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Abstract

The fluvial archive literature is dominated by research on river terraces with appropriate
mention of adjacent environments such as lakes. Despite modern sedimentary basins
comprising a significant (>88%) volume of distributive fluvial systems, of which alluvial fans
(>1km, <30km in scale) are a significant part, interaction with these environments tends to
be neglected and discussed in separate literature. This paper examines the dynamic role
of alluvial fans within the fluvial landscape and their interaction with river systems,
highlighting the potential value of alluvial fans to the wider fluvial archive community.
Published literature is used to examine both thematic and geographical based benefits of
alluvial fan research that can assist understanding of Quaternary fluvial archives. 3
regional case studies are presented that illustrate the interaction between alluvial fan and
river terrace archives at Quaternary time-scales at 3 different stages of landscape
evolution. These are i) continuous mountain front alluvial fans interacting with a non
incising but laterally eroding axial fluvial system; ii) alluvial fans which transition into fluvial
terraces as sedimentary basins shift from net aggradation to net incision and iii) tributary-
junction alluvial fans that develop predominantly within incising river valley systems. A
simple conceptual model is proposed to summarise the dynamic role of alluvial fans within
this landscape context. The alluvial fans act as potential ‘buffers’ between hillslopes and
river terrace records under ‘top down’ climate-driven high sediment supply and alluvial fan
aggradation, and ‘couplers’ during periods of less sediment (in relation to water) discharge
and alluvial fan incision. These dynamics will change with the addition of ‘bottom up’
controls such as main river incision, which will typically enhance the coupling effect of both
systems.

1. Introduction

Research on fluvial archives within the Quaternary is dominated towards river terrace
sequences (e.g. Stokes et al., 2012a and references therein), with key reviews of the
Quaternary fluvial literature notable for their absence of alluvial fan inclusion (e.g.
Bridgland et al., 2004; Thorndycraft et al., 2008; Bridgland and Westaway 2014; Piégay et
al., 2015). Yet modern fluvial landscapes can contain significant (>88%) distributive fluvial
systems (which include alluvial fans, Weissmann et al., 2015). This literature bias in part
reflects 1) the focus within the fluvial literature on fill terraces (sensu Leopold et al.,1964)
from lowland systems (where alluvial fans can occur, but are less likely to interact with the
river terrace record), rather than the strath terraces (sensu Leopold et al., 1964) more




common in upland catchments, and 2) the fact that most river terrace studies are more
concerned with the burial affects of alluvial fans, hampering the identification of terrace
tops (e.g. Stokes et al., 2012a) rather than utilising the archive within the landscape
interpretation. Where alluvial fans occur within the landscape, they are usually treated as
separate systems in separate literature (e.g. Rachocki and Church, 1990; Harvey et al.,
2005; Ventra and Clarke in press). However, it is becoming increasingly clear that a
‘source to sink’ approach to fluvial systems (e.g. Busschers et al., 2007; Garzanto et al.,
2015), and a ‘whole catchment’ tactic is essential if we are to better model landscape
change and understand our fluvial systems more fully (e.g. Macklin and Lewin, 2008).

Distributive fluvial systems occur at a variety of spatial and temporal scales (Fig. 1) that
include alluvial, colluvial or debris fan elements within the fluvial landscape (e.g. Harvey
and Renwick, 1987; Harvey, 1996; 1997; Stokes and Mather, 2015; Weissmann et al.,
2015; Wheaton et al., 2015). Within this paper we focus on >1km to <30km long
distributive alluvial fan systems most commonly associated with Quaternary river terrace
records in basin and mountain valley settings. Alluvial fans in a fluvial landscape add to
the ‘whole catchment’ approach which enables us to better understand the river sequence
record by providing an enhanced understanding of the nature of water and sediment
delivery to our fluvial system of interest (e.g. Florshiem et al., 2004; Gémez-Villar et al.,
2006; Wang et al., 2008; Stokes and Mather, 2015). Alluvial fans have similarities with
associated river systems in terms of aggradation and incision patterns, stratigraphy and
even morphology (e.g. Larson et al., 2015). Modelling studies have highlighted that
tributary and hillslope inputs are significant to erosion and deposition patterns along the
longitudinal profile of the main river and its associated river terrace accumulations (e.g.
Merritts et al., 1994; Geach et al., 2015; Veldkamp et al., in review). Thus, field studies of
tributary alluvial fans can better inform landscape evolution models that look at long-term
(Quaternary) changes within fluvial systems. Alluvial fans warrant a higher profile within
the fluvial archive community and integrated studies of alluvial fans with river terraces
should be considered as a more standard approach when investigating fluvial landscape
development. Alluvial fans inform on what is happening on adjacent slopes and the degree
of coupling between adjacent hillslopes and river systems, and tributary and river channel
reaches within fluvial systems. The former may be particularly significant where we are
dealing with an exogenic river whose flow regime is largely dictated by a climate regime
external to the point of terrace formation (e.g. a main river fed by glacial melt water) that is
not reflective of the area in which the river terraces are deposited (which may be an arid,
ephemeral flow environment). The degree of interconnectivity between the alluvial fan and
river terrace record informs on a range of factors from slope sediment supply to tectonic
activity (e.g. Mack and Leeder, 2001; Harvey, 2012). Here, we use the published literature
to examine the relevance of alluvial fan deposits to river terrace records over a range of
spatial and temporal scales in landscape evolution. It is beyond the scope of this paper to
provide a review of the extensive alluvial fan literature, and this is done elsewhere (e.g.
Harvey et al., 2005 and specialist volumes op.cit.). In this paper we focus on those studies
examining integrated alluvial fan and fluvial system approaches to Quaternary archives to
illustrate how this approach can contribute to our understanding of long term landscape
evolution. Such studies are few. In order to achieve wider appeal we have utilised the best
studied regional examples from contrasting settings (USA, SE Spain, Morocco) and



supplemented these with new data from the lesser studied elements of these regions (SE
Spain; Rio Alias and Morocco; River Dades). We consider the role of alluvial fans in
catchment sediment storage and the aggradational and incisional archive they contain.
We have summarised the observations from these studies, and the wider published
literature included within this article, to provide a new conceptual model of the dynamic
interplay between alluvial fans and adjacent river systems under changing sediment
supply, climate and river incision conditions.

2. Spatial and temporal considerations

In relation to river terraces, deposition adjacent to the river terrace setting may occur on a
variety of spatial (and temporal) scales (e.g. Harvey, 2010; Weissmann et al., 2015 and
Fig. 1). These may be 1) individual debris flows lobes from the adjoining slopes (up to
10m, e.g. Harvey, 2002); 2) tributary junction debris cones (10" to 10? m) from adjacent
gully systems (e.g. Harvey, 2002); 3) tributary junction fluvial fans (10" to 10° m across)
that develop where there is a suitable slope break and accommodation space for a
tributary alluvial fan to develop from a larger catchment (e.g. Hereford et al., 1996; Stokes
and Mather, 2015) and 4) alluvial fans (>1O3 m across) which occur along mountain fronts
(e.g. Leeder and Mack, 2001) and at tributary junctions (e.g. Al-Farraj and Harvey, 2005).
The preservation potential for the smaller scale features (<10® m) within Quaternary river
terrace records is limited due to main river reworking within the terrace record, unless they
occur post abandonment of the terrace level. We thus focus here on those features most
likely to be preserved within a Quaternary landscape over a catchment scale — the ‘classic’
alluvial fans in mountain front and tributary junction locations (Harvey, 2010).

3. Thematic contributions of alluvial fans research to Quaternary fluvial archive
studies

Alluvial fans are persistent features within the Quaternary landscape across a range of
climatic settings where there is juxtaposition of high sediment yield from the adjacent slope
and accommodation for the material at a significant slope-break (e.g. mountain front in rift
basins; margins of wide glacial valley areas). As the Quaternary alluvial fan literature is
mainly located separately to Quaternary fluvial archive literature, here we will briefly
highlight some thematic research approaches within the alluvial fans literature and
illustrate how these studies have contributed to our understanding of fluvial archives. This
is not meant as an in depth review, more as opportunity to highlight the value of these
approaches to Quaternary fluvial studies.

Morphometric studies

Traditionally ‘classic’ alluvial fans have formed the focus of numerous studies on alluvial
fan morphology in relation to catchment characteristics (e.g. Bull, 1977; Harvey, 1984a;
1997). These morphometric studies have identified the 2 most consistent relationships as

Alluvial fan gradient = aA®

Alluvial fan area = pA“



where A is catchment area (km?). The value of the exponents vary, with a normal range of
-0.15 10 -0.35 for b and 0.7 — 1.1 for q (Harvey, 1997) and much larger variations in the
constants (a and p) reflective of variations in sediment supply rates, alluvial fan age and
history (Harvey, 2010). Regression analysis of morphometric variables has proven a
valuable tool in exploring and understanding the influence of external forcing conditions
over Quaternary time-scales such as base level (e.g. Harvey et al., 1999a; Harvey, 2005),
tectonic setting (e.g. Silva et al., 1992; and Fig. 2; Calvache et al., 1997) and river capture
(e.g. Mather et al., 2000, discussed later in this paper).

Sedimentology studies

The characteristics of the catchment to a major extent determine the nature of the flow
process that builds the alluvial fan and thus its sedimentology. Smaller (km scale), coarser
grained debris-flow dominated alluvial fans tend to develop from the smallest, steepest
catchments that have reduced ability to store slope deposits (Harvey, 1984a; Kostachuk et
al., 1986). Fluvial dominated alluvial fans in contrast tend to have larger, gentler
catchments with a greater propensity to accumulate higher water to sediment flows (e.g.
Harvey, 1984a; Kostachuk et al., 1986), and are typically dominated by a smaller sediment
calibre than debris flow fans. Additionally, particularly in arid environments, lithology will
play a significant role in determining sediment calibre and availability due to weathering
(e.g. Stokes and Mather, 2015). The deposits of alluvial fans are usually differentiated
from main river deposits by their provenance (which is often different from the main river
sediments as it is derived mainly from local slopes, e.g. Mather, 2000); sedimentology
(sediments may be more poorly sorted, coarser and have more angular sediment textures
e.g. Leeder and Mack, 2001; Larson et al., 2015) and architecture (generally alluvial fans
tend to be dominated by more sheetform geometries, less channelized deposits e.g.
Stokes and Mather, 2000; Mather and Hartley, 2005).

Coupling/connectivity studies

The degree of connectivity (or coupling) between the components of a fluvial landscape
determines the down-system transmission of sediment and water and the sensitivity of that
system to any environmental change. Thus, as many Quaternary fluvial studies are
concerned with palaeoenvironmental change, learning to read the signatures of that
change within the Quaternary fluvial archive are paramount. The concept of coupling or
connectivity was initially flagged by Brunsden and Thornes (1979), but has most recently
incorporated the role of alluvial fans in a ‘state of science’ review by Harvey (2012). From
these discussions it is clear that alluvial fans play an important role as either a buffer or
coupler (e.g. Harvey, 2010; 2012) within the fluvial landscape (Fig. 3). Alluvial fans are
close to the thresholds of critical stream power (sensu Bull, 1979) and thus sensitive to
change. Where there is excess power, incision can occur which will increase coupling
between the river system and the alluvial fan. Where there is excess of sediment supply to
the alluvial fan it is more likely to act as a buffer (Fig. 3). Thus, integrated river terrace and
alluvial fan studies can add significant information to palaeoenvironmental reconstructions,
providing potential information on upstream sediment source and flood magnitude (the
terrace e.g. Stokes et al., 2012a,b; Mather and Stokes 2016) and hillslope connectivity and
processes (the alluvial fan, e.g. Harvey, 2012).



Dating studies

The coarse grained nature of alluvial fan deposits, and the often long Quaternary time-
scale of the landforms poses particular challenges for dating such environments. To meet
these challenges innovative approaches have emerged from alluvial fan studies alongside
the development of new technologies to maximise the value of the limited potential dating
targets preserved within the alluvial fan archives. These innovative approaches have
helped further study in other fluvial archives. Within the alluvial fan stratigraphic
environment dating techniques have been applied to rarely preserved flora and fauna (e.g.
radiocarbon dating of rodent middens and land snail assemblages [e.g. Meyrick and
Karrow, 2007 ; de Porras et al., 2015]) and weathering and soil features (e.g. Wells et al.,
1995; White et al., 1998; Pope and Wilkinson 2005; D’Arcy et al., 2015). Within the fan
sequences rarely preserved carbonates have proved a useful if limited dating resource
within alluvial fan settings through Electron Spin Resonance (ESR) and Uranium Series
dating (e.g. Rowan et al., 2000). By far the most commonly applied approaches are
exposure age techniques - Optically Stimulated Luminescence (OSL) and Cosmogenic
radionuclide (CRN) dating. CRN has proved most useful in older sequences, beyond the
range of OSL (e.g. Evenstar et al., 2009), but is being used for increasingly younger
sequence applications as it is developed (e.g. Fuchs et al., 2015). OSL has been mainly
applied to the younger part of the Quaternary (e.g. Pope and Wilkinson 2005; Robinson et
al., 2005; Pope et al., 2008; Spencer and Robinson 2008). For OSL both quartz and
feldspar from sand lenses are the main sampling targets. The CRN isotopes most
commonly utilised are'®Be, 2°Al and ?'Ne from quartz based clast lithologies (e.g. granite,
sandstone), *°Cl on carbonate clast lithologies and *He from pyroxenes in basaltic clast
lithologies. CRN sampling typically employs 2 main approaches: 1) surface exposure
dating of large individual boulders (e.g. Evenstar 2009) or profile dating (e.g. Rodés et al.,
2011). CRN studies can be used to calculate the age of landform surfaces, and the rates
at which erosion has affected them since their formation. A common issue is that of
inheritance in both CRN and OSL. However, evolving techniques in CRN burial dating of
paired cosmogenic depth profiles ('°Be and %°Al) are becoming increasingly more
sophisticated and providing more robust results over longer timescales (e.g. Rodés et al.,
2014). Similarly refinement of techniques in OSL alluvial fan studies means that smaller
sand lenses in coarse grained deposits can now be used for OSL (e.g. Kenworthy et al.,
2014), widening its applicability to other archives. These dating studies help us better
understand the evolution of alluvial fan features (e.g. Wells et al., 1995, Matmon et al
2006) that in turn can be utilised to understand rates of tectonic activity and timing of
climate change (e.g. Gonzalez et al., 2006, Quigley et al 2007, Evenstar et al., 2009,
Jordan et al., 2014).

4. Alluvial fan-fluvial terrace integrated case study contributions to understanding
Quaternary fluvial archives

Alluvial fans which interact with fluvial systems tend to occur in 3 distinct stages of
landscape evolution over Quaternary and longer time-scales. These stages can be broadly
grouped into i) continuous mountain front alluvial fans interacting with a non incising but
laterally eroding axial fluvial system; ii) alluvial fans which transition into fluvial terraces as
sedimentary basins shift from net aggradation to net incision and iii) tributary-junction
alluvial fans that develop predominantly within incising river valley systems. These stages



of landscape evolution can occur under a variety of both climatic and tectonic settings and
time-scales. Within each of these landscape development stages the alluvial fan system
may play a slightly different role depending on the relationships between main river flow
and the characteristics of the tributary river systems supplying sediment and water to the
main river system (Fig. 3).

Lateral interactions in a non-incising fluvial system: Basin and Range USA.

The basin and range of the USA demonstrates the interaction of river and alluvial fan
systems on Quaternary time-scales and sedimentary basin spatial scales. The examples
from ldaho and New Mexico (Figs. 4 and 5) provide insights into what happens where
alluvial fans along mountain fronts interact with axial river systems in adjacent aggrading
basins prior to the dominance of vertical incision i.e. during periods dominated by lateral
erosion. They thus potentially inform on the river terrace-alluvial fan interaction during
terrace building within Quaternary fluvial archives.

1) Big Lost River, Idaho

The Big Lost River of Idaho comprises a bajada of alluvial fan surfaces tributary to the
axially draining Big Lost River (Fig. 4) that drains from north to south within a half-graben
setting. The alluvial fans are 1-6 km long with slopes of 1° to 3°, grading down to the Big
Lost River channel belt, which is 1-2 km wide (Leeder and Mack, 2001). The area is
tectonically active and close (~12km) to the location of the Ms 7.3 Borah Earthquake (28th
October 1983; Leeder and Mack, 2001) that developed a pronounced surface rupture still
visible on satellite imagery. Around the study area (Fig. 4b), fault trenching indicates the
last fault activity was about 4ka (Scott et al., 1985). The alluvial fans were mainly
constructed from meltwater and sediment discharges related to the Last Glacial Maximum
and were incised under Holocene climate conditions. (Leeder and Mack, 2001). The
alluvial fans can be distinguished from the axial river sediments as they tend to be poorly
sorted pebbles to boulders with coarse sands whereas the river sediments tend to be well
sorted gravel to sands containing laterally accreting point bars and channel bars. Where
the modern active axial channel does not interact with the alluvial fans (e.g. Elkhorn Fan,
Fig. 4c), the alluvial fans have an asymptotic contact with the axial drainage wetlands. In
direct contrast, where the alluvial fans are in contact with the active channel they are
terminated by a 2-12 m high erosional scarp (Fig. 4b). This foreshortening is attributed to
lateral toe cutting (sensu Leeder and Mack, 2001; Larson et al., 2015) by the Big Lost
River. Some alluvial fans have been bevelled by some 300m of alluvial fan retreat (Leeder
and Mack, 2001). Although the axial river is non-incising, lateral toe cutting effectively
foreshortens the alluvial fan which in turn creates an apparent relative base-level fall for
drainage on the alluvial fans. This stimulates basal incision in tributary alluvial fans that are
in contact with the axial river (Fig. 4b). Where the axial river has moved away from the toe
of the alluvial fans, prograding ’healing lobes’ (Leeder and Mack, 2001; Fig. 4b) are visible
that prograde over both fluvial sediments and previously bevelled alluvial fan sediments.
This presents challenges for dating of such sequences. This style of lateral erosion is also
apparent in other settings (see Leeder and Mack, 2001 and Larson et al., 2015) and is
discussed further in relation to fluvial archive stratigraphy in the example below from New
Mexico. The role of the alluvial fans in the landscape has varied from being totally to
partially buffered (Figs. 3, 4b and 4c) during the glacial to interglacial transitions when



maximum sediment and water discharge was available. Partial buffering would be likely to
occur where lateral toe cutting occurs (Fig. 4b), effecting alluvial fan foreshortening and a
relative base-level drop. During the Holocene when incision has dominated the alluvial
fans are behaving in a more coupled manner (Fig. 4b) due to both top down (discharge)
and bottom up (toe-cutting) stimuli.

2) Rio Grande, New Mexico

The Rio Grande rift basin in New Mexico, USA (Fig. 5) comprises a series of
interconnected half-grabens containing a thickness of >1km of Plio-Pleistocene fluvial
deposits (both river and alluvial fan - Mack and Seager, 1990; Hawley and Hasse, 1992;
Hawley et al., 1995; Connell et al., 2013). Subsidence rates average 0.03mm/yr (Leeder et
al., 1996). Within this system ~90% of the land surface geomorphology is alluvial fan and
~10% axial river, although subsurface data indicate that this has varied through time
(Weissmann et al., 2015). The axial system itself drains axially along the interconnecting
half-graben system, to a terminal half-graben (Mack et al., 1997). As the axial fluvial
system flows through its <3km wide valley into an adjacent basin the axial system may
aggrade or incise depending on the relative base-level change between the grabens,
leading locally to the development of incisional behaviour in the main river. Quaternary
climate has also affected sediment supply and discharge changes within the Rio Grande
and the tributary mountain front alluvial fans over the last 0.8 Ma (Connell et al., 2013;
Mack et al., 2011) and over the last 12.4ka has produced 4 vertically closely spaced (<2m
apart) river terraces (Mack et al., 2011).

Palaeomagnetic and geochronological studies of the Plio-Pleistocene sequence (Mack et
al., 1993; 1998; Leeder et al., 1996) has helped document the interaction between the
axial fluvial and alluvial systems (Leeder et al., 1996; Mack and Leeder, 1999; Leeder and
Mack, 2001). These works demonstrate that the footwall-derived alluvial fans from the
Caballo Mountains (Fig. 5c) contain significant intercalations of both axial-fluvial and
alluvial fan material. In the Palomas Basin up to 3 intercalated axial fluvial ‘wedges’ occur
(Figs. 5b and 5c). The alluvial fan deposits are terminated with scarp like ends (Fig 5b)
which represent former toe cuts. The flat bases to the sediment wedges and sharp vertical
terminations are interpreted as subsurface expressions of the morphological observations
derived from Idaho by Leeder and Mack (2001). The observations in Idaho (Fig. 4b)
indicate that where the axial river moves away from the alluvial fan ‘healing wedges’ can
develop (Leeder and Mack, 2001) formed by younger alluvial fan lobes that gradually
prograde across the axial river deposits (Fig. 5b). These observations clearly have
important implications for both alluvial fan stratigraphy but also the river terrace record
where such intercalations occur within a terrace. Where such sequences occur it suggests
periods of lateral erosion rather than vertical downcutting. Surficial morphological
expression of this foreshortening (distal alluvial fan incision and perched alluvial fan
surfaces) could be misinterpreted as evidence of active downcutting by the channel.
However, if preserved within a terrace, the recognition of the internal architecture and
spatial distribution (Fig. 5) could assist in understanding the attributing cause (see
discussion).

Time-transgressive interactions in an incising system: Betics, SE Spain



Changes in, and the interplay between, tectonic and climate regime can stimulate a
landscape to evolve from net aggradation to net incision (e.g. Mather, 1993; Maddy et al.,
2001; Silva et al., 2008; Harvey et al., 2016). Over Quaternary time-scales drivers of
these changes may be down to regional changes in factors such as stress fields as part of
an evolving compressive margin (e.g. Mather and Westhead, 1993); orientations of intra-
plate stress fields (e.g. Cloetingh et al., 1990) and coupled climatic change
(loading/unloading effect of sediment and water during glacial/interglacial cycles) and sub-
surface mantle flow (e.g. Westaway, 2001). These drivers may stimulate bottom up (river
incision) or top down (sediment supply) responses within the evolving fluvial landscape
(Fig. 3), and within this context it is possible for alluvial fans to transition into river terrace
sequences as incision begins to dominate over aggradation. This evolution will be time-
transgressive in nature with distributive basin margin systems usually the last to be
affected as any resulting wave of incision stimulated by basinal incision works its way from
its point of origin (base-level fall). The mechanism that drives the lowering of the base
level for the sedimentary basin may vary. It may be a wave of incision related to river
capture and the opening of a previously endoheric drainage basin, or may be rejuvenation
caused by regional tectonic uplift. SE Spain provides a range of such examples (Harvey et
al., 2014; 2016).

The modern climate for SE Spain is <300mm of rainfall pa (Machado et al., 2011) and
precipitation is mainly influenced by westerly weather patterns (Capel-Molina, 1981; Benito
et al., 2015). The regional Quaternary fluvial incision is well documented by a series of
coarse-grained strath river terraces that typically aggraded during global glacials,
especially during glacial-to-interglacial transitions (Harvey et al., 2014). During glacial
stages in this region effective frost action in the mountain source areas would likely have
increased sediment supply whilst greater aridity would have reduced the effectiveness of
vegetational stabilization, leading to greater sediment availability. Thus although glacial
periods were drier (i.e. less effective rainfall; Hodge et al., 2008), the lower frequency
rainstorms that did occur would have generated more effective run-off as a result of the
sparse vegetation cover, facilitating incision. Here we will examine 3 of the sedimentary
basins and their associated Quaternary terrace and alluvial fan records — 1) Tabernas
Basin, 2) Sorbas-Vera Basin and 3) Almeria Basin (Fig. 6). The last of these examples will
present new data on the sedimentological record of this transition within the terrace
sequence of the Rio Alias.

1) Tabernas Basin

The Tabernas Basin (Box 1, Fig. 6) contains 3 different scales of alluvial fans that co-exist
with an axial river system (Fig. 7a). The Filabride alluvial fans to the north are backfilled
into their catchments on a non faulted mountain front whilst to the south the Marchante
alluvial fans occur along a mountain-front thrust fault to the north of the Sierra del
Marchante (Fig. 7a). During the earliest stages of basin evolution, what are now preserved
as terrace remnants within the landscape can be identified as former alluvial fan systems
based on their sedimentology and morphology (Levels 1 and 2, >200 ka, Geach et al.,
2015 and Figs. 7b and 8a) which have subsequently been dissected. In contrast, Level 3
reflects much finer deposits within the main, dissected axial system (Fig. 8c). These
sediments were deposited from 41.3+£2.8 ka and continued until 14+ 1ka (Geach et al.,



2015a,b). The calibre of sediment is due in part to the coarse material being deposited in
the major tributary systems (Fig. 8b) and the main axial system becoming impeded by
deformation in the SW (Harvey et al., 2003 and Fig. 7a) leading to the development of
palustrine conditions (Figs. 7b and 8c). During the latest Pleistocene a wave of incision
worked its way up the basin related in part to river capture and in part to tectonics
(Alexander et al., 2008; Geach et al., 2015). This led to a bottom up coupling through
some of the former alluvial fan systems in the lower parts of the basin (e.g. Rambla Sierra,
Fig. 7a), enabling coarser material to be delivered from tributary mountain catchments to
the developing axial river terrace system. The Filabres alluvial fans, in the upper basin,
however, are currently unaffected by this incision and still acting as sedimentary buffers,
as are the Marchante alluvial fans (Fig. 7). This affects the sediment delivery to the
developing fluvial terrace sequence downstream of the well-coupled areas. Where the
system is buffered by alluvial fans, only fine materials are available to the axial river (e.g.
distal areas of alluvial fan systems in the east of the basin, Fig. 7a), whereas once incision
and thus coupling has occurred coarser bedload becomes available.

2) Sorbas-Vera Basin

To the east of the Tabernas Basin (Box 2, Fig. 6), in the adjacent Sorbas Basin (and its
continuation into the south-central part of the Vera Basin) this transition from alluvial fan to
incising river systems is apparent and occurred much earlier (~1Ma according to "°Be and
217 cosmogenic profile dating by llott, 2013 and Fig. 9) and thus much of the depositional
evidence has been removed. However use of relict mountain front alluvial fan surfaces
that preserve alluvial fan characteristics, together with remaining sedimentary basin
deposits and the regression analysis of younger, regional Quaternary alluvial fan
databases has enabled reconstruction of drainage evolution which assists in the
interpretation of river terrace records (e.g. Stokes et al., 2012b). Alluvial fan characteristics
could be used to semi-quantify reconstruction of original drainage relationships (Mather et
al., 2000) and assess the magnitude and direction of change in drainage area routing (Fig.
9). The preserved fluvial deposits (provenance, sedimentology e.g. Mather, 1999) of
adjacent Quaternary sequences could be used to confirm these findings and provide
regional and drainage evolution context for what helped drive the captures in terms of
localised tectonically induced base-level lowering (Stokes and Mather, 2000).

3) Almeria Basin

To the south of the Tabernas-Sorbas-Vera basins, The Rio Alias of the Almeria Basin
(Boxes 3 and 4, Fig. 6) provides evidence of both ‘top down’ and ‘bottom up’ controls on
the alluvial fan to river terrace transition at the basin margins. The Rio Alias is an
ephemeral, transverse fluvial system (Fig. 6) containing 4-5 level terrace levels that have
been correlated with those of the Rio Aguas in the adjacent Sorbas Basin (Whitfield and
Harvey, 2012). Initially it had been assumed that the Quaternary river terrace sequence
represented a fully “fluvial” system development. However geomorphological mapping,
sedimentology and provenance analysis of both the coarse and fine sediment
assemblages (Maher, 2005; Whitfield and Harvey, 2012), suggests that during the earliest
terrace stage (Terrace A, >300-400ka: Fig. 10 and 11) the headwaters of the catchment
(Box 3, Fig. 6) formed via coalescing alluvial fans, and on exiting it's transverse course
across the Sierra Alhamilla, the Rio Alias formed a tributary-junction alluvial fan extending



3-5km beyond the mountain front (Box 4, Fig. 6). 5km beyond this the system became fully
entrenched and displays characteristics associated with axial river systems (dominated by
channelized deposits). In the area around the village of Lucainena (Box 3, Figs. 6 and 12),
there is evidence of entrenchment of the fluvial system development away from the
mountain front location during the aggradation of terrace A (>300-400ka). Following the
aggradation of Terrace A an incisional phase ensued prior to aggradation of the second
terrace level (Terrace B, >200ka). This is likely to reflect climate driven, cold stage related
incision and the development of partial to total coupling (Fig. 12). Further incision was
driven by bottom up base-level changes within the upper reaches of the Rio Alias (Fig.12)
leading to full coupling of the system. Terrace B displays no alluvial fan characteristics
throughout the mountain front area of either basin, apparently evolving as a gravel bed
river system. However, the transverse reach preserves evidence of alluvial fan burial of
older terrace deposits (Terrace B sediments buried by alluvial fans of D age 21.5+3.4 ka to
10ka, based on relative stratigraphic indicators).

Recognition of the tributary-junction alluvial fans within the terrace record is challenging
and requires the systematic use of sedimentology and terrace geometry. Within the Alias
system both the geometry and sedimentology of the proposed 'tributary-junction’ alluvial
fan of terrace A was different from that represented in Terrace A deposits further
downstream (Maher, 2006). The conglomerates are conformable with the underlying
geology (Mather, 1991; 1993; Fig.11) and are dominated by gravels and sands with
subordinate coarse units (B axis up to 15cm) and thick accumulations of sandy/silty layers
(Fig. 11). Although erosive scours are preserved in places (often marking the base of a
flow event deposit beginning with a coarse unit and followed by a fining up sequence), the
sequence is dominated by vertical aggradation in horizontal sheets that may pinch out
laterally (Fig. 11a). At an outcrop scale around 50% of the sediments in view have been
deposited under tractional flow conditions (Fig. 11b) although there is significant indication
of hyper-concentrated flows, suggested by the floating nature of some clasts. The
tributary-junction aspect of the alluvial fan is evident from its position within the preserved
morphology of the valley networks and fluvial terrace record (upstream of a junction with
the Rambla de los Feos junction, Fig. 6). The only preserved remnants of Terrace A
downstream of the Rambla de los Feos confluence suggest the dominance of a braided
(?), gravel bed river, quite probably due to increased discharge from the tributary Rambla
de los Feos (Fig, 6) and sediment load from the Alias tributary. Following an incisional
event after the aggradation of alluvial fan Terrace A, the Rio Alias became fully incised
(and coupled) throughout its course and no indication of alluvial fan development within
the terrace deposits is preserved.

Tributary junction alluvial fan interactions in an incising river system: High Atlas, Morocco
Where vertical erosion of an axial river system is occurring, this will affect the base level
for any tributary alluvial fans through a ‘bottom-up’ base level lowering. The response of
the alluvial fans to that base-level lowering will be highly dependent on climate controls
which drive the ‘top-down’ tributary catchment sedimentation (e.g. Harvey et al., 1999;
Weissmann et al., 2005 and Fig. 3). The vertical and lateral accommodation space for any
building alluvial fan will determine both the geometry of the alluvial fan and its longevity.
For example, where lateral toe-cutting of alluvial fans by the main river is occurring alluvial



fans may be foreshortened, or where sediment input from tributary alluvial fans is
sufficient, the main channel may be displaced laterally within is valley facilitating the
spatial expansion of the alluvial fan area. Thus depending spatially on when sediment
supply within the landscape is switched on, the alluvial fan will act as either a buffer to
hillslope sediment supply to developing terrace records, or may be bypassed through
complete alluvial fan trenching, in which case the system will become fully coupled (Fig.
3). The way in which the catchment is behaving at the time is very much revealed by the
potential interaction (or not) of the alluvial fan and river terrace records. If combined with
appropriate dating technologies this can provide a powerful tool to unlocking landscape
responses.

Take as an example the Ait Said tributary-junction alluvial fan of the Dades River, High
Atlas Morocco (Fig. 13). The Dades valley is dominantly undergoing incision driven in part
by climate change and in part by regional tectonics (Stokes et al., 2008; Boulton et al
2014; Stokes and Mather, 2015). This incision has left behind a sequence of inset river
terraces (Figs. 13a, 13b and 14a). The modern tributaries to the Dades are typically
ephemeral (Fig. 15a), supply limited drainage systems. In a ~20km reach of the system,
only 16% of the tributary drainages generated tributary junction alluvial fans (Stokes and
Mather, 2015). These alluvial fan generating catchments are typified by higher relief,
longer length, lower gradient and larger areas than the non- alluvial fan catchments
(Stokes and Mather, 2015). The modern alluvial fans build during annual localised winter-
spring storm events but are reset by less frequent (>10 year) large floods down the main
river, leading to episodic removal of the alluvial fans and incorporation into the fluvial
deposits (Stokes and Mather, 2015). Over longer (Pleistocene) time-scales, the
preservation of these small alluvial fan lobes is poor, but larger, relict alluvial fans are
preserved within the modern landscape (Fig. 13). These older and larger tributary-junction
alluvial fans date back to periods of enhanced sediment supply from the regional slopes
(glacial cold stages; Stokes and Mather, 2015). During these stages the alluvial fans acted
more as buffers owing to the higher sediment availability from the slopes (Fig. 3) and no
interaction of the sedimentology has been identified (to date, by the authors) in the field
within the river terrace record (Figs. 13a, 13b and 14a). Despite the similarities in bedload
lithology between the main river and alluvial fan deposits (both are predominantly
limestone), the sedimentology is distinctly different (compare Figs. 14a and 14d). What is
observable, however is the difference in sedimentology. Modern river gravels are
predominantly larger, well rounded and better sorted (Fig. 14a) whereas the alluvial fan
sediments in the Quaternary sections tend to be angular-sub-angular, smaller and more
poorly sorted (Fig. 14d). Their style of deposition suggests debris flow and only localised
normal tractional flow. The lack of intercalation of alluvial fan and fluvial sourced material
clearly demonstrates the action of the tributary alluvial fans at this time as buffers within
the landscape. The smaller, more angular sediment texture most probably reflects freeze-
thaw operative within the catchment. Contrast that with the setting today, and the tributary
alluvial fan is fully incised (Figs. 13, 14c and d, Fig. 15) and coupled with the main system
(Fig. 13a and b and 15). Modern deposits in the incised section of the channel tend to be
larger (Fig. 15a) which in part reflects the channelised, more efficient flow conditions within
the confined trench. These modern sediments are more rounded than the Pleistocene
deposits by the time they reach the terminal alluvial fan lobes (Fig 15b,c) but are still less



rounded than the main river gravels evident in the terrace record (Fig. 14a). The modern
catchment of the Ait Said is largely supply limited and down to bedrock. This assists in the
transportation of any available sediment and may account for the most recent incision of
the system (Figs 14d and 15a). Similarly, during interglacial stages when the water :
sediment flow characteristics increased, incision would be likely. The episodic nature of
the ‘top down’ (climate sediment control) driven incision and ‘bottom up’ (Dades River
valley incision) is reflected in the inset alluvial fan terraces within the relict tributary alluvial
fan and their internal sedimentology, which indicates episodic breaks in sedimentation
(Fig. 14d). Modern river gravels are a mixture of these textures suggesting intermixing of
the modern sediment supply. Thus in the modern context the tributary alluvial fan is acting
as a coupled system driven by base-level incision (incision of the River Dades) whilst the
alluvial fans appear to demonstrate periods of both hillslope buffering (cold stages) and
enhanced coupling (interglacials), indicating the changing dynamics of the system (Fig. 3).

5. Discussion

Alluvial fan and river connectivity

Alluvial fans occur at a variety of spatial and temporal scales (Fig. 1) that influence the
connectivity of the sediment and water transport system from the slopes to the river (Fig.
3) and wider catchment areas. Whether the alluvial fan is aggrading (buffering the channel
from the slope/tributary inputs), or incised (coupling the alluvial fan catchment area and
river) is important to how the fluvial landscape works (e.g. Harvey, 1996). Alluvial fan
buffering traps and stores coarse sediment from mountain tributaries suppressing supply
to the contemporaneously developing river terrace sequence, whereas coupling enables
the linkage of sediment sources. This may be reflected in the provenance and
sedimentology of river terrace deposits. This relationship can change on different spatial
and temporal scales (Figs. 1 and 3). On Quaternary regional catchment scales in arid
environments, if climate change led to increased sediment supply form hillslopes and to
the mountain tributary alluvial fans, then buffering may occur. If, however, stream power
were to increase by the generation of more effective runoff, then alluvial fan capture and
incision may occur, coupling the environments by through alluvial fan trenching (e.g.
Harvey, 1996). On the humid west coast of New Zealand at <10° yr time-scales alluvial
fans undergo episodic, high magnitude sediment delivery and aggradation from large
landslides with intervening persistent alluvial fan head trenching when sediment delivery
returns to ‘normal’, although these systems tend to be in dynamic equilibrium over longer
time-scales (Davies and Korup, 2006). On Recent time-scales, Fryirs et al., (2007) using
work from the Hunter catchment in SE Australia demonstrate that the magnitude of the
storm event affecting the catchment (the frequency of which will vary across Quaternary
climate scales) also affects the nature of the fluvial connectivity within the system with
alluvial fans acting as buffers under low magnitude flow conditions but coupling the system
under high magnitude flow events. Within the SE Spain case study area, a 1 in 100 year
flood (in 1984) did not lead to fluvial continuity between the Filabride alluvial fans and the
modern river system of the Tabernas Basin (Harvey, 1984b) but the 1 in 1000 year flood
(in 1973) coupled large parts of the modern alluvial fan and main river systems within the
region (Mather & Stokes, 2016).

Laterally eroding river systems and mountain front alluvial fan interactions



The work in the Basin and Range by Leeder and Mack (2001) emphasises the potential
bearing of lateral erosion (no vertical incision) on river terrace and alluvial fan interactions.
The impact is highly dependent on the ability of the axial river to remove the sediment and
the relative sediment and water discharge being produced from the adjacent alluvial fan
systems. This balance may alter due to changes in the alluvial fan catchments or the axial
river. The Idaho alluvial fans presented above reflect this type of process — and are
dominated by a top down catchment control on the balance of erosion and deposition
within the alluvial fan system (the axial system is not incising). This toe cutting is formed by
lateral erosion rather than vertical incision and base-level change in the main river, but can
mimic these effects by for-shortening the alluvial fan and improving coupling within the
system. Recent studies (Giles et al., 2016) suggest that this is most likely to occur on the
upstream side of tributary alluvial fans, such that this may this be the most likely route for
future coupling within these systems (as can be observed in the Dades example of Fig. 3).
Tectonic tilting of the axial river can also effect lateral erosion, which can lead to channel
avulsions in the axial river which then toe-cut the alluvial fans (as in the USA examples).
This kind of forcing is likely to be more spatially and temporally variable as it is dependent
on localised fault movement along segments (Leeder and Mack, 2001). Alternatively fault
propagation can also account for such patterns of lateral toe cutting where it causes the
axial river to pass through a new transfer cross-over zone (e.g. Green Canyon and
Apache canyon, Figs. 5c and 5d, Leeder et al., 1996; Mack and Leeder, 1999). Thus
identification of these intercalated alluvial fan and fluvial sequences within a terrace unit
may potentially inform on climate change or tectonic activity and care with interpretation
combined with careful observation of the spatial nature of these features needs to be
applied when interpreting fluvial archives that show such features.

Vertically eroding (valley constrained) river systems and tributary-junction alluvial fan
interactions

In incising landscapes the transition of alluvial fans to river terrace records may be time-
transgressive within a fluvial terrace unit, as illustrated in the case of the Rio Alias. The
nature of the relationship will change as the main fluvial system continues to incise (Fig.
3). The role of the tributary-junction alluvial fans within the fluvial landscape is thus
spatially and temporally dynamic and will to a large extent be governed by the sediment
and water discharge of the main river and also the timing of tributary and main river flow
activity. This will either lead to alluvial fan construction (the ‘build’) or removal (the ‘reset’)
by erosion of the main river in a ‘build and reset’ cycle (Stokes and Mather, 2015). These
may be reflected in the spatial variation of thickness of terrace records (e.g. Merritts et al.,
1994) or spatial variations in channel pattern recorded within the individual sedimentary
architecture of the terrace units. For example work by Harvey (2007) has shown that more
persistent braided sedimentation typically occurs downstream of tributary-junction alluvial
fans and debris cones and that the sediment in these reaches may be coarser and more
angular (where systems are coupled). Additionally where periods of tributary alluvial fan
expansion are facilitated by high sediment discharge, these may form a constriction for
subsequent main river flood events. These latter flood events, and their timing, may be
independent of climate conditions at their point of deposition. They may, for example,
reflect an entirely different climate regime in very large axial river systems, or those
draining across large altitudinal ranges. This provides opportunity for tributary alluvial fans



to ‘build’ before being ‘reset’ by larger magnitude, main river floods (Stokes and Mather,
2015). Where these mixed load higher magnitude flood events encounter tributary-junction
alluvial fans the morphological constructions they create are capable of impounding the
flood waters in temporary or longer lived palustrine to lacustrine environments (e.g. Harvey
et al., 2003; Blumentritt et al., 2009). Alternatively the tributary alluvial fans may create
spatial opportunity for the accumulation of flood slack water deposits (Fig. 15d). Similar,
fine-grained deposits within Quaternary terrace and alluvial fan archives have formed the
focus of mixed interpretations with significant ramifications for the interpretation of
Quaternary landscapes. For example in the Mojave River, USA such deposits have been
interpreted both as representing former lake levels and flood slack water deposits (see
discussions in Reheis and Redwine, 2008). There is thus clear need to better understand
and recognise the nature of interaction between alluvial fan and adjacent fully ‘fluvial’
environments.

Impact of sustained river incision on alluvial fan interactions

Other considerations that should be taken into account when considering the existing
alluvial fan and river terrace literature is the nature of any base-level change. Within river
systems affected by river capture, for example, this can be exceptionally rapid in
Quaternary terms (for example the Rio Aguas in SE Spain was captured ~70ka leading to
a local base-level drop of 90m almost instantaneously on a Quaternary time-scale, Mather
et al., 2002; Stokes et al., 2002; Harvey et al., 2014; Harvey et al., 2016). Even in
mechanically hard bedrock such changes can lead to rapid vertical readjustments of fluvial
systems (Anton et al., 2015). The impact of this incision on any tributary alluvial fans will
be highly dependent on the valley and terrace width. For example, if a tributary alluvial fan
is feeding onto a wide river terrace so that it remains unconnected with the main river, then
the alluvial fan may not recognise the base-level fall at all. Unlike the most commonly
reported river system scenarios, base-level fall affecting alluvial fans is not necessarily
associated with incision and may in fact lead to alluvial system progradation. The
response is based on the balance between sediment flux to the alluvial fan (top down
controls) and the gradient of the exposed foreshore (in the case of sea-level or lake-level
related base-level drops; e.g. Harvey et al., 1999a,b; Harvey, 2005). In the case of
tributary alluvial fans feeding into a main river this base-level drop will be much sharper
morphologically due to the vertical incising nature of the main river. Thus where alluvial
fans are partially connected to the fluvial system (Fig. 3) incision in the distal areas of the
alluvial fan will occur at the vertical drop created by the incision and will likely lead to a
localised increase in relative stream power and thus headcut development, increasing
connectivity between alluvial fan and river environments. This may lead to through alluvial
fan trenching and the development of truncated alluvial fan surfaces (e.g. Fig. 13b) or, in
situations of high sediment input from tributary alluvial fans, progradation may occur but
will be spatially limited by the valley (both active river and river terrace) morphological
characteristics.

6. Conclusions

Alluvial fans provide extremely useful perspectives on Quaternary fluvial landscapes and
their evolution. Traditionally, river terrace studies tend to have been carried out in isolation
from alluvial fan studies, however it is apparent that recognition of the occurrence of



alluvial fan sedimentation within the river terrace stratigraphic record can be mutually
beneficial. Whilst alluvial fans may pose some problems (e.g. burying river terrace
surfaces, or posing potential dating issues) their benefits greatly outweigh their
disadvantages. Careful use of the sedimentology, stratigraphy and morphology of alluvial
fan archives can help better understand the landscape context which can assist in terms of
understanding where to date and what has been dated and improve understanding of
apparently conflicting evidence (e.g. a lack of adjacent slope sediments within river terrace
records at times of high sediment production from the valley slopes may in fact represent a
period when the alluvial fan was aggrading and acting predominantly as a sediment buffer
within the landscape). Thus a better integrated use of alluvial fan and river terrace studies
can improve understanding of the source to sink nature of sediment at catchment spatial
scales. The new conceptual model focuses on the dynamic role of alluvial fans under
changing environmental conditions within a fluvial landscape context, utilising commonality
between the limited number of published studies currently scattered across the
geomorphological and geological literature, together with some new data presented here.
At times of high sediment yield the alluvial fan will act as a buffer between the river and
slope environment, preventing slope material from entering the fluvial terrace archive.
Alternatively during periods of low slope sediment supply to the alluvial fan, coupling with
the river environment will be enhanced. The intensity of buffering or coupling will be
dependent on the relative importance of the spatial controls (top down and bottom up)
affecting the alluvial fan environment. The model simplistically summarises the complex
dynamic role of alluvial fans in the transfer and storage of sediment between local slopes
and the main river channel and provides simple language to describe that complex
interplay (e.g. totally buffered, top down, high sediment yield system). Identifying these
often subtle relationships within fluvial archives will assist in maximising value to
interpretations of the older Quaternary fluvial landscape. These older Quaternary field
investigations can then in turn better inform landscape evolution modelling to assist in
exploring the longer-term Quaternary impact of external controls such as climate change
in a pre-human landscape context to advance our understanding of the response of
Pleistocene and older landscapes to palaeoenvironmental change.
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Figures
Fig. 1 The spatial and temporal scales typical of typical slope processes and landforms
that commonly interact with river terrace records.
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Fig. 2. An example from Silva et al., (1992) of Quaternary alluvial fan development from 5
different mountain front settings in SE Spain. 4 main alluvial fan types were identified from
morphometric analysis of the alluvial fans and analysis of the regression residuals. This
analysis identified that 3 regional depositional phases along 5 mountain front faults have
produced 4 main morphological alluvial fan types which reflect the interaction of local
source area lithology, local and regional tectonics and regional climate.
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Fig.3. A conceptual model, taken from a summary of the published literature and new data
used within this article, to describe behaviour of a simple alluvial fan in a tributary setting
adjacent to a main river under different spatial controls (top down versus bottom up) and
varying sediment supplies to the alluvial fan. The axes of the model demonstrate the key
drivers which may act as top down controls on sediment and water discharge to the
alluvial fan (most commonly climate driven) and bottom up base-level lowering (main river
behaviour) which most commonly would be main river incision, although foreshortening of
alluvial fans through main river lateral toe-cutting can have similar effects. The horizontal
axis represents the direction of change in sediment supply to the alluvial fan in the form of
increasing sediment supply, which ultimately can lead to the alluvial fan displacing and
buffering the river from slope processes or facilitating incision in cases of sediment supply
reduction. Generally within this kind of setting enhanced coupling is encouraged by main
river incision (or lateral toe cutting) and also by reduction in sediment supply that promotes
trenching on the alluvial fan. In the case of toe cutting the connection is most likely to be
made on the upstream side of the main river flow direction.
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Fig. 4. USA, Idaho case study (a) location; (b) examples of mountain front alluvial fans
tributary to the Lost Big River. Lateral toe-cutting is evident (TC) in the morphology of the
alluvial fans, including in older Quaternary surfaces (shaded). The arrow indicates the
location of distal incision associated with lateral toe-cutting — the meander scars are still
visible in the scarp. Between the older, toe-cut surfaces ‘healing lobes’ and ‘healing
wedges’ (after Leeder and Mack, 2001) can be observed where the alluvial fan is
prograding out from the toe-cut once the main axial river has migrated away, in areas
where sediment supply is sustained from the alluvial fan. Bold lines indicate the location of
a Holocene (normal) fault. (c) Elkhorn alluvial fan which shows a clear lack of any toe-
cutting as the main river has moved away from the base of the alluvial fan. Catchment
area and alluvial fan highlighted. Images courtesy of Google Earth Professional 2016.




Fig. 5. Examples of the impact of lateral toe-cutting on Quaternary alluvial fan and fluvial
archive stratigraphy in New Mexico. Diagrams modified from Leeder and Mack (2001). (a)
General location (b) Stratigraphy through the fluvial archives based on field observations
from the Palomas Basin. Note presence of toe-cut scarps and prograding alluvial fan
‘healing wedge’ stratigraphy. (c) distribution of intercalated river and alluvial fan deposits
along the Palomas Basin in section and in planform (d). Note location of section X to X'
along a transfer fault — see discussion as to significance of this.
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Fig. 6. Location map for SE Spain case studies. Figs. 7 and 8 (Box 1); Fig. 9 (Box 2); Figs
10 and 12 (Box 3) and Fig. 11 (Box 4). Inset image courtesy of Google Earth Professional
2016.
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Fig. 7. Alluvial fan and related geomorphology from the Tabernas Basin (Box 1, Fig. 6). (a)
plan view showing coupled west of basin and buffered east of basin. (b) relationship
between buffering alluvial fans and incised terrace sequence from the west of the basin.
Modified from Harvey et al., 2014. L1-L4 refer to the levels of Geach et al., (2015).
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Fig. 8. Field images from Tabernas. (a) Level 2 alluvial fan deposits displaying evidence of
tractional flow and sheetform geometries suggesting unconfined flows (section oblique to
flow which is to the left). (b) Level 3 coarse terrace deposits from Rambla Sierra (Fig. 7a)
lying unconformably on Neogene basin deposits within the Rambla Sierra (southwest
portion of the Tabernas Basin) which at this time is buffered by an alluvial fan at its mouth
from the more central basin locations. Dashed line indicates base of terrace. (c) palustrine
— lacustrine sediments of Level 3 in the basin centre. Note the lack of fine sediments.
Dashed line picks out erosive channel within the Level 3 sediments. The coarsest material
observed in the section is medium to coarse sand. Note person in foreground for scale.




Fig. 9. Catchment changes in the Sorbas-Vera basin (Box 2, Fig 6) modified from Mather
et al. (2000). Dashed lines indicate the early Quaternary catchments which have been
reconstructed using a knowledge of the provenance of the preserved Quaternary alluvial
fan deposits combined with the predicted catchment area characteristics based on alluvial
fan area and gradient regressions on a regional database of Quaternary alluvial fans. The
table shows the predicted versus modern values based on the dataset.
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Fig. 10. Long-profiles for the terrace sequences in the Lucainena headwater tributaries
and the Rambla de Lucainena (Box 3, Fig. 6). Terrace A >300-400 ka; Terrace B > 200 ka;
Terrace C>78 ka; Terrace D 32.5£3.4 ka to 10ka; from Whitfield and Harvey (2012).

oy

Lucainena
Village

Rambla del
Penoncillo

Terrace Level

/| A

B ] Rambla de
e Scale Lucainena
[ D (metres)

---- Level of gravel deposit 0 :




Fig. 11. Field images from Box 4 (Fig. 6) of the tributary-junction alluvial fan (Rio Alias)
within terrace A before the Rambla de los Feos tributary junction. (a) alluvial fan terrace A
gravels (above dashed white line) conformably overlying the Polopos Formation at Collado
de Polopillos. Note the unconfined, sheetform geometries of the Terrace A deposits. (b)
Terrace A imbricated gravels indicating flow to the south/southeast. There is no evidence
of channelisation or confinement of flow. Note also floating clasts within a finer gravel sand
matrix indicating hyper-concentrated flow.




Fig. 12. River capture acting as a bottom up coupling mechanism for the alluvial fan and
river system in the headwaters of the Rambla Lucainena and Rambla del Penoncillo (Box
3, Fig. 6), and demonstrating the time transgressive nature in the landscape from east to
west.
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Fig. 13. (a) Location of the Ait Said tributary alluvial fan (QF1) in the River Dades
Catchment. (a) relationship of alluvial fan and river terrace deposits. Darker area of image
is the Holocene flood plain of the River Dades. Images courtesy of Google Earth
Professional 2016. (b) field image of the tributary alluvial fan and terraces. Note steepness
of alluvial fan surface (6°) compared to modern river. X — X’ indicates position of cross-
section, blue arrows indicate line of trench through alluvial fan. (c) cross-profile though the
alluvial fan showing insipient incision and alluvial fan head trench (RHS) and (d) modern
alluvial fan trench profile and relict alluvial fan surface (QF1) taken up the mid-fan line.
Field survey undertaken using a Trupulsery 360° laser range finder.
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Fig. 14. Field images from the Dades study area of the Quaternary landform and
associated sediments. (a) river terrace level at Ait Said (base 32m above modern river
level). Note well rounded cobbles and clast supported nature of the deposits. Provenance
is the same as the tributary junction alluvial fan (predominantly limestone). (b) Pleistocene
alluvial fan surface (QF1) looking up alluvial fan to apex. Note lack of meso-micro relief. (c)
view looking down alluvial fan trench from QF1 apex. Note inset levels in the alluvial fan
(QF2, 3 and 4). Approximately 20m thickness of sediments are locally present although
basement geology is evident (arrowed). (d) Note laterally unconfined nature of flows and
indication of episodic deposition during alluvial fan building (palaesol arrowed). Inset
shows detail of sedimentology — poorly sorted angular to subangular limestone fragments
suggestive of debris flow deposition. Person circled for scale.




Fig. 15. Field images of modern flow processes (a) cohesionless debris flows in the upper
part of the Ait Said alluvial fan trench — note size of material; (b) cohesionless debris flows
on the depositional modern alluvial fan lobe (seen in c). Different colours reflect insitu
weathering of older lobe (darker colour) over-ridden by more modern flow lobes. (c)
modern depositional alluvial fan lobe toeing out into the River Dades (visible on the RHS
of image). The system today is totally to partially coupled depending on the timing of the
‘build and reset’ cycle operating within the recent record (see Stokes and Mather, 2015 for
fuller discussion). (d) localised slack water deposits from Holocene Dades River floods
comprising sand and silt grade material as horizontal laminations (top half of section) and
climbing ripples (lower half of section) trapped upstream of a tributary alluvial fan
constriction.




