165 BCE

5000 [167]

China, Longshan times, ca. 2600 to 2000 BCE; Anyang covered 15 km2 along 6 km of
the Yellow River by 1200 BCE

4600 [167]

Mesoamerican cities, lowland Maya cities from 900 to 300 BCE 2900 [167]

Urban water systems

Indian
Subcontinent

Indus Civilisation, with early urban phase ca. 2800 to
2600 BCE [167,169]; extensive public and private systems:

wells, baths, street drains, and sewage pits during 3rd
millennium BCE [133].

~4800 [133,167,169]

Crete
Minoan culture, with wells, cisterns, fountains, and aqueducts
from rivers and springs, in Early Minoan period ca. 3500 to

2150 BCE
5500–4150 [133]

Resources from channel and floodplain sediments

Alluvial gold
Working of placer deposits in rivers in China (Xia, Shang,

and Zhou dynasties, ca. 2100 to 256 BCE), with advances in
dredging and hydraulic methods

4100 [170]

Mud bricks
(sun dried)

Earliest known bricks at Jericho ca. 7500 BCE, with later Indus
cultural examples in Baluchistan ca. 7000 BCE ~9500 [168]

Structures preserved in Egypt with bricks of Nile mud and
straw; buildings with reed layers, ca. 3050 to 2687 BCE ~5050–4690 [171]

Baked bricks
Indus Civilisation, widely used in Mature Phase from

2800 BCE 4800 [168]

Earliest pottery
China, with other Late Pleistocene occurrences in Asia, based
on calibrated dates on associated bone and charcoal [172] and

assessment of dates from varied calibrated sources [173]
~20,000 [172,173] *

Continuous
pottery record

At sites in Mesopotamia and Anatolia, with initial pottery
levels dated to ca. 7000 BCE ~9000 on [174]

Earliest pottery
At sites along the Amazon in Brazil, based on cal dates and a

TL date 8000–7000 [175] *

Ochre
Poland, excavation of 25 acres of red floodplain clay to >1 m

depth; occupied from ca. 15,500 to 11,500 years ago [176] 15,500 [176,177]
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Table 4. Cont.

Activity and Location
Approximate

Date (Years BP)
References

Aquatic resources

Reeds
Large reed buildings in Uruk period of Mesopotamia,

>5000 years ago [178]; reeds used in Egyptian tombs of Old
Kingdom, ca. 2686 to 2160 BCE [179]

>5000 [178,179]

Papyrus

Used in Egypt since at least 3000 BCE, with large-scale
production probably controlled by the state; Greco-Roman
factories in the Nile Delta [180]. Oldest inscribed at Wadi
al-Jarf with hundreds of fragments from reign of Khufu

(2589–2566 BCE) [181]

>5000,
~4570 [180,181]

Fish and other
aquatic organisms

Known from Middle Palaeolithic sites on the Nile. Prominent
Nile fisheries from > ca. 14,000 years ago, with salting for

storage from ca. 9000 years ago; along Amazon in Brazil from
ca. 11,200 years ago, Yangtze in China from ca. 10,000 years

ago, and Columbia in USA from ca. 9300 years ago. Sites
include molluscs, turtles, and amphibians. Based on cal and
uncal dates and OSL dates [182], cal dates [183], dates from

varied sources with calibration not reported [184], and
calibrated dates [185]

>14,000
[182] *, [183] *,
[184] *, [185] *,

[186], [187]

Climate change influenced settlements across the Near East and North Africa, leading to the
migration of irrigation-based farmers and periods of societal collapse during droughts, especially
during major events at 8200, 5200, and 4200 cal yr BP [101]. By about 5000 years ago, declining
precipitation rendered large areas of North Africa uninhabitable and settlement focused along the
Nile [188,189]. In Mesopotamia over the past 7000 years, a dynamic interaction between climate,
anthropogenic effects (including settlement, irrigation, and warfare), and river dynamics makes it
difficult to ascribe avulsions to natural causes alone [162].

Settlements in the mature stage of the Indus Civilisation were present across 1 million km2 of
the river plains, with thousands of individual sites along rivers and an early urban phase from about
4800 years ago. Five cities with populations of tens of thousands were each more than 100 hectares
(1 km2) in area. In China, precincts with earthen walls date back to Longshan times at about 4600 years
ago (2600 to 2000 BCE), and the city of Anyang extended widely along the Yellow River by about
3200 years ago. Large urban centres were present in Mexico nearly 3000 years ago (by 900 BCE).
Spanish adventurers in the sixteenth century CE encountered a continuous line of large settlements
along the Amazon river bluffs [190].

Several cultures developed innovative urban water systems (Table 4). Mohenjodaro in the Indus
Civilisation had many wells, large public baths, street drains and sewage pits, and houses with
bathrooms and terracotta conduits for waste water—the most sophisticated drainage system of any
city of the time. The Minoan culture of Crete tapped rivers and springs for extensive public water
systems prior to 5000 years ago.

Roman cities used river and spring water intensively [133,191,192], with aqueducts nearly 100 km
long from springs along rivers to supply Rome. By the end of the first century CE, the city’s population
may have numbered half a million, using nearly one million m3 of water daily, and waste water was
flushed into a major sewage system, the Cloaca Maxima, with an outlet to the Tiber. Public baths
across the empire (Figure 4E) used hot springs and water heated by wood-fired furnaces, requiring
considerable woodland resources [193]. By the fourth century CE, Rome boasted 11 large baths,
856 public baths, 15 monumental fountains, and 1352 other fountains and basins [191].

9. Navigation and Trade Routes

Navigation would have required riverbank structure such as wharves and boatyards, as well as
channel maintenance through dredging of sediment and clearance of woody debris (Table 1). In Egypt,
preserved models of reed and log rafts date back about 7500 years, with large Nile barges capable of
transporting heavy obelisks in the ensuing millennia (Table 3). In Mesopotamia, large fleets carried
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grain and other commodities on rivers and canals about 4000 years ago. In China, an especially
remarkable construction was the Grand Canal, almost 1800 km long and completed in 609 CE,
with incorporation of earlier waterways to link agricultural plains in the northern and southern
parts of the empire.

Trade routes have followed river banks for thousands of years. Trade in obsidian from Turkey
dates back about 12,000 years at sites on the Euphrates [164]. During the Uruk period and Early Bronze
Age in Mesopotamia (after about 6000 years ago), many overland trade routes followed the Tigris and
Euphrates and their tributaries, using ox- and donkey-wagons and pack donkeys to connect with river
transport [194]. Wagons came into use in the Near East after the wheel appeared during the Uruk
period before about 5000 years ago [194].

Before 6000 years ago (late fifth millennium BCE), boats transported flint along the Vistula and
Oder rivers in Europe [195]. A wide range of goods was transported along the Silk Roads from China
to the Mediterranean as early as 4000 years ago [196].

Transport routes would have required bridges and seasonal causeways across rivers. Ancient
bridges of wood or stone are rarely preserved, but stone piers indicate that a bridge crossed the
Euphrates at Babylon [178]. Wooden bridge pilings from the Bronze and Iron Ages, the earliest dating
back more than 3000 years (1530 to 1210 cal yr BCE), are preserved in the Thames Valley, UK at
a long-term crossing point where the bridge structures influenced local sedimentation and fluvial
competency [197]. River beds would have served as routes at low stage in dry seasons, as in many
parts of the world today. Coastal reaches were dredged to improve navigation on the Tiber river near
Rome in the second century CE [198].

10. Resources of Channels and Floodplains

Utilisation of channel and floodplain sediments and vegetation has a direct impact on rivers.
Modern examples indicate that these activities cause intense local disturbance (Table 1), although the
cited examples are commonly on a larger scale than those of the earlier Quaternary.

Bedrock mining for copper and other commodities was underway by 7000 years ago and probably
much earlier in the Near East and elsewhere [199–201], requiring local water supplies for ore separation
and settlements. In China, lake records indicate increased copper concentrations approximately
4000 years ago, with widespread sediment pollution related to the intensity of smelting activities [202].
Placer mining for alluvial gold was active by 4100 years ago (Table 4), and improved methods of
dredging and hydraulic extraction were developed in the first millennium BCE [170].

Construction of early settlements and later cities required excavation of floodplain mud to generate
large volumes of sun-dried mud bricks, baked bricks, and tiles (Table 4). The first use of mud bricks
worldwide was at Jericho about 9500 years ago (7500 BCE). In the Indus cultural tradition, mud bricks
date to about 9000 years ago and early mud-brick villages to 8500 years ago, with larger mud-brick
settlements by 5500 years ago [168]. Baked bricks first appear at about 4800 years ago (2800 BCE)
and were widely used for baths, drainage systems, and flood-protection structures that required
water-resistant materials. Baking of bricks required sufficient firewood for heating to >500 ◦C for
several hours, although 200 hectares of riverine forest may have sufficed to supply Mohenjodaro with a
century of baked bricks [168]. Mud-brick structures from about 5000 years ago are preserved in Egypt.
Brick pits at Uruk in Mesopotamia must have covered a considerable area, perhaps >2.5 km2, but they
would be difficult to identify when filled with water- or wind-blown sediment and garbage [135].

City populations used large amounts of pottery, commonly made from floodplain clay. Currently
the earliest known pottery dates to about 20,000 cal yr BP in China, and many sites in the Near East
exhibit a continuous pottery record after about 9000 years ago [174]. In the Americas, pottery dates to
before 7000 cal yr BP. Pottery kilns in southern Poland constituted Europe’s largest production area
during Roman times (second to fifth centuries CE), using river clays and Miocene clays exposed in
river banks, and enough firewood to prevent regeneration of oak forests [176].

169



Quaternary 2018, 1, 21

Ochre obtained from floodplains and bedrock was used as far back as 100,000 years ago for
colouring many materials and for cave art [203]. At Rydno in Poland, ochre mining by 15,500 years
ago took out red floodplain clay and hematite-rich gravel over 25 acres and down to more than 1 m
depth [176,177].

Other river products widely used in antiquity include reeds, papyrus, hay, and (among many
nutritional resources) fish (Table 4). The use of papyrus for writing dates back at least 5000 years in
Egypt, with large-scale production under state control, and large reed buildings were constructed in
Mesopotamia more than 5000 years ago. In the Thames Valley, the use of coppiced oak for bridge
structures indicates Bronze and Iron Age woodland management along the river, and hay was grown
on floodplains in Roman times [197]. Brushwood for fires and hedges would have been widely
gathered along rivers in antiquity, as today.

Fishing was a major livelihood on rivers around the world. On the Nile, fish are preserved
at Middle Palaeolithic sites [186], with examples of large-scale fishing by 14,000 years ago (Table 4).
Palaeolithic fishers initially caught Nile fish that spawned in shallow water, but after about 10,000 years
ago, fishers also used deeper water species, implying improved technology and probably more stable
vessels [187]. In the Sudan at about 9000 cal yr BP, fish were salted and stored in pottery containers [185].
Fish are prominent at archaeological sites along rivers in China and the Americas, along with molluscs,
turtles, and amphibians at Amazon sites.

Communities have used water for many other purposes historically. Modern cultural festivals
may bring together millions of people along river banks (Figure 2H).

11. Early Legacy Sediments and Geomorphic Change (Middle to Early Late Holocene)

Anthropogenic changes in land use, especially agricultural development and deforestation,
commonly result in legacy sediments [17,204] (Table 5). Direct evidence for anthropogenic influence
in these deposits comes from sediment type, aggradation rate, charcoal, plant materials and pollen,
artefacts, and associated paleosols that were anthropogenically overprinted and eroded [205–208].
Sediments dating to 7350 to 2450 cal yr BP in Iran yield charcoal, bones, burned byproducts of brick and
ceramic making, collapsed plinth masonry, plaster fragments, possible slag, and phosphatic coprolites
that may have been used as fuel [209]. Domestic animal tracks have been identified in some floodplain
deposits [210,211]. Some floodplain events, especially episodes of aggradation and incision, may reflect
climate effects with an anthropogenic overprint [205,208].

Legacy sediments may be best documented from Quaternary successions in small river valleys and
tributaries [17,18,96,208] where shifts in the equilibrium profile of the channels promoted substantial
aggradation and incision. The identification of anthropogenic signatures is more problematic for large
rivers where regional climatic effects influence sediment flux in large catchments [21], earthquakes
liberate large sediment volumes [212], and catastrophic glacial floods sweep river reaches [26].
However, large river systems may capture evidence for both human activities and climatic and
other environmental effects [165].

Early legacy sediments are found in New Guinea (Table 5), where human impacts at 7800 cal yr BP
include valley alluviation, a more open herbaceous cover, and increased charcoal. Banana cultivation
and managed planting commenced shortly after 7000 cal yr BP, and within about 500 years crops were
growing in a largely anthropogenic landscape. Drainage ditches were excavated by 4000 cal yr BP.

In the Yellow River area of China, alluvium dating to about 7700 cal yr BP indicates the onset
of slash-and-burn methods [213], and successions predating 7000 years ago contain evidence for
rice-paddy farming in the form of phytoliths, charcoal, and pottery [122]. As valleys filled with
sediment, wet floodplains suitable for rice cultivation increased in area until, approximately 4000 years
ago, incision narrowed the floodplains and reduced wetland areas. After 3000 cal yr BP, the sediment
load of the Yellow River increased steadily, linked to progressive cultivation and deforestation on
the Loess Plateau. Changes in stream regime through this period largely represent human impacts
rather than climatic forcing, and human and climatic effects are so intertwined on the Loess Plateau
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as to be inseparable by about 2000 years ago [214], with such drylands especially prone to both
climatic and anthropogenic effects [18]. In southwest China [215], changing pollen spectra mark the
expansion of irrigated rice cultivation after 2200 cal yr BP, with gully erosion by about 1400 cal yr BP
and 54,000 hectares (540 km2) of land under irrigation during the Tang Dynasty (618–907 CE).

Table 5. Some examples of anthropogenic sediment and effects in river systems. Middle and
Late Holocene dates are in calibrated years BP, and dates for the past millennium are based on
historical evidence.

Location Legacy Sediments References

Middle Holocene to Early Late Holocene

New
Guinea

From 7800 cal yr BP on, clearance of forest, expansion of herbaceous vegetation, and
increased charcoal from use of fire. Aggradation in Baliem River valley. Banana and
other crops in an anthropogenic landscape by 6950 to 6440 cal yr BP. Drainage
ditches and channels dated at ~4350–3980 cal yr BP. Based on calibrated dates.

[81,96]

China

Agriculture and population growth after ~7700 cal yr BP in Yellow River system,
based on charcoal, pollen and sediment records, with onset of slash-and-burn [213].
Widespread effects by 7000 cal yr BP [214]. Valley alluviation and hillslope erosion
from ~5300/5010 BCE through 2130/1870 BCE, in Yiluo River system; pottery, bones,
charcoal, and fossil evidence for rice farming [122]. Deforestation of Loess Plateau
increased Yellow River sediment load at ~3000 cal yr BP [216]. Based on OSL and cal
dates.

[122,213,214,216]

Spain

Aggradation and incision episodes in the Ebro Basin, with valley-floor sedimentation
from ~8000 cal yr BP (6000 BCE), intensifying during the Bronze and Iron Ages and
through the Roman period. Associated charcoal and pottery. Based on cal dates and
artefacts.

[205]

UK

Clays dated at 4440–3560 cal yr BP, during change from woodland to scrubland with
cereal crops. Overlying silty sand at ~4100 cal yr BP in Frome River system. Linked to
deforestation and expanded arable farming, with increased sedimentation rate.
Based on cal and OSL dates.

[17]

Italy

Original vegetation lost by Bronze Age ~3300 cal yr BP in Po River plain. Drainage
ditches and irrigation channels since Early Iron Age. Widespread Roman
deforestation, intensification of farming, roads and ditches after ~2100 cal yr BP.
River courses embanked and prevented from silting. Soil erosion caused Po delta to
prograde further at ca. 300 CE than in previous centuries. Based on cal dates.

[217,218]

Mexico

Agriculture and deforestation enhanced erosion by 3450 cal yr BP, intensifying with
urban development after 2350 cal yr BP. Río Verde shows increased sediment load,
aggradation, and change from meandering to braided. Spread of overbank fines
expanded agricultural areas. Coastal morphology modified. Based on cal dates.

[219]

Past Millennium

NW Europe
Salmon stocks declined by 90% from Early Middle Ages (~450–900 CE) to ~1600 CE.
Decline matches watermill expansion; weirs and millponds blocked access to
upstream spawning grounds. River gravel covered with silt and mill waste.

[220]

USA
Buildup of slackwater sediment from ~1700 CE, behind tens of thousands of 17–19th
century milldams in northeastern rivers. Underlying soils and gravel represent
forested wetlands with anabranching channels, now mainly lost.

[204]

China
After ~1800 CE in SW China, intense cultivation and population pressure caused soil
erosion and hillslope collapse. Fluvial aggradation of 2 m/yr, channel blockages. [221]

U.S.A.
Release of 1.3 billion m3 from hydraulic gold mining in Sacramento River system,
California after 1849 gold rush. Aggradation of 60 m of alluvium, followed in a few
decades by incision. Rapid sedimentation of San Francisco Bay.

[53]

Global
Currently >50,000 large dams >15 m high. 17 million dammed reservoirs of all sizes,
with a volume >8000 km3. Severe effects on sediment transport, flow regimes, and
biodiversity of freshwater ecosystems.

[20,222]

Global
Rivers swept by waves of millions of cubic metres of toxic waste and cyanide from
mine-dam failures and pipeline breaks. [223,224]

China
South-North Diversion Project, with capacity to deliver 25 billion m3 from Yangtze to
northern China along two routes, each >1000 km long. Partially constructed.

[152]

In the Ebro basin of Spain, human occupation has been intense since the Neolithic about 10,000 to
8000 years ago. Rapid sedimentation was attributed to anthropogenic influence after about 8000 years
ago, intensifying during the Bronze and Iron Ages and Roman times [205]. For sites across central
Europe, no major anthropogenic impact was noted prior to 7500 cal yr BP, with a changing pollen
spectrum but little effect on sedimentation from 7500 to 6300 cal yr BP [225]. After 6300 cal yr BP,
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an increased thickness of colluvium and flood sediments, increased charcoal, and strongly altered
pollen spectra suggest vigorous human activity, which may have amplified drought effects. For the
Frome River in UK, accelerated silt buildup prior to 4000 cal yr BP was accompanied by a decline in
oak-elm pollen and a rise in scrub and hedge taxa and cereal pollen, testifying to deforestation and
agricultural development.

In Italy, the central Po Plain had lost its original vegetation cover by 3300 cal yr BP (Table 5),
but deforestation and soil erosion had intensified by 2100 years ago under the Roman Empire,
with control of embanked rivers and irrigation channels, reclamation of swamps, and the establishment
of agricultural plots for veterans. Some creeks aggraded whereas others were dredged. As the
empire declined, fields were abandoned and fluvial aggradation set in under cooler and wetter
conditions, with a rapid advance of the Po Delta by 400 CE related to anthropogenic activity. By late
Roman times, deforestation had been sufficiently intense to promote climatic alteration around
the Mediterranean [226]. Intensive agricultural development is evident elsewhere in the Roman
Empire [197,217].

In Mexico, deforestation linked in part to maize cultivation triggered landscape erosion by 3450 cal
yr BP, although terracing reduced soil loss [219]. Key effects included increased sediment load, a shift
from meandering to braided rivers, and coastal geomorphic changes.

Fire played an important role in generating legacy sediments. For southern Europe, anthropogenic
fire effects have been important since 8000 to 7000 cal yr BP in Neolithic times, with increased frequency
during the Bronze Age (ca. 3800–3600 cal yr BP) and significant vegetational change as shrublands
replaced forests [28,29]. In China, biomass burning for land reclamation intensified after 3100 years
ago, based on OSL and radiocarbon dates [227].

12. Pre-Industrial and Industrial Changes (Past Millennium)

Anthropogenic influences have changed rivers enormously within the past centuries. A few
effects are highlighted here (Table 5).

From the Early Middle Ages (about 450–900 CE) to Early Modern Times (about 1600 CE),
the construction of weirs and millponds on European rivers blocked fish migration routes and covered
river gravel with fine sediment and mill wastes, leading to a steep decline in fish populations [220].
In England, the 1086 Domesday Book listed 5624 watermills along rivers, one for every two hundred
and fifty people [149], and by the early eighteenth century a river in France had twenty mills per
linear kilometre [220]. In the sixteenth century, debris from mining was pouring into the rivers of
southwestern UK, silting up Plymouth Harbour [17].

Over the past centuries, many multiple-channel reaches were converted to single channels as
anabranches were taken over for agriculture, mill channels, and canals [228,229]. By 1840 more than
65,000 watermills with dams a few meters high were operating in the northeastern United States alone,
each ponding the river for some kilometres upstream and converting multichannel wetlands into
single channels with aggradational floodplains [204]. More than 1000 snags per kilometre, in the form
of drifted trees and logs, were removed from rivers in the central United States over a few decades
in the late 1800s [48], and many rivers were extensively dredged [230]. Blasted out in the 1830s to
improve navigation, the Great Raft of Louisiana was a log jam 250 km long that had formed over
hundreds of years [231].

Rapid alluviation affected many rivers in recent centuries through agriculture and mining (Table 5).
In southwest China, the wholesale collapse of upland slopes as agriculture intensified caused extreme
aggradation and channel blockage. Hydraulic mining of gold in the Sacramento River system of
California following the 1849 gold rush choked valleys with 60 m of gravel, agricultural land was
flooded with tailings, and a debris wave reached San Francisco Bay. After legislation ended hydraulic
mining in 1884, the channels readjusted and cut through the gravel, leaving flights of young terraces.
Overall, more than a cubic kilometre of tailings (1.3 billion m3) was released [53]. In the Fraser River of
Canada, 58 million m3 of gold tailings were dumped in the channel, with a debris wave 500 km long
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that is advancing at a few kilometres a year, and tin mining in Tasmania added 40 million m3 of mine
waste to a local creek [232,233].

The construction of tens of thousands of large dams has seriously affected most large rivers
worldwide, as have failures of mining dams and pipelines that released waves of toxic waste (Table 5).
Sand and gravel mining in many river channels is now a serious issue [234]. Large water transfers
between river systems include the South-North Diversion Project in China. Many of the world’s largest
rivers are at risk through pollution, dams, water overextraction, navigation, climate change, invasive
species, and overfishing [19], and wilderness is effectively gone [235].

Deliberate diversion of rivers and breaching of dikes during warfare goes back to ancient times.
Herodotus records that, in 539 BCE, the Persian king Cyrus diverted the Euphrates upstream of
Babylon into a canal, allowing his troops to storm the city along the river bed (sections 1.190–191
in [236]). A recent example is the 1938 breaking of dikes on the Yellow River by Chinese Nationalist
forces to impede the Japanese advance, inundating an enormous area and causing a huge loss of life
(Table 1).

13. Stages in River Modification

Figure 5 contains some of the evidence set out above for the timing of key processes by which
humans influenced rivers. The analysis emphasises many kinds of events (Figure 3) along numerous
large rivers, including the Nile, Tigris, Euphrates, Jordan, and Orontes (Near East and North Africa),
the Indus and Ganges (Northwestern Indian Subcontinent), the Yellow, Yangtze, and Pearl (China),
the Amazon and Gila (Americas), and rivers in parts of Europe. This broad compilation suggests that
humans had the capability to influence rivers by the latest Pleistocene in many parts of the world,
with a progressively strong influence in places from the Early Holocene onwards.

Six provisional stages highlight the onset of key innovations, which represent important changes
in the ways that humans viewed and used river systems. The durations of the stages are typically a
few thousand years and their boundaries are generalised, denoting broad developments rather than
historical events. These developments were strongly diachronous globally, depending principally
on the trajectory of agricultural development in different regions and continents [8,16–18], and the
stages apply most closely to the Near East and adjoining areas. However, once innovations appeared,
they tended to spread through human migration and the transmission of ideas, especially along trade
routes. Examples include the spread of rice, wheat, and barley across Asia [84,120] and the spread of
irrigation and groundwater technology across North Africa and the Near East [133].

Stage 1 (Minimal River Effects) covers the appearance of the earliest hominins to about 15,000 years
ago in the Late Pleistocene. Activities late in the stage include fishing along the Nile in the Middle
Palaeolithic, cereal processing in Europe (32,000 cal yr BP) and the Near East (23,000 cal yr BP),
and the use of fire in New Guinea (28,000 cal yr BP). Although hunter-gatherers left traces along
many rivers, the evidence for effects on rivers is largely circumstantial and the cumulative effect was
probably minimal.

Stage 2 (Minor River Effects) extends from about 15,000 to 9800 years ago. The stage spans a
period of widespread gathering and cultivation of plants, especially by the Natufian culture and early
settlements in the Near East, and it includes the initial domestication of plants and animals after about
10,700 cal yr BP through to the emergence of formal agricultural organisation. Human activity along
rivers included fisheries, ochre mining, and construction of early settlements.

Stage 3 (Agricultural Era) extends from about 9800 to 6500 years ago. The stage covers the onset
of organised agriculture, domestication of additional crops and animals, widespread use of fire for
land clearance, and more extensive settlements with mud-bricks and pottery made from floodplain
clay. Early dams and irrigation features appear, with spring-fed irrigation at Jericho (Figure 4C) by
about 8000 years ago. The first well-documented legacy sediments appear in several regions during
this stage.
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Stage 4 (Irrigation Era) extends from about 6500 to 3000 years ago. The stage covers the rise of
organised irrigation systems in Mesopotamia, Egypt, and the Indus region, the first large dam in
Egypt, and urban water supplies. Rulers and administrators deployed large labour forces and utilised
resources for construction projects. Other activities included the use of fleets of boats with implications
for riverside construction, the harvesting of aquatic resources such as reeds and papyrus, alluvial
mining, and the increased use of groundwater on floodplains.

Stage 5 (Engineering Era) extends from about 3000 years ago to about 1750 CE. The stage marks
the onset of large-scale river engineering under Chinese and Roman emperors, with management
of extensive embankments, canals, dams, and urban water supplies. Agriculture and sediment flux
intensified in both empires, with effects on river deltas. From the Early Middle Ages onwards in
Europe, watermills partitioned many rivers and freshwater fish stocks were decimated. Navigation
became increasingly important on many rivers.

Stage 6 (Industrial Era) extends from about 1750 CE at the start of the Industrial Revolution to the
present, marking the widespread use of rivers for waterpower, factories, and transport. The modern
Big Dam Era from 1882 onwards ushered in technological river modification and regulation such that
most rivers on Earth now experience major anthropogenic influence.

Stages 2–6 encompass less than 10,000 years of river history. The human river footprint has
expanded with great rapidity: such a duration is commonly represented in the geological record by a
few metres of sediment on an alluvial plain, a few avulsions of a trunk channel, or part of a rhythm of
sea-level rise.

Key anthropogenic events that influenced rivers differ markedly in time and in space over short
distances. River modification commenced relatively recently in some regions, stages were bypassed
entirely in places, and events such as periods of soil erosion [237] influenced a region’s subsequent
history, irrespective of the passage of time. In parts of the polar regions, river modification has yet
to commence. The brief regional analysis below covers areas for which considerable information is
available in the current compilation (Figure 5, Tables 2–5), drawing also on surveys of land use changes
and lake records over the past few thousand years [8,9,238]. A full analysis for these regions is beyond
the scope of the present paper and would require consideration of local cultural factors, climatic,
hydrological and sea-level history, as well as a full resolution of available age data [27]. However,
such an analysis would need to take into account the many processes of anthropogenic modification
set out here. The technological era of Stage 6 affected all areas sometime after about 1750 CE.

The six stages of Figure 5 accord most closely with the Near East, for which abundant
archaeological evidence is available from Mesopotamia and adjoining areas through Anatolia and
the Fertile Crescent to Egypt and adjoining parts of North Africa. Within this area, Stage 2
featured intensified cultivation and the early domestication of many plants and animals. Stage 3
features the early onset of agriculture, as well as the rise of irrigation and dams, the first cities,
and brick manufacture. By the end of Stage 3, most villagers in the region were farmers. Extensive
irrigation systems in Mesopotamia mark the onset of Stage 4, with the progressive use of irrigation
technology and groundwater, as well as the deployment of shipping on the Nile, Tigris, and Euphrates.
River engineering in Stage 5 was prominent under local rulers, culminating in large-scale engineering
under the Roman Empire.

In Europe, cereal production spread across much of the continent by 7000 years ago,
with widespread legacy sediments and the use of fire. By 2000 years ago the Roman Empire was
conducting major river engineering (Stage 3) in many areas.

China also experienced early river modification, with Stage 3 marked by the early domestication
of rice and millet and legacy sediments that date back about eight thousand years. Engineering of the
Yellow River (Stage 5) included the construction under a centralised economy of dikes and canals after
approximately 3000 years ago. Rice-based agriculture spread across Asia over several millennia [87],
and brick-built cities with sophisticated urban water supplies were present in the Indus Basin by
5500 years ago.
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In the Americas, Stages 1 and 2 commenced with the first crossing of the Bering Strata after
about 16,500 years ago, although earlier occupations have been suggested [239]. Trajectories of river
modification varied greatly in local areas. A relatively early onset of Stages 3 and 4 is suggested for
Central and South America by the early domestication of squash and maize, with irrigation systems in
place locally by 7000 cal yr BP. Large cities developed in some areas shortly after 3000 years ago.

In Oceania, a relatively early onset of Stage 3 in New Guinea is indicated by legacy sediments
that predate 8000 cal yr BP and the domestication of the banana shortly after 7000 years ago. Humans
arrived in Australia about 65,000 years ago [77], and the use of fire may have been the main effect
on rivers until European settlement in the late 1700s. Stage 1 commenced after Polynesians reached
New Zealand 700–800 years ago, with severe fires that began to transform the vegetation and enhanced
erosion [240].

Figure 5. Timeline and stages for the anthropogenic modification of river systems. See Tables 2–5
for sources of the dates shown in the figure, with dates for early food processing [113,114] and
intensification of cultivation and onset of domestication and agriculture [88]. Suggested stages in
modification are based largely on information from the Near East, North Africa, Northwestern Indian
Subcontinent, China, and parts of Europe. Note that the timing and intensity of anthropogenic influence
vary greatly regionally [17,18]. Dates for Early, Middle, and Late Holocene (E, M, L) from [62].
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14. Comparison of Stages with Models for Population Growth and Land Use

Human population growth is regarded as the main driving force of global change [7]. Because
many communities depend on rivers, global population estimates may serve as a general proxy for
anthropogenic influence on rivers. The HYDE 3.2 model uses historical population data and land-use
allocation algorithms [8,9]. Model results have high uncertainty levels, especially for the earlier
Holocene, because the quality of historical population data varies in time and space and because
the models depend on assumptions about the relationship between population and land use and
sociocultural factors [241]. Land-use data are reasonably reliable for rice-based civilisations of Asia
and hydraulic civilisations of North Africa and the Mediterranean, but the area of grazing land is
poorly constrained.

A central estimate for global population is 4.4 million at 12,000 years ago, near the start of the
Holocene [8,9] (Figure 6). Population rose four-fold to 19 million by 7000 years ago and thereafter by
more than an order of magnitude to 232 million by 1 CE. Population was clustered locally, reaching
a few million during the Mature phase of the Indus Civilisation from 4600 to 3900 years ago [168].
The global population reached 461 million by 1500 CE and 7.26 billion by 2015.

The area of global cropland (mainly rain-fed) increased from 6 million hectares at 7000 years ago
to 146 million hectares at 1 CE and 209 million hectares at 1400 CE. The area of grazing land increased
from 30 million hectares at 7000 years ago to 199 million hectares at 1 CE and 483 million hectares at
1400 CE (Figure 6). Based on these figures, the combined area of cropland and grazing land rose by an
order of magnitude between 7000 years ago and 1 CE, further doubling between 1 CE and 1400 CE.
Irrigated cropland was a small proportion of the total, with 0.2 million hectares by 7000 years ago
and 2.6 million hectares by 1 CE, with a rise 6000 years ago due to large irrigated areas in Egypt and
the Near East. Soil erosion rates increased strongly after about 4000 years ago (ca. 2000 BCE), linked
overwhelmingly to changes in land use rather than climate [242].

Stages in river modification from Figure 5 correlate broadly with global population, land-use,
and river-sediment trends shown in Figure 6, supporting a trend of intensified anthropogenic influence
on rivers through the Holocene. Stages 3 to 5 are in accord with a progressive increase in population
and the area of cropland and grazing land, with initial irrigation prior to 6500 years ago. Although
the area of irrigated land remained low, the land use per capita was higher in earlier times, especially
during the early stages of hydraulic civilisation in North Africa and the Near East [7], and irrigation
may have had a relatively large effect on rivers. After the onset of Stage 5 at about 3000 years ago with
major river engineering in China and elsewhere, population, cropland and grazing land increased at a
progressively higher rate globally, and the sediment load in the Yellow River increased as deforestation
in the Loess Plateau promoted soil erosion. Rice fields initially covered a modest area but began to
exceed irrigated land after 3000 years ago, with important effects on floodplains.

More direct proxy records typically focus on rates of erosion and sediment transport. They include
measurements of sediment flux to the world oceans [49,243], local erosion rates under natural and
modified vegetation [18,244], soil-erosion models [242], basinwide denudation rates derived from
cosmogenic isotopes [33,245], and human impacts in lake records [202,238]. However, the timing and
rates of events derived from different proxies commonly vary because they measure different effects,
and proxy records are rarely truly independent variables and are subject to complex feedbacks [18,130].
Some large river systems transfer sediment to the ocean with little delay, but in other cases sediment
storage in valley fills, terraces, and mass-wasting deposits leads to considerable time lags in sediment
transfer [244–248].
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Figure 6. Comparison of stages in anthropogenic modification of rivers (Figure 5) with datasets for
population and land use [8,9] and Yellow River sediment load [216]. Original graphs plotted in years
before present.

15. Implications for the Concept of the Anthropocene

The present analysis highlights the great variety of human activities along rivers worldwide
from ancient times, many of which probably have been undervalued as geomorphic processes.
Collectively, the data suggest that humans were capable of considerable local modification of river
systems during the Late Pleistocene, although more reliable case studies are needed for this period.
River modification intensified in the Early Holocene (11,700 to 8300 years ago) through numerous

177



Quaternary 2018, 1, 21

processes and was widespread in many regions worldwide from the Middle Holocene (8300 years ago)
onwards, as documented by a wealth of direct evidence.

As noted in the Introduction, strong allogenic effects are likely to have masked early
anthropogenic processes, but they also would have affected human societies. Aridification
caused changes of hydrological regime, collapse of civilisations, abandonment of settlements,
and migration of farmers in the Nile Valley, the eastern Mediterranean, the Near East, and the Indian
Subcontinent [27,101,140,189,249]. However, human responses to such changes were complex and,
locally, provided opportunities for farmers [250]. Climate change probably played a role in the decline
of the Roman Empire, leading to reafforestation, drainage changes, and aggradation [217]. Such climatic
changes may produce local discontinuities in response to rhythms of aggradation and degradation [22],
and these surfaces may correspond to widespread punctuated steps in river modification. A landslide
dam outburst flood on the Yellow River nearly 4000 years ago (ca. 1920 BCE) may have led to the
establishment of the Xia Dynasty at the Neolithic–Bronze Age transition [251].

Holocene sea-level rise displaced populations and promoted cultural change [252]. After about
8000 years ago, a decreased rate of sea-level rise caused the formation of deltas by large
sediment-charged rivers, promoting occupation and the emergence of complex societies on the Nile,
Yangtze, and other deltas [253–256]. In estuaries and bays of the Texas Gulf Coast, rapid Holocene
sea-level rise adversely affected estuarine productivity but stillstands promoted aquatic resources,
influencing human occupation [257].

Complex positive and negative feedback systems between climate, vegetation, and human
activities complicate the assessment of anthropogenic influence [130]. As land-use changed in China,
sediment flux into river valleys caused aggradation and increased the area of floodplains, promoting
additional agriculture until later incision narrowed the cultivable area [122]. Fire and ploughing would
have promoted soil erosion and nutrient loss, causing declines in crop production [237], and may
have encouraged cropland expansion, as may waterlogging and salination of irrigated soils. Land-use
changes may have exacerbated the effects of droughts [225].

The onset of river legacy sediments is diachronous worldwide [17]. No evidence adduced here
supports the identification of a key event that could be used to demarcate the onset of the Anthropocene,
which would additionally require careful discrimination of human from natural processes [18].
Nevertheless, the analysis supports the view [11] that researchers studying the Anthropocene need
to acknowledge how early and profoundly humans began to modify the terrestrial environment.
Anthropogenic effects commonly mimic natural river dynamics, making discrimination difficult.
Such effects include the buildup of (artificial) levees, levee breaks used for irrigation, avulsion where
embankments were breached by floods or warfare, rhythms of aggradation and incision, downstream
migration of sediment slugs, conversion from multichannel to single channel and from meandering to
braided planforms, and delta extension.

16. Conclusions

Humans have lived along rivers since hominins first appeared, engaging in a wide range
of ingenious activities (Figure 3) that potentially influence river dynamics and sediments.
Legacy sediments linked to the rise of agriculture provide direct evidence for anthropogenic influence
on rivers, but the evidence for many other important activities with geomorphic consequences
remains largely circumstantial. Humans have influenced rivers from the Late Pleistocene onwards,
with increasingly prominent effects through the Early and Middle Holocene (Greenlandian and
Northgrippian).

Six provisional stages for river modification (Figure 5), centred on the Near East, represent key
innovations in human activity and use of rivers. They include the increased use and cultivation of
crops in the Late Pleistocene and the domestication of many plants and animals in the Early Holocene;
the onset of agricultural systems at about 9800 cal yr BP; the rise of major irrigation systems under
centralised administrations after about 6500 cal yr BP; the development of major river engineering
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after about 3000 cal yr BP; and the industrial era after about 1750 CE. A trend of intensified river
modification coincides broadly with available models that document a rapid increase in population
and land use through the Holocene (Figure 6).

The evidence presented here supports diachronous anthropogenic change in river systems
worldwide, and no indication was found of processes or deposits that could provide a reliable early
boundary for defining the Anthropocene, although regional markers may be present. Geoscientists
have commonly interpreted fluvial archives in terms of natural forcing functions such as climate and
sediment flux, but the analysis presented here suggests that the human impact on rivers has been
underestimated. Anthropogenic effects should be considered routinely when interpreting fluvial
archives from the Late Pleistocene onwards.

The present study is a preliminary overview of a topic that requires much fuller development.
Recommendations for future fluvial research include documentation of some human activities for
which the evidence is currently circumstantial, as well as the further identification and correlation of
quantitative proxy records. In particular, it is important to develop timelines for human influence in
local areas, beyond the generalised global record set out here.
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87. Őzkan, H.; Willcox, G.; Graner, A.; Salamini, F.; Kilian, B. Geographic distribution and domestication of wild

emmer wheat (Triticum dicoccoides). Genet. Resour. Crop Evol. 2010, 58, 11–53. [CrossRef]
88. Arranz-Otaegui, A.; Colledge, S.; Zapata, L.; Teira-Mayolini, L.C.; Ibanez, J.J. Regional diversity on the

timing for the initial appearance of cereal cultivation and domestication in southwest Asia. Proc. Natl. Acad.
Sci. USA 2016, 113, 14001–14006. [CrossRef] [PubMed]

89. Karg, S. New research on the cultural history of the useful plant Linum usitatissimum L. (flax), a resource for
food and textiles for 8,000 years. Veg. Hist. Archaeobot. 2011, 20, 507–508. [CrossRef]

90. Tengberg, M. Beginnings and early history of date palm garden cultivation in the Middle East. J. Arid Environ.
2012, 86, 139–147. [CrossRef]

91. Huang, C.C.; Pang, J.; Zhou, Q.; Chen, S. Holocene pedogenic change and the emergence and decline of
rain-fed cereal agriculture on the Chinese Loess Plateau. Quat. Sci. Rev. 2004, 23, 2525–2535. [CrossRef]

92. Liu, L.; Lee, G.-A.; Jiang, L.; Zhang, J. Evidence for the early beginning (c. 9000 cal. BP) of rice domestication
in China: A response. Holocene 2007, 17, 1059–1068. [CrossRef]

93. Molina, J.; Sikora, M.; Garud, N.; Flowers, J.M.; Rubinstein, S.; Reynolds, A.; Huang, P.; Jackson, S.;
Schaal, B.A.; Bustamante, C.D.; et al. Molecular evidence for a single evolutionary origin of domesticated
rice. Proc. Natl. Acad. Sci. USA 2011, 108, 8351–8356. [CrossRef] [PubMed]

94. Dillehay, T.D.; Rossen, J.; Andres, T.C.; Williams, D.E. Preceramic adoption of peanut, squash, and cotton in
northern Peru. Science 2007, 316, 1890–1893. [CrossRef] [PubMed]

95. Ranere, A.J.; Piperno, D.R.; Holst, I.; Dickau, R.; Iriarte, J. The cultural and chronological context of early
Holocene maize and squash domestication in the Central Balsas River Valley, Mexico. Proc. Natl. Acad.
Sci. USA 2009, 106, 5014–5018. [CrossRef] [PubMed]

96. Denham, T.P.; Haberle, S.G.; Lentfer, C.; Fullagar, R.; Field, J.; Therin, M.; Porch, N.; Winsborough, B. Origins
of agriculture at Kuk Swamp in the Highlands of New Guinea. Science 2003, 301, 189–193. [CrossRef]
[PubMed]

97. McGovern, P.E.; Zhang, J.; Tang, J.; Zhang, Z.; Hall, G.R.; Moreau, R.A.; Nunez, A.; Butrym, E.D.;
Richards, M.P.; Wang, C.; et al. Fermented beverages of pre- and proto-historic China. Proc. Natl. Acad.
Sci. USA 2004, 101, 17593–17598. [CrossRef] [PubMed]

98. McGovern, P.; Jalabadze, M.; Batiuk, S.; Callahan, M.P.; Smith, K.E.; Hall, G.R.; Kvavadze, E.; Maghradze, D.;
Rusishvili, N.; Bouby, L.; et al. Early Neolithic wine of Georgia in the South Caucasus. Proc. Natl. Acad.
Sci. USA 2017, E10309–E10318. [CrossRef] [PubMed]

99. Edwards, C.J.; Bollongino, R.; Scheu, A.; Chamberlain, A.; Tresset, A.; Vigne, J.-D.; Baird, J.F.; Larson, G.;
Ho, S.Y.W.; Heupink, T.H.; et al. Mitochondrial DNA analysis shows a Near Eastern Neolithic origin for
domestic cattle and no indication of domestication of European aurochs. Proc. R. Soc. Lond. B 2007, 274,
1377–1385. [CrossRef] [PubMed]

100. Harris, D. Development of the agro-pastoral economy in the Fertile Crescent during the Pre-Pottery Neolithic
period. In The Dawn of Farming in the Near East; Cappers, R., Bottema, S., Eds.; Ex Oriente: Berlin, Germany,
2002; pp. 67–83.

101. Staubwasser, M.; Weiss, H. Holocene climate and cultural evolution in late prehistoric—Early historic West
Asia. Quat. Res. 2006, 66, 372–387. [CrossRef]

102. Larson, G.; Albarella, U.; Dobney, K.; Rowley-Conwy, P.; Schibler, J.; Tresset, A.; Vigne, J.-D.; Edwards, C.J.;
Schlumbaum, A.; Dinu, A.; et al. Ancient DNA, pig domestication, and the spread of the Neolithic into
Europe. Proc. Natl. Acad. Sci. USA 2007, 104, 15276–15281. [CrossRef] [PubMed]

103. Ramos-Onsins, S.E.; Burgos-Paz, W.; Manunza, A.; Amills, M. Mining the pig genome to investigate the
domestication process. Heredity 2014, 113, 471–484. [CrossRef] [PubMed]

104. Kierstein, G.; Vallinoto, M.; Silva, A.; Schneider, M.P.; Iannuzzi, L.; Brenig, B. Analysis of mitochondrial
D-loop region casts new light on domestic water buffalo (Bubalus bubalis) phylogeny. Mol. Phylogenet. Evol.
2004, 30, 308–324. [CrossRef]

183



Quaternary 2018, 1, 21

105. Outram, A.K.; Stear, N.A.; Bendrey, R.; Olsen, S.; Kasparov, A.; Zaibert, V.; Thorpe, N.; Evershed, R.P.
The earliest horse harnessing and milking. Science 2009, 323, 1332–1335. [CrossRef] [PubMed]

106. Petersen, J.L.; Mickelson, J.R.; Cothran, E.G.; Andersson, L.S.; Axelsson, J.; Bailey, E.; Bannasch, D.;
Binns, M.M.; Borges, A.S.; Brama, P.; et al. Genetic diversity in the modern horse illustrated from
genome-wide SNP data. PLoS ONE 2013, 8, e54997. [CrossRef] [PubMed]

107. Almathen, F.; Charruau, P.; Mohandesan, E.; Mwacharo, J.M.; Orozco-terWengel, P.; Pitt, D.;
Abdussamad, A.M.; Uerpmann, M.; Uerpmann, H.-P.; De Cupere, B.; et al. Ancient and modern DNA reveal
dynamics of domestication and cross-continental dispersal of the dromedary. Proc. Natl. Acad. Sci. USA
2016, 113, 6707–6712. [CrossRef] [PubMed]

108. Rossel, S.; Marshall, F.; Peters, J.; Pilgram, T.; Adams, M.D.; O’Connor, D. Domestication of the donkey:
Timing, processes, and indicators. Proc. Natl. Acad. Sci. USA 2008, 105, 3715–3720. [CrossRef] [PubMed]

109. Kimura, B.; Marshall, F.; Beja-Pereira, A.; Mulligan, C. Donkey domestication. Afr. Archaeol. Rev. 2013, 30,
83–95. [CrossRef]

110. Qiu, Q.; Wang, L.; Wang, K.; Yang, Y.; Ma, T.; Wang, Z.; Zhang, X.; Ni, Z.; Hou, F.; Long, R.; et al.
Yak whole-genome resequencing reveals domestication signatures and prehistoric population expansions.
Nat. Commun. 2015, 6, 10283. [CrossRef] [PubMed]

111. Wheeler, J.C. Evolution and present situation of the South American Camelidae. Biol. J. Linn. Soc. 1995, 54,
271–295. [CrossRef]

112. Kadwell, M.; Fernandez, M.; Stanley, H.F.; Baldi, R.; Wheeler, J.C.; Rosadio, R.; Bruford, M.W. Genetic analysis
reveals the wild ancestors of the llama and the alpaca. Proc. R. Soc. Lond. B 2001, 268, 2575–2584. [CrossRef]
[PubMed]

113. Revedin, A.; Aranguren, B.; Becattini, R.; Longo, L.; Marconi, E.; Lippi, M.M.; Skakun, N.; Sinitsyn, A.;
Spiridonova, E.; Svoboda, J. Thirty thousand-year-old evidence of plant food processing. Proc. Natl. Acad.
Sci. USA 2010, 107, 18815–18819. [CrossRef] [PubMed]

114. Lippi, M.M.; Foggi, B.; Aranguren, B.; Ronchitelli, A.; Revedin, A. Multistep food plant processing at Grotta
Paglicci (Southern Italy) around 32,600 cal B.P. Proc. Natl. Acad. Sci. USA 2015, 112, 12075–12080. [CrossRef]
[PubMed]

115. Bar-Yosef, O. The Natufian culture in the Levant, threshold to the origins of agriculture. Evolut. Anthropol.
Issues News Rev. 1998, 6, 159–177. [CrossRef]

116. Nadel, D.; Piperno, D.R.; Holst, I.; Snir, A.; Weiss, E. New evidence for the processing of wild cereal grains at
Ohalo II, a 23 000-year-old campsite on the shore of the Sea of Galilee, Israel. Antiquity 2012, 86, 990–1003.
[CrossRef]

117. Balter, M. The tangled roots of agriculture. Science 2010, 327, 404–406. [CrossRef] [PubMed]
118. Nesbitt, M. Wheat evolution: Integrating archaeological and biological evidence. In Wheat Taxonomy:

The Legacy of John Percival; Special Issue 3; Caligari, P.D.S., Brandham, P.E., Eds.; Linnean Society: London,
UK, 2001; pp. 37–59.

119. Lazaridis, I.; Nadel, D.; Rollefson, G.; Merrett, D.C.; Rohland, N.; Mallick, S.; Fernandes, D.; Novak, M.;
Gamarra, B.; Sirak, K.; et al. Genomic insights into the origin of farming in the ancient Near East. Nature
2016, 536, 419–424. [CrossRef] [PubMed]

120. Flad, R.; Li, S.; Wu, X.; Zhao, Z. Early wheat in China: Results from new studies at Donghuishan in the Hexi
Corridor. Holocene 2010, 20, 955–965. [CrossRef]

121. Huang, X.; Kurata, N.; Wei, X.; Wang, Z.-X.; Wang, A.; Zhao, Q.; Zhao, Y.; Liu, K.; Lu, H.; Li, W.; et al. A map
of rice genome variation reveals the origin of cultivated rice. Nature 2012, 490, 497–501. [CrossRef] [PubMed]

122. Rosen, A.M. The impact of environmental change and human land use on alluvial valleys in the Loess
Plateau of China during the Middle Holocene. Geomorphology 2008, 101, 298–307. [CrossRef]

123. Harvey, E.L.; Fuller, D.Q. Investigating crop processing using phytolith analysis: The example of rice and
millets. J. Archaeol. Sci. 2005, 32, 739–752. [CrossRef]

124. Fuller, D.Q. Agricultural origins and frontiers in South Asia: A working synthesis. J. World Prehist. 2006, 20,
1–86. [CrossRef]

125. Glaser, B.; Haumaier, L.; Guggenberger, G.; Zech, W. The “Terra Preta” phenomenon: A model for sustainable
agriculture in the humid tropics. Naturwissenschaften 2001, 88, 37–41. [CrossRef] [PubMed]

184



Quaternary 2018, 1, 21

126. Stinchcomb, G.E.; Messner, T.C.; Driese, S.G.; Nordt, L.C.; Stewart, R.M. Pre-colonial (A.D. 1100-1600)
sedimentation related to prehistoric maize agriculture and climate change in eastern North America. Geology
2011, 39, 363–366. [CrossRef]

127. Downie, A.E.; Van Zwieten, L.; Smernik, R.J.; Morris, S.; Munroe, P.R. Terra Preta Australis: Reassessing the
carbon storage capacity of temperate soils. Agric. Ecosyst. Environ. 2011, 140, 137–147. [CrossRef]

128. Tarolli, P.; Preti, F.; Romano, N. Terraced landscapes: From an old best practice to a potential hazard for soil
degradation due to land abandonment. Anthropocene 2014, 6, 10–25. [CrossRef]

129. Hillel, D. Rivers of Eden; Oxford University Press: New York, NY, USA, 1994; 355p.
130. Wilkinson, T.J. Soil erosion and valley fills in the Yemen Highlands and southern Turkey: Integrating

settlement, geoarchaeology, and climate change. Geoarchaeology 2005, 20, 169–192. [CrossRef]
131. Evershed, R.P.; Payne, S.; Sherratt, A.G.; Copley, M.S.; Coolidge, J.; Urem-Kotsu, D.; Kotsakis, K.;
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