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Alluvial fans: geomorphology, sedimentology, 
dynamics - introduction. A review of alluvial-fan research 

A D R I A N  M. H A R V E Y  1, A N N E  E. M A T H E R  2 & M A R T I N  STOKES 3 

1Department of Geography, University of Liverpool, PO Box 147, Liverpool L69 3BX, UK 

(e-mail: amharvey @ liverpool, ac. uk. ) 
2 School of Geography, University of Plymouth, Drake Circus, Plymouth PIA 8AA, UK 

(e-mail: a.mather@plymouth.ac, uk.) 

3 School of Earth, Ocean and Environmental Sciences, University of Plymouth, Drake Circus, 
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This volume presents a series of papers on the geo- 
morphology, sedimentology and dynamics of alluvial 
fans, selected from those presented at the 'Alluvial 
Fans' Conference held in Sorbas, SE Spain in June 
2003. The conference was sponsored primarily by the 
British Geomorphological Research Group and the 
British Sedimentological Research Group, both 
organizations affiliated to the Geological Society of 
London. 

It is some time since an international conference 
has been held that was exclusively devoted to the geo- 
morphology and sedimentology of alluvial fans. The 
previous such conference was that organized by Terry 
Blair and John McPherson in 1995, and held in Death 
Valley, a classic setting for alluvial fans (Denny 1965; 
Blair & McPherson 1994a). Although many of the 
papers presented there have since been published, no 
dedicated volume on alluvial fans as a whole resulted 
from that meeting, so even longer has elapsed since 
there has been a specific publication devoted wholly 
to a series of papers on the geomorphology and sedi- 
mentology of alluvial fans (Rachocki & Church 
1990). 

South-east Spain was chosen as the venue for this 
conference, partly for logistic reasons and partly 
because it is a tectonically active dry region within 
which there is a wide range of Quaternary alluvial 
fans. These fans exhibit differing relationships 
between tectonic, climatic and base-level controls 
(Harvey 1990, 2002a, 2003; Mather & Stokes 2003; 
Mather et al. 2003), core themes in consideration of 
the dynamics of alluvial fans. 

An emphasis within the previous alluvial fan liter- 
ature has been on fans within the deserts of the 
American South-west (Bull 1977), with a focus 
especially on the alluvial fans of Death Valley 
(Denny 1965; Blair & McPherson 1994a). However, 
alluvial fans are not exclusive to drylands, nor to the 
particular combination of processes and morphol- 
ogy that characterize the Death Valley fans. 
Depositional processes may range from debris flows 
to sheet and channelized fluvial processes. Scales 

may range from small debris cones (<50 m in 
length: e.g. Wells & Harvey 1987; Brazier et al. 
1988; Harvey & Wells 2003) to fluvially dominated 
megafans (up to 60 km in length: Gohain & Parkash 
1990). Alluvial fans, although common in desert 
mountain regions (Harvey 1997), may occur in any 
climatic environment, in arctic (e.g. Boothroyd & 
Nummendal 1978), alpine (e.g. Kostaschuk et al. 
1986), humid temperate (e.g. Kochel 1990) and 
even humid tropical environments (e.g. Kesel & 
Spicer 1985). 

In all climatic environments alluvial fans may play 
an important buffering role in mountain geomorphic 
or sediment systems (Harvey 1996, 1997, 2002b). 
They trap the bulk of the coarse sediment delivered 
from the mountain catchment, and therefore affect 
the sediment dynamics downstream, either in rela- 
tion to distal fluvial systems or to sedimentary basin 
environments. In doing so, fans preserve a sensitive 
sedimentary record of environmental change within 
the mountain sediment-source area, rather than a 
broad regional record as would, for example, pluvial 
lake sediments (Harvey et al. 1999b). 

One of the aims of the 2003 conference was to 
bring together current research on the geomorph- 
ology, sedimentology and dynamics of alluvial fans, 
ranging from studies of modern processes through 
to studies of Quaternary fans and to those of ancient 
fan sequences within the geological record. We 
sought papers relating to a range of scales and of 
climatic and tectonic contexts. Some of the papers 
presented at the conference were 'in press' in other 
publications at the time (e.g. Harvey & Wells 
2003) or are being published elsewhere (Garcia 
& Stokes in press; Saito & Oguchi 2005; Stokes 
et al. in press). In this volume we present a selection 
of the papers presented at the Sorbas meeting that 
spans a wide range of alluvial fan research. We 
group them into three main themes: those dealing 
with processes on fans; those dealing with the 
dynamics and morphology of Quaternary alluvial 
fans; and those dealing with the interpretation of 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 1-7. 0305-8719/05/$15 �9 The Geological Society of London 
2005. 



2 A.M. HARVEY ETAL. 

alluvial fan sedimentary sequences from the ancient (by Arzani in Iran, and by Gabris & Nagy in 
rock record. Hungary). 

Processes on alluvial fans 

In recent years there has been growing recogni- 
tion of the range of sedimentary signals of fan 
depositional processes. The importance of sheet- 
flood processes as opposed to channelized fluvial 
processes has been recognized on desert alluvial 
fans (Blair & McPherson 1994a), and there is 
growing recognition of the distinctions within mass- 
flow processes between true debris-flow processes 
and those associated with hyperconcentrated flows 
(Wells & Harvey 1987; Blair & McPherson 1994a, 
1998), aided by advances in the understanding of the 
rheology of mass flows in the lahar literature 
(e.g. Cronin et  al. 1997; Lavigne & Suwa 2004) and 
in hydraulic engineering (e.g. Engelund & Wan 
1984; Julian & Lan 1991; Rickenmann 1991; Wang 
et al. 1994). In this volume we include two papers on 
fan sedimentation processes, in -- --"- -" . . . . . . . . . . .  "~ l l l a l  l ~ C U l  y ~ U l l  LL ,'1 ~ I.K~ld 

environments, by Mather  & Itart ley and by 
Wilford et al. in hyper-arid and humid environ- 
ments, respectively. 

Building on previous work (e.g. Bull 1977; 
Kostaschuk et al. 1986), it is realized that distinct fan 
surface gradients result from different depositional 
processes, but the concept of a specific 'slope gap' 
(Blair & McPherson 1994b) between alluvial fan and 
river gradients has since been demonstrated to have 
been flawed (Kim 1995; McCarthy & Candle 1995; 
Harvey 2002c; Saito & Oguchi 2005). To some 
extent Blair & McPherson's (1994a) classification of 
alluvial-fan styles, based on process combinations, 
reinforces the traditional concept of 'wet fans and 
dry fans' (Schumm 1977); however, the application 
of that concept to a climatic association with humid 
and arid climates, respectively, is clearly oversim- 
plistic. On the contrary, arid environments tend to be 
more fluvially dominant than do humid regions 
(Baker 1977), and many studies have demonstrated 
an increase in fluvial activity on fans, resulting from 
climatic aridification (e.g. Harvey & Wells 1994), 
or an increase in hillslope sediment supply from 
debris-flow activity following a climatic change 
towards greater humidity (e.g. Gerson 1982; Bull 
1991; A1-Farraj 1996). 

There is increasing recognition that alluvial fans 
represent a continuum of depositional processes 
(Saito & Oguchi 2005) from small debris cones, 
characteristic of many mountain environments (e.g 
Brazier et al. 1988), especially in paraglacial zones 
(Ryder 1971), to large fluvially dominant fans, such 
as the Kosi megafan in India (Gohain & Parkash 
1990). In this volume we include two papers on large 
fluvially dominated fans in contrasted environments 

Dynamics of Quaternary alluvial fans 

Research on Quaternary alluvial fans tends to focus 
on the relationships between fan sediments and mor- 
phology, but has moved beyond earlier descriptive 
morphological studies (e.g. Denny 1965; Hooke 
1967, 1968; Bull 1977) and basic morphometric 
studies (Bull 1977; Harvey 1984, 1997). More atten- 
tion has been paid to the morphological style of allu- 
vial fans insofar as this reflects fan setting, including 
the conventional tectonically active mountain-front 
setting and backfilled fans on tectonically stable 
mountain fronts (Bull 1978), or tributary-junction 
settings (Harvey 1997). Fan setting, in turn, affects 
the degree of confinement (Sorriso-Valvo et al. 
1998; Harvey et al. 1999a) and accommodation 
space (Viseras et al. 2003). In addition, fan style 
reflects the geomorphic regime of the fan, from 
ag~xaum~,  u . u u ~ ; n  tu  p~ug~au~n~;  tc~cat,  u p l C  fans and 
to fans undergoing dissection (Harvey 2002a). This 
is controlled fundamentally by the relationships 
between sediment supply to the fan and by flood 
power, in other words by the threshold of critical 
stream power (Bull 1979). 

Perhaps the main emphasis over recent years in 
research on Quaternary alluvial fans has been to 
consider how the gross factors controlling alluvial- 
fan environments (catchment controls, tectonics and 
long-term geomorphic evolution, climatic controls, 
base level) interact to create fan morphological and 
sedimentary styles, and how fans respond to changes 
in the controlling factors. Studies of fan morphome- 
try have developed to focus on these interactions 
(Silva et al. 1992; Calvache et al. 1997; Harvey et al. 
1999a; Harvey 2002c; Viseras et al. 2003). 

It has long been realized that of the controlling 
factors, catchment characteristics (including drainage 
basin area, relief and geology) control the supply of 
water and sediment to the fan, and therefore the 
process regime on the fan and the resulting fan mor- 
phology. Although emphasized in the geological 
literature (see below), tectonic controls may influence 
sediment production in the source area, and, together 
with gross topography, appear primarily to control 
fan location, fan setting and gross fan geometry 
(Harvey 2002a) rather than fan-sediment sequences. 
Tectonics appear to influence fan morphology and 
sedimentary sequences primarily through an influ- 
ence on accommodation space (Silva et al. 1992; 
Viseras et al. 2003). 

For Quaternary alluvial fans in a wide variety of 
environments, climatic factors appear to have an 
overwhelming control on fan morphology and sedi- 
mentary styles. This is not to say that there are 
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fundamental differences between fans in different 
climatic environments; there are differences, of 
course, but the primary processes differ remarkably 
little between humid and arid environments, or 
between arctic and subtropical environments. In 
each case the fan morphology appears to be adjusted 
to the prevailing sediment supply and flood regime. 
If a climatic change  alters flood power and/or sedi- 
ment supply, the fan responds by a change in ero- 
sional or depositional regime, resulting in a change 
in the sedimentary environment. There are numer- 
ous examples of studies demonstrating where cli- 
matic shifts have resulted in changes to fan systems 
(e.g. Wells et al. 1987; Bull 1991; Harvey et al. 
1999b; Harvey & Wells 2003). Studies that have 
evaluated the relative roles of tectonism and climate 
for changes in sedimentary and geomorphic 
sequences on Quaternary fans, demonstrate that 
climate is overwhelmingly the primary control 
(Frostick & Reid 1989; Ritter et al. 1995; Harvey 
2004). 

Most fans toe out at stable base levels, therefore 
base-level change is not a common cause of changes 
in fan behaviour on Quaternary fans. However, on 
fans that toe out to coasts or lakeshores and on fans 
subject to 'toe trimming' (Leeder & Mack 2001) by 
an axial fiver system, base-level change may be an 
effective mechanism for triggering incision into 
distal fan surfaces (Harvey 2004). However, base- 
level fall may not always trigger incision; this very 
much depends on the gradients involved. Indeed a 
base-level rise may trigger distal incision on coastal 
fans, if rising sea levels cause coastal erosion and fan 
profile foreshortening and steepening (Harvey et al. 
1999a). Base-level change, such as a eustatic sea- 
level change or a change in the level of a pluvial lake, 
may be ultimately climatically controlled. The 
effectiveness of base-level change will depend on 
how it relates temporally to changes in sediment 
supply that are also climatically led. In cases where 
base-level change has been identified as an effective 
mechanism on Quaternary alluvial fans, the primary 
signal is a climatically led sediment signal, modified 
by the effects of base-level change (Bowman 1988; 
Harvey et al. 1999b; Harvey 2002d, 2004). 

Within this volume we present several papers that 
deal with interacting controls on Quatemary alluvial 
fans in a range of mostly dry climate settings: in 
Andean mountain environments in Argentina 
(Columbo), and in deserts in the Middle East 
(AI-Farraj & Harvey), Chile (Harfley et  al .)  and 
the American West (Harvey). 

In the past, a full appreciation of the response of 
alluvial fans to environmental change or of their 
wider role within fluvial systems has been hampered 
by the lack of suitable dating methods, applicable 
to alluvial-fan sediments. While it is true that radio- 
carbon dating has been effectively applied to late 

Pleistocene or Holocene sequences of alluvial-fan 
development in humid regions (Brazier et al. 1988; 
Chiverrell et al. in press), the precise dating of dry- 
region alluvial fans over longer timescales has 
always been a problem. Traditional methods have 
involved the mapping and correlation of fan sur- 
faces on the basis of relative age, expressed through 
desert pavement or soil development especially of 
calcreted surfaces (Lattman 1973; Harden 1982; 
Machette 1985; McFadden et al. 1989; Amit et al. 
1993; Alonso-Zarza et al. 1998; AI-Farraj & Harvey 
2000). In some cases fan sequences have been 
correlated with dated lake or coastal sediments 
(Harvey et al. 1999a, b). Three new dating tech- 
niques have potential in alluvial fan research. 
Cosmogenic dating, applied to depositional surfaces 
(Anderson et al. 1996) or to questions of sediment 
flux (Nichols et al. 2002), U/Th dating of pedogenic 
carbonates (Kelly et al. 2000; Candy et al. 2003, 
2004), and applications of optically stimulated 
luminescence (OSL) dating to fluvial-terrace and 
alluvial-fan sediments have opened up new opportu- 
nities for alluvial-fan research. Two papers in this 
volume focus on recent applications of lumines- 
cence dating to alluvial-fan sediments (Pope & 
Wilkinson; Robinson et  al. ). 

Alluvial-fan sedimentary sequences 

The challenge facing research on alluvial-fan sedi- 
mentary sequences is to develop interpretive models 
that are compatible with the findings of research on 
contemporary processes and on extant Quaternary 
alluvial fans. To some extent previous models may 
be seen as simplistic. The assumptions about overall 
coarsening-up sequences within alluvial-fan sedi- 
ments (Steel 1974; Steel et al. 1977; Rust 1979) may 
be appropriate for distal-fan environments, when the 
proximal-fan sediments are being reworked by 
fanhead trenching, but are certainly not appropriate 
for proximal environments on aggrading fans 
(Harvey 1997). There we would expect an overall 
fining-up trend as the topography becomes progres- 
sively buried and each location effectively becomes 
more distal. 

Another concept that clearly needs revision is the 
oversimplistic association of the wet/dry fans 
dichotomy with wet/dry climates, respectively (see 
above). This in part relates to the debate on the rela- 
tive roles of climate, tectonism and base-level 
change in ancient alluvial-fan sediment sequences. 
Studies of Quaternary fans (see above) recognize 
that tectonics may play a major role in controlling 
the location and setting of alluvial fans, but fan 
sequences respond primarily to climatic controls. 
Within most of the previous geological literature 
tectonics are seen as the primary control of change 
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in alluvial-fan sequences. We need to ask why there 
is this discrepancy. Are most of the geologists 
working on ancient sequences wrong? Is the cli- 
matic signal difficult to identify from the sediments 
alone, especially if some of the simplest climatic 
relationships are, in fact, oversimplifications? 
Perhaps this has something to do with scale. Most 
Quaternary fans are small in comparison with the 
scale of ancient systems described in the literature, 
therefore there is a question of preservation poten- 
tial. Only the larger systems, especially those on the 
margins of sedimentary basins, and those developed 
over longer timescales are likely to be preserved in 
the geological record. It is known that responses to 
climatic change and to tectonic activity operate over 
different timescales (Harvey 2002b). Quaternary 
alluvial fans respond to climatic change over 
timescales of 102-104 years, whereas tectonic 
change operates over timescales well in excess 
of  10 4 years. Furthermore, during the global 
glacial-interglacial cycles of the Quaternary there 
were major changes in sediment input to fan envir- 
onnlen ts  in ia . . . .  w x u c :  a . . . . . . .  l a n g c  u i c  ~ l i l l t a u t . - "  . . . .  "- settings. 
Climatic changes during, say, the Triassic or the 
Cretaceous or the Neogene may have had less influ- 
ence on geomorphic thresholds and therefore may 
have had a less overwhelming impact on sediment 
supply. 

A second area of challenge in the understanding 
of ancient alluvial-fan sedimentary sequences lies in 
the development of an understanding of the three- 
dimensional (3D) geometry of alluvial-fan sedimen- 
tary bodies, and the interpretation of the 3D 
geometry in the context of models of sedimentary 
sequences in sedimentary basins. Of interest would 
be the application of sequence stratigraphy concepts 
to terrestrial environments, including alluvial fans, 
within which the salient events were not sea-level 
change, but climatic events. In such models (e.g. 
Weissmann et al. 2002) soil-covered fan surfaces 
could be seen as the sequence bounding surfaces. In 
this volume Weissmann et al. apply sequence 
stratigraphy concepts to the interpretation of the 3D 
geometry of Quaternary fans in the Central Valley of 
California. Although dealing with Quaternary fans, 
the methodology would be applicable to ancient fan 
sequences. 

A final challenge for the application of concepts 
derived from modern fans to the interpretation of 
ancient sequences is to infer source-area characteris- 
tics from alluvial-fan sediments. A start has been 
made here by Mather et al. (2000) in applying mor- 
phometric relations derived from Quaternary fans to 
the assessment of drainage basin properties during 
the Pliocene in SE Spain. Pliocene fan geometry 
suggests that since emplacement of these sediments 
there have been major drainage reorganizations 
within the feeder catchments through river capture. 

The influence of headwater river capture on down- 
stream fluvial system development is itself an under- 
researched topic (Mather 2000). 

Increasingly, there is more integration between 
studies of ancient fan sequences and studies of 
modern processes and of Quaternary fans. In each 
case the central theme of explanation lies in under- 
standing the interactions between the tectonic, cli- 
matic and base-level controls. The final three papers 
in this volume illustrate this theme, addressing 
ancient fan sequences in different tectonic settings: 
Nichols on Tertiary fans of the Ebro Basin, 
Wagreich & Strauss on Tertiary fans in Austria and 
Leleu et al. on Cretaceous fans in Provence. 

The future 

Almost all the papers in this volume, whether dealing 
with ancient sequences, Quaternary fans or modern 
processes, address two fundamental questions. How 
do fans respond to the combinations of the control- 
l l l l g  l a t ,  t O l  ~,  a l l U  l l U W  13 t l l a t  rcsponsc cxprcssed in the 
morphology and the sediments? Challenges for the 
future lie partly in applied studies, for example 
hazards on alluvial fans, alluvial-fan sediments as 
reservoir rocks for water resources or in the ancient 
record, for oil. The major challenges, however, relate 
to the science itself. For Quaternary science: how far 
will more precise and more comprehensive dating 
allow integration of alluvial-fan research within 
wider basin-wide geomorphological and sedimento- 
logical models? For the study of ancient sequences: 
how far can the concepts derived from understanding 
modern fans be integrated more fully into basin sedi- 
ment sequence models? 
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Abstract: Mountain-front alluvial fans in the northern Great Basin were affected by interactions 
between the tectonic setting, late Quaternary climatic changes and climatically induced base-level 
changes through fluctuations in pluvial lake levels. Four fan groups were studied on the margins of 
and near pluvial Lake Lahontan with varying geology and tectonic settings. All fans were affected 
by climatically led variations in sediment supply, but only those on steep mountain fronts adjacent 
to deep lakes were affected by base-level changes during lake desiccation. 

Relationships between fan segments and dated lake shorelines, augmented by soil and desert 
pavement characteristics, have enabled fan segments older and younger than the lake highstands to 
be identified. Major periods of fan aggradation occurred prior to the last glacial maximum and 
during the Holocene, with little or no fan deposition occurring during and after the last glacial 
maximum, at the time of high lake levels. The interactions between tectonics, climate and base- 
level change have produced distinctive fan geometric relationships between older and younger fan 
segments, also expressed in the morphometric properties of the fans. Tectonics primarily influence 
the fan setting, particularly the accommodation space, and interact with sediment supply rates 
partly related to source-area geology. The climatic signal is present in all four groups of fans, but is 
modified locally by a base-level signal only where deep pluvial lakes abutted to relatively high 
levels on fans on relatively steep mountain fronts. 

Many studies have demonstrated how the geomor- 
phology of alluvial fans reflects interactions 
between three sets of factors (Bull 1977; Blair & 
McPherson 1994; Harvey 1997, 2002a): (i) those 
influencing fan context (tectonics, gross topography, 
accommodation space); (ii) those influencing water 
and sediment delivery to the fan, and the processes 
operating on the fan (basin geology and relief, 
climate); and (iii) those influencing the relationship 
between the fan and adjacent environments, of 
which base level is the most important. 

Different combinations of these factors have been 
used to explain both spatial and temporal variations 
in fan geomorphology. For example, spatial differ- 
ences between fans or groups of fans have been 
attributed to tectonics and gross topography (Blair 
& McPherson 1994) and accommodation space 
(Viseras et al. 2003), itself often related to the tec- 
tonic context. In addition, spatial differences have 
been attributed to rock resistance (Bull 1962; Hooke 
1968, Hooke & Rohrer 1977; Lecce 1991). Such 
factors have also been cited in explanations of 
the evolution of fans over time, particularly tecton- 
ics (Calvache et al. 1997), climatic change 
(Bull 1991; Harvey 2003) and base-level change 
(Harvey 2002b). Indeed, the interactions between 
these factors has become one of the main themes of 
research into the geomorphology of alluvial fans 
(Bowman 1988; Frostick & Reid 1989; Ritter et al. 
1995). 

Within the northern Great Basin, Nevada, USA, 
range-front fans occur in a variety of tectonic settings. 
They are supplied with sediment from catchments of 
a range of geology and relief characteristics. The 
present-day climate is continental arid, with precipi- 
tation at low elevations of less than 200 mm, and July 
and January monthly mean temperatures of 20 and 
0 ~ respectively (Houghton etal. 1975). Throughout 
the area the fans were subject to geomorphic change 
in response to variations in water and sediment supply 
controlled by late Quaternary climatic changes 
(Harvey et al. 1999b; Ritter et al. 2000; Harvey 
2002a). However, different groups of fans were 
affected by different base-level conditions provided 
by the fluctuations in the levels of late Pleistocene 
pluvial lakes within the basins (Harvey 2002b). 

This paper examines the geomorphology of four 
sets of mountain-front alluvial fans, representative 
of conditions in the northern Great Basin. Within the 
context of differing catchment geology and relief 
properties, the interactions between the response to 
late Quaternary climatic change and differential 
base-level influences are identified, and the effects 
on fan morphology are assessed. 

S t u d y  a r e a  

Four groups of fans on the margins of and near pluvial 
Lake Lahontan were selected for study (Fig 1). The 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 117-131. 0305-8719/05/$15 �9 The Geological Society of 
London 2005. 
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Fig. 1. Location map of the studied fans in the northern Great Basin, Nevada (locations of pluvial lakes adapted from 
Mifflin & Wheat 1979). 

groups necessarily included a range of catchment 
geologies, but the primary reason for selection was 
the different relationship between the fan groups and 
the pluvial lake margins, resulting in different base- 
level conditions (Table 1). Cold Springs fans (for 
location see Fig. 1) toe out onto the low-gradient 
valley floor of the Edwards Creek Basin, and are 
detached from the effects of local base-level change 
provided by the late Quaternary fluctuations of 
pluvial Lake Edwards. Two subgroups of fans were 
studied in the Dixie Valley (for location see Fig. 1), 
one in the southern part of the valley, too far from the 
centre of the basin to have been affected by fluctu- 
ations of pluvial Lake Dixie, and another group in the 
central part of the basin (Dixie Hot Springs), directly 
affected by lake-level fluctuations. In some locations 
maximum lake levels reached the mountain front, 
elsewhere they reached only onto the piedmont. 
A large group of fans was studied on the Stillwater 
mountain front (for location see Fig. 1) adjacent to the 
SE shore of pluvial Lake Lahontan. Maximum lake 
levels reached the mountain front in some parts; else- 
where they reached the piedmont. The final group of 
fans are at Gerlach (for location see Fig. 1), adjacent 
to the narrower Black Rock-Smoke Creek Desert 
arm of Lake Lahontan. Lake levels drowned part of 
the mountain front here; elsewhere they reached the 
piedmont. 

The basis for establishing the fan sequence lies 
with the dated sequence of pluvial lake shorelines 
(Table 2). Lake Lahontan reached its maximum level 
of 1340 m at about 13 ka Be (during the Sehoo stage of 
Morrison 1991) (Mifflin & Wheat 1979; Davis 1982; 
Grayson 1993; Adams & Wesnousky 1998, 1999), 
forming distinct upper shorelines. Desiccation took 
place during the early Holocene with a possible late 
lake stage to 1220 m (Morrison 1991). A similar late 
Quaternary chronology is assumed for the smaller 
lakes, Lake Dixie and Lake Edwards (Table 2) 
(Mifflin & Wheat 1979). 

The lake shorelines provide timelines for estab- 
lishing the broad chronology of alluvial-fan sedi- 
mentation. Major periods of fan aggradation within 
the northern Great Basin occurred prior to the last 
glacial maximum and during the Holocene, with 
little or no fan deposition at the time of high lake 
levels during the latest Pleistocene (Harvey et al. 
1999b). This is in contrast with the Zzyzx fans in the 
Mojave Desert further south (Harvey & Wells 
2003), where the Pleistocene-Holocene climatic 
transition was a period of major geomorphic activ- 
ity. At that time the lower hillslopes and the fan sur- 
faces in the northern Great Basin were covered by 
juniper woodland rather than desert scrub as in the 
Mojave, and it is unlikely that the effects of incur- 
sions of tropical storms into the Mojave would have 
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Table 1. Study areas: geology and base-level conditions (for locations see Fig. 1). Geological information from 
Willden & Speed (1974) 

Stillwater fans (see Fig. 2): 
Catchment geologies: 

Base-level control: 

Cold Springs fans (see Fig. 2): 
Catchment geologies: 
Base-level: 

Dixie Valley fans (see Fig. 4): 
Catchment geologies: 

Base-level control: 

Gerlach fans (see Fig. 5): 
Catchment geology: 
Base-level control: 

Late Tertiary basalts (Table Mountain fans) Early Tertiary rhyolites (central fans) 
Mesozoic low-grade metasedimentary rocks (northern fans) 
Lake Lahontan (main part of lake) 

Early Tertiary rhyolites and rhyodacites 
Stable - above the elevation of Lake Edwards 

Early-mid Tertiary rhyolites and tufts (plus small areas of Tertiary 
granites - within the catchments of the southern fan group) 
Lake Dixie (only affecting the Dixie Hot Springs fan group: the southern group of 
fans are above the elevation of Lake Dixie, and base levels have been stable) 

Granite 
Lake Lahontan (northern arm) 

Table 2. Lake Shoreline data (after Mifflin & Wheat 1979; Davis 1982; Bell & 
Katzer 1987; Morrison 1991; Grayson 1993; Adams & Wesnousky 1998, 1999) 

Lake Lahontan (Stillwater and Gerlach fans) 
22-13 ka: rise to maximum lake level (1340 m) 
13-10.5 ka: rapid fall in lake level to 1235 m 
Early Holocene desiccation, possibly late lake stage to 1220 m 

Lake Dixie (Dixie Valley fans) 
Chronology assumed to be similar to Lake Lahontan 
(Late Pleistocene maximum - 1110 m - Influences Dixie Hot Springs area, but 
n o  inf luence on southern Dixie Valley fans) 

Lake Edwards (Cold Springs fans) 
Chronology assumed to be similar to Lake Lahontan 
(Late Pleistocene maximum - 1625 m - but no influence on base level for Cold 
Springs fans) 

penet ra ted  as far north as northern Nevada (Harvey 
et al. 1999b). 

The  older  fan segments  are cut  by the high shore- 
lines and clearly predate  the last pluvial lake high- 
stand. They  include several stages set into each 
other  and, on the basis of  the matur i ty  o f  the soils on 
even the younges t  of  these segments,  must  predate  
the last glacial m a x i m u m  by a considerable period. 
Various est imates put their probable age as at least 
30 ka (Chadwick  et al. 1984; Bell  & Katzer  1987), 
and were  probably fo rmed  over periods dating back 
to the last interglacial in excess of  100 ka, fol lowing 
the previous lake highstand (the Eetza stage o f  
Morr i son  1991). 

The younger  fan segments  truncate the lowest  
shorelines and are clearly Holocene in age. In the 
field several younger  fan segments can be identified 
and have been ascribed to the mid and late Holocene  
(Ritter et al. 2000). 

M e t h o d s  

Fan surfaces were mapped, initially from air photographs 
then in the field, and were assigned to age groups on the 
basis of morpho-strafigraphic relationships with the oldest 
and youngest dated lake shorelines (see below). Mapping 
was first undertaken on the Sfillwater fans, where clear-cut 
relationships exist between fan surfaces and the lake shore- 
lines. In that area fan-surface differentiation and local cor- 
relation was achieved through establishing soil and desert 
pavement properties of the fan surfaces older than and 
younger than the shorelines, using a mulfiparameter 
approach based on that of McFadden et al. (1989). The 
details are given elsewhere (Harvey et al. 1999b; Harvey 
2002b). 

On many fans it was possible in the field to identify 
several fan segments older than the highest shoreline, and 
others younger than the youngest shoreline, and in some 
cases small fan segments whose ages lie between those of 
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the oldest and the youngest shorelines (Harvey et al. 
1999b). For the purposes of this paper, for comparisons to 
be made between several groups of fans, it is sufficient to 
group the fan segments into two: those older and those 
younger than the shorelines. 

On the Stillwater fans these two groups can be differenti- 
ated on the basis of post-depositional surface modification 
by soil and desert pavement development. Where the older 
surfaces are not buried by younger aeolian silts they show 
mature desert pavements (see A1-Farraj & Harvey 2000) of 
interlocked angular rock fragments, with a dark coating of 
desert varnish (see Harvey & Wells 2003). The soils show 
mature profiles characterized by a thick Av horizon 
(McFadden et al. 1998), over a well-developed Bt horizon 
(characteristic Munsell colour: 7.5YR 4-5/4-6), underlain 
by a stage II carbonate Bk horizon (terminology after Gile 
et al. 1966, modified by Machette 1985). 

Two sets of surfaces younger than the shorelines can be 
identified, a set post-dating recession of the lake, character- 
ized by soil profile development much less mature than on 
the older surfaces, and a youngest set on which little or no 
soil development is apparent. On the former, a weakly 
developed pavement may be present, with wonl~ pnl~ 
varnish. The soils show an Av horizon over a thin B horizon 
(characteristic Munsell colour 10YR 6-7/3-4) and only 
stage I carbonate accumulation. 

Fan segments were then mapped on the other fans on the 
basis of relationships with lake shorelines, where present, 
and by comparison with the soils on the Stillwater fans. 
From the field maps, the fans were classified on the basis of 
the spatial patterns of erosion and deposition in relation to 
the sequence of base-level change. Several fan geometric 
styles were recognized. In order to assess relative influences 
of contextual factors and base-level controlled geometric 
style, a conventional morphometric analysis was carried 
out. For that analysis data were derived on fan and drainage 
basin properties, from a total of 106 fans (Stillwaters, 18 
fans; Cold Springs, 48 fans; Dixie Valley, 20 fans; Gerlach, 
20 fans). Fan gradients, representative of the proximal half 
of each fan, were measured in the field for the smaller fans, 
and derived from topographic maps for the largest fans 
(sample gradients were then checked in the field). Fan areas 
were derived directly from the field maps. Drainage basin 
properties (drainage basin area, relief and mean slope) were 
derived from the published topographic maps (scale 
1:24000). The analysis was a conventional regression 
analysis of the influence of drainage basin properties on fan 
properties, using residuals from the regressions to assess the 
relative influence of contextual and base-level controls. 

F a n  m o r p h o l o g y  

S t i l l w a t e r f a n s  (see Fig .  2) 

These fans have been described previously (Harvey 
et al. 1999b; Harvey 2002b), so only a brief descrip- 
tion is given here. The fans occupy the western 

mountain front of  the Stillwater Range, on a relatively 
steep shoreface of  pluvial Lake Lahontan facing the 
widest and deepest section of the lake, where wave 
action would have been high. The shorelines, both 
erosional and depositional, are exceptionally well 
developed, in some places cutting the mountain front, 
elsewhere cutting older fans on the piedmont. 

The mountain front is fault controlled, but apart 
from a minor  fault trace across the piedmont  and a 
small fault scarp near the toe of  the central-northern 
fans there is little obvious sign of  Holocene active 
tectonics. The fan segments have been mapped and, 
in addition to multistage older and younger fan seg- 
ments, small intermediate segments dating from the 
time of  the lake can be recognized (Harvey et al. 
1999b; Harvey 2002b). 

The fans occur in several groups (Fig. 2; Table 1). 
In the south, the Table Mountain fans are debris-flow- 
dominated fans fed by late Tertiary basalt source 
areas. Here the shoreline is at the mountain front and 
older fan segments are restricted to fan proximal areas 
within the mountain catchments. Following lake des- 
iccation, incision of the fans took place by fanhead 
trenching and the younger segments prograde distally 
to form a generally telescopic fan structure (Bowman 
1978). 

The central fans are large fans with exposures in 
the constituent sediments suggesting sheetflood 
deposition. They occupy a less steep embayment  
within the mountain front, fed by early Tertiary 
rhyolites. The shoreline zone cuts across the pied- 
mont, truncating the older fan segments in midfan 
(Fig. 3a). Substantial older fan remnants remain 
above lake level. Deep post-lake fanhead trenches 
have cut into them from which the younger fan seg- 
ments prograde distally. 

The northern fans occupy a steep mountain front 
on Mesozoic low-grade metasedimentary rocks. The 
deposits suggest sheetflood dominance,  but also 
include debris flows in the smaller fans. The shore- 
line again approaches the mountain front with 
preservation of  only small, truncated older fan rem- 
nants near some fan apices. There are deep fanhead 
trenches from which there is extensive distal pro- 
gradation of  the younger fan segments. 

C o l d  S p r i n g s  f a n s  (see Fig.  2) 

These fans have also been described previously 
(Harvey 2002b), so again only a short description is 
given here. They are sourced by early Tertiary rhyo- 
lite and rhyodacite terrain within the Desatoya 
Mountains (Table 2). They occur at a faulted moun- 
tain front, but there is no evidence of Holocene tec- 
tonic activity affecting late Quaternary fan evolution. 
Local base levels have been stable; the fans toe out 
onto the low-gradient floor of Edwards Creek Valley 
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Fig. 2. Summary maps of (a) the Stillwater fans and (b) the Cold Springs fans (modified after Harvey 2002a). Spot 
heights in m. 

well above any zone that might have been affected by 
fluctuations of the level of pluvial Lake Edwards. 
There is a range of fan types, including: (a) large, 
low-angle, unconfined, sheetflood-dominated master 
fans fed by the major drainages; (b) smaller debris- 
flow fans generally confined between the master 
fans, but including some small fans at the northern 
end of the study area that are fed by small lower relief 
catchments; and (c) a large number of small hillfoot 
debris cones. The larger fans show older fan surfaces 
in proximal locations, cut by shallow fanhead 
trenches from which there are extensive prograding 
distal younger fan surfaces (Fig. 3b). 

Dixie  Valley f a n s  (see Fig. 4) 

These fans are fed by terrain located dominantly in 
highly erodible early-mid Tertiary rhyolites and 

tufts of the eastern Stillwater Range (Table 2). This 
is a complex tectonically active mountain front with 
numerous Holocene fault scarps cutting both 
younger and older fan segments. In the southern part 
of the valley the faults occur in two groups, one 
along the mountain front, including the trace of the 
fault produced by the 1954 earthquake (Bell & 
Katzer 1987), and the other across the piedmont. In 
the central part of the valley these faults extend north 
to become the mountain-front faults. 

Variations in late Quaternary base levels were pro- 
vided by fluctuations in the levels of pluvial Lake 
Dixie, affecting fans in the northern part of the study 
area, but in the southern part of the area the fans toe out 
onto the low-gradient valley floor well above maxi- 
mum lake level. Hence, in that area late Quaternary 
base-level changes have been non-effective. 

Two sets of fans have been studied, one in the 
southern part of the valley and one at Dixie Hot 
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Fig. 3. Photographs of example fan types. (a) Central Stillwaters fans. Note the high shoreline of pluvial Lake 
Lahontan, as a beach ridge in the foreground and as a low cliff in the background; dissected older fans to the left, 
prograding younger fans to the right. (b) Cold Springs fans. Older fan segments at the fan apices, younger segments 
prograde towards the stable base level of the low-gradient valley floor. (c) Cottonwood Canyon fan, Dixie Hot Springs. 
Note the fault trace truncating the older fan segments; younger fan segments in the foreground and to the right. (d) 
Gerlach west-side fans. Note the shoreline zone on the mountainside. Young fans issue from canyons cut into the 
shoreline. 
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Fig. 4. Summary maps of the Dixie Valley fans (above, Dixie Hot Springs fans; below, Dixie southern fans). Spot 
heights in m. 

Springs in the central part of the valley (Fig. 4). 
These fans have not previously been described, but 
Bell & Katzer (1987) described those in the inter- 
vening IXL Canyon area, and Chadwick et  al. 
(1984) described Terrace Creek fan, one of those at 
Dixie Hot Springs (Fig. 4). The southern group are 
large sheetflood-dominated fans with extensive 
proximal older fan segments. These are cut by 
fanhead trenches from which younger fan segments 
prograde distally. The fans toe out to stable base 
levels on the valley floor. The fans are cut by 
Holocene faults, both at the mountain front, includ- 
ing the 1954 fault trace, and across the midfan area. 

The Dixie Hot Springs fan group shows a range 
of relationships with base levels provided by 
pluvial Lake Dixie. At the south end are several 

large sheetflood-dominated fans that preserve older 
proximal fan segments truncated by faults near the 
mountain front (Fig. 3c). On these fans maximum 
shoreline levels were in the midfan but show no 
evidence of stimulating incision. Indeed, all the 
shorelines are buried by extensive younger fan 
segments both in the midfan and distally. North of 
the Hare Canyon fan the shoreline reached the 
mountain front, and there a series of small debris- 
flow-dominated fans occurs on which there is no 
preservation of older fan segments. The complete 
fan surfaces comprise young fan segments. To the 
north are several fans that preserve evidence of 
the maximum shoreline in the midfan, with some 
preservation of proximal older segments. There is 
evidence of only limited post-lake incision, but 
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only in the proximal-fan locations, and extensive 
younger fan segments blanket large portions of 
these fans. 

The Dixie Hot Springs fans, as a whole, show 
very limited post-lake dissection, but very exten- 
sive younger fan segments. Many of the fans are 
stacked aggrading fans rather than telescopic fans. 
This is also true of those in the IXL Canyon area 
(Bell & Katzer 1987), where younger fan sediments 
dominate the proximal-fan zones. This fan style 
suggests the interaction of three controlling factors: 
(a) tectonic control of depression in front of the 
mountain front creating proximal accommodation 
space; (b) a high rate of sediment input from the 
highly erodible volcanic rocks; and (c) no base- 
level effects. 

Gerlachfans (see Fig. 5) 

These fans occur on both sides of the peninsula 
where the Granite Range extends south into the 
Black Rock and Smoke Creek Desert segments of 
the northern arm on pluvial Lake Lahontan. 
Catchment geology is almost entirely early Tertiary 
granite, which weathers to easily erodible gruss, but 
late Tertiary basalts, faulted against the granite, 
form spurs on the western mountain front (Table 2). 

There is no obvious evidence of Holocene faulting 
within the fans. 

Late Quaternary base-level control was provided 
by the northern arm of pluvial Lake Lahontan, 
narrower than the main body of the lake, but, never- 
theless, providing a considerable fetch to the west 
side of the peninsula. Maximum lake levels drowned 
the mountain fronts at the southern end of the 
peninsula and throughout the eastern side, but to 
the NW of the study area the shorelines cross the 
piedmont. 

There has been no previously published work on 
these fans. Fans on both mountain fronts have been 
studied. On those on the eastern mountain front and 
on those on the southern part of the western moun- 
tain front, where lake levels rose above the mountain 
fronts, there is no preservation of the older fan 
segments, and the lower hillslopes preserve only 
shoreline features (Fig. 3d) and lake sediments. The 
fans comprise only younger fan segments, deposited 
after recession of the lake (Fig. 5). 

To the NW the mountain front rises above lake 
levels, and shoreline features can be traced across 
the piedmont. Large fans preserve older fan seg- 
ments above lake level, which are cut by deep proxi- 
mal fanhead trenches from which younger fan 
segments prograde in the midfan and distally. The 
fanhead trenches do not appear to be related to base- 
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Fig. 6. Schematic classification of fan morphologies in relation to the influence of base level, following desiccation of 
pluvial lakes. For an explanation see the text. 

level change, as they are detached from the shoreline 
zone and a secondary incision occurs around the 
shoreline zone itself (Fig. 5). 

F a n  m o r p h o l o g i e s  - r e la t ion  to base level 

The degree of base-level control on the evolution of 
the fans appears to vary amongst the fan groups. Its 
influence appears to relate to: (a) the elevation and 
position of the highest shoreline in relation to the 
mountain front; (b) the gradient of the mountain 
front zone; (c) the depth of lake and the gradient of 
the zone inundated, i.e. the absolute relief generated 
by base-level fall; (d) the effectiveness of the coastal 
processes, dependent on the fetch and the wave 

energy; and (e) the sediment supply through the fan 
environment, both during the lake highstand and 
afterwards. 

On the basis of these factors, and taking into 
account observations on these fans, fans at other 
margins of Lake Lahontan (Ritter et  al. 2000) and at 
the margins of other pluvial lakes in the American 
South-west notably the Zzyzx fans on the margins 
of Lake Mojave, California (Harvey et al. 1999b; 
Harvey & Wells 2003), a general model of seven 
broad types of fan geometry related to base-level 
control by falling pluvial lake levels can be recog- 
nized (Fig. 6). This general model would be applic- 
able in situations typical of the Great Basin or 
Mojave Deserts, where fan sedimentation during 
the lake highstands is low. 
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�9 Type 0 (Fig. 6) represents fans with stable base 
levels. Fan geometry would reflect the context 
(tectonic control?) and the sequence of sediment 
supply (climatic control), generally leading to a 
mildly telescopic fan style, though a stacked 
aggrading style might result under the appropri- 
ate tectonic conditions of increasing accommo- 
dation space and under high sediment supply 
rates. Examples of type 0 are Cold Springs fans 
and Dixie Valley southern fans. 

�9 Types 1 and 2 would occur in relation to a very 
shallow lake, whose shorelines just reach the 
fan toe. On larger fans the gradients would be 
insufficient to trigger incision as base level fell. 
Fan geometry would be dominated by context 
and climatic control. Only on smaller steeper 
fans might the gradients be sufficient to trigger 
incision, even then this would be restricted to the 
fan toes. Neither type have been seen in these 
study areas, but are typical of the Zzyzx fans 
adjacent to pluvial Lake Mojave, California 
(Harvey & Wells 2003), a shallow pluvial lake 
that just inundated the most distal fan zones. 

�9 Type 3 would occur where a deeper lake inun- 
dates distal and midfan segments, but wave 
energy is too small to cause toe trimming 
(see Leeder and Mack 2001) by coastal erosion 
(see Harvey e t  al.  1999a; Harvey 2002b), or the 
gradients are insufficient to trigger incision as 
base levels fall. Two types of fan geometry may 
result. Under conditions of low sediment supply 
there may be interactions between shorelines 
and fan deposits, as described by Ritter e t  al.  

(2000) on some fans in the Buena Vista Valley, a 
shallow sheltered arm of Lake Lahontan (for the 
location see Fig. 1). Under conditions of higher 
sediment supply depositional shoreline features 
may be buried by aggrading fan sediments, as on 
some of the larger fans at Dixie Hot Springs. 

�9 Type 4 would occur where a deeper lake inun- 
dates steeper distal and midfan segments, but 
where coastal processes are effective enough to 
cause erosion of the older fan segments and/or 
midfan, and shoreface gradients are sufficient to 
trigger incision, as base level falls. The resulting 
fan geometry would produce a distinct separa- 
tion between trenched older proximal fan sur- 
faces and prograded telescopic younger 
surfaces. Examples include the Stillwaters 
central fans: Gerlach NW fans, and the northern- 
most fans studied in Dixie Valley. 

�9 Type 5 relates to where a deeper lake extends to 
the mountain front inundating all fan surfaces 
beyond the mountain front. Again, there would 
be a distinct separation between the older fan 
segments, preserved only as truncated backfilled 
remnants within the mountain catchments, and 
the younger surfaces extending beyond the 

mountain front. Examples are the Stillwater, 
Table Mountain fans and some of the northern 
Stillwater fans. 
Type 6 would occur where a deep lake extends 
to the mountain front, inundating all older fan 
surfaces and the lower part of the mountain 
catchment. In these circumstances the highest 
shoreline would be higher than the mountain 
front, no older fan segments would be preserved 
and younger fan segments would tend to 
produce a stacked geometry burying any distal 
remnants of the older fan surfaces, as on small 
fans at Dixie Hot Springs and all the small fans 
at Gerlach (except the NW fans). 

Fan m o r p h o m e t r y  

In order to examine further the relative influences of 
contextual and base-level factors on gross fan mor- 
phology, a conventional analysis of fan morphometry 
ct~t~,, . . . . . . .  , , .J ..,,1~176 was ca~ied ,,~'-,,* relating fan area and 
gradient to drainage area, followed by an analysis of 
the residuals from the standard regression equations. 

The basic relationships can be expressed as follows: 

F = p A q  (1) 

G = a A  b (2) 

where A is the drainage area, F is the fan area (both 
in km 2) and G is fan gradient. Both regressions for 
all four study areas and for the all fans case are sig- 
nificant at the 99.9% level, and all give values forp, 
q, a and b within the ranges quoted in the literature 
(Harvey 1997). The results suggest that, overall, 
there is little gross difference between the four study 
areas (Table 3; Fig. 7). Although there is a sugges- 
tion that the Gerlach fans may tend to be larger per 
drainage area than the others, this and other apparent 
differences among the groups may simply be the 
result of different data spreads between the four 
groups. It appears that the all-fans case provides sat- 
isfactory regression relationships both for fan area 
and fan gradient to describe the general morphomet- 
tic relationships for all fans within the northern 
Great Basin. 

One approach that can be used to tease out the rel- 
ative importance of different controlling factors is 
multiple rather than bivariate regression. Harvey 
(1987, 1992) demonstrated that incorporation of a 
measure of basin relief or slope, together with 
drainage area, may significantly improve the expla- 
nation level for fan gradient. For the all-fans case 
here such regressions were calculated taking into 
account mean basin slope (S, basin relief/basin 
length) for both fan area and fan gradient. 
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Table 3. Regression statistics* 

For the fan-area regressions, 
F = p A  q (equation 1) 

Fan group n p q R SE n 
(log units) 

For the fan-gradient regressions, 
G = aA b (equation 2) 

a b R SE 
(log units) 

Stillwater fans 18 0.406 0.684 0.920 0.206 18 0.091 -0 .139 -0 .780 
Cold Springs fans 48 0.330 0.836 0.939 0.251 48 0.102 -0 .120 -0 .686 
Dixie fans 20 0.356 0.968 0.944 0.305 20 0.103 -0 .173 -0.801 
Gerlach fans 20 0.535 0.963 0.946 0.287 20 0.096 -0.075 -0 .490 
All fans 106 0.376 0.861 0.956 0.264 106 0.095 -0 .135 -0 .782 

0.079 
0.104 
0.117 
0.115 
0.107 

*A is the drainage area, F is the fan area (km2), G is the fan gradient. 
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Fig. 7. Fan-regression relationships. Above, fan-area to drainage-area regressions; below, fan-gradient to drainage-area 
regressions, for statistical data see Table 3. Graphs to the right illustrate the regression relationships for each fan group. 

For the fan-area regressions: 

F = 0.376 A 0.861 (3) 

(R = 0.956, standard error (SE) = 0.262) 

F = 0.389 A 0.864 S 0.026 

(R = 0 .956,SE = 0.264). (4) 

In this case equat ion (4), the mult iple regression, 
shows no improvement  on equat ion (3), the simple 
bivariate regression, suggest ing that either basin 
rel ief  or gradient has little effect  on fan area or what  

effect  it has is hidden by  any relationship be tween  
drainage area and fan area. 

For  the fan-gradient  regressions: 

G = 0.095 A -0.135 (5) 
(R = 0.782, SE = 0.107) 

G = 0.158 A -0.091 S 0.373 (6) 
(R = 0.820, SE = 0.099). 

In this case equat ion (6), the mult iple regression,  
does show a significant improvement  in both  a 
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higher level of correlation and a reduced standard 
error over equation (5), the simple bivariate regres- 
sion. This suggests that basin relief or slope charac- 
teristics do influence the delivery of sediment in 
terms of volume or calibre, which in turn influences 
the depositional gradient of the fan surface. 

Another approach that has been used in the inter- 
pretation of alluvial-fan morphometric regression 
analyses has been the analysis of residuals from the 
two primary regressions (Silva et al. 1992; Harvey 
et al. 1999a; Harvey 2002b). These previous studies 
demonstrated that regression residuals tend to pick 
up the influence of contextual factors, including tec- 
tonics (Silva et al. 1992), fan confinement and base- 
level influences (Harvey et al. 1999a; Harvey 
2002b). In this study, residuals from the two primary 
all-fans regressions have been plotted (Fig. 8), con- 
sidered both by fan group and by fan type. It must be 
remembered that residuals are relative and not 
absolute, and that they are sensitive to the assump- 
tions of regression linearity as well as to any inherent 
errors of measurement. Nevertheless, they present 
interesting patterns. 

For the fan groups (Fig. 8a), as had been previ- 
ously noted (Harvey 2002b), the Table Mountain 
fans are relatively small and steep compared with the 
other Stillwater fans. This might relate to their dis- 
tinctive sedimentology rather than to any contextual 
or base-level characteristic. For the Cold Springs 
fans there is a wide scatter, but the master fans form a 
distinct and tight cluster, of relatively large fans of 
average relative gradient. The Dixie Valley fans tend 
to be relatively steep, and there is a clear separation 
between the relatively large southern fans and the 
relatively small Dixie Hot Springs fans. This may be 
a reflection of fan style with contrasts between the 
telescopic southern fans and the stacked style char- 
acteristic of most of the Dixie Hot Springs fans. For 
the Gerlach fans there is a clear distinction between 
the relatively large fans on the western mountain 
front and the relatively small fans on the east. This 
difference appears to be irrespective of fan type and 
therefore probably relates to accommodation space. 

When the residuals are considered by fan type 
(Fig. 8b), both contextual and base-level influences 
are apparent. Type 0 master fans, including both 
Cold Springs master fans and Dixie southern fans, 
tend to be relatively large. Residuals for the second- 
ary fans and the debris cones at Cold Springs show 
little pattern. Types 3 and 4 tend to show separate 
plotting positions, with type 3 fans (Dixie Hot 
Springs) relatively smaller and steeper than type 4 
fans (Stillwaters, Dixie, Gerlach). This may be 
partly due to the stacked nature of the Dixie Hot 
Springs fans (context and sediment supply), but may 
also be related to the extreme progradation charac- 
teristic of type 4 fans. With the exception of the 
Stillwater Table Mountain fans (described above), 

type 5 fans all tend to be relatively large, again possi- 
bly in response to the progradation associated with 
base-level induced dissection. Type 6 are all 
Holocene fans, which developed after lake reces- 
sion, and therefore have not really been affected by 
base-level fall during their history. The plotting posi- 
tions cover a wide range, but one which is clearly 
resolved into three distinct clusters, Dixie Hot 
Springs, Gerlach east and Gerlach west. These dif- 
ferences probably reflect contextual factors, particu- 
larly tectonic setting, influencing accommodation 
space and fan style as stacked or mildly prograding 
fans. 

Discussion and Conclusions 

The morphology of the late Quaternary alluvial fans 
of the northern Great Basin, represented by both the 
style and the morphometric properties of the fan 
groups studied here, reflects the interactions of 
several sets of factors: (a) contextual factors - gross 
~oe,,s,,,r,-j . . . . . . . . . . .  accommodation space; 
(b) climatic, geological or relief-led variations in 
sediment supply and erosion, transport and deposi- 
tional processes; and (c) base-level conditions. 

These results throw some light on the particular 
roles of tectonics, climate and base level, a discus- 
sion central to much of the recent alluvial fan litera- 
ture (e.g. Bowman 1988; Frostick & Reid 1989; 
Blair & McPherson 1994; Ritter et al. 1995; Harvey 
2002a). Climate appears to be the primary control 
over the fan sequences, with periods of excess sedi- 
ment supply leading to fan sedimentation through 
aggradation or progradation. There is a regionally 
consistent temporal sequence of fan sedimentation 
throughout the northern Great Basin (Chadwick et 
al. 1984; Bell & Katzer 1987; Harvey et al. 1999a; 
Ritter et al. 2000; Harvey 2002a), with pulses of sed- 
imentation associated with periods of more arid cli- 
mates during the Holocene and prior to the last 
glacial maximum, perhaps extending back to the last 
interglacial. Fan stability and/or fanhead entrench- 
ment occurred during the intervening periods of 
lesser sediment supply. The effects of this climatic 
signal are modified spatially on particular groups of 
fans in response to catchment geology, fan context 
(tectonics, accommodation space) and base-level 
conditions. 

On the southern Dixie Valley and Cold Springs 
fans Holocene base levels were stable and, given 
the available accommodation space, fan morphol- 
ogy is a simple product of the climatic signal (fan 
type 0). 

At Dixie Hot Springs a combination of erodible 
geology and active tectonics produces a distinctive 
stacked Holocene fan style, and, even where Lake 
Dixie shorelines did cut the fans in midfan, falling 
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base levels had only a passive effect on Holocene fan 
evolution by creating more accommodat ion space. 
Highly erodible geology has led to major Holocene 
sedimentat ion and burial of  any midfan shoreline 
features (fan type 3). 

On the smallest fans at Dixie Hot Springs and on 
all fans at Gerlach except the most  N W  fans, the fans 
are of  Holocene age only, deposited in accommoda-  
tion space created by the lake-level fall. Hence, base- 
level change had only a passive role (fan type 6). 

It is only on the Stillwater mountain front, and to a 
lesser extent the NW fans at Gerlach, that base-level 
change had a direct influence on fan evolution by 
causing erosional modification of  the older fan seg- 
ments and stimulation of  dissection as lake levels 
fell (fan types 4 and 5). 

These findings accord with those from other fans 
at the margins of pluvial lakes in the American West, 
where base-level change is seen in many cases as no 
more than a passive influence on fan evolution, for 
example in the Buena Vista Valley, a shallow arm of  
Lake Lahontan (Fig. 1) (see Ritter et al. 2000) (fan 
type 3a), or on the Zzyzx fans on the margins of  Lake 
Mojave (see Harvey et al. 1999b; Harvey & Wells 
2003) (fan types 1 and 2). Similarly, even on fans on 
the margins of  larger and deeper lakes such as Lake 
Lisan, Israel, the effects of  base-level change may be 
of  secondary importance to those resulting from the 
direct influence of  climatic change (Bowman 1988; 
Frostick & Reid 1989). 

The expression of  the relative influence of  base- 
level and other factors on fan morphology may be 
expressed by fan style, especially by the spatial rela- 
tionships between depositional zones of successive 
ages. Morphometr ic  analysis, especially through 
consideration of  the residuals from the two primary 
fan morphometr ic  regression equations, does bring 
out the influence of  base level, but that influence may 
be masked by other factors, notably by accommoda-  
tion space. 

It appears that within the context of  tectonics and 
gross topography, the primary control on sequences 
of  fan evolution is sediment supply. Variations in 
sediment supply may be directly climatically con- 
trolled. The morphological  effects may be modified 
by base-level change, which itself may be a second- 
ary response to climatic change. Base-level change 
has a direct influence on fan evolution at the margins 
of  pluvial lakes, only, as on the Stillwater mountain 
front, where shoreline processes are strong and 
where the offshore gradient exposed by falling lake 
levels is high. 

The field work for this study was undertaken while the 
author based at the Desert Research Institute, RenD, with 
the support of a Fulbright Scholarship. I acknowledge the 
help of the graphics section of the Department of 
Geography, University of Liverpool, particularly S. Mather 

in the preparation of the illustrations. I thank D. Bowman 
and A.M. Hartley for their constructive reviews. 
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Reconciling the roles of climate and tectonics in Late Quaternary fan 
development on the Spartan piedmont, Greece 
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Abstract: The evolution of five alluvial fan systems is discussed in relation to chronology and pos- 
sible tectonic and climatic triggering mechanisms. Two types of fan have evolved on the Spartan 
piedmont, Greece. First relatively large, low-angle fans, comprising four segments (Qfl-Qf4) com- 
posed of debris-flow and hyperconcentrated-flow deposits, with fluvial sediments restricted to the 
upper deposits of the distal segments. Second small, steep telescopically segmented fans, which 
consist of three segments (Qfl-Qf3), formed predominantly by debris-flow and hyperconcentrated- 
flow deposits. Morphological analysis of surface soils coupled with mineral magnetic and 
extractable iron (Fed) analyses of B-horizons suggest that individual segments can be correlated 
across the piedmont and have equivalent age. Luminescence dating of fine-grained deposits sug- 
gests that Qfl segments formed during marine isotope stage (MIS) 6, Qf2 segments during MIS 5, 
Qf3 segments during MIS 4-2, and Qf4 segments during MIS 2 and 1. Tectonics has exerted 
a limited influence on fan systems. Regional uplift provides the gross relief conducive for fan devel- 
opment. The locations of fans were determined by transfer faults of Tertiary age, while Quaternary 
faulting initiated short phases of fan incision. Climate change as manifested by cycles of aridity and 
low vegetation cover during stadials, and humidity and deciduous woodland during interglacials 
mad interstadials, played a key role in fan evolution during the later Middle and Upper Pleistocene. 
Aggradation occurred during stadials, with minor deposition and intermittent erosion during most 
interstadials, and entrenchment during the interglacials and longer interstadials. Deposition during 
the Holocene is limited in extent. 

Range-front alluvial fan systems occupy a strategi- 
cally important location between upland drainage 
systems and lowland basins, and have been seen as 
sensitive, long-term recorders of deposition within 
the piedmont zone (e.g. White et al. 1996; Harvey 
2002; Pope et al. 2003). Major phases of aggrada- 
tion, evidenced by the various depositional styles 
exhibited by sedimentary units, may form multiple 
fan segments (Hooke 1972; Blair and McPherson 
1994; Pope 2000). Erosional phases, evidenced by 
reworking of fan sediment or fan surface incision, 
may coincide with periods of reduced sediment 
supply or increased runoff (e.g. Denny 1967; Harvey 
et al. 1999). Fan aggradation and erosion are con- 
trolled by numerous environmental factors including 
climate (e.g. Lustig 1965; Dorn 1994; Harvey & 
Wells 1994; White et al. 1996; Macklin et al. 2002), 
tectonic regime (e.g. Bull 1964; Rockwell et al. 
1985; Leeder et al. 1988), contiguous environment 
(e.g. Wells et al. 1987) and, for the Holocene period, 
human land use (e.g. Demitrack 1986; Pope et al. 
2003). In this paper we review the first two of these 
controls in relation to alluvial fans on the western 
side of the Sparta Basin, Peloponnese, Greece. We 
do this in the light of recent re-assessments of fan 
morphologies and surface soils, and new tectonic, 
palaeoclimatic and chronometric data. 

Tectonic and climatic contexts of  fan 

evolution 

In areas where fan development has taken place 
against a backdrop of active tectonics and major 
climate change, it has proved difficult to clearly dif- 
ferentiate the respective roles of both controls on fan 
evolution (e.g. Leeder et al. 1988; Dorn 1994; Ritter 
et al. 1995; Harvey et al. 1999). Such difficulties 
reflect: (i) the absence of well-established local cli- 
matic and tectonic histories (e.g. White et al. 1996; 
Pope 2000); and (ii) uncertainty over the depositional 
and erosional histories of fan systems due to poorly 
constrained chronological frameworks (e.g. Harvey 
1990; White & Walden 1994; Pope & Millington 
2000; Harvey et al. 2003). Both factors have con- 
tributed to uncertainty over the dominant control 
of fan development within the Sparta Basin 
(e.g. Hempel 1984; Schneider 1986; Pope 1995). 

Tectonic activity in the form of epeirogenic uplift 
creates and maintains relief (e.g. Calvache et al. 
1997), and partially influences long-term sediment 
transfer rates to fan systems. Uplift also produces the 
effect of a gradual but continuous long-term fall in the 
base level of erosion which, depending on sediment 
availability and stream power, may potentially bring 
about major fan incision (Harvey 2002). Normal 
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faulting may control the location of individual fan 
systems through influencing the location of principal 
upland drainage channels (e.g. Blair & McPherson 
1994). In comparison, range-front faulting has been 
seen to trigger local incision, primarily at the fan_head 
or in proximal fan areas (e.g. Beaty 1961; Harvey 
2002), or modify the overall gradient of proximal sur- 
faces (e.g. Hooke 1967; Harvey 1990). In extreme 
cases, faulting not only vertically displaces fan sur- 
faces, but also may cause distortion or deformation of 
thickly bedded depositional sequences (e.g. Leeder et 
al. 1988; Gerson et al. 1993). Climate controls the 
sediment and water supply within upland drainage 
systems, which has implications for the discharge (Q) 
to sediment load (Q) ratio (Langbein & Schumm 
1958). One mechanism by which it does this is by 
determining the nature of the vegetation in the catch- 
ment. Highly vegetated catchments are characterized 
by a low sediment supply and usually by low dis- 
charge, with both variables potentially increasing as 
vegetation cover is reduced (Frenzel et al. 1992). 
Variation in the Q:Qs ratio potentially determines 
whether fan systems are dominated by aggradatien or 
degradation (Harvey 2002), and the nature of depos- 
ition, i.e. by debris flow or stream flow (e.g. Wells & 
Harvey 1987). The latter influences key fan attributes 
including overall gradient (e.g. Blair & McPherson 
1994; Harvey 1997) and area (e.g. Pope 1995). 

The Sparta Basin 

The southern portion of the Peloponnese is domi- 
nated by a series of NNW-SSE-trending extensional 
faults, which define a series of mid-Miocene asym- 
metric grabens (Poulimenous & Doutsos 1997). The 
Sparta Basin occupies a central position within the 
most easterly graben system (Pe-Piper & Piper 
1985), forming a 25 km-long, partially blocked 
depression, which is drained by a major axial 
drainage system, the River Evrotas (Fig. 1). The 
position of the eastern margin of the basin is uncer- 
tain, but probably coincides with a broad limestone 
ridge marking the Parnon Mountains (Pope 1995). 
Five kilometres east of the modern town of Sparta, 
the basin sediments have been significantly incised 
by a forerunner of the present Evrotas river system, 
revealing a 25-40 m-thick Neogene sequence com- 
prising gravels, gravelly-sands, sandy-silts and silty- 
clays (Wilkinson & Pope 2003). Shallow borehole 
data suggest that the Neogene fills extend to a depth 
of at least 280 m below ground surface (Yperisia 
Eggeion Beltioseon unpublished data), and progres- 
sively increase to depths of several hundred metres 
in the western half of the basin (Piper et al. 1982). 
The western margin of the basin is clearly defined by 
the eastern edge and lower portion of the Taygetos 
mountain range. The Taygetos range comprises 

geological units of the Gavrovo-Tripolitsa zone of 
the west Hellenic nappe (Aubouin et al. 1976; 
Jacobshagen et al. 1978), and was initially uplifted 
and folded during the Hellenide orogeny. The 
eastern half of the Taygetos Mountains is composed 
of phyllitic basement rocks of (?)Permo-Triassic 
age, which are overlain by middle Triassic-upper 
Eocene dolomitic and crystalline limestones. The 
western half is dominated by the phyllitic-quartzite 
series, which consists of phyllites, schists and 
quartzites of Permian age (Jacobshagen et al. 1978). 

Subduction and associated underplating along the 
Hellenic trench during the middle-late Miocene is 
thought to have initiated a phase of continuous uplift 
throughout the Peloponnese (Angelier et al. 1982), 
with the Taygetos range and Sparta Basin experienc- 
ing up to 0.4 mm year -1 of vertical displacement 
(Le Pichon & Angelier 1981). By way of compari- 
son, Armijo et al. ( 1991) suggest that the 750 m-high 
triangular facets along the eastern edge of the 
Taygetos range reflect sustained uplift since the start 
of the Quaternary, equating to an average uplift rate 
of 0.29 mm year -1. r ~ , 4  m~rine terraces along the 
Lakonian coast suggest that regional rates of uplift 
since the late Pleistocene vary between approxi- 
mately 0.22 and 0.25 mm year -1 (Kelletat et al. 

1976; Keraudren & Sorel 1987; Doutsos & Piper 
1990). Seismic activity that accompanied late 
Miocene uplift culminated in a series of dominantly 
WSW-ENE-trending transfer faults (Lyon-Caen 
et al. 1988), which effectively subdivided parts of the 
eastern flanks of the Taygetos range into a series of 
fault-bounded blocks, and controlled the spacing 
of several steep drainage systems. During the 
Holocene, shallow seismic activity became concen- 
trated along the eastern edge of the Taygetos range 
(Dufaure 1977). It is thought that up to three shallow 
earthquakes during the early, middle (Armijo et al. 
1991), and late Holocene (464 Bc) (Ducat 1983) cul- 
minated in a segmented, 21 km-long range-bounding 
normal fault, and localized uplift of the immediate 
range-front area (Pope 1995). 

The present climate of the Sparta Basin is of a sub- 
arid Mediterranean type. Average annual rainfall in 
the piedmont is 816 mm year -~, and average annual 
temperatures range between 28 ~ in July and 9~ in 
January (Millington et al. 1990), although winter tem- 
peratures in Taygetos frequently fall below freezing 
and snow covers the mountain peaks between 
December and March. Until recently the lack of reli- 
able climate proxies for the eastern Mediterranean 
meant that crude generalizations were made in the dis- 
cussion of Late Quaternary palaeoclimate of southern 
Greece. It has now been established that the rapidly 
oscillating Upper Pleistocene climate events of the 
North Atlantic region seen, for example, in the 
Greenland Ice Core Project (GRIP) ice cores also 
characterized the eastern Mediterranean (Watts et al. 
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Fig. 1. Transverse drainage systems and piedmont fan systems within the Sparta Basin, southern Greece. The inset 
illustrates the location of the study area with respect to the rest of Greece. The study fans are: (1) South Parorion; 
(2); Kamares; (3) St Johns; (4) St Saviours; and (5) North Xilocambion. Other fan systems mentioned axe: (6) Mystras; 
and (7) North Menelaion. 

1996). Tzedakis' (1999) climate model for southern 
Greece suggests a humid climate and a mixed vegeta- 
tion throughout most of marine isotope stage (MIS) 5, 
punctuated by short-lived arid spells characterized by 
the growth of grasses and herbs (Artemisia and 
Amaranth) during parts of MIS 5d, 5a and all of 5b. 
During MIS 4 drier conditions prevailed with wood- 
land becoming progressively replaced by grass and 
herb communities. MIS 3 is marked by a rapidly oscil- 
lating climate resulting in frequent change from 
woodland to open conditions, whereas in MIS 2 decid- 
uous woodland is reduced to a relict community as the 

climate rapidly becomes arid. The Late Glacial stage 
of late MIS 2 is characterized by a single interstadial 
dating to approximately 14-13 ka cal Be (14--13 ka 
calibrated before present) during which deciduous 
oak woodland expanded (Allen 1990). Short, sharp 
stadials occurred both before and after this event. The 
Holocene pollen record for the Peloponnese suggests 
a warm, relatively damp climate dominated by undif- 
ferentiated oak woodland. The area occupied by the 
latter rapidly declined between 6.3 and 5.6 ka cal BP, 
an 'event' that is interpreted as resulting from human 
forest clearance (Greig & Turner 1974; Turner & 
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Greig 1975). However, Greek lake-level data indicate 
that arid climates in the eastern Mediterranean 
evolved from c. 5.7 ka cal Be, suggesting an alternate, 
climatic cause for the reduction of woodland 
(Harrison & Digerfeldt 1993). 

The main alluvial fan zone of the Sparta Basin 
occupies a prominent position on the western margins 
of  the Lakonian graben between the rivers Skatias and 
Kolopana (Fig.l). Sediment transfer from source 
areas located along the eastern flanks of  the Taygetos 
range culminated in the formation of 15 fans. At the 
fanhead, the total thickness of  deposits is estimated to 
vary between 95 and 150 m. This rapidly decreases- 
downfan, recording a maximum thickness of 4 m 
around the distal-fan margins (Yperisia Eggeion 
Beltioseon unpublished data). Previous research sug- 
gests that the Spartan fans consist of multiple discrete 
segments, which vary between 17 and 310 ha in area 
(Pope 1995). The surface of  each segment is charac- 
terized by a uniform surface gradient (Pope 1995; 
Pope & Millington 2000), while surfaces are capped 
by distinctive post-incisive soil chronosequences 
(Pope et al. 2003). A nm"row single thread trench 
extends across the whole surface of each fan resulting 
in coupling of mountainous transverse drainage 
systems with the main axial drainage system (Pope & 
Millington 2002). 

Methods 

To build on elements of previous work in the Spartan Basin 
(Pope & Millington 2000; Pope et al. 2003; Wilkinson & 
Pope 2003), data from two previously investigated fans 
(St Johns and North Xilocambion) were re-examined, while 
a detailed field and laboratory examination was made of 
three additional fans (St Saviours, Kamares and South 
Parorion) (Fig. 2). 

For each selected fan complete proximal-distal profiles 
were surveyed to identify subtle breaks in slope and estimate 
average surface gradients. A number of sedimentary charac- 
teristics including clast size and lithology, the degree of 
sorting, the presence (or absence) of matrix-support, and 
internal structure of representative proximal, medial and 
distal sections were described and logged to determine verti- 
cal and horizontal textural trends. 

For each study fan up to 40 test pits were excavated on indi- 
vidual fan segments in order to describe soil profiles and key 
soil properties (colour, texture, structure, parent material and 
CaCO 3 accumulation). Then between 10 and 40 samples were 
collected from the B- or the A/B-horizon of fan surface soils, 
at a depth of approximately 7-10 cm (Table 2). The labora- 
tory methods subsequently used to obtain redness ratings, 
mineral magnetic and secondary iron parameters have been 
fully described by Pope & Millington (2000) and Pope et al. 
(2003). 

A chronological framework for fan evolution is provided 
by a number of luminescence dates on samples collected 
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Fig. 2. Morphological sections illustrating overall fan 
shape, spacing of fan surfaces (Qfl, Qf2, Qf3 and Qf4) 
and trench characteristics. 

Table 1. Average fan gradients fi)r discrete fan surfaces 

Average surface gradient (~ 

Qfl Qf2 Qf3 Qf4 

SP 13.6 10.8 4.75 - 
K 12.6 9.9 5.5 - 
SJ 9.8 6.6 4.4 2.6 
SS 6.4 3.8 3.5 1.7 
NX 9.0 6.4 5.3 2.0 

SP, South Parorion; K, Kamares; SJ, St Johns; SS, St 
Saviours; NX, North Xilocambion. 
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using the methodology of Wintle (1991) from coarse-silt 
and fine-sand facies exposed in the fan trenches. 
Thermoluminescence (TL) dating was carried out at the 
University of Gloucestershire Geochronology Laboratory, 
while optically stimulated luminescence (OSL) measure- 
ments were made at the Nordic Laboratory for 
Luminescence Dating at the University of Aarhus. The fine- 
grained facies that were sampled for luminescence dating 
are thought to have formed during low-energy deposition of 
material derived both from upland drainage systems and 
reworked fan sediment, and/or as ebb flow following higher 
energy depositional events. Moreover, given that soils have 
often developed in the sampled fine-grained units, the lumi- 
nescence dates not only provide ages for periods of silt and 
sand deposition, but also provide maximum ages for phases 
of landscape stability. In addition to the luminescence 
measurements, tentative maximum ages for several sedi- 
mentary units were derived on the basis of in situ archaeo- 
logical material. 

Fan evolution 

Fan morphology and longitudinal profiles 

In planform terms, the St. Johns, North Xilocambion 
and St Saviours fans are characteristically conical 
(Fig. 2c-e) with their distal margins coalescing to 
form a narrow bajada. Topographic surveys indicate 
that each fan possesses a slightly concave-upwards 
profile, comprising four discrete radial segments 
(labelled Qfl-Qf4, from oldest to youngest: 
Fig. 3c-e) delimited by subtle breaks of slope. The 
highest mean gradients are associated with the prox- 
imal segments with the medial and distal segments 
recording progressively lower gradients (Table 1). By 
way of contrast, the Kamares and South Parorion fans 
are telescopically segmented with lower surfaces 
nested within upper surfaces (labelled Qfl-Qf3, from 
oldest to youngest: Fig. 2a,b). Both fans are character- 
ized by a stepped profile with successively lower sur- 
faces recording lower gradients (Fig. 3a, b). 

Fan surface soils 

Erosional processes and long-term cultivation have 
removed the A-horizons of soils that have developed 
on proximal and medial fan surfaces, leaving 
chronosequences that consist of B- and C-horizons. 
The parent materials for all the fan soils are composed 
predominantly of reworked crystalline and platy 
limestones, and, more rarely, dolomitic limestones. 
All are derived from source areas along the eastern 
flanks of the Taygetos range. 

The Qfl and Qf2 soils of the St Johns, St Saviours 
and North Xilocambion fans have partially eroded, 

33-43 cm thick, reddish-brown (Munsell colour 5YR 
4/3-4/4) Bt-horizons, and a characteristically suban- 
gular blocky structure. Orientated clay occurs mainly 
within pores, and as moderately thin films on grains. 
The underlying Bk-horizons show stage II+ and, 
occasionally, stage III carbonate accumulation 
(nomenclature after Machette's 1985 classification 
scheme), with carbonate coatings occurring as partial 
and continuous coverings over the surfaces of clasts. 
The Qfl and Qf2 soils of the Kamares and South 
Parorion fans share the same textural and structural 
properties as the proximal soils of the other study 
fans. However, intense localized erosion has reduced 
the thickness of the reddish-brown (Munsell colour 
5YR 4/4) Bt-horizon to 30 cm, and at several points 
completely removed the soil cover to expose a well- 
cemented C-horizon. 

The Qf3 soils of the St Johns, St Saviours and 
North Xilocambion fans consist of 22-29 cm thick, 
brown (7.5YR 5/2-5/4) B-horizons of characteristic- 
ally subangular blocky structure. Orientated clay 
occurs within pores and, less commonly, as moder- 
ately thin coatings on grains. Stage I+ and stage II 
carbonate accumulation characteristics are found 
within the Bk-horizons, occurring as occasional fine 
discontinuous nodules, or as thin discontinuous coat- 
ings on the undersides of clasts and the surrounding 
matrix. The Qf3 soils of the Kamares and South 
Parorion fans again share the same textural and struc- 
tural qualities of the other study fans. However, the 
brown-strong brown (7.5YR 4/3--4/6) B-horizon dis- 
plays greater variation in thickness, varying between 
26 and 40 cm. Carbonate accumulation within the Bk- 
horizons of the Kamares and South Parorion fans is 
characteristic of stage I + development and takes the 
form of very thin discontinuous coatings on the 
undersides of large carbonate clasts. 

Soils associated with Qf4 surfaces of the 
St Saviours fan are characterized by a 20-28 
cm-thick, brown (7.5YR 5/3-5/4) granular A/B- 
horizon. By contrast Qf4 soils of the St Johns and 
North Xilocambion fans are 14-16 cm thick, suban- 
gular, partly blocky, and of a brown (10YR 5/3) to 
yellowish-brown (10YR 5/4-5/6) colour. The imma- 
turity of the distal soils is reflected by the lack of sig- 
nificant carbonate accumulation. Carbonate occurs 
only as occasional discontinuous coating on fine 
grains and, more rarely, on the undersides of larger 
clasts. These characteristics are indicative of very 
early stage I carbonate accumulation. 

Fan sediments and facies types 

The Qfl and Qf2 segments of the South Parorion, 
Kamares, St Johns and North Xilocambion fans are 
composed primarily of debris flow and rare hypercon- 
centrated flow deposits (Fig. 4a-c,e). The debris 
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Fig. 3. Surveyed axial-surface and trench profiles of sample fans. The location of each fan system is shown in Figure 1. 

flows comprise angular-subrounded pebbles, cobbles 
and boulders composed predominantly of limestone. 
The basal debris flows vary between 0.6 and 1.6 m in 
thickness, and consist of a reddish-brown (5YR 
4/3-4/4) clay and fine-silt matrix, derived from the 
remnants of soil cover or colluvium eroded from hill- 
slopes. Individual units display variable internal 
structures, ranging from well-developed local shear 
fabrics, reflecting internal deformation by pervasive 
laminar shear (Naylor 1980), to inverse grading or 
random clast fabrics. The middle and upper debris 
flows are supported by a brown (10YR 5/4-5/6) 
coarse-silt-fine-sand (10YR 5/4-5/6) matrix derived 
from reworked range-front colluvium (Pope 1995). 
Individual units vary between 0.5 and 1.2 m in thick- 
ness, and internally are characterized by rare shear 
fabrics or crude inverse grading. Hyperconcentrated 
flow deposits consist of partially cemented, clast- 
supported gravels and rare cobbles. Individual units 
reach up to 1.0 m in thickness, and are differentiated 
from debris flows by their lack of sorting or internal 

structure. The bulk of the sediment that forms the Qfl 
and Qf2 segments of the St Saviours fan consists 
of coarse- and fine-grained hyperconcentrated flow 
deposits (Fig. 4d). The former are typically poorly 
defined and form 0.4-1.0 m-thick tabular beds, con- 
sisting of crystalline limestone gravels and cobbles, 
supported by fine gravels and coarse brown (10YR 
5/3) sand. Within individual units internal structure is 
lacking and deposits are characterized by random 
clast fabrics. The fine-grained hyperconcentrated 
flow deposits form 0.2-0.4 m-thick lenticular beds, 
comprising structureless fine gravels, supported by a 
thin brown (10YR 4/3) silt matrix. 

The basal units of Qf3 segments comprise rapidly 
thinning debris-flow deposits, consisting of poorly 
sorted matrix-supported gravels and cobbles. The 
overlying units are composed entirely of alternating 
clast- and matrix-supported hyperconcentrated flow 
deposits. The former typically form massive (up to 
1.6 m thick) tabular beds, which are composed of 
structureless limestone gravels. However, within 
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Fig. 4a. Detailed lithostratigraphies of sections associated with Qfl, Qf2, Qf3 and Qf4 segments of the study fans. 

the Kamares, South Parorion and St Johns fans clast- 
supported gravels display a distinctive collapse 
fabric, whereby following initial deposition the 
supporting matrix was flushed out and internal 
support removed (Wells & Harvey 1987). The 

matrix-supported hyperconcentrated flow deposits 
are characterized by either a thick brown (10YR 4/3) 
silt-dominated matrix (in the St Johns, St Saviours 
and North Xilocambion fans) or a by a thin brown 
(10YR 4/3-5/3) silty-sand matrix (in the Kamares 
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Fig. 4b. Detailed lithostratigraphies associated with Qfl, Qf2, Qf3 and Qf4 segments of the study fans. 

and South Parorion fans), which was deposited by 
downwards percolating sediment-rich water (Pope 
1995). Within individual units internal structure is 
lacking and deposits tend to be characterized by 
random clast fabrics. 

Gravel units constitute the bulk of sediment 
forming Qf4 segments (Fig. 4c-e). The matrix- 
supported basal and middle gravels display variable 
amounts of sorting and partial internal stratification, 
which strongly indicates that sediment has been 
transported and deposited by less cohesive hyper- 
concentrated flows (Smith 1986). In contrast, the 
upper gravels are predominantly structureless and 
supported by a clay matrix derived in part from 
erosion of an underlying palaeosol. Within the 
St Saviours fans, the upper clast-supported gravels 
display crude imbrication and crude normal grading, 

which strongly indicates that increasingly less cohe- 
sive hyperconcentrated flows or stream-flow 
processes were also responsible for transporting and 
depositing sediment (Wells & Harvey 1987). 

Fan geochronologies 

Analysis of soil redness, extractable iron concentra- 
tion (Fed) and mineral magnetic properties of surface 
soils was undertaken to establish the relative chron- 
ology of fan surfaces. For each study fan, a clear 
and consistent time dependent trend emerges with 
regard to soil redness ratings and Fe a characteristics 
(Table 2). The lowest mean redness ratings and Fe d 
values are associated with Qf4 soils. Progressively 
higher mean redness ratings and Fe d values are 
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Table 2. Average redness ratings and extractable iron (Fed) concentrations from the B-horizons of soils developed on 
the surfaces of the sample fans. Note that redness ratings are derfi;ed using the approach of  Alexander (1985) 

Sample size Redness rating 

Qfl Qf2 Qf3 Qf4 Qfl Qf2 Qf3 Qf4 Qfl 

F%(mg g-l) 

Qf2 Qf3 Qf4 

SP 16 20 20 - 11.9 9.9 8.2 - 2.70 2.34 1.78 - 
K 25 20 20 - 11.7 9.1 7.2 - 2.56 2.20 1.65 - 
SJ 14 9 22 26 11.9 9.0 8.5 5.5 2.41 1.94 1.71 1.43 
SS 20 20 20 40 11.7 9.7 8.1 5.3 2.74 2.42 1.66 1.40 
NX 10 10 20 25 10.9 9.5 8.5 5.2 2.66 2.48 1.77 1.37 

SP, South Parorion; K, Kamares; S J, St Johns; SS, St Saviour; NX, North Xilocambion. 

associated with Qf3 and Qf2 soils, with the highest 
values recorded for the Qfl soils. The Fe d data 
clearly show that the Bt-horizons of proximal soils 
contain the highest concentration of secondary iron 
oxides (and a significant amount of haematite given 
the high redness rating) and fine-grained secondary 
magnetite, indicating that such soils formed first. 
Analysis of variance indicates that for each surface 
within individual fans, the differences in mean Fe d 
values are statistically significant (p<0.02). 

The results of the mineral magnetic analysis for 
individual fans are summarized in Table 3. The trend 
in each of the magnetic parameters very closely 
follows that of the Fe d and soil redness data. 
Measurements of saturation isothermal remanent 
magnetization (SIRM) progressively increase 
upfan, indicating that Qfl soils contain the highest 
concentrations of remanence carrying minerals. 
Given the age-related trend exhibited by the Fe d and 
soil redness data it is likely that the trend evident in 
the SIRM data reflect an increased contribution from 
very fine-grained iron derived from in situ weather- 
ing or pedogenic processes rather than primary iron 
oxides (J. Walden pers. comm. 2003). The accumu- 
lation of very-fine-grained secondary iron in Qfl 
soils, particularly pedogenic magnetite, is further 
supported by the clear trend in the • data 
(where Xfd~ is frequency-dependent susceptibility) 
(Dearing et al. 1996) and the SIRM/• f ratio (where 
• is low field susceptibility) while the HFIRM data 
suggest that such soils contain significant amounts 
of haematite or possibly goethite. The progressive 
upfan increase in both Xtf and low field isothermal 
remanent magnetization (LFIRM) suggests that the 
Bt-horizons of progressively older soils also contain 
increasing concentrations of ferrimagnetic minerals, 
predominantly ultra-fine-grained magnetite and 
possibly maghemite (Maher 1988). Analysis of vari- 
ance indicates that for each surface within individual 
fans the differences in the mean value of each 
magnetic parameter are statistically significant 
(p<0.02). 

TL and OSL dates (Table 4) enable a calibration of 
the relative chronology, while at the same time allow- 
ing major episodes of aggradation and periods of 
landscape stability to be placed in a chronological 
framework. A maximum age for the proximal gravels 
and Qfl surfaces is provided by TL dates of between 
235 and 137 ka BP on separate beds of coarse silts and 
fine sands in the Mystras fan (Fig. 5a,b). The partly 
eroded Bt horizon of the soil developed on the prox- 
imal surface of the Mystras fan produces similar mag- 
netic, Fe d and redness rating values to the proximal 
soils of the fans discussed in this study, suggesting 
that the TL chronology can be applied across the 
piedmont. Whereas the Qfl can be broadly dated by 
reference to the Mystras fan, the chronology of Qf2 is 
only known in relative terms. No luminescence dates 
have been obtained from Qf2 stratigraphy. Qf2 must 
post-date 137 ka BP (the youngest date for the Qfl 
segment of the Mystras fan), but predate 66 ka BP (the 
oldest date for the Qf3 segment of the North 
Xilocambion fan). 

The lower gravels of the Qf3 segment in the North 
Xilocambion fan were deposited at c. 66 ka BP 
(Fig. 5i). The middle gravels of the Qf3 segment in 
the St Johns fan were deposited in at least two phases 
at approximately 37 and 29.3 ka BP (Fig.5c, d), while 
in the St Saviours fan, gravels in a similar strati- 
graphic position were deposited around 26 ka BP 
(Fig. 5h). The final depositional events, and hence 
complete formation of the Qf3 segments of the North 
Xilocambion and St Saviours fans, occurred at c. 25.7 
and 17.6 ka BP, respectively (Fig. 5i, g). Given that the 
mean mineral magnetic and Fe d values of the Qf3 sur- 
faces of these two fans are similar to those of other 
Spartan fans discussed in this paper, the luminescence 
chronology can again be applied to all Qf3 surfaces. 

It is uncertain precisely when deposition of the 
Qf4 segment began, except to state that it post-dated 
17.6 ka Br'. However, three separate OSL dates from 
the St Johns and North Xilocambion fans bracket 
deposition of the last significant Qf4 gravel unit to 
between c. 15-14.6 and 11 ka BP, respectively 
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Table 3. Mineral magnetic data for B-horizons of soils developed on the surfaces of the sample fans. Figures given are 
average values based upon the number of samples given in Table 2 

Xlf ( 10-8 m3 kg -1) 

Qfl Qf2 Qf3 Qf4 

Xfa(%) LFIRM (10 5 Am 2 kg 1) 

Qfl Qf2 Qf3 Qf4 Qfl Qf2 Qf3 Qf4 

SP 19.08 16.73 12.70 - 9.65 9.40 8.87 - 346 289 194 - 
K 18.60 15.24 12.04 - 9.56 9.34 9.18 - 323 242 169 - 
SJ 17.59 14.42 11.99 7.67 9.91 9.64 9.28 8.59 258 269 205 152 
SS 20.23 15.04 11.02 8.12 9.80 9.46 9.16 8.39 339 223 195 163 
NX 19.93 16.66 12.54 7.94 9.53 9.44 8.83 8.35 363 274 204 146 

(Fig. 5e, j). On the basis of archaeological evidence, 
the final deposition events on Qf4 surfaces are dated 
to no earlier than 3.6 ka Be, and continued intermit- 
tently on some of the larger fans until around 1.3 ka 
Be (Pope et al. 2003). Thereafter depositional events 
were increasingly localized, and culminated in the 
formation of minor fill terraces within fan trenches 
(Fig. 5~. 

Discussion: climate and tectonism as 

triggers of  fan sedimentat ion and incision 

The role o f  tectonic activi ty  

Throughout the Pleistocene continuous regional 
uplift of the order of 300-400 m accentuated and then 
maintained the gross relief that is necessary for fan 
development within the Spartan piedmont (Pope 
1995). Through its control on gross relief, regional 
uplift has indirectly influenced fan development in 
three ways. First, by partially controlling long-term 
rates of bedrock disintegration and chemical decom- 
position, which in turn determines potential debris 
generation within carbonate-dominated sediment- 
source areas occupying the eastern flanks of the 
Taygetos range (Pope 1995). Second, through 
increasing the energy gradients within sediment- 
source areas, uplift partially provides the potential for 
high rates of sediment transfer to transverse drainage 
systems and the piedmont zone (Beaty 1990). Third, 
given that the Sparta Basin is physically and struc- 
turally separated from the coastal plain of the Gulf of 
Lakonia (IGME 1977, 1983), continuous regional 
uplift rather than changes in sea level controlled the 
local base level of erosion throughout the Quaternary 
(Pope et al. 2003). This sustained uplift resulted in a 
progressive lowering of base level and drainage basin 
rejuvenation, which during periods of reduced sedi- 
ment availability resulted in pronounced incision 
within upland and lowland drainage systems, and a 
progressive dissection of fan surfaces (Pope 1995). 

The culmination of these processes was a distal shift 
in the locus of deposition, leading to a short-term 
reduction or complete cessation of deposition on 
existing fan surfaces. 

A clear distinction can be made between the role 
of Tertiary and Quaternary faulting in respect of fan 
development. A (now inactive) group of late 
Miocene WSW ENE trending transfer faults has 
influenced fan development in two ways. First, the 
faults subdivided sections of the eastern Taygetos 
range into discrete blocks (Fig. 6). The boundaries of 
such blocks served to physically constrain the 
expansion of some of the transverse drainage 
systems (cf. Eliet & Gawthorpe 1995), and thus 
partly controlled potential sediment generation rates 
throughout the Quaternary. Second, the faults served 
as zones of pronounced weathering and erosion. The 
principal channels of nine mountainous drainage 
systems developed preferentially along transfer 
faults during the Plio-Pleistocene period, and were 
guided to the range front along the faults. As a conse- 
quence, not only did the transfer faults control the 
spacing of upland drainage basins, but also deter- 
mined the points where principal channels emerged 
on to the piedmont zone and, hence, the locations of 
several fan systems along the range front. 

The extensive, partially segmented Sparta fault 
that bounds the eastern edge of the Taygetos range 
has played only a limited role in the morphological 
development of fan systems during the Holocene. 
Known seismic activity at the start of the Holocene, 
during the middle Holocene and in 464 BC. culmin- 
ated in the formation of the fault scarp and vertically 
displaced Holocene colluvium along the range front, 
creating pronounced scarps up to 7 m in height and 
up to 140 m in length (Pope 1995). In comparison, 
proximal fan surfaces that are in immediate contact 
with the fault scarp show no obvious vertical dis- 
placement or lateral offsetting. However, the Qfl 
surfaces of the South Parorion, Kamares and 
St Johns fans (Fig. 2; Table 1) are anomalously steep 
even when the steepness of the drainage basins is 
taken into account, suggesting a possible tectonic 
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Table 3. (continued) 

HFIRM (10 -5 Am 2 kg -1) SIRM (10 -5 Am z kg -1) SIRM/x1 f (10 -3 Am l) 

Qfl Qf2 Qf3 Qf4 Qfl Q f2 Qf3 Q f4 Qfl Qf2 Qf3 Qf4 

' 15.86 13.06 11.64 - 1375 1243 975 - 72.60 74.29 76.77 - 
15.42 12.18 10.11 - 1303 1089 908 - 70.15 72.04 75.47 - 
14.55 12.02 10.68 8.47 1270 1007 937 647 72.20 71.31 80.13 85.34 
20.23 15.04 11.02 8.12 1405 1270 923 715 69.45 79.17 83.75 89.45 
17.83 15.05 12.65 10.46 1290 905 810 590 64.72 54.32 64.59 74.30 

Table 4. TL and OSL determinations on fine-grained sediment from the St Johns, North Xilocambion, St Savours and 
Mystras fans 

Alluvial fan Sample number Technique Fan surface Sediment ~ Age (ka Be) Stratigraphic position of unit 

St Johns SPA 122, 3 TL Qf3 m. silt-c, silt 
St Johns Risr OSL Qf3 c. silt 
St Johns Ris~12402 OSL Qf4 c. silt-f, sand 
St Johns Risr OSL Qf54 c. silt-f, sand 
St Johns Rise 12404 OSL Qf54 c. silt-f, sand 
St Saviours Risr OSL Qf3 c. silt-f, sand 
St Saviours Risr OSL Qf3 c. silt 
North Ris~a22401 OSL Qf3 f. sand 

Xilocambion 
North Risr OSL Qf3 m. silt-c, silt 

Xilocambion 
North Risr OSL Qf3 f. sand 

Xilocambion 
North Risr OSL Qf4 c. silt-f, sand 

Xilocambion 
North Ris~a22405 OSL Qf4 m. silt-c, silt 

Xilocambion 
Mystras SPA-23 TL Qfl c. silt-f, sand 

Mystras SPA- 12.3 TL Qfl c. silt-f, sand 

37 _+ 2 Beneath lower gravels 
29.3 _+ 4 Beneath uppermost gravels 
14.6 + 1.4 Beneath lower gravels 
0.84 + 0.05 Beneath uppermost gravels 
0.54 _+ 0.04 Beneath uppermost gravels 
26.1 _+ 2 Middle gravels 
17.6 _+ 1.4 Middle gravels 
66.1 _+ 6 Upper middle gravels 

32.7 _+ 5 Middle gravels 

25.7 + 2 Beneath uppermost gravels 

15.2 +_ 1.2 Beneath lower gravels 

11 .2  + 0 .8  Beneath uppermost gravels 

235 + 30 Between lower and middle 
gravels 

137 + 13.7 Beneath uppermost gravels 

1 f, fine; m, medium; c, coarse. 
z TL dates from Pope et al. (2003). 
3 TL dates from Wilkinson & Pope (2003). 
4 Sample collected from fill terrace within the trench immediately downfan of the distal fan margin. 

influence (Pope 1995). Although faulting is not 
observed on Qfl  surfaces of these fans, rare faulting 
through debris flows exposed in the fanhead 
trenches has produced slight vertical offsetting and 
minor lateral distortion of gravels (cf. Gerson et al. 
1993). By way of comparison, where faulting is 
absent from coarse-grained proximal sediments, the 
overlying fan surfaces only record gradients of 
between 4.9 ~ and 9.0 ~ (Table 1). 

The 3-4 m of vertical displacement that accompa- 
nied each of the three Holocene range-front faulting 
events (Armijo et al. 1991) produced the effect of an 
instantaneous change in the base level of erosion. 

However, pulses of rejuvenation associated with each 
seismic event were restricted to the upland drainage 
systems and the fanhead area. With regard to the 
former, renewed incision of bedrock channels pro- 
duced up to three minor strath terraces within the 
lowermost sections of the principal stream channels 
close to the range front. The same incision resulted in 
the formation of up to three U-shaped notches into the 
upper portion of the fault and deeply dissected the 
surface of the fault scarp (Pope 1995). At the fan_head, 
incision initially deepened the existing trench, 
and then progressively extended downfan causing 
entrenchment of medial and distal fan surfaces. 
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Fig. 5. Detailed lithostratigraphies illustrating the locations of TL and OSL sampling sites within Qfl, Qf2, Qf3 and 
Qf4 segments of the study fans. 
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als in the Mediterranean region (Prentice et al. 
1992), while the wet climatic episode at 1.5 ka BP is 
not known in southern Europe. In comparison, 
Hempel's (1987) model of accretion on the Sparta 
piedmont identified two depositional phases associ- 
ated with cold and moist phases (c. 33-20 and 
c. 16-13 ka BP), and a single depositional phase 
during a warm and dry phase during the early 
Holocene (c. 10-7 ka BP). Pope & Millington (2000) 
have proposed that late Wtirm fan development 
comprised up to six distinct phases of aggradation, 
separated by periods of incision. These were tied to 
alternating cold and dry, and warm and humid con- 
ditions, respectively. On the basis of TL dating, 
Pope et al. (2003) were able to place the Sparta fan 
model into a tentative chronological framework and 
correlate some of the aggradational phases to 
known climate events. On a wider scale Macklin et 
al. (2002) have carried out a survey of published 
fluvial deposits (including alluvial fans in the 
Peloponnese) with chronometric dates from the 
Mediterranean region as a whole. They conclude 
that deposition in the Late Pleistocene is climati- 
cally driven and can be correlated with cold stands 
found during stadials and Heinrich events. 

Explaining climate and tectonic influences o f  

the Sparta fans 

The recently obtained luminescence chronology 
from the Sparta Basin enables fan evolution to be 
considered alongside the palynological and isotopic 
proxies reviewed earlier, as well as the conclusions 
reached by Macklin et al. (2002). 

Fig. 6. The relationship between faulting and the location 
of transverse drainage systems and piedmont fan systems 
along the Taygetos range front. 

The role of  climate 

Climate has long been recognized as an important 
mechanism in the control of sedimentation/erosion 
on the Sparta piedmont. However, exactly how 
climate acts as a trigger has been a subject to much 
debate (e.g. Dorn 1994). Bintliff (1977) suggested 
two phases of deposition distinguished on the basis 
of sediment calibre and nature of the supporting 
matrix; the first relating to Wttrmian 'pluvials' and 
the second to wet climates at c. 1.5 ka BP. It is now 
known that arid phases characterized by highly sea- 
sonal precipitation, rather than pluvials, were the 
expression of Middle and Upper Pleistocene stadi- 

Initial development phases. Throughout this phase 
(and all subsequent phases) regional uplift and 
Miocene-age transfer faults exerted a continuous 
influence on fan development. During this stage of 
development net uplift was of the order of 51 m with 
the volume of sediment delivered to individual fans 
(South Parorion and Kamares fans excepted) of the 
order of 2.10 X 105-11.36 X 106 m 3 (Fig. 7). TL 
dating suggests that basal Qfl  debris flow deposits 
were deposited before c. 235 ka BP (i.e. during MIS 
6-8: Fig. 8), and may have coincided with major 
deposition in fan systems in southern Crete (Nemec 
& Postma 1993). Although the depositional chronol- 
ogy for Qfl  segments is broad, early proximal sedi- 
mentation coincided with the extreme aridity of MIS 
6, as evidenced by TL dates of c. 235 and 137 ka BP 
for a 2 m-thick gravel unit within the Mystras 
fan, with a considerably greater thickness of sedi- 
ments deposited thereafter. Elsewhere in the 
Mediterranean region MIS 6 fluvial deposition has 
been identified in Libya and SE Spain (Fuller et al. 
1998; Rowan et al. 2000). 
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Mid-development phases. Between the latter part of 
MIS 6 and throughout MIS 5, reduced sediment trans- 
fer from increasingly vegetated drainage basins 
coupled with uplift of the order of 17 m initiated fan 
incision. This phase also marked the abandonment of 
the Qfl surfaces and subsequent development of 
proximal soils. In comparison, records from the 
eastern Sparta Basin suggest that during MIS 5e 
minor deposition was occurring on the North 
Menelaion fan, while the western margins of this 
fan were being trimmed by the River Evrotas 
(Wilkinson & Pope 2003). A second phase of fan 
building, eventually forming Qf2, occurred late in 
MIS 5 resulting in the deposition of debris flows on 
the western fans. The timing of individual deposi- 
tional phases has yet to be fully resolved. However, 
given the aridity and consequent accelerated input of 
weathering products into Lake Kopais during MIS 5b 
(Tzedakis 1999, p. 427, fig. 2), climate change during 
this substage almost certainly triggered renewed sedi- 
ment transfer to the Spartan piedmont. Macklin et al. 
(2002) have suggested that the early part of MIS 5e 
was a period of fan and floodplain incision acro~ the 
Mediterranean, but note widespread alluvial deposi- 
tion at the MIS 5b-5a boundary. Climatic and tec- 
tonic factors led to between 1.62 • 105 and 3.65 • 
106 m 3 of deposition within the study fans, with the 
complete formation of the Qf2 surfaces occurring 
before 66 ka BP (Fig. 7). 

Late development phases. Morphological evidence 
strongly suggests that the start of MIS 4 marked a 
phase of significantly reduced sediment deposition 
on the piedmont, which against a backdrop of con- 
tinuing uplift brought about entrenchment of the 
fanhead and Qf2 surfaces, and a distal shift in the 
main zone of deposition (Pope unpublished data). 
There was renewed deposition later in MIS 4 
marking the third phase of fan building, and forming 
the basal sediments of the Qf3 segments. Periods of 
significantly reduced deposition and concomitant 
soil development coincided with short-lived periods 
of woodland expansion during the middle of MIS 4 
(i.e.c. 66 ka Br,) (Tzedakis 1999, p. 429, fig. 3), as 
well as late interstadials of MIS 3 (Fig. 7 & 8). It is 
notable that at two standard deviations, only one of 
the luminescence dates from Qf3 or Qf4 extends to 
the MIS glacial maximum (c. 18-22 ka BP), suggest- 
ing that fan gravels were being deposited at this time. 
It is also apparent that depositional style changed 
late in MIS 3 or early in MIS 2 to one dominated by 
hyperconcentrated flows (except in the North 
Parorion and Kamares fans), as is attested by gravels 
overlying incipient palaeosols dating to c. 26 ka BP in 
both the North Xilocambion and St Saviours fans. 
Throughout this phase, tectonic and climate factors 
culminated in deposition of the order of 1.85 • 
105 -2.32 • 106 m 3 of gravels. Dating of Qf4 

sediments suggests that deposition on Qf3 surfaces 
almost certainly ceased before c. 15 ka Be. The end 
of this particular fan-building phase marked the 
complete formation of the smaller Kamares and 
North Parorion fan surfaces. 

Later development phases. In the Kamares and 
South Parorion fans, a low discontinuous cut-and-fill 
terrace provides evidence for the transfer of a small 
volume of sediment from small range-front drainage 
basins during MIS 2 (Late Glacial). In contrast, OSL 
dating from the St Johns and North Xilocambion 
fans, and field evidence from the St Saviours fan, 
strongly indicates that the Late Glacial was charac- 
terized by a predominantly depositional regime. 
However, short-lived erosional phases displaced 
deposition towards the fan margins of Qf3 surfaces, 
forming the basal and middle gravels of the Qf4 seg- 
ments. It is very likely that these episodes reflected 
the well-defined climate changes of the Late Glacial 
seen at Kopais. Indeed, Late Glacial climate changes 
have been used by Macklin et al. (2002) to explain 
appm-ently . . . . . . . . . . . . . . . . . . . . . . . . . .  ~yncnionou~ ucpu~mon of alluvium 
across the Mediterranean region as a whole at this 
time. As with previous phases, fan entrenchment can 
be correlated with a reduction in sediment supply 
following the expansion of vegetation cover in 
upland drainage systems, while renewed deposition 
coincided with decreased vegetation cover (Fig. 8). 
It is of particular interest in this respect that both the 
Kopais vegetation record and episodes of stability in 
the Sparta Basin lag behind amelioration events seen 
in the oxygen isotope record of the GRIP ice core. 
These data suggest that it was the impact that climate 
had on vegetation rather than its association with 
water availability that was the main determining 
factor in fan evolution. 

Following the deposition of basal and medial 
gravels, reduced sedimentation coincided with the 
formation of a Late Glacial soil within several fan 
systems. During the early and middle stages of MIS 1 
regional uplift and two faulting events produced up to 
7.5 m of vertical displacement along the front of the 
Taygetos range, leading to further fanhead entrench- 
ment and the progressive incision of proximal sur- 
faces. Archaeological evidence indicates that incision 
and soil formation were interrupted by renewed depo- 
sition at c. 3.6 ka, culminating in the deposition of at 
least 1.5 m of predominantly fine-grained deposits 
and the formation of Qf4 surfaces. These events may 
be associated with population expansion in the 
Evrotas Valley in the Late Bronze Age and a move to 
exploit the Taygetos foothills in the Hellenistic 
period, respectively (Pope et al. 2003). The faulting 
event of 464 BC instigated further incision of Qf4 sur- 
faces, while terraces formed within distal trenches as 
a result of vertical and lateral incision of backfilled 
deposits (Pope & MiUington 2002). After these 
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events deposition became localized and infrequent, 
with the final depositional event on Q4 surfaces 
occurring around 1.3 ka Be (Pope et al. 2003). For this 
developmental stage a mixture of climate, tectonic, 
and, possibly, human factors resulted in deposition of 
the order of 7.13 • 104-5.8 • 10 5 m3. Around 0.8 ka 
BP the fan trenches had coupled with the Evrotas river, 
and at the present day deposition on the fans only 
occurs as minor terraces inset within the trenches, 
while all fine-grained material is transferred to the 
river. 

Conclusions 

Previous studies of fan evolution in the Sparta Basin 
have emphasized the importance of processes oper- 
ating on Holocene timescales (e.g. Pope et  al. 2003). 
This is understandable given that: (i) the Holocene 
surface of the Qf4 segment occupies a greater area 
than that of any other fan segment; and (ii) Holocene 
deposits can be relatively easily recognized and 
dated using artefactual evidence. However, lumines- 
cence dating clearly shows that the previous empha- 
sis was misplaced. Fan deposition commenced in the 
later Middle Pleistocene and subsequently all of the 
remaining fan segments (except for the uppermost 
deposits of Qf4) formed during the Upper 
Pleistocene. 

Evidence emerging from further investigations of 
Spartan fans suggests that tectonic processes exert 
only a limited influence on patterns of fan develop- 
ment. Long-term tectonic uplift has created the 
gross relief necessary to partially control sediment 
generation and sediment transfer rates. In addition, 
the Tertiary fault system has effectively controlled 
the positioning of several of the fan systems within 
the range-front piedmont zone. By comparison, 
Quaternary faulting along the range front initiated 
localized uplift, culminating in short phases of 
renewed fanhead entrenchment and incision of 
distal-fan surfaces. However, as yet, there is no con- 
clusive evidence to directly link tectonic activity 
with either the gross morphology or stratigraphy of 
the Spartan fans. Moreover, the weight of evidence 
suggests that regional tectonic activity has provided 
the background against which deposition processes 
operated rather than being the trigger for such 
events. It is probably no coincidence that the first 
major episode of fan sedimentation occurred in 
MIS 6, the longest and most severe episode of cold 
and arid climates during the Pleistocene. Thereafter 
interglacials, possibly the long MIS 5a interstadial, 
and one or more of the late MIS 3 interstadials are 
manifested by fan incision and subsequent prograd- 
ation. Shorter and/or less humid interstadials (e.g. 
the Late Glacial interstadial) are represented in the 
fan record by buried palaeosols, but no significant 

incision. Major episodes of deposition are repre- 
sented by lacunae in the luminescence record. These 
correspond to stadial phases of MIS 2, 3-4, 6 and, 
possibly, 5b, and also Heinrich events (Fig. 8). The 
correspondence of the late MIS 2 luminescence 
dates with increases in arboreal pollen in Lake 
Kopais, which in turn lag behind climate change 
seen in the GRIP ice core, suggest that it is the effect 
of climate change on vegetation in the fan catch- 
ment that is the greatest control on fan processes. It 
is also worth re-emphasizing here that chronometric 
dates from the Sparta fans define periods of relative 
fan stability, not deposition. As such if climate 
change is the main reason for fan evolution, the 
dates should correspond to warmer intervals. As 
Figure 8 shows, they broadly do, at least at one 
standard deviation. 

Proxy records from the eastern Mediterranean 
provided by lake level, sapropel, isotopic and 
palynological studies suggest that the only signifi- 
cant climate change in the Holocene was from a rela- 
tively humid to an arid Mediterranean-type climate at 
about 6.5-5.5 ka cal BP (e.g. Harrison & Digerfeldt 
1993). Although absolute dating evidence is lacking 
from the Sparta Basin for the Holocene, no fan 
deposits have yet been attributed to this phase. While 
it is possible that this trend to arid conditions 'pre- 
adapted' the landscape to subsequent erosion, as has 
been suggested by Bintliff (2002), it would neverthe- 
less appear that anthropogenic processes provided 
a stimulus for later Holocene fan deposition (Pope 
et  al. 2003). 

The changed views of the chronological develop- 
ment of the Sparta Basin fans that have resulted from 
luminescence dating provide a salutary lesson. No 
matter how detailed the geomorphological and strati- 
graphic examination that is undertaken of alluvial fan 
systems, no estimate of age obtained by these 
methods can ever be deemed reliable except in the 
grossest possible terms. It is only with the application 
of chronometric dating that a reliable temporal 
framework can be constructed, and only with such a 
framework can the triggers of fan-forming processes 
be independently assessed. Similarly, without an 
absolute chronology it is impossible to determine 
rates at which deposition and incision occurred, or 
indeed how long periods of stasis lasted. Although a 
detailed chronology of events in the fans of the 
western part of the Sparta Basin is still lacking, it has 
nevertheless proven possible in this paper to address 
some of these issues. 
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Abstract: Alluvial fans are sensitive recorders of both climatic change and tectonic activity. The 
ability to constrain the age of alluvial-fan sequences, individual sedimentary events and the rates of 
sediment accumulation are key for constraining which mechanisms most control their formation. 
Recent advances in optically stimulated luminescence (OSL) measurement and analysis have 
resulted in vast improvements in the dating technique mad reliability of age determinations, particu- 
larly for OSL dating of quartz grains, and routine application to a wide variety of depositional envir- 
onments is now possible. Here we apply OSL methods to date a variety of deposits within Late 
Pleistocene conglomeratic alluvial sequences in NW Argentina. The ages obtained range from 39 to 
83 ka and were determined from debris-flow- and fluvial-dominated deposits and lacustrine 
sequences in intramontane basins bounded by tectonically active mountain ranges with as much as 
2 km of relief. With careful choice of facies and sample collection, OSL techniques can be used to 
date Late Pleistocene, predominately matrix-supported, cobble-conglomerate alluvial deposits. 

Alluvial fans are ubiquitous along mountain fronts, 
and their evolution is tied to tectonic and climatic 
conditions (Bull 1977; Blair & McPherson 1994, 
1998; Harvey 1997). The dating techniques applied 
to such sediments in the past include radiocarbon 
methods, radiometric dating of volcanic ash beds, 
U-Th disequilibria, cosmogenic-ray nuclides, and 
thermoluminescence (TL) and optically stimulated 
luminescence (OSL) of feldspar and quartz (e.g. 
Hooke & Dorn 1992; Clarke 1994; Meyer et al. 
1995; Tandon et al. 1997; Cerling et al. 1999; Owen 
et al. 1999; Nott et al. 2001; Singh et al. 2001; 
Brown et al. 2003; Keefer et al. 2003; Tatumi et al. 
2003). Most previous alluvial-fan luminescence 
studies have been in material younger than about 
10 ka and the oldest independently confirmed date of 
alluvial fan-related material is 55 ka for fluvial ter- 
races (Tanaka et al. 2001; Jain et al. 2004). Recent 
advances in OSL methodology, including improve- 
ments to the single-aliquot regeneration-dose (SAR) 
protocol (e.g. Murray & Wintle 2003), have 
enhanced the reliability of OSL dating and reduced 
the error associated with dating quartz grains. At the 
same time techniques for analysing complex lumi- 
nescence distributions have advanced, permitting a 
broader range of environments to be dated with 
improved accuracy and precision (e.g. Galbraith 
1990; Olley et al. 1999; Lepper et al. 2000; Spencer 
et al. 2003). 

In many alluvial-fan environments with sediments 
older than approximately 50 ka luminescence is the 

only method available for routine dating of clastic 
sediments. In this paper we demonstrate how careful 
sample selection of suitable facies associated with 
debris- and mud-flow, fluvial and sheetflood deposits 
can produce OSL ages that are stratigraphically con- 
sistent and supported by independent age control. 
The facies representing unconfined flows at the inter- 
face between distal alluvial-fan and lacustrine envir- 
onments display a normal distribution of equivalent 
doses, but one of the ages may be overestimated 
when compared to independent age control. The 
superbly exposed alluvial fans and intercalated mass- 
flow, fluvial, sheetflood and lacustrine deposits in 
the intramontane Quebrada de Humahuaca and 
Quebrada del Toro of the Eastern Cordillera of NW 
Argentina constitute a well-suited area to assess the 
suitability of different facies for OSL dating. The 
results and OSL techniques are widely applicable to 
similar environments, and such a dating technique 
can be used to unravel how surface processes and 
landscape behaviour evolve during alternating cli- 
matic phases in tectonically active environments 
over 102-105 year timescales. In particular, this paper 
demonstrates the suitability of certain facies within 
alluvial-fan sequences for OSL dating and concludes 
that, through careful selection of sample sites, suc- 
cessful results from generally perceived problematic 
environments are possible. The problems that can be 
encountered in applying the technique to facies with 
a complex sedimentary history are illustrated and 
discussed. 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 153-168. 0305-8719/05/$15 �9 The Geological Society of 
London 2005. 
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Geological, geomorphic and climatic 
setting 

The intramontane basins of the Eastern Cordillera 
(c. 22~176 in the southern central Andes of NW 
Argentina (Fig. 1) are characterized by tiered 
Quaternary terraces of alluvial fans, pediments 
and the aggradational surfaces of lacustrine basins 
(Fig. 2). Previous work has linked some of the Late 
Quaternary alluviation to increased frequency of 
landsliding during humid climatic periods with 
subsequent bedrock and sediment damming in 
valleys (Hermanns & Strecker 1999; Trauth et al. 
2000). Recently published palaeoclimate records 
from Pleistocene and Holocene lacustrine deposits 
of NE Chile, southern Bolivia and NW Argentina 
(Bobst et  al. 2001; Godfrey et al. 2003, Lowenstein 
et  al. 2003; Fritz et  al. 2004) document alternating 
humid and dry phases with approximately 20 ka 
periodicity in the southern central Andes during the 
last 180 ka. 

The Eastern Cordillera fold and thrust belt is 

and shales of the Ordovician Santa Victoria 
Formation, and lithic and quartz arenites and lime- 
stones of the Cretaceous Pirgua, Lecho andYacoraite 
formations, respectively. The Palaeocene Santa 
Barbara Group and Tertiary volcanic and granite 
clasts do contribute a minor component to the clast 
lithology but their distribution is more localized. In 
many sequences, all of the above-mentioned clasts 
may be recycled from within the Miocene-Pliocene 
formations and the Quaternary cover units. 

Recent research on these intramontane basins has 
resulted in a detailed geodynamic and geological 
history that includes palaeoclimate proxy studies 
(Marrett et al. 1994; Hermanns et al. 2000; Marrett & 
Strecker 2000; Trauth et al. 2000, 2003). These 
studies show that ongoing local intrabasin faulting 
and folding, and basement-margin thrusting, lead to 
base-level changes that are compensated by fluvial 
incision (Strecker & Hilley 2003). During humid 
climate phases, critical erosion thresholds are over- 
come and slopes oversteepen by lateral scouring of 
rivers, resulting in a higher probability of slope 

located east of the i_n_tra-Andean ~_ma Plateau fai!ure~ This leads to increased frequencies of land- 
(Fig. 1) and comprises intramontane basins at 2-3 
km elevation, which are bound by high-angle 
reverse-faults uplifting ranges that are 4-5 km in ele- 
vation. These NNE- to NNW-oriented ranges are 
mainly composed of Precambrian-early Paleozoic 
rocks, whereas the basins are characterized by 
deformed Late Miocene-Pliocene sedimentary 
rocks. The sedimentary units are eroded and overlain 
by predominantly flat-lying Quaternary gravel and 
boulder conglomerate deposits that constitute 
terrace, alluvial-fan and pediment cover units. The 
predominate provenance of the Quaternary gravels 
in both basins are quartz and lithic arenites and 
shales of the Precambrian Puncoviscafia Formation, 
quartz arenites and subfeldspathic arenites of the 
Cambrian Meson Group, lithic arenites, greywackes 

slides and valley impoundment, ultimately leading to 
aggradation and increased rates of sediment storage 
(Allen & Hovius 1998; Hermanns & Strecker 1999; 
Hermanns et al. 2000; Hovius et al. 2000; Trauth 
et al. 2000). In addition, Strecker & Hilley (2003) 
have suggested that the interplay between tectonic 
uplift and fluvial processes in the low-elevation 
outlets of these intramontane basins may cause agga- 
dation and erosion cycles. So although active tecton- 
ics is influencing landscape behaviour, Quaternary 
deposition recording multiple episodes of alluvial 
aggradation on timescales of 104 years suggests that 
the most likely driver of aggradation (and incision) is 
climate change. Ar-Ar dating of tephra, radiocarbon 
dating and a chronology based on in si tu-produced 
cosmogenic-ray nuclides has constrained the timing 

Fig. 1. Study area and sample locations in NW Argentina, with grey shaded digital elevation model created from the 
90 m shuttle radar topography mission (SRTM) of South America from JPL/NASA. 
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of landslide events in the Santa Maria Basin and, to 
a lesser extent, in the Quebrada del Toro (Fig. 1) 
about 100 km further north. This synopsis shows that 
landsliding, damming and lake formation coincide 
with two regionally documented humid periods at 

about 35-25 ka 14 C calibrated (cal) BP and < 5000 
years 14 C ca] BP (Trauth et al. 2000). 

The modem climate system is controlled by three 
competing precipitation sources: the tropical easter- 
lies, the South Atlantic Convergence Zone (SACZ) 

Fig. 2. Photographs of sample sites. (a) Lower terrace in Quebrada de Purmamarca showing equivalent units to sample 
PMH200301. (b) Inset terraces in the Quebrada de Humahuaca, Rio de la Huerta section. (c) Purmamarca sample 
location 1 (see arrow) at the interface of the alluvial fan (base of photograph) and the overlying lacustrine units. Debris- 
flow deposits overlie the lacustrine units. (d) Tilcara section (2) for sample TILC-040303-21 in the Quebrada de 
Humahuaca (arrow shows person for scale and sample site). Overlying conglomeratic units are debris-flow- and fluvial- 
dominated. (e) Sample horizon for TILC-040303-21. (tl) Rio de la Huerta section (3) for sample HUE060303-30 in the 
Quebrada de Humahuaca (arrow shows person for scale above sample site). Note debris-flow unit immediately below 
the sample horizon and the truncation of the sample unit by the erosional terrace surface. (g) Location 4 for sample 
0-080301-05 in the Quebrada del Toro showing the overall coarsening-upwards sequence of a stream-dominated 
alluvial fan (arrow shows site with gamma spectrometer in the sample hole). (h) Sample horizon for 0-080301-05 
showing empty sample hole and hammer for scale. Horizon below is a small chute-channel infilled with a currently 
undated volcanic ash. (i) Quebrada del Toro north of Sola. An overall fining-upwards sequence illustrating the interface 
between alluvial-fan and lacustrine deposits. Samples 0-080301-04 and -03 come from the base of this sequence. (j) 
Sample location 5 for 0-080301-04 by the base of the hammer. (k) Sample location 6 for 0-140301-08 at Golgota with 
sample pipe for scale. 
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and the westerlies (Schwerdtfeger 1976; Godfrey 
et al. 2003). Interannual through to decadal climate 
variability is influenced by the sea-surface tempera- 
tures of the equatorial Atlantic and Pacific oceans, 
the E1 Nifio Southern Oscillation (ENSO) and the 
tropical Atlantic sea-surface temperature dipole 
(TAD) (Lenters & Cook 1999). The position of the 
intense moisture regions, the Bolivian High and 
SACZ are affected by ENSO events, extratropical 
cyclones and the strength of the westerlies (Vuille 
1999; Garreaud et al. 2003; Trauth et al. 2003), and 
the changing position and intensity of these moisture 
zones influences the magnitude and timing of pre- 
cipitation events in the basins of the southern central 
Andes. 

F a c i e s  d e s c r i p t i o n  

The Quaternary deposits in the Quebrada de 
Humahuaca and the Quebrada del Toro are predomin- 
ately debris- and mud-flow-, stream-flow- or sheet- 
flood-dominated, and many vertical sequences of 
decametre thickness contain all of these types of 
deposits (Fig. 3). The Quebrada de Purmamarca, a 
major tributary to the Quebrada de Humahuaca, and 
the Quebrada del Toro also contain sequences that are 
characterized by rapid lateral facies transitions from 
alluvial-fan into lacustrine deposits (Schwab & 
Schaefer 1976; Trauth & Strecker 1999). The top 
20-40 cm of most terraces in both basins have 
palaeosols that can be developed within debris-flow, 
hillslope-wash and sheetflood deposits, and thin 
(<15 cm) horizons of windblown sediment (e.g. at 
Rio de La Huerta, Figs 2f & 3c). 

Although conglomerates dominate the sedimen- 
tary sequences, many facies contain the fine-medium 
grain sizes required for standard OSL procedures, 
although the degree of sorting observed varies. The 
tops of coarse-grained fluvial bars are commonly 
marked by thin (20-30 cm), laterally discontinuous 
(50-100 cm) tabular deposits containing well-sorted, 
silt-fine sands with thin laminations and local ripple 
cross-lamination (Fig. 2d, e). These are interpreted as 
windblown deposits and, in places, laterally discon- 
tinuous palaeosols are developed within them. The 
ripple cross-lamination can display very different 
flow directions to those measured from imbricated 
pebbles in the fluvial bar, and in some cases this is 
similar to the modem up-valley wind direction in 
austral summer afternoons. Windblown deposits are a 
common feature in the modem gullies, where sand- 
sized sediment that is readily available from friable 
bedrock and from winnowing of bar tops is protected 
in the lee of bedforms formed on the tops of gravel 
bars or in chute channels. Other thin (20-40 cm) lat- 
erally continuous tabular layers are also developed 
and consist of very well-moderately well sorted, very 

fine-medium-grained sands. These layers show no 
lamination, display various degrees of weathering 
and locally contain pebbles, some of which are 
carbonate-coated. These represent different stages 
of calcic palaeosol development formed within 
windblown (and loess) deposits. Other suitable 
facies present include laterally discontinuous 
(100-200 cm), dm-thick tabular units that are moder- 
ately sorted, medium- to coarse-grained with thin 
laminations or ripple cross-laminations, and display 
both fining- and coarsening-upward trends 
(cm scale); these are interpreted as fluvial bar-top 
sequences. Similar deposits, except with a lenticular 
geometry (50-100 cm wide), represent small chute- 
channel-fill deposits on the tops of fluvial bars 
(Fig. 2g, h). Thin (10-20 cm), laterally continuous, 
poorly sorted, medium-grained - granular-sized 
layers and moderately sorted, medium-grained hori- 
zons associated with fine-grained tabular units (dm- 
thick) are unconfined sheetflood deposits formed at 
the interface between distal alluvial-fan and lacus- 
trine environments (Fig. 2i-k). 

Sampling protocol 

Optical dating is now recognized as a valuable tool 
for dating a range of sediments and environments 
(Stokes 1999). However, the accuracy and precision 
of OSL dates is partially controlled by the contribu- 
tion of unbleached grains within the sample (e.g. 
Olley et al. 1999; Murray & Olley 2002) and this 
influences which environments will give the most 
easily interpreted results. Deposits whose sediment- 
transport processes, prior to final deposition and 
burial, are likely to give adequate solar exposure that 
bleaches remnant OSL to a negligible level (such as 
aeolian deposits) are preferred targets. In intramon- 
tane basin settings, the potentially low cumulative 
transport time of sediment grains may influence the 
efficiency of bleaching. The grain-size ranges suit- 
able for OSL dating are 4-11 and 90-250 ~m; in this 
project we aimed to collect samples with sufficient 
material in the 180-212 Ixm range. Olley et al. 
(1998) studied modern and recent fluvial samples 
from Australia and determined that this size range 
contains the best bleached material. Five main facies 
were sampled: (1) thin, laterally discontinuous 
windblown deposits on the top of coarse-grained 
fluvial bars; (2) laterally continuous or locally perva- 
sive palaeosols developed within fine-grained wind- 
blown (and loess) sediments; (3) medium-grained, 
medium- to well-sorted fluvial bar tops; (4) chute- 
channel-fill deposits; and (5) medium- to coarse- 
grained unconfined flow deposits from the interface 
of alluvial-fan and lacustrine deposits (Fig. 2c-k). 
Windblown deposits are interpreted to have a high 
probability of containing well-bleached grains. 
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The laterally discontinuous palaeosols are devel- 
oped within a variety of deposits, including 
hillslope-wash and reworked sheetflood deposits, 
and could contain partially and heterogeneously 
bleached grains. Modern fluvial bar-top and chute- 
channel-fill sediments can also contain a mixture of 
bleached and unbleached grains (Rhodes & Pownell 
1994; Murray et al. 1995; Olley et al. 1998, 1999; 
Jain et al. 2004) depending on the sediment- 
transport mechanisms and the turbidity of the flow. 
Depending on the turbidity and concentration of the 
flow, unconfined (sheetflood) flows at the interface 
between alluvial-fan and lacustrine environments 
could produce a range of bleaching efficiences 
during transport. 

Although some of the aggradational fill units in 
the Quebrada de Humahuaca are dominated by con- 
glomerates and mass flow deposits, we have been 
able to sample suitable horizons in most units at 
several localities throughout the basin. Alluvial-fan 
and lacustrine deposits were sampled in Quebrada 
del Toro, which is, relatively speaking, less con- 
glomeratic than the Quebrada de Humahuaca (Fig. 
2). Five representative log sections (Fig. 3) illustrate 
the vertical facies variability and the overall context 
of the depositional environment sampled. 

Samples were collected in 4 cm-diameter, 16 cm- 
long, black PVC tubes. One end was capped, the 
open end was tapped into the sediment until the tube 
was filled, and then the tube was extracted and 
immediately capped. For two of the samples 
(Table 1) the sample hole was then widened with a 
6 cm-diameter auger and a portable EG&G ORTEC 
MicroNOMAD gamma spectrometer, comprising a 
2-inch NaI crystal, photomultiplier base and MCA, 
was inserted for 30 min in order to measure the 
spectrum of environmental radiation due to gamma 
rays, and, hence, to calculate U, Th and K concentra- 
tions. The dosimetry for the remaining samples 
(Table 1) was determined by neutron activation 
analysis (NAA) at Becquerel Laboratories in 
Australia. A detailed record comprising sedimentary 
logs, photographs and location information (longi- 
tude, latitude, altitude, depth of overburden) was 
made at each sampling site. Altitude measurements 
were taken using a Garmin Vista Etrek GPS and a 
Suunto barometric digital altimeter. The digital 
altimeter was reset to known benchmarks twice per 
day. Depths of overburden and terrace heights were 
measured using a laser Impulse 200 rangefinder or 
the digital altimeter. 

OSL methodology 

In the luminescence laboratories at St Andrews, 
standard preparation techniques (e.g. Spencer & 
Owen 2004) were employed. About 2-3 cm of 

sediment, which may have been exposed to daylight 
during sampling, was removed from each end of the 
tube before the sediment used for dating was 
extracted. Estimates of in situ water content (mass of 
moisture/dry mass) were calculated by recording the 
mass of sediment before and after weight stabi- 
lization in a 50 ~ oven. A quartz fraction of the 
180-212 Ixm-size range was obtained by sieving, 
HC1 and H202 treatments, heavy liquid density sepa- 
ration and 40% HF etching for 40 min. The density 
separation was used to separate a <2.70 g cm -3 
density fraction, and this fraction was treated with 
HF to dissolve feldspars and remove the surface few 
microns from the quartz grains to minimize the 
luminescence due to ionization by alpha particles 
external to the grains. All quartz samples were 
screened for feldspar contamination using infrared 
stimulated luminescence (IRSL). Samples with 
IRSL signals were given further acid treatments (HF 
and/or H2SiF6) and the use of infrared bleaching 
before luminescence measurements (see below) was 
investigated in order to remove any remaining con- 
t . m l n . n t  f ~ l c l e n o r  e a m n a n o n t  f r n m  t h o  o l l n r t 7  signals 
(cf. Wallinga et al. 2002). Standard quartz aliquots 
comprising of an approximate 5 mm-diameter circle 
of grains were dispensed onto stainless steel discs, 
lightly coated with silicon spray, for luminescence 
measurements. 

OSL measurements were made using Rise 
TL/OSL-DA- 15 readers. Luminescence from the 
quartz grains was stimulated with either blue-green 
light (420-550 nm) from a filtered halogen lamp and 
liquid light guide (BCtter-Jensen 1997) or blue light 
(470 _+ 30 nm) from a blue diode array, with detec- 
tion using Hoya U-340 filters and a 9635QA photo- 
multiplier tube. Presence of contaminant feldspar 
grains was confirmed if samples emitted lumines- 
cence when stimulated using infrared (IR) diodes. 
For certain samples IR signals were present even 
after repeated acid etching and/or leaching. For 
these samples, a pretreatment of IRSL was used 
before stimulation with blue-green light. The equiv- 
alent dose (D) for each quartz aliquot was measured 
using the SAR protocol (Murray & Wintle 2000, 
2003). Internal assessment of the reliability of 
measured SAR data was monitored using the follow- 
ing tests: ability to recover a known laboratory radia- 
tion dose; success of sensitivity correction by 
replication of regenerated OSL at low and high 
doses; absence of thermal transfer; and stability of 
D with preheat variation. Several (18-43) aliquots 
of quartz were measured for each sample and D e dis- 
tributions were analysed using histograms, proba- 
bility density functions (PDFs), radial plots and 
statistical tests of normality. The data are presented 
using several graphical methods and statistical tests 
in order to highlight the distribution behaviour for 
each facies. 
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Fig. 4. Dose recovery tests for sample 0-080301-05 show 
dose recovery (measured/given dose) and recycling ratios 
within 0.9-1.1 of the test thresholds over a 10-s preheat 
range of 200-300 ~ For this sample a preheat of 260 ~ 
for 10 s was chosen. The dose recovery and recycling 
data are typical of the behaviour of all samples. 

Results 

The OSL samples presented have all passed the 
luminescence behaviour tests mentioned above. All 
samples have measured/given ratios from dose 
recovery tests of between 0.9 and 1.1, all the 
accepted aliquots for a sample have recycling ratios 
from repeat regenerative doses of between 0.9 and 
1.1, and recuperation values are less than 5% of the 
sensitivity corrected natural signal (Fig. 4). The 
scatter in D e distribution evident in many samples 
(see Figs 5 & 6) masks indication of preheat plateau 
conditions, and therefore dose recovery tests with 
preheat variation were employed to support selec- 
tion of appropriate preheat values. Figure 5a shows 
the D e distribution plotted as a histogram and a PDF 
for a sample from the Quebrada de Purmamarca 
(Fig. 1). Sample PMH200301 is from a dm-thick, 
medium-grained, well-sorted sand that is overlain 
by a fine-grained, organic lacustrine unit. The depo- 
sitional environment is interpreted as the edge of an 
alluvial fan at the interface of a small lake (Figs 2a, 
c & 3a). All histograms display the binned D e distri- 
butions with a bin width equal to the averaged stan- 
dard error of all the measurements, while the PDF is 
independent of bin width and, in addition, reflects 
the precision attributed to each of the D e measure- 
ments (Fig. 5a). The luminescence decay curves for 
the natural dose, a regeneration dose of 168 Gy and 
associated test doses of 11 Gy (T1 after the natural 
and T2 after 168 Gy, respectively) illustrate 'the 
typical shape of the luminescence responses from a 
single aliquot of PMH200301 (Fig. 5b). All the SAR 

data for this aliquot demonstrate the non-linearity of 
growth with increasing regeneration dose, as well 
as typical recycling and recuperation behaviour 
(Fig. 5c). Figure 5d shows the radial plot of the D e 

data and the two x-axis scales represent increasing 
precision and decreasing relative error of each D e 
value. The histogram, PDF and radial plot (Fig. 5) 
graphically show that the D e values tend towards a 
normal distribution with a small positively skewed 
tail. Table 2 presents values for the mean, median, 
lcr, Shapiro Wilk test of normal behaviour (Shapiro 
& Wilk 1965), skewness and kurtosis for all distri- 
butions. For a 95% confidence interval, this sample 
is normally distributed and tends towards mesokur- 
tic behaviour (the size of the tails expected in a 
normal distribution). For consistency, all the sample 
ages are determined using the median D e value 
(cf. Murray & Funder 2003), as two samples fail the 
normality test with a 95% confidence interval. For 
all our results, this produces median values that are 
less than, and greater than, the mean value for posi- 
tively and negatively skewed distributions, respec- 
~,v,~y. Thc ,, ,ui~ a~u,~,,~,~u'~'-'~ "":'~',~,L, the two skewed 
distributions are reported as standard deviations 
(SDs), while the normally distributed samples are 
reported as standard errors (SEs). We present our 
median age values and errors in Table 2. The 
Purmamarca sample (PMH200301) is associated 
with an accelerator mass spectrometry (AMS) 14C 
date of charcoal (May 2003) from an overlying 
(within 5 m) silt- to clay-sized lacustrine deposit 
rich in organic remains; the OSL age of 47 .6_  2.8 
ka (Table 2) and the AMS ~4C age of 49 550 + 1700 
BP compare very well. 

Figure 6 shows the D e distributions from wind- 
blown, fluvial and sheetflood samples (see Fig. 3 for 
their stratigraphic and sedimentological context). 
Figure 6a represents a lens of windblown silt- to 
coarse-sand-sized material overlying a fluvial bar 
deposit from the Quebrada de Humahuaca (Figs 2d, e 
& 3b: Tilcara TILC040303-21); the range of D e 

values is large but the histogram, PDF, radial plot and 
statistical tests (Table 2) confirm that the D e values 
are normally distributed but with a slightly larger tail 
(leptokurtic) than expected in a normal distribution. 
A palaeosol (Fig. 6b) from the same quebrada (Figs 
2f & 3c: Rio de La Huerta HUE060303-30) that 
developed within a laterally continuous well-sorted, 
fine- to medium-grained windblown material (loess) 
has a normal, but negatively skewed, distribution 
with a slightly smaller tail (platykurtic) than expected 
in a normal distribution (Table 2). The resulting ages 
from these deposits are 83.1 _ 4.7 and 39.4 _+ 2.3 ka, 
respectively (Table 2). 

The remaining four samples in Figure 6 are from 
the Quebrada del Toro (Fig. 1). Three are strati- 
graphically related and consistent. A small chute- 
channel-fill deposit in a distal alluvial-fan setting 
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Fig. 5. Luminescence data for sample PMH200301 from the Quebrada de Purmamarca, location 1. (a) Histogram (grey 
bars) and probability density function (PDF: solid line) for 18 estimates of equivalent dose (De). Dashed line indicates 
the median value of 187 Gy. (b) Typical decay curves from a quartz aliquot for the natural (solid curve) and c. 168 Gy 
regenerated (dashed curve) luminescence and associated c. 11 Gy test dose data (T1 and T2). T1 (dashed-dotted curve) 
subsequent to natural measurement and T2 (dotted curve) after approximately 168 Gy regenerated dose data. (c) Net 
OSL data corrected for test dose response from the complete SAR measurement for the same aliquot as in (b), showing 
the luminescence from the natural dose (open triangle), regeneration doses of 56, 112, 168, 224 and 0 Gy (solid 
circles), and a recycled regeneration point at 56 Gy (open circle). The regenerated points are fitted with a saturating 
exponential function (solid line) and the D e is estimated by interpolation (dashed line). The D e is similar to the median 
value. (d) Radial plot of the data. Horizontal lines represent 20- and solid circles represent aliquots that fall within 20- of 
the median. The right-hand curve represents a logarithmic scale of D e (Gy) and the lower scale bars illustrate the error 
associated with each aliquot in relative error (%) and precision (1/0-). 

(Figs 2g, f & 3d: 0-080301-05) produces an asym- 
metrical distribution, and the PDF and radial plot 
both show that some of the lower D values have 
slightly higher precision (Fig. 6c); the distribution 
fails the normality test (Table 2) and is positively 
skewed and leptokurtic. The age of this sample is 
41.9 + 13.3 ka (using SD). If we compare this to the 
age that would result from choosing the leading 

peak as the realistic burial D e ,  the age would be 
approximately 35 ka. Two samples were collected 
from deposits stratigraphically underlying O- 
080301-05 at a location about 10 km away (Fig. 
3d); the approximately 30 m-thick fining-upwards 
sequence of tabular cobble-pebble conglomerate 
alluvial-fan deposits grades upwards into fine- 
grained lacustrine deposits (Fig. 2i). 0-080301-04 
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is the lower sample collected from a dm-scale 
fining-upwards sequence (imbricated pebble 
conglomerate-moderately sorted medium-coarse- 
grained sand) that represents a bar-top deposit (Fig. 
2j). The D e distribution displays some asymmetry 
and just fails the normality test; it has a positive, but 
moderate, skewness and is slightly leptokurtic (Fig. 
6d; Table 2). High precision associated with the 
lowest D e value produces the small peak on the PDF 
and corresponds with the highest precision outlier 
on the radial plot (Fig. 6d). A cluster of D e values in 
the radial plot (equal to the second mode in the his- 
togram) is interpreted as a possible older, 
unbleached population of D e . The overlying 
sample, 0-080301-03 (Fig. 3d), is from a moder- 
ately sorted, medium-grained, laterally continuous 
layer associated with thin fine-grained, lacustrine 
deposits. The geometry of the horizon and its facies 
association with fine-grained lacustrine horizons 
suggests that it is deposit resulting from an uncon- 
fined flow. It passes the normal distribution test, has 
a moderate, positive skewness and also tends 
towards leptokurtic behaviour (Table 2; Fig. 6e). 
Although the median D e values are very different 
for these two samples, the ages are consistent 
(67.5 + 21.1 ka overlain by 60.3 -+ 3.3 ka) because 
sample 0-080301-04 has a lower dose rate 
compared to 0-080301-03. Samples 0-080301-04, 
0-080301-03 and 0-080301-05 from different 
locations are stratigraphically consistent, producing 
ages of 67.5 -+21.1, 60.3 -+3.3 and 41.9-+ 13.3 ka, 
respectively (Table 2; Fig. 3d). The vertical separa- 
tion between samples -03 and -05 is not known 
exactly, but is less than about 80 m. 

The final sample (Golgota 0-140301-08) is from 
a similar environment to 0-080301-03; it is from 
a poorly-sorted, coarse-grained, fining-upwards 
horizon associated with m-scale fine-grained units, 
and also represents an unconfined flow deposit at the 
interface between an alluvial-fan and lacustrine 
environment (Figs 2k, 3e & 6f). It has a normal dis- 
tribution and yields a median OSL age of 59.4 -+ 3.3 
ka. AMS 14C dating of freshwater snails ( H e l e o b i a  

sp.), sampled from an overlying horizon within the 
same section (Fig. 3e), produces an age of 30 050 _+ 
190 years BP (Trauth & Strecker 1999). Although 
this seems stratigraphically consistent, there is no 
obvious unconformity within this section that could 
explain the very slow accumulation rates arising 
from these ages (c. 0.02 mm year-l). Our OSL 
median age would appear to be an overestimate and 
an inappropriate parameter as an estimator of burial 
age for this sample. The first leading peak of the 
PDF, or a trend line through the lowest D e values 
on the radial plot (Fig. 6f), produces an D e of 
approximately 130 Gy, which gives an OSL age of 
about 40 ka (c. 0.03 mm year-l). An overlying 
sample in similar facies (0-140301-07) had very 

poor luminescence characteristics and no reliable D e 

values could be produced. 

Discussion 

This paper presents D e distributions using OSL pro- 
cedures for different facies collected from three que- 
bradas in NW Argentina, and the climatic and 
tectonic significance of these ages will be presented 
in a separate article. The results demonstrate that a 
variety of facies associated with alluvial-fan and 
fluvial-terrace environments are suitable for OSL 
dating. Although asymmetry is shown in some of the 
histograms, PDFs and radial plots, the contribution 
of the tails is small in most cases and the distri- 
butions pass the Shapiro-Wilk normality test. 
Therefore, partial bleaching is not thought to have a 
dominant effect. Only 0-080301-04 and 0-080301- 
05 have non-normal distributions at the 95% confi- 
dence interval, and the latter sample has the highest 
skewness. Sample 0-080301-05 represents a chute- 
channel-fill deposit. The fluvial bar-top deposit, 
sample 080301-04, may contain a mixed population 
of older and younger sediments (Fig. 6d). The sedi- 
mentary processes operating within the depositional 
environment of samples PMH200301, O-080301-03 
and 0140301-08 (the interface between an alluvial- 
fan and a lacustrine setting) are interpreted to be 
dominated by shallow unconfined flows that provide 
the opportunity for efficient bleaching of grains to 
occur. The two samples from windblown deposits 
(TILC040303-21 and HUE-060303-30) are nor- 
mally distributed; they also represent the oldest 
(83.1--_4.7 ka) and youngest samples (39.4"+ 
2.3 ka), respectively. These subenvironments seem 
very suitable for OSL dating and both of these facies 
are fairly common deposits in the quebradas of NW 
Argentina. It is possible that sample O-140301-08 
may represent a turbidite deposit formed by sub- 
aqueous (unconfined) flow on the margin of a lake. 
However, it has a normal D e distribution and does 
not appear to show evidence of poorly bleached 
grains within the sample. Our leading edge OSL age 
is consistent with the 14C date of freshwater snails 
measured from sediments deposited above our 
horizon if accumulation rates were very low in these 
lakes or an unrecognized unconformity exists 
between these two horizons. We discuss future 
investigations of the distributions below. 

In young fluvial-related samples, the asymmetry 
detected in two of the seven samples presented 
would usually be interpreted to reflect insufficient 
solar exposure of some of the grains before burial 
(e.g. Olley e t  a l .  1999; Murray & Olley 2002; Jain 
e t  a l .  2004), although heterogeneous beta dose 
received by individual grains during burial 
(Murray & Roberts 1997) can also cause skewed D e 
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Fig. 6. D e distribution data for six samples from the Quebrada de Humahuaca and Quebrada del Toro. Combined 
histogram and PDF plots with median D e and error are shown on the left, and radial plots are shown on the right. 
(a) Sample TILC-040303-21 from Tilcara, location 2. (b) Sample HUE060303-30 from Rio de la Huerta, location 3. 
(c) Sample 0-080301-05 from approximately 16 km north of Sola, location 4. 
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Fig. 6. (contd.) (d) Sample 0-080301-04 near Sola, location 5. (e) Sample 0-080301-03 near Sola, location 5. 
(f) Sample O-140301-08 from Golgota, location 6. 
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distributions. Asymmetry  is currently not thought to 
be caused by partial bleaching in older deposits, but 
can occur as a result of  interpolating a normal distri- 
bution from OSL measurements onto a saturating 
exponential function (Murray & Funder 2003). 
Further work on these samples is needed to test 
whether the dominant  peaks in the distributions rep- 
resent the dose accumulated during final burial with 
the use of  small aliquot techniques of  50-100 grains 
(and some single-grain analyses) and statistical 
analyses that deconvolve complex distributions (e.g. 
Galbraith 1990; Roberts et al. 2000; Spencer et al. 
2003). If multiple populations, due to samples being 
composed of  a mixture of  bleached and unbleached 
grains (i.e. O-080301-04), can be deconvolved, then 
objective assignment of  a mean and standard error 
can be made, enabling us to considerably improve 
both precision and accuracy in older sediments with 
a short cumulative transport t ime or a complex depo- 
sitional history. 

Conclusions 

In this paper we have presented the results of  
standard-sized single-aliquot OSL dating of  quartz 
grains collected from windblown, fluvial, sheetflood 
and lacustrine-related facies associated with alluvial 
fans that are dominated by cobble-boulder  con- 
glomerates, and have demonstrated that they are 
appropriate facies for OSL dating. Four of the five 
facies chosen produce a normal distribution of D e. 
Our data have yielded OSL ages of  83.1 ___ 3.2-37.7 
--- 8.1 ka. Sample PMH200301 has excellent concor- 
dance with the AMS 14C date and three samples from 
two different localities show stratigraphic consis- 
tency. Our median age of  a sample collected from a 
lacustrine-related unconfined flow deposit  appears 
to overestimate an AMS 14C date available from an 
overlying deposit, although the leading peak age cal- 
culated for this sample is more consistent with the 
AMS 14C date. Further small aliquot measurements 
and statistical deconvolution methods to analyse 
multiple population data are in progress. 
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Factors controlling sequence development on Quaternary fluvial 
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Abstract: Variable geometry and distribution of stratigraphic sequences of fluvial fans in the 
eastern San Joaquin Basin, California, were controlled by tectonics, through basin subsidence and 
basin width, and response to Quaternary climate change, related to the degree of change in sediment 
supply to stream discharge ratios and local base-level elevation changes. Three fluvial fans - the 
Kings River, Tuolumne River and Chowchilla River fans - illustrate the influence of these factors on 
ultimate sequence geometry. In areas with high subsidence rates (e.g. the Kings River fluvial fan) 
sequences are relatively thick and apices of subsequent sequences are vertically stacked. Areas with 
relatively low subsidence rates (e.g. the Tuolumne River fan) produced laterally stacked sequences. 
Rivers that experienced a significant increase in sediment supply to stream discharge ratios due to 
direct connection to outwash from glaciated portions of the Sierra Nevada developed high accom- 
modation space and relatively thick sequences with deep incised valleys. Conversely, rivers that 
were not connected to glaciated regions (e.g. the Chowchilla River fan) and, thus, experienced a 
relatively minor change in sediment supply to discharge ratios during climate change events, pro- 
duced thinner sequences that lack deep incised valleys. Local base-level connection to sea level, via 
the axial San Joaquin River, produced deeper incised valleys than those of internally drained rivers. 
Finally, narrow basin width allowed glacially connected fans to completely fill available accommo- 
dation space, thus producing smaller fans that lack preservation of distal, interglacial deposits. 
Evaluation of these controls allows prediction of sequence geometries and facies distributions for 
other San Joaquin Basin fans for input into future hydrogeological models. 

Fluvial fans of the eastern San Joaquin Valley, 
California (Fig. 1), show evidence of depositional and 
erosional response to Quaternary climate change. We 
use the term 'fluvial fan', to distinguish fans that are 
dominated by perennial fluvial processes from allu- 
vial fans that are dominated by debris-flow or sheet- 
flood processes. Stanistreet & McCarthy (1993) 
classified such fans as losimean or braided river fans. 
Episodes of basinwide aggradation occurred on the 
San Joaquin Basin fluvial fans in response to signifi- 
cant increases in sediment supply during Quaternary 
glacial episodes (Arkley 1962; Helley 1966; Janda 
1966; Marchand 1977; Atwater 1980; Marchand & 
Allwardt 1981; Lettis 1982, 1988; Harden 1987; 
Lettis & Unruh 1991; Weissmann et al. 2002a). 
Incision occurred on many of the fans during inter- 
glacial periods in response to decreased sediment 
supply and stream discharge, leaving the upper fluvial 
fans exposed to widescale soil development. 

Recently, Weissmann et al. (2002a) recognized 
that this cyclic pattern led to the development of 
stratigraphic sequences on the Kings River fluvial fan, 
where a sequence is defined as 'a relatively conforma- 
ble succession of genetically related strata bounded 
at its top and base by unconformities, or their correla- 
tive conformities' (Mitchum 1977, p. 210). In this 
sequence stratigraphic model for fluvial fans, 

accommodation space (e.g. the space made for sedi- 
ment accumulation, after Jervey 1988) and, thus, 
stratigraphic evolution, is controlled by several 
factors, including: (1) change in the ratio of sediment 
supply to stream discharge; (2) basin subsidence rate; 
(3) local base-level change; and (4) basin geometry 
(e.g. width). On the Kings River fluvial fan, 
Weissmann et al. (2002a) concluded that sequence 
development was controlled primarily by changes in 
the ratio of sediment supply to stream discharge in 
response to the glacial outwash cycles in the Sierra 
Nevada, while basin subsidence was sufficient to 
allow burial and preservation of successive aggra- 
dational events. Sequence-bounding unconformities 
on the Kings River fluvial fan are marked by relatively 
well-developed palaeosols (Weissmann et al. 2002a). 

The Kings River fluvial fan presents one possible 
stratigraphic outcome from the combination of con- 
trolling factors listed above. However, how will the 
stratigraphy differ if sediment loads or stream dis- 
charges are significantly different to those observed 
on the Kings River fan? Will fans display different 
stratigraphic character if basin subsidence is lower or 
if local base-level control is more significant? 
Although all of the eastern San Joaquin Valley fluvial 
fans show similar sequence development in response 
to Quaternary climate change (Marchand & Allwardt 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 169-186. 0305-8719/05/$15 �9 The Geological Society of 
London 2005. 
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Fig. 1. Physiographical map of central California showing the approximate extent of Pleistocene glaciation, as reported 
by Wahrhaftig & Birman (1965), and positions of major rivers in the Central Valley. SA, Stockton Arch; TL, Tulare 
Lake sub-basin; BV, Buena Vista sub-basin; K, Kern Lake sub-basin. 

1981), each fan's position in the San Joaquin Basin, 
along with the drainage basin connection to either 
glaciated or only non-glaciated regions in the Sierra 
Nevada, provides a different set of controls on 
stratigraphic evolution. Thus, we can observe differ- 
ences in fan morphology and sequence geometry on 
other San Joaquin Basin fans in order to evaluate the 
influence of these four factors on accommodation 
space development. 

In this paper we compare two fluvial fans in the 
eastern San Joaquin Basin - the Tuolumne River and 
Chowchilla River fluvial fans (Fig. 2) - to the Kings 
River fan in order to help answer these questions 
related to the influence of these various controls on 
sedimentation. Both the Kings River and Tuolumne 
River fans were influenced by direct connection to 
Sierra Nevada glacial outwash. However, the Kings 
River fan lies in the internally drained southern 
portion of the San Joaquin Basin, where subsidence 
rates are relatively high, the basin is wide and local 
base level is controlled by the elevation of Tulare 
Lake. In contrast, the Tuolumne River fan lies close to 
the northern outlet of the basin, where subsidence 
rates are lower, the basin is relatively narrow and local 
base level is controlled by the elevation at the conflu- 

ence with the San Joaquin River, which, in turn, is 
controlled by sea level. Therefore, we can evaluate 
controls of subsidence rates, basin geometry and local 
base-level change on sequence form by comparing 
these fans. The Chowchilla River fan lies between the 
Kings River and Tuolumne River fans but was not 
directly connected to Sierra Nevada glaciations. 
Thus, this fiver experienced less sediment influx and 
lower discharge during glacial periods. Therefore, we 
can evaluate controls of sediment supply to stream 
power ratios on sequence geometries through com- 
parison of the Chowchilla River fan to the Kings 
River and Tuolumne River fans. 

Study area 

The Great Valley of California marks an elongate 
asymmetric syncline that trends roughly NW-SE, 
originally formed as a Neogene forearc basin (Fig. 2) 
(Lettis & Unruh 1991). The Stockton Arch divides 
the Great Valley into two sub-basins - the San 
Joaquin Basin to the south and the Sacramento Basin 
to the north, with the inland delta of the Sacramento 
and San Joaquin rivers lying roughly above the 
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Fig. 2. Age relationships of exposed surfaces on fluvial fans in the eastern San Joaquin Valley based on soil surveys by 
Arkley et al. (1962), Ulrich & Stromberg (1962), Arkley (1964), Huntington (1971), Arroues & Anderson (1976), 
Stephens (1982), Nazar (1990), McElhiney (1992), Ferrari & McElhiney (2002), USDA/NRCS (2003) and Wasner& 
Arroues (2003) and mapping by Marchand & Allwardt (1981). Soil series correlation to Quaternary units were 
described by Helley (1966), Janda (1966), Marchand (1977), Marchand & Allwardt (1981), Lettis (1982, 1988), Harden 
(1987) and Huntington (1971, 1980). Digital data from the Natural Resources Conservation Service, US Department of 
Agriculture (www.nrcs.usda.gov). 

Stockton Arch (Bartow 1991). The San Joaquin 
Valley is further divided into four sub-basins. The 
Tulare, Buena Vista and Kern Lake sub-basins are 
internally drained, and the northern San Joaquin sub- 
basin is drained by the northward-flowing San 
Joaquin River (Figs 1 & 2). The fluvial fans of this 
study lie in either the Tulare Lake sub-basin (Kings 
River fan) or the northern San Joaquin sub-basin 
(Tuolumne and Chowchilla River fans). 

Several large fluvial fans formed along the eastern 

margin of the San Joaquin Basin where their rivers 
exit the Sierra Nevada (Fig. 2). Seven of these fans - 
the Mokelumne, Stanislaus, Tuolunme, Merced, San 
Joaquin, Kings and Kaweah River fans - have 
drainage basins that connect to glaciated portions of 
the Sierra Nevada (Fig. 1). The Calaveras, 
Chowchilla and Fresno River fans, along with minor 
fans produced by several smaller rivers, have 
drainage basins that tap only non-glaciated portions 
of the Sierra Nevada. No correlation exists between 
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fluvial fan size and drainage basin area in the San 
Joaquin Valley (Fig. 3). However, fans tend to be 
smaller in the northern basin, reflecting the narrower 
basin width (Fig. 2). 

The upper Cenozoic deposits of the eastern San 
Joaquin Valley fluvial fans have been divided into five 
allostratigraphic units - the Laguna of late Pliocene 
age, the North Merced Gravel of Pliocene or 
Pleistocene age, and the Turlock Lake, Riverbank and 
Modesto of Quatemary age (Marchand & Allwardt 
1981; Lettis & Unruh 1991). Each unit consists of 
multiple successions of arkosic silt, sand and gravel 
related to aggradational response to glacial outwash, 
except for the North Merced Gravel which is a thin, 
widespread gravel interpreted to be a lag deposit on 
an early Pleistocene pediment surface (Marchand 
1977; Marchand & Allwardt 1981; Lettis & Unruh 
1991). Soils developed on surface exposures of each 
of these units display increasing maturity with age 
(Helley 1966; Janda 1966; Huntington 1980; 
Marchand & Allwardt 1981; Harden 1987), thus 
maps showing distributions of the units are readily 
produced from digital county o"P sup;eys ,,e ,1,,, o,,, ,,, ~.,~ area 
(Fig. 2). Fans in the northern part of the study area 
display a westward-stepping shift of the fan apex with 
each successive aggradational event (Fig. 2). In 
contrast, the apex of the Kings River fan, located in 
the southern part of the study area, appears to have 
remained relatively constant. In the subsurface, 
unconformities identified by relatively mature 
palaeosols commonly mark the upper surface of each 
of these units (Davis & Hall 1959; Helley 1966; Janda 
1966; Lettis 1982, 1988; Weissmann et al. 2002a). 

Limited age dates from these deposits indicate that 
the Modesto unit was deposited between 10 and 

40 ka, the Riverbank unit was deposited between 130 
and 330 ka, and the Turlock Lake units prior to 600 ka 
(Marchand & Allwardt 1981; Harden 1987). These 
sparse dates indicate that aggradation occurred on the 
fluvial fans late in the glacial episodes, possibly 
during glacial maximum and recession (Marchand & 
Allwardt 1981; Harden 1987), with deposition in the 
basin centre initiating at the beginning of glaciation 
and continuing throughout the glacial episode 
(Atwater 1980; Atwater et al. 1986). 

Fluvial fan sequence stratigraphy 

A c c o m m o d a t i o n  space  on f luv ial  f a n s  

Following definitions by Blum & T6rnqvist (2000), 
Weissmann et al. (2002a) considered accommodation 
space to be a combination of accumulation space and 
preservation space. Accumulation space is defined as 
'the volume of space that can be filled within present 
process regimes, and is fundamentally governed by 
,h=,,,. relationship between o~v~..~t . . . . . . . . . .  w ,. ~r and sediment 
load, and how this changes in response to geomorphic 
base level' (Blum & T6rnqvist 2000, p. 20). The inter- 
section point on the fan marks the dividing point 
between areas of positive and negative accumulation 
space on fluvial fans, where positive accumulation 
space (shown by deposition) occurs below the inter- 
section point and negative accumulation space (shown 
by erosion) occurs above the intersection point 
(Weissmann et al. 2002a). As noted by Wright & 
Marriott (1993), maximum accumulation space is 
marked by the bankfull level of the river at grade as 
floodplain material can only aggrade to this level. 
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Fig. 3. Areas covered by fluvial fans (km 2) and their adjacent Sierra Nevada drainage basins (klTl2), showing no 
correlation between these parameters in the San Joaquin Basin. 
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Preservation space is provided when 'subsidence 
lowers these deposits below possible depths of inci- 
sion and removal' (Blum & T6rnqvist 2000, p. 20). 
Subsidence in the San Joaquin Basin provided the 
preservation space for sequences of the study area 
fluvial fans. In addition, continued basin subsidence 
during interglacial periods produced space for 
deposition and preservation of subsequent glacial 
outwash events. 

Our approach uses the geomorphic base level, or 
equilibrium profile, to define accumulation space, 
recognizing that prediction of past and new equilib- 
rium profiles is difficult, if not impossible (Muto & 
Steel 2000; Viseras et al. 2003). However, we believe 
that the concept that changing equilibrium profile 
contributes to new accommodation space has signifi- 
cance. As will be shown for the San Joaquin Basin 
fans, the shift in equilibrium profile elevation due to 
sediment influx during glacial outwash periods (for 
upward shifts) or loss of sediment supply at the end 
of glacial outwash periods (for downward shifts) 
controls accumulation space cycles. Therefore, we 
believe the equilibrium profile concept to be impor- 
tant when considering sequence development on 
fluvial fans. Ultimately, however, we recognize that 
accommodation space is represented in the strati- 
graphic record as the thickness of fill for each 
sequence measured between the sequence bound- 
aries, as suggested by Muto & Steel (2000). 

This sequence stratigraphic approach for fluvial 
fans offers a means to evaluate stratigraphic evolu- 
tion of a fluvial fan succession that is comparable to 
similar approaches used in the marine depositional 
environments (e.g. Posamentier et al. 1988; Posa- 
mentier & Vail 1988; Van Wagoner et al. 1990). An 
advantage of applying sequence stratigraphic con- 
cepts rather than focusing only on cycles of aggrada- 
tion and degradation is that this conceptual approach 
incorporates basin subsidence and local base-level 
controls along with sediment supply and discharge 
variability in determining overall stratigraphic archi- 
tecture. 

Geomorphology and sequence development 

on the Kings River fluvial fan  

The Kings River fluvial fan is the largest in the study 
area, with Modesto deposits covering approximately 
2410 km 2 (Figs 3 & 4A). Basin subsidence rates west 
of the Kings River fan (beneath the Tulare Lake bed) 
may be as high as 1.1 m ka-1, based on the depth to 
the Corcoran Clay, a wide-spread lacustrine unit 
deposited approximately 615000 years ago in the 
basin (Lettis & Unruh 1991). The fan has a gentle 
convex-upwards cross-fan profile and a slightly 
concave-upwards longitudinal profile along stream 
channels (Fig. 5A). The Kings River currently lies 

within a 10 m-deep incised valley, with the modern 
fan intersection point located approximately 34 km 
downgradient from the fan apex (Fig. 4A). Con- 
trasting with other fans in the San Joaquin Basin, the 
upper part of this incised valley is broad (8 km wide) 
and filled with a small (85 km 2) and relatively high 
gradient (0.0032) fluvial fan (Fig. 4A & 5A). The 
gradient of this small 'internal' fluvial fan matches 
that of the lower portion of the river canyon; 
however, below this internal fan the Kings River has 
a relatively low gradient of approximately 0.0005 
(Fig. 5A). In contrast, the upper-fan Modesto-age 
surface surrounding this incised valley has a steeper 
gradient of 0.0013 (Fig. 5A). 

Above the fluvial fan, the Kings River drainage 
basin primarily passes through the Sierra Nevada 
batholith (granitic rocks). This drainage basin covers 
approximately 4385 km 2, with maximum elevations 
in the basin being around 4100 m and elevation at the 
fan apex around 140 m. The distance from the Sierra 
divide down to the fan apex is approximately 130 
km, with relatively steep gradients (0.12) near the 
top of the basin, grading down to more gentle gradi- 
ents (0.006) in the lower reaches of the mountains. 

The Kings River currently empties into Tulare 
Lake, which covered a relatively large area until 
drained in the 1950s for agriculture. As the depos- 
itional lobe was prograding across the lakebed 
surface (prior to upstream dam construction on 
the Kings River), this local base level appears to 
have had minimal control on the Kings River profile. 
The present configuration of the Kings River fan 
represents typical interglacial fan morphology 
(Weissmann et al. 2002a). 

In the subsurface, laterally extensive palaeosols 
that cap the Lower Turlock Lake, Upper Turtock 
Lake and Riverbank units can be correlated across 
most of the upper Kings River fluvial fan (Fig. 6A) 
(Weissmann et al. 2002a, 2004; Bennett 2003). 
These palaeosols dip gently basinward, with slightly 
higher dips on deeper units, indicating continued 
basinal subsidence (Weissmann et al. 2002a). The 
palaeosol surfaces converge at the apex of the fluvial 
fan, indicating that the intersection points for suc- 
cessive depositional events were located near the fan 
apex (Fig. 6A). 

The exposed upper Kings River fan consists pri- 
marily of Modesto-age open-fan deposits with a 
large area of Riverbank deposits exposed along the 
northern side of the fan (Fig. 4A). Five Modesto-age 
palaeochannels radiate outward from an intersection 
point located near the fan apex (NE of Sanger) 
(Huntington 1980; Weissmann et al. 2002a). The 
gradients of these palaeochannels, approximately 
0.0013, are twice as steep as the modern Kings River 
channel (Fig. 5A). Modesto open-fan deposits 
consist of sand and gravel representing channel 
deposits, with silty sand and sandy mud in overbank 
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A. Kings River Fluvial Fan 

Fig. 4. Interpreted soil surveys showing surface exposures of stratigraphic units on: (A) the Kings River fluvial fan 
(modified from Huntington 1971; Arroues & Anderson 1976, USDA/NRCS 2003); 

deposits (Weissmann et al. 2002a). The silty 
deposits are typically laminated-massive and appear 
to consist of relatively unweathered silt that is 
similar in character to glacial flour, indicating that 
these deposits originated as glacial outwash material 
(Huntington 1980; Weissmann et al. 2002a). 

Ground-penetrating radar (GPR) surveys collected 
over large portions of the Kings River fan (approxi- 
mately 75 km of surveys), along with core and well 
logs, show that the Modesto deposits are relatively 
thin, displaying an average thickness of approxi- 
mately 5-6 m (Burow et al. 1997; Bennett 2003). 
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B. Tuolumne River Fluvial Fan 

C. 

N 0 2 4 8 12 16 20 

Chowchilla River Fluvial Fan 

(B) the Tuolunme River fluvial fan (modified from Arkley 1964; McElhiney 1992; Ferrari & McElhiney 2002); and (C) 
the Chowchilla River fluvial fan (modified from Arkley et al. 1962; Ulrich & Stromberg 1962; Nazar 1990). Also 
shown is the presence of hardpan in the soil and the presence of 'unrelated subsoil', indicating the existence of the 
underlying sequence in the shallow subsurface. 
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Fig. 5. Gradients on: (A) the Kings River fluvial fan; (B) the Tuolumne River fluvial fan; and (C) the Chowchilla River 
fluvial fan. These gradients were measured from the US Geological Survey 7.5-minute quadrangle maps. River 
gradients were measured along the channel, and other gradients were measured in along transects on the fan surface. 
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A) Kings River Fan 

B) Tuolumne River Fan 

C) Chowchilla River Fan 

Fig. 6. Schematic cross-sections through: (A) the Kings River fluvial fan (based on Weissmann et  al. 2002a, 2004); 
(B) the Tuolumne River fluvial fan (based on Burow et al. 2004); and (C) the Chowchilla River fluvial fan (based on 
Helley 1966). 

The Modesto palaeochannels appear to have locally 
removed the Riverbank soil through erosion, forming 
breaks in this stratigraphic marker (Bennett 2003). 
However, the GPR survey indicates that this 
palaeosol is otherwise laterally continuous. 

An exception to the 5-6 m Modesto thickness is 
found in an area where a palaeovalley existed during 
the interglacial period between the Riverbank and 
Modesto depositional events (Weissmann e t  al. 

2002a, 2004). The geometry of this palaeovalley-fill 
was determined from soil surveys, core and well-log 
data. The 2 km palaeovalley-fill width is indicated on 

the soil survey, where older Riverbank deposits sur- 
round an elongate Modesto deposit (Fig. 4A) 
(Weissmann e t  al.  2002a, 2004). In addition, in the 
area that the soil survey indicates presence of this 
valley, palaeosols that cap the Riverbank and upper 
Turlock Lake deposits are absent in well logs and 
cores, indicating that these surfaces were truncated 
by erosion and incision during the valley formation. 
Cored wells from the valley-fill show that the bottom 
of the valley-fill is composed of a unit up to 8 m thick 
that consists of cobbles held within a very coarse 
sand matrix (Weissmann e t  al.  2002a, 2004). This 
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cobble unit grades upward into a thick (c. 20 m) 
succession of very-coarse- to coarse-grained, cross- 
stratified-massive sand that is overlain by a mix 
of coarse-grained cross-stratified-massive sand 
interbedded with massive laminated silt. Sedimen- 
tary textures and structures in this incised-valley-fill 
are consistent with deposition in a large, fluvial 
system. The valley-fill unit is typically coarser 
grained at and near the surface than surrounding 
deposits. Although water-well logs are typically low 
quality and carry considerable uncertainty, drillers 
usually identify the thick basal cobble unit accurately 
as a significant change in drilling character occurs at 
this contact (e.g. drilling becomes rough and drilling 
fluid loss may occur due to the very high permeabil- 
ity of this bed), thus we can trace this valley-fill 
deposit downfan at least 20 km from the fan apex. 

Kings River fluvial fan sequence stratigraphy. In the 
case of the Kings River fluvial fan, accumulation 
space developed on the fan during periods of glacial 
outwash, when increased sediment supply caused 
aggradation and steepening of "-- river ----': . . . . .  t l I l ~  ~1 i:l.Ul~;ll t LU 

accommodate the large sediment load (Weissmann 
et al. 2002a). Conversely, a significant decrease in 
sediment load and discharge at the end of glacial 
periods and the beginning of interglacial periods 
caused a loss of accumulation space (Huntington 
1971, 1980; Weissmann et al. 2002a, 2004). This 
loss of accumulation space led to fan incision, a bas- 
inward shift of the fan intersection point, and a 
decrease in river gradient and river profile elevation 
(Fig. 5A). Throughout the interglacial period, deposi- 
tion was confined to the distal portions of the fan 
while the upper fan was exposed to erosion, soil 
development or modification by eolian processes. 
The soils that formed during the interglacial periods 
mark the sequence bounding unconformities in the 
study area. 

Rapid aggradation (e.g. accumulation space 
increase) occurred in response to higher sediment 
supply during the glacial events (Lettis 1982, 1988; 
Weissmann et al. 2002a). Initially, the incised valley 
filled with a fining-upwards succession of relatively 
coarse-grained channel and overbank deposits. 
Continued deposition due to high sediment supply to 
discharge ratios eventually filled the incised valley, 
after which the intersection point stabilized near the 
fan apex, as shown by the Modesto palaeochannels 
radiating outward from a proximally located inter- 
section point (Fig. 4A). This led to unconfined, 
open-fan deposition across the entire fluvial-fan 
surface (Weissmann et al. 2002a, 2004). 

The end of glaciation led to repetition of this 
stratigraphic cycle, with the subsequent decrease in 
the sediment supply to discharge ratio, fan incision, 
basinward shift in deposition and soil development 
on the upper alluvial fan. 

The influence of controls on 

accommodation space 

We use the Kings River fluvial fan stratigraphy as a 
basis for comparison to observe the influence of dif- 
ferent controls on accumulation space and the result- 
ing stratigraphic architecture of other San Joaquin 
Basin fluvial fans. The Kings River fan represents 
fan development in a portion of the basin that is rela- 
tively wide and has higher subsidence rates (and, 
thus, greater preservation space) than other portions 
of the basin. In addition, the river is directly con- 
nected to glaciations in the Sierra Nevada, therefore 
sediment supply and discharge in the Kings River 
were significantly increased during periods of 
glacial outwash. Finally, local base level does not 
appear to significantly influence the stratigraphic 
architecture of this fan (Weissmann et al. 2002a, 
2004). 

In the following section, we compare the morph- 
ology and stratigraphy of the Kings River fluvial fan 
to the Tuolumne River and Chowchilla River fans. 
The Tuolumne River fluvial tan represents a system 
affected by lower subsidence rates and stronger local 
base-level control. The Chowchilla River fluvial fan 
represents a system that was not directly connected 
to glacial outwash, therefore it did not experience 
the extreme sediment supply and stream discharge 
fluctuations observed on the Kings River or 
Tuolumne River fans. 

Tuolumne River  f luvial  fan  - influence o f  

basin subsidence and local base level 

The Tuolumne River fluvial fan surrounds the city of 
Modesto, California, and, with an area covering 630 
km 2, is significantly smaller than the Kings River 
fluvial fan (Figs 2, 3 & 4B). The Kings River and 
Tuolumne River drainage basins experienced exten- 
sive Quaternary glaciation (Wahrhaftig & Birman 
1965), and both drainage basin sizes, stream gradi- 
ents and elevation differences are similar (Fig. 3). The 
Tuolumne River drainage basin, however, does cross 
a metamorphic terrain at lower elevations, and is sur- 
rounded by slightly lower peaks (approximately 
3950 m in elevation) than are found in the Kings 
River drainage basin. As the two drainage basins are 
comparable, we assume that both fans experienced 
similar sediment-supply and stream-discharge vari- 
ability. Basin subsidence rates near the Tuolumne 
River fan, however, are significantly lower than rates 
in the Kings River fan area (approximately 0.3 m ka- 
under the distal fan based on depth to the Corcoran 
Clay; Lettis & Unruh 1991). In addition, the San 
Joaquin Basin near the Tuolumne River is about half 
the width of the basin near the Kings River fan 
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(Fig. 2). Finally, the modem Tuolumne River is cur- 
rently tied to the local base level of the San Joaquin 
River. Therefore, we expect observed differences 
between the Kings River and Tuolumne River fans to 
reflect impacts of the different basin subsidence rates, 
basin width and local base-level controls on the river 
systems. 

Tuolumne River  f an  geomorphology and 

stratigraphy 

The modem Tuolumne River lies in a relatively deep 
valley through the fluvial fan (c. 30 m near the apex), 
has a relatively low gradient and a profile that is 
slightly concave-upwards (Fig. 5B). In contrast with 
the Kings River, the toe of the Tuolumne River fan is 
truncated by the San Joaquin River, therefore no 
modem intersection point or depositional lobe exists 
on the fan (Fig. 4B). Thus, no portion of the exposed 
fan is affected by Tuolumne River flooding, and 
modern sediment transport is confined to the incised 
valley. The fact that the gradient of the Tuolumne 
River near the fan toe is similar to that of the San 
Joaquin River in the confluence reach and that the 
river is held in an incised valley at the fan toe indi- 
cates that the Tuolumne River profile is currently 
tied to the local base level of the San Joaquin River. 
We assume that the current fan morphology reflects 
a typical interglacial configuration of the Tuolumne 
River fan. 

The soil surveys on the Tuolumne River fan show 
that the relatively young Modesto deposits lie above 
and west of Riverbank deposits, and Riverbank sedi- 
ments lie above and west of Turlock Lake deposits 
(Fig. 4B) (Arkley 1964). In addition, similar 
palaeosol-bounded stratigraphic sequences to those 
observed on the Kings River fan appear to exist in 
the subsurface (Fig. 6B) (Davis & Hall 1959; Burow 
et al. 2004). As observed on the Kings River fan, the 
Modesto deposits of the Tuolumne fan consist of 
open-fan deposits with discrete channel sands sur- 
rounded by silt-dominated fine-grained floodplain 
sediments (Arkley 1964); however, large abandoned 
channels are not present on the exposed Modesto 
surface of the Tuolumne River fan. The presence of 
shallow 'unrelated subsoils' under Modesto sedi- 
ments near the Riverbank exposures (Fig. 4B), 
described in soil surveys on the fan (Arkley 1964), 
indicate that the top of the Riverbank unit dips gently 
towards the basin centre. In addition, recent GPR 
surveys (Bennett 2003) and drilling in the area 
(Burow et al. 2004) indicate that the Modesto 
deposits form a thin (approximately 1--4 m) veneer 
over the gently basinward-dipping Riverbank 
palaeosol. Although well-log quality is relatively 
poor in this area and the sequence boundaries are 
difficult to trace in the subsurface, several recently 

drilled wells indicate that the Upper Turlock Lake 
sequence dips beneath the Riverbank deposits of the 
Tuolumne fluvial fan at a depth of approximately 
15 m NE of the city of Modesto (Burow et al. 2004). 

Gradients observed on the Modesto surface of the 
Tuolumne River fan are similar to those observed for 
the Modesto of the Kings River fan (approximately 
0.0013) (Fig. 5B). The Modesto fan gradient is 
approximately the same as the gradient of the 
bedrock-controlled modem Tuolumne River above 
the fan apex. As observed on the Kings River fan, the 
Modesto fan gradient is significantly greater than the 
current river gradient of 0.0004, indicating a steep- 
ening of the stream profile in adjustment to the high- 
sediment supply during periods of glacial outwash. 

The Modesto surface lies approximately 30 m 
above the modem Tuolunme River at the fan apex, 
and 4.5 m above the river at the fan toe. Assuming 
that similar incised valleys existed during previous 
interglacial periods, significant valley and canyon 
filling must have occurred during past glacial 
outwash periods. Two of these units have been tenta- 
tively identified in the subsurface - the Modesto and 
the Riverbank incised-valley-fill units (Lansdale 
et al. 2004). Soil surveys, topographic maps and 
sparse well-log data indicate the presence of the 
Modesto incised-valley-fill south of the current 
Tuolumne River position. As on the Kings River fan, 
soil surveys show a linear Modesto feature between 
Riverbank terraces (Fig. 4B). Some well logs within 
this area lack the Riverbank palaeosol in the shallow 
subsurface, indicating truncation of that surface, and 
show a presence of a thick gravel at approximately 
30-33 m depth that is capped by sand-dominated 
deposits. Finally, at the location where this Modesto 
incised-valley-fill intersects the modem river valley, 
the modem valley narrows significantly downvalley, 
indicating more recent valley development below 
this point. Soil textures and GPR surveys do not 
show the presence of large Modesto-age channels 
across the Tuolumne River fan, as observed on the 
Kings River fan (Bennett 2003), thus the Modesto 
channel system on the Tuolumne River fan probably 
did not sweep across the entire fan surface. 

A deeper incised-valley-fill unit is indicated by 
geophysical well logs beneath the city of Modesto, 
where a thick coarse-grained unit was identified 
between about 18 and 48 m depth (Burow et al. 
2004; Lansdale et al. 2004). Well logs within this 
possible valley-fill indicate the presence of cobbles at 
the base of this unit. Additional work is needed, 
however, to delineate both of these incised-valley-fill 
units. 

Tuolumne River fan stratigraphic evolution. 
Sequence development on the Tuolunme River fan 
appears to be similar to that of the Kings River fan. 
However, significant differences in stratigraphic 
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character exist on the Tuolumne River fan, including: 
(1) thinner Modesto deposits are present on the fan 
(log data are insufficient to evaluate deeper units at 
this time); (2) successive aggradational events are lat- 
erally stacked, with apices being westward stepping 
(Fig. 6B); and (3) a deeper incised valley cuts the 
modem Tuolumne River fan, thus neither an intersec- 
tion point nor a modem depositional lobe exist on this 
fan. The sequence geometry differences on the 
Tuolumne River fan reflect differences in accommo- 
dation space development, controlled by three pos- 
sible factors: (1) relatively low subsidence rates 
coupled with the narrowness of this portion of the San 
Joaquin Basin; (2) the San Joaquin River local base 
level; and (3) slightly lower elevations (and thus less 
glacial erosion) in the Tuolumne River drainage 
basin. 

First, because subsidence rates in this part of the 
basin are relatively low and the overall basin width at 
this location is relatively narrow, less preservation 
space was produced during intervening interglacial 
periods; therefore, the overall amount of accommo- 
dation space available dunng each successive glacial 
outwash event would be less than that observed on the 
Kings River fan. This lower subsidence rate is espe- 
cially noteworthy near the fan apex on the Tuolumne 
River fan, where it resulted in the westward-stepping 
succession of fan apexes and sequences rather than 
vertical stacking as observed on the Kings River fan. 
In addition, the Tuolumne area subsidence rate was 
half that of the Kings River system and resulted in 
Modesto deposits that are approximately half the 
thickness of the same deposits on the Kings River fan. 
As the Modesto surface of the Tuolumne River fan 
has a similar gradient to that of the Kings River, and 
the Modesto surface fills the San Joaquin Basin, we 
assume that the available accommodation space in 
this part of the basin was filled by the Tuolumne River 
fan. In addition to differences in subsidence rates, the 
San Joaquin Basin is significantly narrower in the 
Tuolumne River fan area than in the Kings River fan 
area; thus, less overall accommodation space was 
available for Tuolumne River deposits. Therefore, 
lower subsidence rates appear to affect overall 
sequence thickness, while basin width controlled the 
ultimate fan sizes. 

A second control on accommodation space avail- 
ability may be the influence of the San Joaquin River 
local base level. The San Joaquin River lies at a lower 
elevation than the Tulare Lake bed of the Kings River, 
and its profile is controlled in part by sea level. 
Because of this connection, a deeper incised valley 
was formed through the Tuolumne River fan. 
Therefore, no active depositional lobe exists on the 
modem fan, indicating that no accumulation space 
currently exists on the fan. Assuming this fan configu- 
ration represents typical interglacial fan morphology, 
we expect that past interglacial sediments bypassed 

the fan and are not preserved in the sedimentary 
record of the fan. Similar base-level control on fan 
incision was described by Muto (1987, 1988). 

One might argue that confinement of the river to a 
deep incised valley would result in higher stream 
power and less fine-grained sediment accumulation, 
thus resulting in thinner Modesto deposition on the 
Tuolumne River fan. This argument would suggest 
that much of the fine-grained glacial outwash 
volume would bypass the fan until the valley filled to 
the point of overtopping. This could significantly 
influence the overall sediment volume deposited on 
the fan, thus potentially impacting the thickness of 
stratigraphic sequences. As the Modesto incised 
valley on the Kings River appears to have been of 
similar depth (possibly because the Modesto valley 
on the Kings River fan was connected to the San 
Joaquin River rather than the Tulare Lake Basin), the 
Kings River fan would have experienced the same 
constraints. Therefore, we do not believe local base 
level to be a significant influence on differences in 
accumulation space between the Kings River and 
i I H J I  U i i l i I ~  l a i i O .  

Finally, the amount of sediment load and dis- 
charge may have been different on the Tuolumne 
River system than that of the Kings River system, as 
the Tuolumne River drainage basin has lower eleva- 
tions. This may have resulted in less glacial erosion 
and, therefore, less outwash material and a thinner 
Modesto unit. Thus, overall accumulation space may 
have been less on the Tuolumne River fan during 
outwash periods. The Modesto deposits, however, 
fill the San Joaquin Basin width, are truncated by the 
San Joaquin River and have the same gradient on the 
Tuolumne River fan as observed on the Kings River 
fan, indicating that the Modesto deposits filled the 
accommodation space that was available on the 
Tuolumne River fan. Accommodation space avail- 
able on the Tuolumne River fan during Modesto 
deposition was less than that available on the Kings 
River fan due to the relatively narrow basin width in 
the Tuolumne River area. Therefore, we do not 
believe differences in sediment supply significantly 
influenced overall depositional patterns. Instead, 
basin size and subsidence rates appear to have been 
the primary controlling factors on sequence geom- 
etry of the Tuolumne River fan. 

Chowchilla River fluvial fan - influence of  
sediment supply and stream discharge 

The Chowchilla River fluvial fan surrounds 
Chowchilla, California, and, covering an area of 
approximately 788 km 2, is significantly smaller than 
the Kings River fluvial fan but larger than the 
Tuolumne River fan (Fig. 3). Even though the 
Chowchilla River drainage basin was not glaciated 
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and is significantly smaller (658 krn2), depositional 
sequences similar to those observed on the 
Tuolumne River and Kings River fluvial fans have 
been identified (Fig. 4C) (Helley 1966; Marchand & 
Allwardt 1981). 

The Chowchilla River drainage basin drains 
similar granitic terrain as the Kings River fan; 
however, some metamorphic rocks are exposed in 
the lower portion of the drainage basin. Maximum 
elevations surrounding the Chowchilla River 
drainage basin are significantly lower (2100 m) and 
overall stream gradients are lower (0.09 in the upper 
reaches and 0.0012 in the lower reaches of the 
drainage basin) than the Tuolumne or Kings rivers. 

The basin subsidence rate near the distal 
Chowchilla River fan is between that of the Tuolumne 
River fan and Kings River fan areas (approximately 
0.35 m ka 1: Lettis & Unruh 1991). West of the 
Chowchilla River fan, the San Joaquin River valley is 
broad and the San Joaquin River splits into several 
channels and sloughs, indicating that the Chowchilla 
River fan and opposing fans on the west side of the 
San Joaquin Valley do not completely fill the San 
Joaquin Basin. Therefore, accommodation space was 
still available at the end of the last aggradational 
cycle, indicating that accommodation space was not 
limited by basin subsidence rates or basin width as 
observed on the Tuolumne River fan. Instead, depos- 
itional cycle geometries appear to be primarily related 
to accumulation space variability (e.g. sediment 
supply and stream discharge history). As the 
Chowchilla River drainage basin was not glaciated, 
sediment-supply and stream-discharge volumes were 
not as great as that of rivers directly connected to gla- 
ciers (Helley 1966; Marchand & Allwardt 1981). 
Therefore, comparison of the Chowchilla River fan to 
the Kings River and Tuolumne River fans offers an 
opportunity to observe the influence of sediment 
supply and stream discharge on overall sequence 
geometry. 

Chowchilla River fan geomorphology and stratigra- 
phy. In contrast to the Kings River and Tuolumne 
River fans (and other glaciated river fans in the San 
Joaquin Basin), the current Chowchilla River is not 
held in a deep incised valley, but instead it appears to 
be a slightly underfit stream in the Modesto-age dis- 
tributary channels (Fig. 4C) (Helley 1966). The 
Chowchilla River splits into three distributary chan- 
nels, called the Chowchilla River, Ash Slough and 
Berenda Slough, approximately 6 km west of the 
Sierra Nevada mountain front (Fig. 4C). The modern 
fiver has approximately the same gradient as the sur- 
rounding Modesto fan surface (Fig. 5C). 

Where the three distributary channels split, they 
are surrounded by Riverbank deposits and lie 
approximately 4 m below the Riverbank surface. 
Further downfan, the distributary channels lie 

approximately 2 m below the Modesto terrace. 
Large floods on the Chowchilla River, however, his- 
torically overtopped these channels, spilling onto the 
distal Modesto open-fan deposits (Helley 1966). 
Near the toe of the fluvial fan, the Chowchilla River 
and distributary sloughs are held in natural lev6es 
and disappear into alluvium before reaching the San 
Joaquin River (Helley 1966), indicating that depos- 
ition occurs on the distal-fan surface during the 
current interglacial period. 

As on the Tuolumne River fan, successive 
sequences are westward stepping, with Modesto 
deposits lying west of Riverbank deposits, and 
Riverbank deposits lying west of Turlock Lake and 
Pliocene deposits (Figs 4C & 6C) (Arkley et al. 
1962; Ulrich & Stromberg 1962; Helley 1966; 
Marchand & Allwardt 1981). Helley (1966) reported 
that the Riverbank deposits east of Chowchilla form 
a relatively thin veneer over Turlock Lake deposits, 
filling older Turlock Lake channels and leaving 
narrow, low remnant Turlock Lake terraces. The 
Riverbank unit thickens to the west from 3-6 m thick 
near Chowchilla to approximately 30 m thick in the 
San Joaquin Basin. Similarly, the Modesto deposits 
overly the Riverbank deposits and are thin near the 
town of Chowchilla but thicken westward. Deposits 
in these units consist of a mixture of granitic- and 
metamorphic-derived sediments, reflecting the 
drainage basin source area, although granitic 
sources dominate the fan sediment (Helley 1966). 
Because the drainage basin is not connected to 
glaciated areas, floodplain silts of the Chowchilla 
River fan do not have the grey, fresh look of glacial 
flour (Helley 1966). 

Chowchilla River fan sequence development. The 
presence of correlative Quaternary aggradational 
units to those on the Tuolumne River and Kings River 
fans indicate that the aggradational events had a 
similar timing to those observed on other fans in the 
basin (Helley 1966; Marchand & Allwardt 1981). In 
contrast to the sequences observed on the Tuolumne 
and Kings River fans, the Chowchilla's are relatively 
thin and lack the deep incised-valley-fill. Because 
accommodation space remained after each aggra- 
dational cycle, successive sequences prograded 
westward into the basin, thus each sequence is signif- 
icantly thicker toward the basin centre. 

Accumulation space cycles on the Chowchilla 
River fan could not have been controlled by the large 
sediment supply and discharge related to glacial 
outwash. Instead, Helley (1966) suggested that 
drainage basin erosion, and thus sediment supply to 
the Chowchilla River, was accelerated by higher 
rainfall, longer flow duration and greater surface 
runoff due to cooler temperatures. Marchand (1977) 
later suggested that Chowchilla River fan cycles 
were most probably controlled by sediment-supply 
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variability related to hillslope stability changes in 
the drainage basin as vegetation type and density 
changed with Quaternary climate change. Similar 
climate-change-induced aggradational and degrada- 
tional responses have been reported on fans in the 
SW United States by Bull (1991). 

Following depositional patterns described by Bull 
(1991), we believe that accumulation space was 
created towards the end of glacial periods by 
increases in sediment supply released from drainage 
basin hillslopes during a change from higher vegeta- 
tion density, that existed during wetter glacial 
periods, to thinner vegetation density of the warmer 
and dryer interglacial periods, Stream discharge was 
probably slightly higher during the glacial periods; 
however, Modesto channel size does not appear to be 
significantly greater than that of the modern channel 
system (Helley 1966). 

The lack of a large interglacial incised valley on 
the Chowchilla River fan, along with the observa- 
tion that the interglacial Chowchilla River has a 
similar gradient to that of the fiver during glacial 
aggradational periods, indicates that the amount ,.,~r 
accumulation space change between glacial and 
interglacial periods is relatively small. Thus, it 
appears that a subtle change in sediment supply 
caused the accumulation space gain. In addition, 
accumulation space increase during glacial periods 
appears to be relatively small, as shown by thin 
Modesto deposits over Riverbank and thin River- 
bank over Turlock Lake deposits on the upper-fan 
surface. 

Discussion 

San  J o a q u i n  B a s i n  s e q u e n c e s  

The Kings River, Tuolumne River and Chowchilla 
River fluvial fans experienced cyclic 
aggradational~legradational events controlled by 
Quaternary climate variability, with upper-fan expo- 
sure dominating interglacial periods and aggradation 
occurring during glacial periods. This cyclicity 
produced palaeosol-bounded sequences, where soils 
developed during interglacial low accumulation 
space periods. A predictable distribution of facies 
exists within different portions of these sequences. 
For example, in the upper fan we expect to see dis- 
crete channel deposits surrounded by overbank fines 
in the open-fan deposits, while in the palaeovalley fill 
deposits we expect to observe a general fining- 
upwards succession of relatively coarse-grained 
channel deposits. In addition, distal-fan deposits, 
emplaced below the interglacial intersection point, 
consist of discrete channel deposits surrounded by 
overbank fines, similar to open-fan units of the upper 
fan; however, rivers responsible for deposition are 

smaller and sediment consists of material derived 
from weathered hillslopes (Weissmann et al. 2002a). 

Although sequences on these fans are similar in 
character, subtle differences in fan character exist. 
These differences are related to variability in: (1) local 
basin subsidence rates; (2) basin size; (3) sediment 
supply to stream discharge ratio changes from cli- 
matic cyclicity; and (4) local base-level control. Table 
1 summarizes the influences of subsidence rate and 
sediment supply/discharge variability on sequence 
geometry for fans of the eastern San Joaquin Basin. 
Local base-level control appears to influence 
sequence geometry by controlling the depth of inci- 
sion for the interglacial interfan valley, where fan con- 
nection to sea level via the axial San Joaquin River 
produced deeper incised valleys than fans that are con- 
nected to internally drained portions of the basin. 

Based on this analysis, we can predict sequence 
geometries on other fans of the San Joaquin Basin. 
For example, the Mokelumne, Stanislaus, Merced 
and San Joaquin River fluvial fans appear to have a 
similar character to the Tuolumne River fan (Fig. 2). 
. . . . .  ,~ . . . . . . . . . . .  e . . . . . . . . .  ",,,'Ith relatively low sub- 
sidence rates, have deep modern incised valleys, do 
not have an active depositional lobe and connect to 
the axial San Joaquin River. Therefore, we expect 
sequences that have relatively thick incised-valley-fill 
units, are westwards stepping and have minimal 
preservation of the interglacial fan deposits in the 
basin. In contrast, the Kaweah River fan drains into 
the Tulare Lake Basin, thus it experienced subsidence 
rates similar to the Kings River fan. Although the 
Kaweah River drainage basin is significantly smaller 
(Fig. 3), we expect to observe vertically stacked 
sequences, relatively thinner incised-valley-fill units 
and preservation of interglacial distal-fan deposits in 
the basin. Finally, fans associated with rivers that are 
not connected to glaciated portions of the Sierra 
Nevada (e.g. the Calaveras River, Duck Creek and 
Fresno River fans) display a similar geomorphic char- 
acter to the Chowchilla River fan. Thus, we expect 
sequences to lack incised-valley-fill deposits and to 
be laterally stacked. In addition, interglacial deposits 
should be preserved near the basin centre on these 
fans, and an unconformity between the glacial and 
interglacial deposits is not expected in the distal por- 
tions of the fan. 

The ability to predict sequence geometry and 
form should significantly aid future hydrogeological 
studies of the fans in the eastern San Joaquin Basin. 
As shown by Burow et al. (1999) and Weissmann 
et al. (2002b, 2004), facies distributions and 
sequence geometries significantly influence ground- 
water flow and contaminant transport on the Kings 
River fan. Additionally, the sequence stratigraphic 
approach provides an important framework for mod- 
elling facies distributions in fluvial fans (Weissmann 
& Fogg 1999). Future work will focus on testing the 
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Table 1. Summary of effect of  subsidence rate and sediment supply/stream discharge variability on sequence 
development and geometries. 

Subsidence rate 

Low High 

1. Laterally stacked sequences developed - apex of each 
successive aggradational event is located basinward of 
previous aggradational event 

Vertically stacked sequences developed - fan 
apex location is relatively stable between 
successive aggradational events 

2. Intersection point may move off fan during periods of 
low accumulation space, thus the fan toe may be truncated 
and the entire fan surface exposed to soil development 

Intersection point shifts basinwards during 
periods of low accumulation space, although it 
remains on the fan. Thus, an active depositional 
lobe exists during low accumulation space periods 

3. Thinner sequences deposited as less new accommo- 
dation space is added between successive aggra- 
dational events 

Relatively thick sequences deposited as more 
new accommodation space is added between 
successive aggradational events 

Sediment supply/stream discharge variability 

Non-glaciated basin response Glaciated basin response 

1. Less accumulation space developed during aggradation 
event 

2. Shallow channel incisions formed during periods of low 
accumulation space 

3. Upper fan may receive occasional large-event floods 
during periods of low accumulation space 

4. Relatively thin sequences that are stacked laterally 
and fill the basin laterally 

5. Minimal stream gradient difference between periods of 
low accumulation space and periods of high accu- 
mulation space 

1. Relatively high accumulation space developed 
during aggradational event 

2. Deep incised valleys formed during periods of 
low accumulation space 

3. Upper-fan surface inactive during periods of 
low accumulation space, thus exposed to soil 
development and erosion 

4. Relatively thick sequences that may be vertically 
stacked 

5. Significant stream gradient difference between 
periods of low accumulation space and periods of 
high accumulation space 

predictive ability of this sequence stratigraphic 
approach in the context of such groundwater studies. 

C o m p a r i s o n  to f a n  s e q u e n c e s  in o t h e r  areas  

Cyclicity and sequence development on alluvial fans 
has been identified by many workers (e.g. Pierce & 
Scott 1982; Ritter et al. 1993; Reheis et al. 1996; 
Leeder et al. 1998; Zehfuss et al. 2001), yet these 
studies and the work presented here seem to conflict 
regarding timing of aggradation events on fans. 
Several examples exist that indicate aggradation 
timing similar to that of the San Joaquin Valley fans, 
where aggradation occurred during glacial periods 
on fans in southern Idaho (Pierce & Scott 1982), on 
the Cedar Creek fan in southern Montana (Ritter 
et al. 1993) and on fans in the Owens Valley, located 
on the east side of the Sierra Nevada (Zehfuss et al. 
2001). In all of these examples, river systems 

feeding the fans were directly tied to glaciated 
drainage basins, thus sediment supply increased sig- 
nificantly with sediment discharge from glaciers. As 
observed on the Kings and Tuohimne River fans, 
aggradation occurred due to this glacially supplied 
sediment increase. 

Aggradational cycles on other fans appear to show 
aggradational cycles related to vegetation change in 
the drainage basin above the fan (e.g. Bull 1991; 
Reheis et al. 1996; Leeder et al. 1998). On these 
fans, climatic changes during the Quaternary 
affected vegetation density, and thus slope stability, 
in the drainage basin. Aggradation occurred on fans 
in the Great Basin of Nevada during the transition 
from cool, wet conditions to more arid at the end of 
glacial cycles because vegetation density decreased 
significantly, thus releasing sediment to the fans 
(Bull 1991; Reheis et al. 1996; Leeder et al. 1998). 
We believe that aggradational response on the 
Chowchilla River fluvial fan is similar to these fans, 
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where vegetation change at the end of glaciation in 
the Sierra Nevada resulted in sediment release and 
aggradation on the fan; however, age dating and 
further studies on stratigraphic relationships 
between deposits on fans under glaciated basins 
against those under non-glaciated basins in the San 
Joaquin Valley are required to verify this hypothesis. 
Conversely, on fans surrounding the northern 
Mediterranean, Leeder et al. (1998) indicated that 
decreased vegetation on hillslopes during cool 
glacial episodes resulted in higher sediment load to 
rivers feeding fans, thus aggradation occurred 
during glacial periods. 

Although exact timing of sequence development 
differs between these fan systems, all show that 
increased sediment supply related to climate change 
influence timing of aggradational events. Therefore, 
one must be aware of controls on sediment supply in 
the drainage basin in order to predict timing of 
aggradational cycles. Significantly, however, these 
studies show that allogenic change can cause 
incised-valley filling and aggradation (e.g. with 
sediment supply increase) or incised-valley develop 
ment and degradation (e.g. with decreased sediment 
supply or increased discharge). In all these cases, 
accumulation space developed because sediment 
supply increased either due to a connection to glacial 
outwash or connection to a drainage basin that 
experienced loss of vegetation cover. Accumulation 
space was lost on these fans with either the end of 
glacial outwash or stabilization of the vegetation 
cover. Resulting stratigraphy, however, is similar 
between the fans, with sequence-bounding 
palaeosols and incised-channel or- valley bases 
marking periods of low accumulation space, and 
incised-valley-fill and open-fan deposits marking 
aggradation episodes during periods of increased 
accumulation space. Preservation of sequences and 
stacking relationships of the sequences are con- 
trolled by basin geometry and subsidence rates. 
Therefore, we believe that the geometry of strati- 
graphic successions and distribution of facies on 
fluvial fans can be assessed through a sequence 
stratigraphic approach. 

thus allowing deposition of thicker sequences. In 
addition, higher subsidence rates led to vertical 
sequence stacking near the apex rather than lateral 
sequence progradation. 

Fluvial fans that experienced a large change in the 
sediment supply to discharge ratio (e.g. those from 
glaciated river basins) developed sequences that 
consist of a relatively large incised-valley-fill and 
extensive open-fan deposits. On these fans the inter- 
section point shifted to a position near the apex 
during periods of high sediment supply (e.g. high 
accumulation space periods during glacial outwash 
events), and the intersection point shifted basin- 
wards during periods of low accumulation space 
(e.g. interglacial periods). Conversely, fans that did 
not experience large changes in the sediment supply 
to discharge ratio did not develop the deep incised 
valleys during low accumulation space periods. The 
intersection points on these fans, however, did 
appear to shift towards the apex during high accu- 
mulation space events. Additionally, these fans 
appear to have experienced relatively continuous 
deposition on the distal pe~ion of the fan since an 
incised valley is not developed. 

Local base level appears to control the ultimate 
depth of the interglacial incised valleys on glaciated 
fans. Deeper valleys developed along rivers that were 
connected to the San Joaquin River, which is ulti- 
inately tied to sea level. In contrast, relatively shallow 
valleys formed on rivers that are tied to internally 
drained (and higher elevation) portions of the basin. 

Finally, the basin width affects the fan size in the 
San Joaquin Basin. Fans in the narrower, northern 
portion of the basin filled available accommodation 
space and, thus, are constrained by the basins width. 
These fans tend to be smaller than their southern 
counterparts, where the basin is significantly wider. 
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Abstract: Tertiary alluvial fan deposits along the margin of the Ebro foreland basin north of 
Huesca, Spain, are remarkable for the range of sedimentological and tectonic features preserved 
within them. The fan deposits formed after the southern Pyrenean thrust front (the Guarga Thrust) 
was established in this area, forming steep topography at the basin margin in the mid-Oligocene. 
Some shortening continued during deposition of the earliest fans resulting in synsedimentary faults, 
folds and unconformities. Clast compositions in the fan conglomerate beds record unroofing of the 
thrust front and also reveal differences in bedrock provenance between adjacent, coeval fan 
deposits. Bedrock provenance also influenced processes of deposition, with fans built up of detritus 
derived from areas rich in gypsum and mudrock showing more evidence of debris-flow processes. 
Deposition by debris flows also dominated the smallest fan body, but the majority of the fans were 
the products of sedimentation from unconfined or poorly confined traction currents. These resulted 
in sheets of conglomerate in the more proximal areas. Within individual fan bodies the proportion of 
sandstone increases over a distance of up to 5 km to where the distal fan facies are seen as thin sand- 
stone and mudstone beds. The fringes of the fan bodies interfinger with lacustrine and fluvial facies, 
which indicate a temperate-semi-arid palaeoclimate. Vertical aggradation of the fan deposits due 
to rising base level in the Ebro Basin in the Oligocene and early Miocene was followed by deep inci- 
sion following a late Miocene base level-fall. This led to the partial erosion of the fan deposits and 
their spectacular exposure in the modem landscape. 

The northern margin of  the Ebro Basin in northern 
Spain (Fig. 1) has one of  the most  complete examples 
of a fan-fringed basin margin of  any pre-Quaternary 
exposures. Along a 40 km-section of basin margin, 
adjacent to the western External Sierras, conglomer- 
ate bodies are exposed and can be interpreted as the 
remnants of late Oligocene-Early Miocene alluvial- 
fan deposits (Fig. 2). Exposures of alluvial-fan 
deposits at the margin of the Ebro Basin provide an 
excellent opportunity to study the following aspects 
of alluvial fan sedimentology: 

�9 relationships between the structural and strati- 
graphic development  of  fans, and the structural 
evolution of  a thrust-dominated basin margin; 

�9 evidence for climatic and source-area bedrock 
controls on processes of  deposition on alluvial 
fans; 

�9 the three-dimensional facies relationships in the 
fan bodies, with clear proximal-distal  variations 
in bed thickness and grain size; 

�9 interfingering of  fan deposits with fluvial and 
lacustrine sediments. 

The quality of the exposure and the quantity of 
geological information from a number of fan deposits 
make this area an outstanding case study in pre- 
Quaternary alluvial-fan sedimentation. 

Tectonostratigraphic setting 

Regional tectonics 

The Pyrenees is an orogenic belt that developed in the 
Cenozoic as a result of crustal shortening between the 
Eurasian plate and the Iberian sub-plate (ECORS- 
Pyrenees Team 1998; Choukroune & ECORS- 
Pyrenees Team 1989; Mufioz 1992; Teixell 1996). 
Along the southern side of the axial zone of the oro- 
genic belt a series of thrusts developed, carrying 
allochthonous units southwards. The decollement at 
the base of these thrust units lies in Triassic beds, and 
in the central part of the southern Pyrenees, north of 
Huesca (Fig. 1), the Guarga thrust sheet formed 
a frontal ramp, bringing Triassic, Cretaceous and 
Palaeogene strata to the surface. The present-day 
expression of this frontal ramp is a range of hills, the 
External Sierras (also referred to as the 'Sierras 
Exteriores' and 'Sierras Marginales') that became an 
emergent structure in the middle-late Oligocene 
(Puigdef~bregas & Soler 1973; Nichols 1987a; 
Hogan & Burbank 1996; Teixell 1996). These hills 
form the northern margin of a foreland basin, the Ebro 
Basin, which extends south to the Corillera Iberica 
and east to the Catalan mountain range (Fig. 1). 

The Ebro foreland basin formed by the loading of  
thrust sheets in the southern Pyrenean zone on the 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 187-206. 0305-8719/05/$15 �9 The Geological Society of 
London 2005. 
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Fig. 1. Tectonic and stratigraphic setting of the south Pyrenenan thrust belt and the adjacent Ebro foreland basin 
(from Teixell 1996). 

Fig. 2. The western External Sierras and adjacent parts of the Ebro foreland basin. The approximate extent of the nine 
alluvial fan bodies within the Uncastillo and Sarifiena formations (Late Oligocene-Early Miocene) is shown (from 
Lloyd et al. 1998). 

Iberian crust: flexural subsidence in the southern 
Pyrenees began in the early Eocene with the forma- 
tion of the Tremp-Graus, Ainsa and Jaca basins 
(Puigdef?abregas 1975; Puigdef~bregas & Souquet 
1984). The fill of these basins became allochthonous 
as the thrusting progressed southwards, and the 
depocentre shifted to the present area of the Ebro 
Basin in the middle Oligocene. 

S t r a t i g r a p h y  

The stratigraphic framework for the area is summa- 
rized in Figure 3. Triassic through to early Oligocene 
units are all allochthonous in this part of the southern 
Pyrenees and are exposed as a deformed complex in 
the External Sierras. The Uncastillo and Sarifiena 
formations are late Oligocene-early Miocene in age 

(Quirantes 1978; Arenas et al. 2001), and are com- 
posed of continental facies of conglomerate, sand- 
stone and mudstone. These deposits are the fill of the 
Ebro Basin in this area and lie unconformably on the 
older rocks. Deformation in these younger units is 
limited to a region close to the northern margin of the 
basin (Arenas et al. 2001). 

Puigdef?abregas (1975) mapped out bodies of con- 
glomerate and showed that they were a series of iso- 
lated alluvial-fan deposits; he also noted that the 
sandstone and mudstone beds were the products of 
deposition in fluvial channel and overbank environ- 
ments in the northern part of the Ebro Basin. The 
relationship between the fan deposits and the other 
fluvial facies was demonstrated by Hirst & Nichols 
(1986) on the basis of clast compositions and sand- 
stone petrography that showed that the small con- 
glomerate bodies were derived directly from the 
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Fig. 3. The stratigraphy of the western External Sierras 
and the Ebro Basin (from Puigdef'abregas 1975; Nichols 
1987a; Arenas et al. 2001). 

adjacent thrust front, whilst the fluvial deposits were 
derived from further to the north. More detailed 
stratigraphic studies by Hogan (1993), Arenas 
(1993) and Arenas et al. (2001) have demonstrated 
that parts of the alluvial fan successions are coeval 
with the fluvial deposits, which can in turn be partly 
correlated with lacustrine facies further to the south. 

In this review, only the section of the Ebro Basin 
margin that lies west of the city of Huesca is covered 
(between 0~ 42~ and 0~ 42~ 
this part of the Pyrenean thrust front is the western 
External Sierras. The bodies of Oligo-Miocene con- 
glomerate and associated deposits exposed along the 
Ebro Basin margin will be referred to as 'fan bodies', 
each of which has been named after a nearby geo- 
graphical feature (Fig. 2). The interpretation of these 
strata as the deposits of distinct alluvial fans has been 

Table 1. Summary of the alluvial fan bodies along the 
Ebro Basin margin, western External Sierras (from Lloyd 
et al. 1998; Nichols & Thompson 2005) 

Fan Area (ki l l  2) Main depositional processes 

Agtiero 6.0 knl 2 Clast-rich debris flow (Stage 1), 
waterlain (Stages 2 and 3) 

Murillo 5.4 km 2 Waterlain gravel and sand 
Riglos 0.8 kin 2 Clast-rich debris flow 
Limis 13.5 km z Waterlain gravel and sand 
Ani6s 2.3 km 2 Waterlain gravel and sand 
Bolea 2.6 km 2 Waterlain gravel and sand 
San Julifin 3.5 km 2 Waterlain gravel and sand 
Nueno 2.5 km 2 Muddy debris flow 
Roldfin 8.5 kin 2 Waterlain gravel and sand 

the subject of a number of papers (e.g. Hirst & 
Nichols 1986; Nichols 1987b; Lloyd et al. 1998; 
Nichols & Hirst 1998; Arenas et al. 2001). Of the nine 
alluvial fan bodies along this section of the Ebro 
Basin margin, detailed studies have only been pub- 
lished on four: Agtiero (Nichols 1987b), Roldfin 
(Nichols & Hirst 1998), Nueno and San Julifin 
(Nichols & Thompson 2005). Descriptions of the 
other fans have been presented in unpublished PhD 
theses by Hirst (1983), Nichols (1984), Arenas (1993) 
and Lloyd (1994). 

Description of the fan bodies 

A brief description of each of the nine fan bodies is 
provided here as a context for the interpretation of 
them in following sections. The dimensions of most 
of these bodies have been documented in Lloyd et al. 
(1998), from which Table 1 is largely derived. 

Agi iero  f a n  b o d y  

The most westerly of the fan bodies lies adjacent to 
the village of Agtiero, from which it takes its name 
(Fig. 4). It is deeply dissected by a small stream, the 
Barranco de Pituelo, which forms a gorge with 400 m 
relief on the west side and 300 m on the east, where 
pinnacles of conglomerate, known locally as 'mallos', 
tower over 250 m above the village. This is the only 
fan body with the base of the succession exposed, and 
the oldest part of the succession is deformed in a 
series of synsedimentary folds and unconformities 
(see Nichols 1987b; Lloyd et al. 1998). 

M u r i l l o  f a n  b o d y  

A prominent mass of conglomerate over 400 m thick 
forms a hill 1191 m high at Pefia Ruaba, 2 km north of 
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Fig. 4. The village of Agtiero and the 'mallos' of the adjacent fan body. 

the village of Murillo de G~illego (Fig. 5). It is not dis- 
sected by an;,' modern drainage, but the conglomerate 
body appears to be the core of an alluvial fan that was 
of similar dimensions to its neighbour at Agiiero. 
A broad anticlinal structure affects the northern part 
of the body, and a tighter monoclinal fold deforms the 
southern part (see Nichols 1984 and below). 

Riglos fan body 

Los Mallos de Rigios is a well-known geomorpho- 
logical feature of this area (Fig. 6). The two main 
pinnacles of coarse conglomerate tower over 300 m 
above the village of Riglos, and there are also views 
of the conglomerate body from the gorge of the 
Ri6 G~llego that display the relationship between 
the proximal-fan deposits and the contorted lime- 
stone beds of the Guara thrust front (Fig. 7). Despite 
their impressive appearance, these pinnacles are the 
remnants of the smallest of the alluvial fans in the 
western External Sierras (Lloyd et al. 1998). 

Linds fan body 

There is an almost continuous fringe of conglomer- 
ate along the basin margin (Fig. 6) between the main 
pinnacle at Riglos (Mallo Pis6n) and the ridge of San 
Miguel on which lies the Ermita de San Miguel and 
the ruins of the Castillo de Marcuello. San Miguel is 
made up of sandstone and conglomerate beds, which 
form the Linfis alluvial fan body (Fig. 8), named 
after the village of Lin~is de Marcuello, 1 km to the 
south of the Castillo. The bedding is near horizontal 
in all but the most proximal parts of the fan where 
beds dip south adjacent to the limestone bedrock of 

the thrust front. Over 200 m of vertical section are 
we!! exposed, ,._.~ ..... ---~,~"" f,-,~m, dominantly conglomer- 
ate facies in the NW part of the body to pebbly sand- 
stone beds beneath the Castillo. 

Ebro Basin margin between Linds and Anids 

The Ebro Basin margin between the villages of 
Lin~is de Marcuello and Ani6s, 9 km to the east, is 
apparently devoid of any Oligo-Miocene con- 
glomerate units. Where the contact between the 
Uncastillo Formation and the deformed strata of the 
thrust front is exposed near Loarre there are small, 
localized patches of chaotic breccia made up of 
blocks up to 2 m across. These are interpreted as 
local talus deposits that were deposited in local 
depressions or gullies in the limestone bedrock of 
the basin margin (Nichols 1984). Between these 
breccias and extending up to 5 km out into the basin 
are coeval, gravelly sandstone and fine sandstone 
facies. Beds of the coarser facies have scoured bases 
and may be lens-shaped, whilst the fine sandstone 
shows ripple cross-lamination. These deposits may 
represent the remains of one or more fan bodies of 
mainly sandy sediment close to the basin margin. 

Anids fan body 

The Ani6s fan body is inconspicuous. It lies 2.5 km 
NE of the village, and horizontal beds of conglomer- 
ate form a unit approximately 200 m thick and over 
1 km across. These beds lie against External Sierras 
bedrock with a steep unconformity. They appear to 
be similar in character to the beds exposed in the 
Bolea fan body to the east. 
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Fig. 5. The Murillo fan body viewed from the east. On the right-hand side an overturned succession of Triassic-middle 
Eocene strata dip to the north: on the left-hand side the trace of a monoclinal fold in distal-fan deposits can be traced. 

Fig. 6. 'Los Mallos de Riglos" viewed from the south and adjacent parts of the basin margin showing a fringe of 
conglomerate across to the Lin~is fan body on the far right. 

Bolea fan body 

The Bolea fan body is exposed in a mass over 200 m 
thick and extends for 2.5 km E - W  on the hillside 
above the Ermita de Trinidad, 3 km NE of the village 
of Bolea. The exposures are dominantly alternating 
beds of polymict conglomerate and sandstone, the 
former occurring in sharp-based, graded units about 
1 m thick. Finer gained deposits, representing the 
more distal fan facies, are exposed only at the SE 
fringe of the outcrop area. 

San Julidn fan body 

The distinction between this and the adjacent Nueno 
fan body has only recently been recognized 

(Nichols & Thompson 2005). In earlier studies 
(Lloyd et al. 1998) the two were considered to the 
deposits of a single alluvial fan. The San Juli~in fan 
is best exposed in the sides of the Barranco de San 
Julifin, which cuts a gorge about 200 m deep 
through the proximal fan facies. There are further 
exposures and a cross-section of more proximal, 
locally deformed facies to sandy, distal deposits in 
the Barranco de Fenrs, 1 km west of the Ermita de 
San Juli~in (Fig. 9). 

Nueno fan body 

One kilometre north of the village of Nueno, at the 
mouth of the gorge of the Ri6 Isuela, distinctive red 
beds of sandstone and conglomerate are exposed on 
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Fig. 7. The Riglos fan body viewed from the gorge of the Rio G~illego. Adjacent to the conglomerate mass are beds of 
the Guara Formation that are tightly folded and show imbricate, out-of-sequence thrusting (top left of view). 

Fig. 8. Beds of undeformed conglomerate and sandstone making up the Linfis fan body viewed from the Castillo de 
Marcuello. 

the hillside (Fig. 10). These beds are the deposits of 
the Nueno fan and they can be traced westwards 
towards the San Julitln fan to a region where the 
deposits of the two fans interfinger. The Nueno fan 
deposits contain a much lower proportion of lime- 
stone clasts than all the other fans (Nichols & 
Thompson 2005) and form a less resistant outcrop. 

faces of the pinnacles form spectacular scenery in 
the most completely exposed of the alluvial fan 
bodies. In addition to accessible outcrop of proximal 
facies in the pinnacles (Fig. 12), horizons can be 
traced laterally over a distance of over 2.5 km to the 
SW into the most distal deposits of this alluvial fan 
(Nichols & Hirst 1998). 

Rolddn fan body 

The two 'mallos'  that form the Salto de Rold~in 
either side of the Ri6 Flumen can be seen from the 
plain east of Huesca city, over 10 km away (Fig. 11 ). 
The 400 m-deep gorge and the near-vertical southern 

Correlation of fan deposits 

The correlation scheme used here is based on the 
tectono-stratigraphic units (TSUs) of Arenas et al. 
(2001) and the chronology of Hogan & Burbank 
(1996). The lowest, palaeovalley-confined part of 
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Fig. 9. Proximal facies on the western side of the San Juli~a body showing synsedimentary deformation in the form of 
a reverse fault and associated growth strata. 

Fig. 10. Beds of the Nueno fan body on the western side of the valley of the R/o Isuela. 

the Agiiero succession lies within TSU1, whilst the 
middle part, up to the base of the conglomerate pin- 
nacles at this locality, are considered to be TSU2. 
Both TSU1 and TSU2 are late Oligocene in age 
(Arenas et  al. 2001). TSU2 is also represented in 
the lower, deformed parts of the fan successions at 
Murillo and Riglos. The main pinnacles at Agtiero 
and Riglos, and the upper half of the Murillo body, 
are all mapped by Arenas et  al. (2001) as TSU3 
deposits (early Miocene), along with all of the fan 
successions at Linfis, Ani6s and Bolea. Extending 
the Arenas et  al. (2001) correlation scheme to the 
east indicates that the fan deposits at San Juli~in, 
Nueno and Rold~a are all part of TSU3. This corre- 
lation is achieved by tracing correlative depos- 
itional units between the fans and the interfan 
deposits. 

The period of deposition is difficult to constrain. 
A magnetic polarity stratigraphy has been estab- 
lished at Agtiero (Hogan & Burbank 1996) covering 
the upper part of the succession exposed there. 
These authors suggest that deposition of the upper 
conglomerate beds (c. 250 m thickness) took place 
over a period of just over 1 Ma in the latest 
Oligocene. More recent work by Arenas et  al. 
(2001) has cast doubt on the correlations used by 
Hogan & Burbank (1996) and point to lacunae 
within the conglomerate successions. The magni- 
tude of these lacunae between the TSUs is not 
known, and as both the biostratigraphy and the mag- 
netostratigraphy provided only patchy information 
(Arenas et al. 2001), the periods of fan deposition 
and, hence, the rates of sedimentation cannot be 
usefully constrained. 
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Fig. 11. The conglomerate pinnacles of the 'Salto de Roldfin'. In the foreground the rocks are fluvial deposits of the 
Huesca System, and in the background are folded strata in the External Sierras. 

Fig. 12. The unconformity contact (dotted line) between the most proximal deposits of the Roldfin alluvial fan and 
folded and thrust-faulted Triassic-early Eocene rocks. 

Formation of the External Sierras thrust 
front and the basin-margin topography 

As the thrust front of the Guarga Trust sheet became 
emergent by ramping up through the stratigraphy, the 
newly created topography would have initially been 
made of sandstone and mudstone units of the 
Campodarbe Formation and the underlying Arguis 
Formation (Fig. 13). This material would have been 
relatively easy to erode and, although a range of hills 
may have existed, it is unlikely to have formed steep 
relief at the margin of the Ebro Basin. Significant 
relief would not have formed until the shortening was 
sufficient to bring the limestone of the Guara 
Formation to the surface: this unit offered more resist- 
ance to weathering and erosion than the overlying 
Arguis and Campodarbe formations, and the rate of 

denudation became less than the rate of uplift. 
A second factor in the formation of the relief would 
also have been the emergence of the Guarga thrust 
plane: once the thrust broke the surface, the zone 
of internal ddcollement that formed a relatively low- 
friction slip plane would have passed onto the rougher 
land surface which would have offered more resist- 
ance to slip. The effect of this increase in friction can 
be seen in the Ri6 GS.11ego gorge section through the 
External Sierras (Figs 7 & 14) where imbricate 
thrusts formed out-of-sequence in the hanging wall of 
the Guarga Thrust (Nichols 1987a, 1989). 

It is evident from the clasts in the fan deposits that 
the Guarga Thrust became emergent and started to 
form a basin margin with steep relief in the late 
Oligocene (Fig. 13). Clasts eroded from the Guara 
limestone are recognized in the oldest beds of the 
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Fig. 13. Evolution of the thrust front and the history of erosion of pre-Oligocene strata in the western External 
Sierras. 

Agfiero fan (Nichols 1987b), the Riglos and Bolea 
fans, and in the basin-margin fan deposits at San 
Juli~n. Clast assemblages in all the fans are appar- 
ently devoid of material derived from the Arguis 
Formation. Sand eroded from the Campodarbe 
Formation is a probable source of some of the sandy 
facies in the fan deposits: other sources of arena- 
ceous material in the External Sierras lithologies 
are relatively thin sandstone beds in the Guara 
Formation, the Palaeocene Tremp Formation and the 
Upper Cretaceous strata. Clasts from the limestone 
units in each of these formations are recognized in 
all of the fan deposits in varying proportions (Lloyd 
et al. 1998). 

Basin-margin relief 

The amount of relief that formed can be determined 
at the contact between the most proximal fan 
deposits and the bedrock in the External Sierras. The 
most impressive exposure of the unconformity is at 
Rold~in, where 400 m of almost vertical relief can be 
seen (Fig. 12). The Roldfin fan deposits have only 
undergone slight deformation (see below), so the 
unconformity surface represents a basin margin 
relief of at least 400 m. At other locations the uncon- 
formity is less completely exposed (all the fans from 
Nueno to Lin~is), or has been deformed (the fans 
between Riglos and Agtiero). 
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Fig. 14. Proximal facies of angular, poorly sorted talus deposits of the Riglos fan body in unconformable contact with 
limestone beds of the Guara Formation. The unconformity has been folded, overturning the talus deposits in the centre 
of the picture and the limestone strata are repeated by imbricate thrusts (top of picture). 

Where the unconformity between the fan 
deposits and the rocks of the External Sierras has 
not been deformed the structure of the thrust front in 
the early Miocene must have been more or less the 
same as it is today. The highest structural unit in the 
thrust front complex of the External Sierras is 
a fight-way-up allochthonous succession (Nichols 
1987a, 1989; Pocov~ et  al. 1990; Millfin et al. 1995, 
2000). Beds of the Guara Formation in this struc- 
tural unit form much of the highest relief in the 
External Sierras today: they are also the youngest 
resistant strata (Fig. 13), and provided abundant 
clasts to the fans, so this same relief must have 
existed in Early Miocene times. It is therefore possi- 
ble to reconstruct the palaeorelief at the basin 
margin, extending from the base of the undeformed 
fan deposits to the tops of the hills where the Guara 
Formation is exposed. At Roldfin this relief was 
approximately 900 m, the lower 400 m of which was 
almost vertical. 

The preservation of this very steep, localized 
relief as an unconformity surface indicates that there 
was little or no mass wastage of the slope by lands- 
liding during the time it took for the fan to mantle the 
topography. This implies that the rock strength was 
great enough to maintain the very high slope angle 
(Burbank et al. 1996) and also that landsliding was 
not a dominant process under the relatively dry cli- 
matic regime, in contrast to the situation in a very 
humid climate (Hovius et al. 1997). Vertical accre- 
tion of fan deposits at the basin margin reduced this 
relief through time and the highest undeformed fan 
deposits are approximately 500 m below the highest 
parts of the External Sierras in this area. The tops of 

the 'mallos' at Rold~.n are at 1124 m above sea level 
and 5 km to the north the summit of Pico de Aguila, 
consisting of the Guara Formation, is 1629 m. 

Fan aggradation and base level 

During the Oligocene and Miocene, the Ebro Basin 
was endorheic, enclosed by the Iberian and Catalan 
ranges to the SW and SE, as well as the Pyrenees to 
the north (Verg6s et al. 1995). Up to 3000 m of aggra- 
dation occurred in the southern Pyrenean foreland 
(Coney et al. 1996) as sediment filled the basin and 
raised the base level (Nichols 2004). Accommodation 
space was provided by the enclosed nature of the 
basin, in addition to any loading due to thrust-sheet 
stacking in the Pyrenean thrust belt (e.g. Teixel11996) 
or sediment loading in the basin. The structural and 
stratigraphic relationships between the thrust front 
strata and all of the fans east of Rigios show that there 
was no differential subsidence between the thrust 
front and the basin because the contact is unde- 
formed. Accumulation of deposits at the basin 
margin, therefore, occurred by passive filling forming 
a fan succession at least 400 m thick at Rold~n, and at 
least 200 m on most of the other fans. Vertical profiles 
through the fan deposits show some subtle coarsening 
and fining-up trends (e.g. at Roldfin; Hirst 1983), but 
in general the fan successions are characterized by 
aggradation (e.g. the upper part of Agtiero; Nichols 
1987b), and this is evident from the rather uniform 
appearance of the exposed, proximal-fan deposits 
(Figs 4-6, 8, 11 & 18). These aggradational patterns 
indicate that equilibrium was achieved between the 
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rising base level and the processes of fan deposition 
(Nichols 2004). 

Spacing of the fans and the structure of the 
basin margin 

The average spacing of the apices of the fans over the 
36 km between Agtiero and Roldan is 4.5 km (see 
Fig. 2; Table 1), but the actual spacing varies from as 
little as 2.5 (between Agtiero and Murillo, and 
between San Julian and Nueno) to 9 km between 
Linas and Anirs. Lloyd et al. (1998) considered that 
a structural control on the location of the apex of the 
fan could be argued for Agtiero and Riglos, where 
there are transverse structures in the thrust belt 
(Nichols 1987a). The apex of the Roldan fan lies at 
the core of a N-S syncline that crosses the External 
Sierras (Puigdefhbregas 1975) and a structural 
control on the location of the drainage could be 
argued also in this case. A parallel structure north of 
Nueno and San Julian may also have played a role in 
controlling the positions of these two fans. The loca- 
tions of the Bolea, Anirs, Linas and Murillo fans are 
not obviously controlled by any structural feature in 
the thrust front. 

The regular spacing in drainage in orogenic belts 
recognized by Hovius (1996) is not evident in the 
External Sierras, although it must be emphasized 
that Hovius (1996) was considering drainage on the 
scale of the whole orogen, whereas the External 
Sierras axe a small part of the Southern Pyrenean 
thrust belt. It is therefore difficult to draw any con- 
clusions about the controls on the positions of these 
nine fans, except to say that some may be struc- 
turally controlled and some not, and that there is no 
obvious pattern to the spacing. 

Depositional facies 

The facies recognized in the alluvial fan deposits are 
summarized in Table 2, compiled from original 
observations and material present in previous works 
(Nichols 1987b; Nichols & Hirst 1998; Arenas et al. 
2001; Nichols & Thompson 2005). 

Rock faUs 

Cones of angular, poorly sorted talus derived from 
adjacent bedrock cliffs form a component of many 
alluvial fan deposits (Blair & McPherson 1994), 
particularly in the most proximal parts. The contact 
between folded units of Lower Eocene limestone 
(the Guara Formation) and proximal alluvial-fan 
deposits is exposed in the steep walls of the 
Ri6 Gallego gorge cut through the edge of the Riglos 

fan body (Figs 7 & 14) and in the area between the 
two main 'mallos'. The conglomerate exposed con- 
tains boulders and angular blocks at least 2 m across, 
and there is no sign of bedding. It appears to be 
monomict, composed entirely of Guara Formation 
limestone clasts. These are interpreted as rock-fall 
deposits and are best exposed at the back of the pin- 
nacles at Riglos. Similar deposits are also seen at the 
contact between the bedrock of early Eocene lime- 
stone and fan deposits exposed on the western 
margin of the San Julian fan. Here the palaeo-surface 
of Guara Formation is brecciated and reddened, with 
a localized talus of angular fragments that pass later- 
ally over a few metres into waterlain facies of the 
San JuliS_n fan. 

Debris-flow deposits 

The construction of an alluvial-fan body by debris- 
flow deposition has been recognized in many 
modern and ancient examples. In particular, some 
of the early, detailed studies of fan processes in 
the SW USA emphasized the importance of coher- 
ent flows in alluvial-fan sedimentology (e.g. Hooke 
1967; Bull 1972, and references therein). In a 
more recent synthesis of alluvial-fan sedimentary 
processes, Blair & McPherson (1994) also consider 
debris flows to be one of the main mechanisms of fan 
deposition. 

In the western External Sierras fans, deposits 
interpreted as the products of debris flows occur in a 
number of places, but overall form a relatively small 
percentage of the facies. At Riglos the exposed fan 
facies are poorly sorted, coarse conglomerates 
forming thick beds that are amalgamated in places 
(Fig. 15). The beds are ungraded, clast- or matrix- 
supported and the clasts are randomly oriented, with 
some elongate cobbles oriented with their long axes 
at a high angle to the bedding surface (Fig. 15). 
These characteristics suggest deposition by mud- 
poor debris flows. The Stage 1 deposits at Agtiero 
were interpreted by Nichols (1987b) as sheetflood 
facies on the basis that they have a clast-supported 
fabric. However, re-examination of these valley-fill 
sediments has indicated that they are very similar to 
the facies exposed at Riglos and are also the products 
of more cohesive, hyperconcentated flows. 

Matrix-supported conglomerate textures are only 
seen in the Nueno fan body. At this locality the prox- 
imal facies are dominated by muddy conglomerate 
beds with a high proportion of clasts of detrital 
gypsum (Fig. 16). The control on the processes of 
transport and deposition on this fan is considered by 
Nichols & Thompson (2005) to be the high mudrock 
content of the source-area bedrock that resulted in 
more cohesive flows at Nueno compared to the adja- 
cent and coeval San Julian fan. 
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Table 2. Summary of the depositional facies in the alluvial fan bodies (modified from Nichols & Hirst 1998; Nichols & 
Thompson 2004; Arenas et al. 2001) 

Facies Characteristics Processes Occurrence 

Conglomerate with Poorly sorted, angular clasts, Rock fall 
angular clasts structureless, no bedding, 

localized lenses adjacent to bedrock 

Clast-supported, 
subangular-subrounded randomly 
oriented clasts, thick-bedded (>2 m), 
sheet form 

Matrix-supported, gypsum 
and limestone clasts in a sandy 
mudstone matrix, sheet form 

Clast-supported, thick beds (>2 m), 
horizontal or crude 
cross-stratification, sheet form, 
erosive basal contact 

Clast-supported, thin beds (<2 m), 
horizontally stratified, 
normally graded, sheet form 

Lenses of clast-supported 
conglomerate, erosive basal contact 

Pebbly sandstone, beds tens of 
cm-m thick, sheet form, graded, 
horizontally stratified 
or rarely cross-bedded 

Massive, horizontally stratified 
or ripple-laminated sandstone, 
sheet beds, cm-bedded 

Heterolithic sandstone 
and mudstone, cm-bedded, 
horizontal and ripple laminated 

Conglomerate with 
randomly-oriented 
clasts 

Matrix, supported 
conglomerate 

Clast-supported, 
thickly bedded 
conglomerate 

Clast-supported, 
thinly bedded 
conglomerate 

Lenses of 
conglomerate 

Pebbly sandstone 

Sandstone 

Interbedded 
sandstone 
and mudstone 

Clast-rich debris flow 

Proximal facies at Riglos, 
San Julifin and along basin 
margin between Linfis and Ani6s 

Agtiero (Stage 1), Riglos 

Mud-rich debris flow Nueno 

Poorly confined gravelly 
channel deposits: 
amalgamated bar units 

Poorly confined or 
unconfined flows 
on fan surface 

Gravelly channel, 
bar deposits 

Sandy-pebbly poorly 
confined-unconfined 
flow deposits 

Occur in varying 
proportions on all fans 
except Agtiero (Stage 1), 
Riglos and Nueno 

As above 

As above 

As above 

Sandy poorly As above 
confined-unconfined 
flow deposits 

Unconfined flow Margins ofallfans 

Waterlain deposits 

Published studies of the western External Sierras 
fans have considered that sheetflood processes are 
the dominant style of deposition, for example at 
Agtiero (Nichols 1987b) and at Roldfin (Nichols & 
Hirst 1998). In the latter paper, the conglomerate 
beds are described as clast-supported with a matrix 
of very-coarse-medium sand: the clasts are moder- 
ately well rounded, and imbrication of oblate 
pebbles and cobbles common. The geometry of the 
beds is recorded as mainly laterally extensive sheets 
that can be traced over a distance of several hundred 
metres, and lensoid bodies interpreted as fills of 
scours. However, inspection of the internal geome- 
tries of the sheet bodies at Rold~in has revealed 
inclined surfaces within the conglomerate that 
define lenses 1-2 m thick and 5-10 m wide (Fig. 17). 
Individual sheets (Fig. 18) are made up of laterally 
amalgamated lens-shaped bodies of conglomerate 
and sandstone. At Agtiero conglomerate beds show 
horizontal stratification, imbrication and rare trough 

cross-bedding: the bases of many beds are strongly 
scoured with conglomerate filling minor channels 
(Nichols 1984). Similar features are seen in proxi- 
mal conglomerates at San Julifin (Nichols & 
Thompson 2005), Murillo, Lin~is (Nichols 1984) and 
Bolea. Re-inspection has also shown that medial 
facies at Bolea are pebbly sandstone, with pebbles 
occurring as layers or as discrete lenses, and at Lin~is 
the medial beds are m-thick beds of sandstone and 
pebbly sandstone, partly cross-bedded with sharp, 
scoured bases. 

Comparison of these deposits with the detailed 
descriptions of sheetflood facies in Blair (1999a, b) 
suggests that the previous interpretations of the fan- 
depositional processes in this area may need to be 
revised. According to Blair (1999a) sheetflood 
deposits show two main facies: (a) couplets of coarse 
gravel in planar beds, 5-25 cm thick, rhythmically 
interstratified with gravelly sand of similar thickness; 
and (b) texturally similar gravel and sand that dis- 
plays up-fan dipping, low-angle, cross-beds. Blair 
(1999a) considers these facies to be the products 
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of deposition from antidune bedforms in high- 
discharge sheetfloods. Neither the thin couplets nor 
the antidune cross-bedding have been documented 
from the deposits in the western External Sierras 
fans. The presence of strongly scoured bases, lenses 
of conglomerate and some cross-bedding are more 
consistent with deposition from poorly confined, 
unstable, braided river channels on the fan surface, 
similar to the outwash fans of Boothroyd & 
Nummedal (1978) and the fans described by Nemec 
& Postma (1993). This suggests that the fans were 
built up by fluvial processes, with streams discharg- 
ing from the External Sierras relief depositing gravel 
on bars within 1 or 2 km of the basin margin, and 
sand in shallow, poorly confined streams up to about 
5 km from the margin (Fig. 19). Sheet bodies of 
gravel and sand were constructed by the lateral 
migration of the flow over the fan surface during a 
discharge event, or by the amalgamation of several 
events. Stream-channel processes do not fall within 
the spectrum of processes seen on the alluvial fans as 
defined by Blair & McPherson (1994), although the 
bodies of sediment built up at the Ebro Basin margin 
in the Oligo-Miocene are of similar size and shape to 
the fans of Blair & McPherson (1994). 

Controls on processes of deposition 

Rock-fall deposits are localized adjacent to steep 
topography at the basin margin where beds of 
Triassic-Early Eocene limestone formed cliffs in the 
late Oligocene and early Miocene. Within the fan 
deposits, debris-flow facies occur in two settings. At 
Riglos and in Stage 1 at Agtiero, the drainage basin 
area would have been small and with steep relief, 
conditions that favour debris-flow processes (Blair & 
McPherson 1994). The change to waterlain deposits 

Fig. 15. Poorly sorted, ungraded beds of conglomerate 
near the base of the main pinnacle at Riglos. These are 
interpreted as matrix-poor debris-flow deposits. 

in the second depositional phase at Agtiero may be 
interpreted as a consequence of the expansion of the 
drainage basin area that resulted in an increase in 
runoff in the enlarged basin: this is recorded in the 
fan succession as a change from monomict to 

Fig. 16. Clasts of gypsum (white) and limestone floating in a matrix of sandy, gravely, mudstone in the Nueno fan. 
These are interpreted as debris-flow deposits derived from a drainage area rich in Triassic gypsiferous mudstone. 
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Fig. 17. Proximal facies of the Roldfirl fan body. The conglomerate beds have sharp, erosive bases and show a distinct 
lensoid geometry (picked out by dashed lines). They are interpreted as the deposits of poorly confined flow forming 
bars of gravel on the fan surface. 

Fig. 18. Sheets of sandstone and conglomerate from medial parts of the Rol&in fan body. 
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Fig. 19. Depositional model for the Roldfin fan and other fans in this area that were predominantly formed of waterlain 
sediment (upper parts of Agtiero, Murillo, Linfis, Ani6s, Bolea and San Julifin). 
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polymict clast compositions (Nichols 1987b; Lloyd 
et al. 1998). The persistence of disorganized con- 
glomerate facies throughout the succession at Riglos 
may indicate that the drainage basin remained rela- 
tively small and steep: the fan itself is the smallest 
along this section of the basin margin. The Nueno fan 
had a larger drainage basin, but the bedrock was 
dominated by mudrock and gypsum, resulting in 
flows with a higher proportion of fines and debris- 
flow characteristics (Nichols & Thompson 2005). 

The predominance of waterlain facies in the allu- 
vial fans of the Ebro Basin margin indicates that pre- 
cipitation in the External Sierras in Oligo-Miocene 
time was high enough for non-viscous flows to occur 
from all but the smallest or most mudrock-dominated 
catchments. The flows were capable of scouring into 
the fan surface, but there is no evidence of deep inci- 
sion forming an entrenched channel in any of the fans. 
This indicates that the fans did not build up above the 
level of the basin floor at the fan toes, and that through 
time aggradation on the fan and on the basin floor 
were at approximately the same rate. Further evi- 
dence for a low gradient across the fans is provided by 
the extensive sheets of gravel and sand produced by 
laterally migrating, poorly confined braided river 
channels. Low-surface gradient has been identified as 
a cause of fan-shaped bodies of sediment in other 
alluvial systems, albeit on a larger scale in examples 
such as the Kosi fan (Wells & Dorr 1987; Gohain & 
Parkash 1990). The downstream changes from 
gravel- to sand-dominated deposition over distances 
of only 1-2 km suggest rapid loss of stream power 
downflow: loss of water by infiltration into the fan 
surface and, to a probable lesser extent, evaporation is 
likely to have played an important role in this process. 

Relationship to other facies in the 
Ebro Basin 

Alluvial-fan deposits form only a small proportion 
of the Sarifiena and Uncastillo formations, which 
consist mainly of fluvial channel and overbank 
deposits plus minor lacustrine facies (Hirst & 
Nichols 1986; Arenas et  al. 2001). Interfingering of 
the fan facies with these other deposits can be seen in 
all except the Anirs fan, where exposure is poor. In 
the west, the Uncastillo Formation was mainly 
deposited by the Luna fluvial distributary system 
(Hirst & Nichols 1986; Nichols 1987c), channels of 
which show a palaeoflow direction towards the east 
and SE in the vicinity of the Agtiero and Murillo 
fans. River-channel facies between each of the 
stages of fan deposits at Agtiero (Nichols 1987b) 
indicate that the fluvial system deposited close to the 
basin margin between periods of fan progradation. 
The southern, distal parts of the Roldfin fan interfin- 
ger with deposits of the Huesca fluvial distributary 

system that locally shows a palaeofow towards the 
west and WNW (Hirst & Nichols 1986; Nichols & 
Hirst 1998). A similar relationship is also exposed at 
the SW fringe of the San Julifin fan (Nichols & 
Thompson 2005). 

Between the Rold~in and Nueno fans, the coeval 
facies are lacustrine (Nichols & Hirst 1998; 
Nichols & Thompson 2005), consisting mainly of 
thin, wave-rippled sandstone beds interbedded with 
calcareous mudstone plus some fine-grained lime- 
stone. These facies extend up to the basin margin 
between the two fan bodies, suggesting that there was 
a ponding of water in the interfan area. In the region 
between the Linfis and Anirs fans a basin-margin 
facies of pebbly sandstone interfingers with thin beds 
of sandstone and mudstone of the Huesca and Luna 
fluvial distributary systems (Nichols 1984). 

Palaeoclimate 

The alluvial-fan deposits provide little direct evi- 
dence of the palaeoclimate. Waterlain depositional 
processes may be common on fans formed in very 
mid climatic settings, such as Death Valley, 
California (Blair 1999a, b), so the predominance of 
this style of sedimentation in the Ebro Basin fans 
may not be a significant palaeoclimatic indicator. 
The best indications of palaeoclimate are to be found 
in the coeval floodplain facies. Mature calcrete 
profiles are absent from the floodplain sediments in 
the Uncastillo and Sarifiena formations, despite 
the abundant carbonate within the succession 
(Nichols & Hirst 1998). The pedogenic profiles 
present (Nichols 1984) are poorly developed verti- 
sols, similar to those described by Bown & Kraus 
(1981) from the early Tertiary of Wyoming, and a 
similar, relatively humid climate is suggested. 
Organic material is very rarely preserved within the 
foodplain deposits and this suggests that floodplain 
conditions were oxidizing. Further indicators of 
palaeoclimate are the presence of gypsum in places, 
but these deposits appear to have been localized 
around the toes of some of the fans (e.g. Murillo, 
Nueno and Roldan) where waters rich in calcium 
sulphate derived from the Triassic Pont de Suert 
Formation ponded and evaporated. Desiccation 
cracks from within channel-fill deposits of the Luna 
System have been noted by Nichols (1987c) and are 
evidence of ephemeral flow in the channels, but the 
channel sandstone bodies generally have quite well- 
developed bar and dune structures indicating that the 
flow was generally continuous. 

The late Oligocene-early Miocene palaeoclimate 
was therefore probably semi-arid-temperate, with 
net evaporation in the basin greater than the input of 
water from direct precipitation and flow from the 
Pyrenees. It was therefore somewhat similar to the 
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present-day climate, with a summer monthly mean 
of up to 30 ~ and seasonal rainfall. 

Deformation features 

S y n s e d i m e n t a r y  d e f o r m a t i o n  

The thrust-generated topography at the basin margin 
had formed by the mid-Oligocene. However, thrust 
movement continued at some locations resulting in 
synsedimentary deformation of alluvial-fan 
deposits. The largest amount of deformation is in 
TSU1 deposits at Agtiero (Stage 1) and in TSU2 
strata in Agtiero (Stages 2 and 3), Murillo and 
Riglos. There are some synsedimentary deformation 
features in TSU3 deposits at San Juli~in and Rold~in. 

These features are most completely displayed at 
Agtiero (Nichols 1987b; Lloyd et al. 1998), and are 
also seen within the fan successions of Riglos, San 
Julifin and Roldfin. At Agtiero the lowest strata, 
which lie within TSU1 and are the oldest alluvial 
fan deposits in the western External Sierras area, 
show a progressive unconformity (Fig. 20) (Riba 
1976; Anadon et al. 1986). This structure is inter- 
preted as the tilting of the depositional surface 
southwards during deposition (Nichols 1987b) that 
can be related to the development of the thrust struc- 
tures in the adjacent part of the External Sierras 
(Pocovf et al. 1990; Lloyd et al. 1998) during the 
late Oligocene. A syndepositional fold in the middle 
and upper parts of the succession here (Fig. 21 ) are 
evidence of deformation during TSU2 and the early 
part of TSU3, and can also be related to movements 
in the adjacent thrust front (Nichols 1987b; Lloyd et 
al. 1998). 

Conglomeratic strata in the Murillo fan body that 
span the same age range (TSU2 and TSU3) also 

Fig. 20. A progressive unconformity at the base of the 
Agtiero fan body. The oldest beds, on the right, lie 
unconformably on Eocene sandstone beds and are 
overturned at an angle of 60 ~ . The bedding dip gradually 
changes to vertical through 100 m of sedimentary section. 

show a broad syncline structure, but the evidence of 
growth during sedimentation is not so clear, with 
only a suggestion of thickening into the syncline 
and wedging of the beds northwards (Fig. 5). 

Fig. 21. Growth folds in the middle and upper parts of the Agtiero fan body (TSU2 and TSU3). 
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However, there has been a considerable amount of 
post-depositional deformation (see below). On the 
opposite side of the valley of the Ri6 G~illego the 
contact between the Riglos conglomerate body and 
the folded and thrust-faulted limestone beds at the 
front of the Guarga Thrust is spectacularly exposed 
(Figs 7 & 14). 

With the exception of some very locally tilted 
beds in the most proximal parts of the Limis fan, 
there is no evidence of synsedimentary deformation 
in any of the fans between Riglos and San Julifin. 
According to the correlation scheme of Arenas et al. 
(2001) the fan deposits exposed in this part of the 
basin margin are younger (all within TSU3) than 
those to the west. In San Julifin fan deposits either 
side of the Barranco Fenes (Fig. 11 ), S-dipping beds 
of conglomerate occur in the lower part of the proxi- 
mal fan succession. These beds are part of a mono- 
clinal fold that formed by thrust movement in the 
limestone beds which form the basement to the fan. 
The thinning of the beds over the upper axis of the 
monocline indicates that the fold grew gradually 
during fan deposition, progressively rotating part of 
the fan depositional surface. The growth fold struc- 
tures can only be identified on the west flank of the 
San Julifin fan: equivalent strata on the eastern side 
are not exposed. Further to the east, the Nueno fan 
succession also shows no evidence of syndeposi- 
tional growth structures at equivalent levels. The 
structure is, therefore, very localized and the amount 
of displacement on a fault to create 60 m of palaeo- 
relief would have been between 120 and 230 m, 
assuming a low-angle thrust fault dipping between 
15 ~ and 30 ~ to the north. 

A growth structure of similar dimensions and 
geometry can be seen in the lower part of the Roldfin 
fan where there is a small fault-related growth fold 
within the most proximal part of the fan succession 
at the base of the eastern pinnacle (visible from the 
western side of the gorge). In this case a reverse fault 
cuts up through about 50 m of conglomerate, termi- 
nating in a monoclinal fold, above which there is 
about 40 m of growth strata to the level where the 
fold dies out (Friend et al. 1989). 

Post-deposi t ional  de format ion  

West of Linfis the Fuencalderas anticline is a broad 
open fold about 4 km south of the basin margin 
within the Uncastillo Formation that affects beds in 
TSU3 (Arenas et al. 2001). This fold provides evi- 
dence of shortening in the area continuing into the 
early Miocene. Closer to the thrust front, alluvial-fan 
deposits within TSU3 are deformed at Agtiero and 
Murillo. In the valley of the Barranco de Pituelo west 
of Agtiero village a steep monocline structure 
deforms distal-fan facies, and the Luna System 
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Fig. 22. Map and cross-sections through the Murillo fan 
body and adjacent units of the thrust front in the External 
Sierras. 

sandstone and mudstone beds with which they 
interfinger (Nichols 1987b). This structure can be 
traced 4 km west where it affects the distal facies of 
the Murillo fan. Here the shortening is greater, with 
the central limb of the monocline overturned, 
dipping 700-80 ~ N (Figs 5 and 22). 

The Murillo fan body displays an unusual 
example of the interaction between alluvial-fan for- 
marion and the deformation of the adjacent basin 
margin. The currently exposed mass of conglomer- 
ate covers an area of approximately 1 klTl 2 and is 



204 G. NICHOLS 

interpreted to be the core of an alluvial fan body with 
an area of 5.4 km 2 (Nichols 1984; Lloyd 1994; Lloyd 
et al. 1998). The conglomerate beds are folded into 
an open syncline, with the lowest beds exposed pos- 
sibly deformed during deposition (cf. the coeval 
Stages 2 and 3 deposits of the adjacent Agtiero fan). 
The youngest beds of the exposed succession can be 
traced from an open syncline in proximal fan con- 
glomerates to the tight monocline in the distal fan 
deposits (Fig. 22). In three parallel cross-sections 
through this structure (Fig. 22) a lateral variation in 
fold geometry and the orientation of the adjacent 
strata in the thrust front can be seen. Adjacent to the 
apex of the fan, mapped as the centre of the con- 
glomerate body, the lower Eocene, Palaeocene and 
upper Cretaceous strata dip at 80~176 These beds 
are part of an allochthonous unit, the Punta Comt~n 
Unit (Nichols 1987a; Arenas et al. 2001), that strikes 
110 ~ To the west of the fan apex the beds are over- 
turned, dipping 70~ and to the east, in the Rio 
Gfllego gorge, they are also overturned, dipping 
60~176 (Fig. 22). At the conglomeratic apex of 
the fan the Punt Comfn Unit beds have undergone 
less folding than where the beds are adjacent to the 
more sand-rich lateral margins of the fan. The con- 
glomeratic core of the alluvial fan has acted as a rela- 
tively rigid block, resulting in other strata, including 
those of the thrust front, wrapping around it. This 
relationship also suggests that the conglomerate 
beds were lithified prior to deformation. 

To the east, the Lin~is fan deposits and all of the 
margin deposits as far as San Juli~in appear to be 
largely unaffected by post-depositional deforma- 
tion, although exposures of the distal-fan deposits at 
Ani6s and Bolea are poor. The strata at Roldfin and 
Nueno show a dip of up to 9 ~ to the north close to the 
basin margin, shallowing southward to horizontal. 
The origin of this deformation is not clear, but may 
simply be the expression of a limb of a broad anti- 
cline similar to the Fuencalderas anticline to the 
west. 

Deformation timing and controls 

The syn- and post-depositional shortening at the 
Ebro Basin margin in the late Oligocene was rela- 
tively minor: Lloyd (1994) calculated that the short- 
ening across the Agtiero fan, which shows the 
greatest degree of deformation, was approximately 
2000 m. Several of the fans (Lin~is, Anids, Bolea, 
Nueno) and the youngest parts of most of the others 
show no evidence of tectonic deformation. This 
means that there could only have been a small 
amount of thrust-related uplift in the External 
Sierras during fan deposition, and the relationship 
between the deformed pre-Oligocene strata and the 
marginal basin deposits has not changed signifi- 

cantly since the Oligocene. Movement along this 
part of the south Pyrenean thrust front had ceased by 
the end of the Oligocene. 

Exhumat ion  of  the Tertiary alluvial fans 

The pinnacles of conglomerate along the margin of 
the Ebro Basin are a striking feature of the geomor- 
phology of the area (Figs 4, 6, 7 & 11) and their pres- 
ence owes as much to late Neogene erosion as the 
processes of their formation discussed above. 
During the period of alluvial-fan deposition the Ebro 
Basin was endorheic, and lacustrine sedimentation 
in the basin centre continued until the middle 
Miocene (Calvo 1990; Garcia-Castellanos 2003) to 
fill the basin to at least 1000 m above present sea 
level. However, in the late Miocene (Tortonian) 
sediment started to accumulate at the site of the 
modern Ebro Delta (Evans & Arche 2002), indicat- 
ing that the Ebro Basin changed to being externally 
drained at this time. There are over 2000 m of late 
Mineon~ ant] vnnn~r  ~trata in r F, hro Delta suc- 
cession, punctuated by an unconformity that marks 
the Messinian base-level fall in the Mediterranean 
(Evans & Arche 2002). As headward erosion by the 
Rio Ebro resulted in river capture throughout large 
parts of the southern Pyrenees the regional base- 
level fall was up to 1000 m (Garcia-Castellanos 
2003; Nichols 2004). The rates of incision varied 
during the late Neogene, and there were periods of 
aggradation to the north of the Ebro Basin (Jones 
et al. 1999), but the overall effect has been one of 
deep incision into the basin-margin succession and 
exposure of the Oligo-Miocene alluvial fans. 

Conclusions 

�9 The emergence of the relief at the basin margin 
in the late Oligocene occurred once relatively 
easily eroded Middle-Late Eocene strata had 
been removed to expose the more resistant Early 
Eocene limestone beds (the Guara Formation). 

�9 Thrust-related shortening in the External Sierras 
thrust front continued during the late Oligocene 
resulting in syndepositional deformation of the 
earliest fan deposits exposed in the western part 
of the area. 

�9 Deposition on most of the fans was by poorly 
confined flows producing sheet bodies of sand 
and gravel by lateral amalgamation of channel 
and bar deposits. Hyperconcentrated and debris- 
flow deposits are recognized in instances where 
the catchment area is interpreted to have been 
relatively small (Riglos and Stage 1 of the 
Agtiero fan) or where the hinterland bedrock 
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was dominated by mudrock and evaporites 
(Nueno). 

�9 The palaeoclimate is inferred to have been semi- 
arid-temperate.  Rainfall in the External Sierras 
was sufficient to provide enough water for trans- 
port and deposition from traction currents on the 
fan surfaces. However, a degree of  aridity is 
indicated by the presence of  gypsum as clasts, 
the formation of  gypsum nodules in alluvial- 
plain palaeosols and the evidence for desicca- 
tion of  coeval fiver channels in the Luna System. 
Lacustrine l imestone beds interfingering with 
the distal-fan facies at Rold~in indicate that the 
alluvial plain could not have been arid. 

,, The thick successions of  alluvial-fan deposits 
formed as a consequence of  sedimentation at the 
margins of  a basin that experienced a rising base 
level throughout the period of  fan deposition. 
The absence of  deep incision in the fan succes- 
sions indicates that aggradation on the fans and 
on the alluvial plains kept pace with each other. 

�9 Exhumation of  the fan deposits is a consequence 
of  a late Miocene base-level fall that came about 
when the Ebro Basin switched from being 
endorheic to a basin with external drainage in 
the Tortonian. 

Many colleagues have contributed ideas and comments 
about these spectacular deposits, but thanks are particularly 
due to E Friend, who introduced me to this area, E Hirst, 
who carried out the original study of the Roldfin fan, 
and Royal Holloway MSci students B. Thompson and 
C. Chadwick, who carried out project work on selected 
fans. The author would also like to thank T. Elliott for his 
helpful comments on an earlier version of this manuscript. 
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Abstract: Middle Miocene alluvial fans in the intramontane Fohnsdorf Basin of the Eastern Alps 
originated along normal faults and linked strike-slip faults in a continental half-graben setting. The 
fans display considerable facies differences. Debris flows of the Rachau fan are characterized by a 
sandy matrix and large boulders, whereas debris flows of the Apfelberg fan are characterized by 
higher silt and clay content and smaller clasts. Key control of debris-flow facies is the lithology con- 
trast in the fan source areas. Sand, pebbles and large outsized boulders originated predominantly 
from the resistant augengneiss- mad amphibolite-dominated hinterland of the Rachau fan, whereas a 
significant higher proportion of mud and silt and smaller boulders have been derived from the 
Apfelberg fan catchment, which was dominated by mica schists and marble. 

Alluvial fans are recognized as sensitive recorders of 
the evolution of piedmont basins and their margins 
(e.g. Heward 1978; Nemec & Postma 1993; Blair & 
McPherson 1994; Lloyd et al. 1998). Alluvial fans 
constitute a widespread facies in intramontane 
basins due to strong local uplift and subsidence 
along faults within actively deforming orogens. Fans 
in intramontane settings show a high degree of diver- 
sity because of complex basin geometries, contrast- 
ing source areas over short distances, and different 
tectonic movements that influence fan geomorphol- 
ogy and facies. 

This paper describes Neogene alluvial-fan deposits 
within a large intramontane basin of the Eastern Alps, 
the Fohnsdorf Basin of Styria (Sachsenhofer et al. 
2000; Strauss et al. 2001). The purpose of this paper 
is to document the origin of significant facies differ- 
ences between adjacent fans. Fan formation and 
stratigraphic evolution is attributed to faulting along 
basin margins, whereas fan sedimentology seems to 
be strongly controlled by different source-area 
lithologies. 

Geological and palaeogeographical 
overview 

The Miocene Fohnsdorf Basin is one of several intra- 
montane, fault-bounded basins within the Eastern 
Alps of Austria (Sachsenhofer et al. 2000, 2003; 
Strauss et al. 2001, 2003). It is situated on meta- 
morphic complexes of the Austroalpine tectonic unit 
that underwent a complex evolution of thrusting 
and metamorphism during Cretaceous-Palaeogene 
times. Intramontane basins developed during the 
Oligocene-Miocene along strike-slip faults as a 
response to lateral eastwards extrusion of central 

parts of the Eastern Alps (e.g. Ratschbacher et al. 
1991). The Fohnsdorf Basin formed along one of 
these major strike-slip fault systems, the Mur-Mtirz 
Fault (Decker & Peresson 1996), that bordered one 
of the extruding blocks. The fault linked these en 
echelon basins to the contemporaneous large pull- 
apart structure of the Vienna Basin (Ratschbacher 
et al. 1991; Decker & Peresson 1996). 

The Fohnsdorf Basin subsided during the 
Early-Middle Miocene as a pull-apart along over- 
stepping, E-W-trending strike-slip fault of the 
Mur-Miirz fault system (Fig. 1). Coarse and fine sili- 
ciclastics, coal seams and rare layers of limestone 
were deposited during the first basin stage (Strauss 
et al. 2001). Subsequently, tectonic stresses changed, 
and the strike-slip basin evolved into a half-graben 
with major subsidence concentrated in the southern 
part of the basin. During this time (MN 6, 
Middle-Late Badenian, Strauss et al. 2003) the 
Apfelberg Formation was deposited in the southern 
part of the basin (Figs 1 & 2). This more than 1000 m- 
thick formation is mainly composed of weakly 
consolidated conglomerate beds ('Blockschotter' of 
Polesny 1970). 

Stratigraphic-structural setting of the 
Apfelberg Formation 

The distribution of the Apfelberg Formation is 
limited to the SE part of the Fohnsdorf Basin. Good 
exposures can be found in the proximal, hilly part at 
the basin margins along road cuts and incised creeks, 
whereas the more distal parts of the Apfelberg 
Formation in the basin centre are largely covered by 
Quaternary-recent sediments, and outcrops are rare 
and patchy. Strata of the Apfelberg Formation have 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 207-216. 0305-8719/05/$15 �9 The Geological Society of 
London 2005. 
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Fig. 1. Geological overview of the Fohnsdorf Basin mad the basement complexes in the Eastern Alps of Austria. A is the 
position of Rachau fan logs of Figure 3; B is the position of proximal Apfelberg fan log of Figure 6. 

Fig. 2. Simplified stratigraphic chart of the Fohnsdorf 
Basin, based on Strauss et al. (2001, 2003), indicating the 
position of the Apfelberg Formation. 

a tectonic dip of 10~ ~ to the north; steeper incli- 
nations are predominantly concentrated at the basin 
margins in the south. The sediments are largely 
undeformed with the exception of strata deposited 
directly adjacent to the faults at the basin margins 
(Strauss e t  al. 2001). Contacts with the underlying 
metamorphic basement are often faulted. Where 

original sedimentary contacts are preserved, the 
underlying gneisses and mica schists record the 
effects of extensive palaeoweathering under sub- 
tropical climatic conditions, for example a strong 
loosening and significant reddening of the bedrock. 

The Apfelberg Formation at the SE margin of the 
Fohnsdorf Basin consists of a wedge-shaped con- 
glomerate complex that tapers towards the NW. 
Mapping indicates a maximum thickness of more 
than 1000 m (Strauss e t  al. 2001). Based on conspic- 
uous material and facies differences, a NE fan, the 
Rachau fan, has been distinguished from a SW fan 
complex, the Apfelberg fan (Strauss e t  al. 2003). 
Both fans display an elongate fan-like aerial extent, 
although later erosion has modified this, especially 
along northern fan margins due to southward tilting 
of the basin. Reconstructed fan areas based on 
today's outcrops, facies mapping and the distribution 
of clast lithologies (Polesny 1970) are of the order of 
20-35 km 2. The Rachau fan is mainly characterized 
by clasts of orthogneisses and amphibolites from the 
Gleinalpe area to the east and SE (see Fig. 1), 
whereas clasts of the Apfelberg fan are composed 
predominantly of lithologies that can be matched 
with the Stubalpe units to the south. The boundary 
between the two fans is loosely defined due to poor 
outcrop conditions in this area. However, based on 
clast lithologies and heavy mineral data (Polesny 
1970), an interfingering of conglomerate beds of the 
two fans can be mapped, defining a transitional zone 
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between the fans. In a distal position the alluvial fans 
grade into a lacustrine delta complex, e.g. in the 
Apfelberg clay pit (Strauss et al. 2003). 

Faults along the southern and SE basin margin 
record several deformational phases. On the basis of 
cross-cutting relationships an older phase of sinistral 
strike-slip movement could be separated from 
a younger phase of normal faulting, followed by 
compression (Strauss et al. 2001). Normal faulting 
along E-W-trending, steeply N-dipping fault planes 
could be attributed to NNW-SSE extension, with 
linked N-S-trending strike-slip faults (Fig. 1). 

Sedimentology 

The two fans of the Apfelberg Formation are distin- 
guished by significant lithology and facies contrasts. 
In general, both fans can be classified as debris- 
flow-dominated. 

R a c h a u  f a n  

Outcrops of sediments of the Rachau fan are mainly 
located in the proximal part of the fan, whereas the 
distal parts are largely covered. In proximal areas, the 
deposits of the Rachau fan comprise mainly stacked 
sheets of thick-bedded, unsorted-very poorly sorted, 
matrix- to clast-supported conglomerates with 
maximum clast sizes ranging from cobbles to large 
boulders (Fig. 3). The debris is subangular-sub- 
rounded, comprising fragments of local bedrock, 
mainly augengneisses, orthogneisses, amphibolites 
and minor paragneisses and quartzites (Fig. 4a, b). 
The matrix is an unsorted mixture of angular finer 
grained gravel and sand. The clay content of the 
matrix is below 5%. Pebbles with modal diameters of 
10-30 cm are dispersed within this matrix. Outsized 
clasts are common and reach diameters of more than 
3 m. These extremely outsized boulders are concen- 
trated in a few distinct beds. Between the conglomer- 
ate beds thin lenticular sand-granule layers are 
present. 

Conglomerate bed boundaries are often indistinct 
and amalgamation is a common feature. Thicknesses 
of individual conglomerate beds range from 40 cm 
to more than 3 m. Where outcrop conditions permit, 
observations of individual beds over tens of metres 
reveal a sheet-like-broadly lenticular geometry. 
Most beds are internally massive and appear struc- 
tureless. Crude horizontal stratification defined by 
subhorizontally oriented clasts is very rare. The 
bases of thick boulder beds are planar and show no 
obvious erosion. Some of the thinner beds with 
lenticular geometry display erosional, convex- 
downward bases and locally show low-relief scour- 
ing of a few tens of centimetres. Inversely graded 

basal parts, where the largest boulders in the bed are 
excluded from the lower third part, have been 
observed on several beds, and most outsized clasts 
are concentrated in the upper half of the beds. The 
fabric is mainly disorganized with no preferred clast 
orientation, and large boulders in nearly vertical 
positions are present. The tops of beds are often 
crudely normal graded and show transitions to 
interbedded sandstones. Large cobbles and boulders 
project above the surfaces of many beds. 

The boulder conglomerate beds are sometimes 
separated by roughly horizontally stratified thinner 
conglomerate beds up to 80 cm thick, with organized 
fabric and rare lenses of fine-coarse sandstone. 
Weakly lithified sandstones display planar lamina- 
tion locally marked by pebble stringers. These facies 
makes up less than 10% of the measured sections 
(Fig. 3). No distinct coarsening- or fining-upwards 
trends in maximum particle size could be observed. 

Interpretation. The dominant boulder-bearing con- 
glomerate facies of the Rachau fan is interpreted to 
represent deposits of a wide variety of debris-flow 
types from mudflows to largely cohesionless debris 
flows and transitions to sheetfloods (e.g. Postma 
1986; Blair & McPherson 1994). The disorganized 
fabric, the presence of large outsized clasts, matrix- 
supported bed intervals and clasts in vertical position 
indicate deposition on a debris-flow-dominated allu- 
vial fan (cf. Hubert & Filipov 1989; Blair & 
McPherson 1994). Although the number of measured 
beds is rather low and the variance is high, a crude 
correlation of maximum particle sizes (MPS, mean of 
10 largest clasts of bed) and bed thickness (BTh, 
Nemec & Steel 1984) could be observed (Fig. 5), 
pointing also to debris-flow depositional processes. 
The conglomerates of the Apfelberg Formation repre- 
sent mainly deposits of low cohesive debris flows, as 
determined by the low clay content of the beds and 
the predominance of a sandy matrix in most of the 
beds; mudflows with a strong clay-matrix support are 
not present due to the generally low clay content. The 
competence of these low cohesive flows was consid- 
erable, as large boulders were transported by flows 
with a dominantly sandy matrix and clay contents of 
around 5% (cf. Rodine & Johnson 1976). Inversely 
graded bed bases and the concentration of outsized 
clasts in the upper portion of the beds are attributed to 
the upwards movement out of basal shear horizons 
(Hubert & Filipov 1989). Above the sheafing layer 
the coarse debris moved probably as a semi- 
rigid, high-strength plug. Crude normal grading and 
pebbly sandstones may indicate deposition by 
surging debris flows according to Nemec & Steel 
(1984). Normally graded bed tops with transitions to 
sandy layers indicate transitions from debris-flow 
transport to turbulent water flow in the late stages 
of flood events, a common feature of debris flows 



210 M. WAGREICH & EE. STRAUSS 

Fig. 3. Sedimentary logs through the Rachau fan deposits. MPS, mean particle size of 10 largest clasts of bed; MAX, 
diameter of largest component; asl, above sea level. 
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Fig. 4. Outcrop photographs of fan deposits of the Apfelberg Formation. (a) 3 m-thick debris-flow boulder bed (bed 23e 
of Fig. 3). Note the predominance of light-coloured augengneiss blocks. Top of the boulder bed with the sandy matrix 
interpreted as reworking and later infill of sand from the top of the layer. (b) Typical debris-flow conglomerate of the 
Rachau fan with predominantly clast-support, no preferred fabric and light-coloured sandy matrix (bed 2 if of Fig. 3). 
(c) Typical debris-flow deposit of the proximal Apfelberg fan (bed 2 of Fig. 6) with maximum particle size up to 30 cm, 
and a dark, mica-rich and more clay-rich matrix compared to the debris flows of the Rachau fan. (d) Debris flows of the 
distal Apfelberg fan displaying generally smaller maximum clast sizes and predominant matrix-support in the lower bed. 

(e.g. Blair & McPherson 1992). Some beds also show 
signs of later reworking by water flow, such as win- 
nowing of the uppermost part of the beds and infiltra- 
tion of a better sorted sandy matrix from the top. 

Minor water-laid conglomerate and sandy layers 
are interbedded between the thick debris flows, and 
record either water flow in the late stages of flood 
events or reworking by intermittent stream flow and 
sheetfloods. These conglomerates are distinguished 
by their smaller clast sizes and bed thicknesses, 
crude horizontal stratification and local imbrication 
of clasts, and by a more lenticular geometry with 
some indications of erosion and channelling at their 
bases. Observed channels are a maximum of a few 
metres in diameter. Transport mechanism may 
include transitional types between dilute debris 
flows and streamflow, including sheetfloods (e.g. 
Wells & Harvey 1987; Blair 1999). 

Apfelberg fan 

Proximal sections (Fig. 6) of the Apfelberg fan are 
dominated by conglomerates with bed thicknesses 

generally below 2 m. Clasts are mainly composed of 
garnet mica schists and mica-rich paragneisses, and 
varying amounts of marbles, amphibolites, quartzites 
and pegmatites. Clast sizes are generally below 
20 cm; outsized clasts reach diameters of 45 cm and 
are extremely rare (Fig. 4c, d). Matrix-supported 
fabrics dominate in the proximal parts of the fan; in 
distal settings both matrix- and clast-supported 
fabrics are present. Detrital muscovite, chlorite and 
biotite flakes derived from mica schists and parag- 
neisses are a conspicuous constituent of the matrix, 
and account for the dark grey-greenish colour. The 
fabric is generally disorganized with no preferred 
clast orientation. Crude horizontal stratification was 
observed rarely. Bed bases are generally planar and 
non-erosive, but scoured bases are also present. Both 
inverse and normal grading is extremely rare; 
outsized clasts occur mainly in the upper portions of 
beds. 

In more distal positions of the fan, coarse con- 
glomerates make up about 10-20% of the sections. 
Lenticular channel fills composed of conglomerates 
and sandstones are intercalated within fine-grained 
massive conglomerates with maximum particle sizes 
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Fig. 5. MPS/BTh diagrams depicting bed thickness v. 
mean maximum particle size (arithmetic mean of 
10 largest clasts) after Nemec & Steel (1984). Diamonds 
indicate measurements from the Rachau fo,,n (RF) debris 
flows; circles indicate measurements from the Apfelberg 
fan (AF). Note that most of the debris flows of the 
Apfelberg fan fall into the lower left-hand comer. 

of 5-10 cm. Grain-size curves (Fig. 6) document the 
poorly sorted nature of these conglomerates, inter- 
preted as debris flows below, compared to the chan- 
nelized deposits. The debris-flow matrix consists of 
an unsorted mixture of 10-25% of granules- 
pebbles, 30-50% of sand, 15-35% of silt and 5-15% 
of clay (Fig. 6). These distal fan deposits interfinger 
with planar stratified sheet sandstones, coal and tuff 
layers, including thin non-marine mollusc shell beds 
with vertebrate remains (Strauss et al. 2003). 

Interpretat ion.  The majority of the beds in the proxi- 
mal portion of the Apfelberg fan consist of debris 
flows. Distinctive features for debris flows are 
matrix-supported conglomerates, outsized clasts in 
upright position, and high silt and clay contents in the 
matrix. Grain-size curves are similar to recent debris- 
flow deposits in terms of their largely unsorted 
texture and the significant clay contents (e.g. Hubert 
& Filipov 1989; Blair & McPherson 1998; Blair 
1999). However, the debris flows show significant 
differences in grain size and matrix content to those 
from the Rachau fan. Debris flows of the Apfelberg 
fan display higher overall matrix contents, higher silt 
and clay proportions of the matrix (Fig. 6), lower 
maximum particle sizes and lower bed thickness 
values (Fig. 5). Matrix-supported beds are more 
common than clast-supported ones compared to the 
Rachau fan, which points to transportation by more 
cohesive debris flows. 

In distal-fan areas, fluvial channels with conglom- 
erate and sandstone fills and finer-grained braid 
plain deposits, including coal layers, predominate 
over debris-flow deposits. Transitions to delta-plain 
deposits of a lacustrine fan-delta environment are 
present (Strauss et al. 2001, 2003). 

D i s c u s s i o n  

Alluvial fans generally form in settings where a 
hinterland with a steep relief lies adjacent to a 
lower gradient basin, separated by a strong change 
in the slope gradient, for example by a synsedimen- 
tary active fault (Heward 1978). Higher-gradient 
mountainous streams in the uplifted hinterland can 
transport coarse detritus to the faulted basin margin 
of a low-relief plain, where alluvial-fan deposition 
occurs (e.g. Lloyd et al. 1998). The occurrence of 
outsized clasts of a few metres in diameter through- 
out the whole succession of the Rachau fan calls 
for a high-gradient, constantly exposed hinter- 
land providing a mountainous source area. Syn- 
sedimentary tectonic movements, as demonstrated 
by Strauss et al. (2001), along the prominent south- 
ern basin margin faults of the Fohnsdorf Basin pro- 
vided the relief necessary for continuous fan 
development. Normal faulting along older sinistral 
E-W-trending strike-slip faults due to NNW-SSE 
extension resulted in an asymmetric, southwards- 
deepening half-graben, which was filled by the 
wedge-shaped clastic fans of the Apfelberg 
Formation (Fig. 7), a typical situation for a conti- 
nental half-graben (Leeder & Gawthorpe 1987). A 
backstepping of normal faults and synsedimentary 
cracked pebbles could be verified for this stage 
(Strauss et al. 2001, 2003). Adjacent to the faults, 
the fan sediments were tectonically tilted to about 
20~176 thus the primary slope gradients cannot 
be reconstructed. 

Although several factors can influence alluvial- 
fan sedimentation and facies, such as climate, catch- 
ment type, relief and tectonic setting, the fan facies 
of the Fohnsdorf Basin seem to be dependent mainly 
on lithology variations in the hinterland of the fans. 
The fans have developed contemporaneously under 
essentially identical climatic and tectonic condi- 
tions. A similar catchment type with a generally 
similar relief can be inferred for both fans based on 
their adjacent position and general relief reconstruc- 
tions for the Miocene (e.g. Frisch et al. 2001). The 
Rachau and Apfelberg fans have broadly similar 
areas and originated contemporaneously along 
normal or oblique basin-margin faults. 

The major difference between the Rachau and the 
Apfelberg fans, which is regarded as the critical factor 
causing the differences in debris flows and thus fan 
facies, was apparently the lithology of the bedrock in 
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Fig. 6. Proximal and distal profiles of the Apfelberg fan with typical grain-size cumulative curves to distinguish debris 
flows and fluvial-chmmel conglomerates in the Apfelberg clay pit (standard sieve methods, sediment balance for sand 
fraction, and sedigraph analyser for the silt and clay fraction). 
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Fig. 7. Conceptual depositional model for the fans of the Apfelberg Formation in the intramontane Fohnsdorf Basin, 
indicatin~ positions of basin-margin faults and evolution of fans due to faulting and different source areas. The distal 
portion of the Apfelberg fan grades into a lacustrine fan-delta plain (scale about 1:100 000). 

the source areas of the fans. Striking differences exist 
in the clast lithologies (Table 1), the matrix composi- 
tion and the heavy mineral compositions (Table 2) of 
the fan deposits. Clasts of the Rachau fan consist 
mainly of durable augengneisses, amphibolites and 
orthogneisses of the Gleinalpe area (mainly Amering 
and Speik metamorphic complexes; see Fig. 1), 
whereas the Apfelberg fan comprises material from 
the Stubalpe units (including the Rappold Complex 
and the Steinplan Complex), mainly soft mica schists, 
mica-rich paragneisses and quartzites, marbles, peg- 
matites and minor amphibolites. These differences 
were also noted by Polesny (1970) based on heavy 
mineral samples that display a significantly higher 
amount of green hornblende in sands from the 
Rachau fan, whereas the Apfelberg fan displays 
extremely garnet-rich assemblages. The change in the 
source-area type is due to a major fault-thrust contact 
between the Gleinalpe and the Stubalpe units, and the 
considerably higher Miocene erosional surface. 
Striking differences in source lithologies also control 
the type and grain-size distribution of the debris-flow 
matrix. The matrix of the Apfelberg fan debris-flows 
is more clay- and silt-rich, reaching up to 40% of the 
total size distribution. This is interpreted as a conse- 
quence of the breakdown and strong weathering of 
prevailing foliated mica-rich lithologies in the source 
area; whereas the more sand-dominated matrix of the 
Rachau fan deposits is the product of the weathering 
of augengneisses and orthogneisses into single sand- 
sized quartz and feldspar grains. 

The restriction of large outsized boulders, up to 
3 m in diameter, to the Rachau fan is a rather 

unexpected phenomenon because this suggests that 
the largely non-cohesive debris flows of the Rachau 
fan had an apparently higher flow competence than 
the more clay-rich cohesive debris flows of the 
Apfelberg fan. This may be explained by two 
factors - either by a steeper relief and, thus, a higher 
fan gradient due to stronger tectonic movements 
along this segment of the basin-margin fault array, or 
again as a source-area lithology effect due to the 
higher resistivity of the Rachau fan lithologies 
against weathering. Given the tectonic reconstruc- 
tions (Strauss et al. 2001, 2003) and the indications 
for strong normal faulting along the Apfelberg fan 
fault segment, which suggests no significant differ- 
ences in Miocene fault movements in the hinterland 
of the two fans, we conclude that source lithologies 
played the main role. Strong weathering within the 
humid, subtropical climate of the Middle Miocene in 
this area (e.g. Steininger et  al. 1989) may have 
reduced considerably the clast sizes of the easily 
weathered mica schists of the Apfelberg fan source 
area compared to the resistant gneiss and amphibo- 
lite lithologies in the Rachau fan hinterland. The 
gneisses reacted to tectonic stresses by rather widely 
spaced jointing and to weathering by slow grain-to- 
grain disintegration along joints into sand. This 
spheroidal weathering produced resistant, and thus 
significantly larger, blocks than the weathering of 
the strongly foliated, soft mica schists and parag- 
neisses of the hinterland of the Apfelberg fan. The 
conspicuous rounding of these resistant gneiss boul- 
ders took place within the catchments, where these 
blocks are inferred to have been exposed for long 
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Table 1. Clast composition data, Rachau fan (R-samples) and Apfelberg fan (A samples). 
100 pebble counts, size fraction 2-20 cm. Data partly from Polesny (1970) and Worsch 
(1972) (Others include quartz, pegmatites, serpentinite ) 

Augengneiss Amphibolite Other gneisses Quartzites Mica schists Marbles Others 

R1 52 17 21 6 3 0 0 
R2 60 29 7 5 1 0 0 
R3 52 26 14 7 1 0 0 
A0 11 4 70 3 0 1 10 
A1 0 0 0 3 78 19 0 
A2 0 0 4 2 58 28 6 
A3 0 0 4 2 55 36 1 
A4 0 2 25 2 2 57 12 
A5 8 7 45 20 2 7 11 
A6 5 11 58 12 1 5 8 
A7 0 3 0 1 47 43 6 
A8 0 0 12 0 49 26 12 
A9 0 6 4 1 33 50 5 

Table 2. Mean heavy mineral composition of sands from the Rachau fan (R, mean of three samples) 
and the Apfelberg fan (A, mean of six samples). Data from Polesny (1970) 

Garnet Homblende Zoisite Epidote Disthene ~tanim Ruffle ~ u r m a l i n e A p ~ t e  Amphibole 

R 14.3 66.6 3.9 11.2 1.5 2.1 0.6 0.6 1.2 0.5 
A 74.8 11.8 2.7 9.2 0.3 1.1 0.6 1.5 0.8 0.1 

periods in stream beds, as normal floods would not 
have been able to transport them. 

According to Wells & Harvey (1987) debris-flow- 
dominated successions are typical for alluvial fans 
with relatively small catchment areas and high slope 
gradients. Maximum slope gradients may be 
estimated as 20-8 ~ based on comparable debris- 
flow-dominated recent fans (e.g. Hubert & Filipov 
1989; Blair 1999). Debris flows of the Apfelberg 
Formation fans probably originated at the transition 
from mountainous streams into the unconfined basin 
by failure of unsorted gravelly sediment of the hin- 
terland as a result of the rapid addition of water, for 
example during strong rains. The hinterland of the 
Apfelberg fan can be expected to contain a higher 
proportion of muddy soils and a flatter morphology 
as a result of weathering of softer lithologies in com- 
parison to the Rachau fan. 

Bedrock lithology differences are, thus, regarded 
as the key factor causing the contrasting debris- 
flow facies of the two fans. In this respect fan devel- 
opment in the Fohnsdorf  Basin displays a similar 
hinterland control to that of recent fans in Death 
Valley (Blair 1999) and the Rocky Mountains 
(Blair 1987). 

This work is based on the diploma thesis of E Strauss in the 
Fohnsdorf Basin and work within the Austrian Science 
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Abstract: Upper Cretaceous-Palaeocene alluvial-fan conglomerates exposed along the northern 
margin of the Arc Basin (Provence, SE France) preserve a continuum between undeformed basinal 
deposits and syntectonic alluvial-fan deposits. Based on the distribution of facies associations and 
growth structures in the alluvial-fan deposits, and using marker levels and erosional surfaces, the 
tectono-sedimentary evolution of the basin margin is discussed. On a long timescale, the strati- 
graphic pattern in the alluvial-fan deposits mainly records the tectonic activity in the catchment, and 
subordinate out-of-syncline thrusts in the basin margin. On an intermediate timescale, evolution in 
the drainage area controls the spatial evolution of the alluvial fans and some minor changes in depo- 
sitional facies. High-frequency cycles record aggradation-stabilization sequences, resulting in 
vertically superimposed alluvial-fan bodies more probably tectonically controlled, whereas alter- 
nation between conglomerates-siltstones at the scale of interbedding most probably reflects 
climatic cycles. 

Alluvial fans commonly occur in regions of active 
deformation and are therefore often used as a proxy 
for tectonic activity. Whereas on a Quaternary 
timescale alluvial-fan evolution is strongly con- 
trolled by climate changes (Wells et al. 1987; 
Harvey 1990) and, in some cases, by base-level 
changes (Harvey 2002), on a longer timescale 
alluvial-fan depositional successions are controlled 
by tectonically and climatically driven environmen- 
tal changes, as well as processes acting in the catch- 
ment area (e.g. DeCelles et al. 1991). Therefore, 
studies dealing with the first-order stratigraphic 
architecture of syntectonic alluvial-fan successions 
have to take into account the temporal and spatial 
interaction of these different forcing factors acting 
in both catchment area and adjacent sedimentary 
basin. 

This contribution presents a case study based on 
Upper Cretaceous-Palaeocene alluvial-fan con- 
glomerates that have been deposited along a tecton- 
ically active basin margin in the Montagne Sainte 
Victoire area (northern Arc Basin, Provence, SE 
France). Excellent exposure, preserving continuum 
between undeformed basinal and alluvial-fan 
deposits, enables correlation between uplift and ero- 
sional processes occurring in the catchment area 
with sedimentation in the basin. In this paper the 
depositional architecture and temporal evolution of 
the syntectonic alluvial fans exposed in the 
Montagne Sainte Victoire area are described. Based 
on these observations, the relationships between 
the observed stacking pattern of the alluvial-fan 
deposits and the forcing factors are interpreted. 

Geological overview 

Tectonic setting 

The tectonic structure of Provence has classically 
been described as a N-vergent fold-and-thrust belt 
that consists of a succession of wide (>15 km), 
E-W-trending synclinal troughs bounded by nar- 
rower (<10 km), strongly deformed anticlinal 
ranges (Lutaud 1935; Aubouin & Mennessier 1963) 
(Fig. 1). These structures have been referred to the 
Pyreneo-Provencal phase, including all the Late 
Cretaceous-middle Eocene (pre-Nummulitic) 
deformation events. This deformation phase has 
been commonly interpreted to be related to north- 
ward migration of the Iberia and Corso-Sardic 
blocks (Mattauer & Seguret 1971; Choukroune & 
Mattauer 1978; Debroas 1990; Olivet 1996). Lutaud 
(1935) proposed an initiation of the anticlinal ranges 
during the Late Cretaceous, followed by a major 
compressional event overprinting the former struc- 
tures during the Eocene (Bartonian event), an idea 
that has been confirmed by later studies (e.g. 
Tempier 1987). 

The Arc Basin is one of these E-W-trending syn- 
clinal troughs. It is filled with thick (>1000 m) 
Campanian-Eocene continental sediments overlying 
Jurassic-Upper Cretaceous (Coniacian-Santonian) 
shallow-marine carbonates (Durand & Guieu, 1983; 
Babinot & Durand 1984). The location of its western 
and eastern margins is mainly controlled by Neogene 
erosion, whereas the southern and northern margins 
are defined by Late Cretaceous-middle Eocene 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 217-239. 0305-8719/05/$15 �9 The Geological Society of 
London 2005. 
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Fig. 1. (a) Geological map of SW Provence showing the location of the Arc Basin (modified after Rouire 1979), and 
two possible interpretations of the tectonic structure of the northern margin of the Arc basin as either related to 
(b) thrust tectonics with a d6collement in the Triassic evaporates, or (c) reactivation of a previous basin (e.g. a Permian 
basin) underlying the Montagne Sante Victoire area. 

compressional structures (the Etoile and Sainte 
Baume Ranges, and the Montagne Sainte Victoire 
Range, respectively) (Fig. l a). Both the southern 
and northern margins preserve Upper 
Cretaceous-Palaeocene conglomerate successions 
(Fig. 2) representing ancient transverse alluvial fans 
draining into a basin controlled by a longitudinal 
drainage network. 

The interpretation of the Late Cretaceous-Eocene 
compressional structures in Provence is still a matter 
of debate. Tempier (1987) proposed a fold-and- 
thrust belt in which the Mesozoic-Cenozoic sedi- 
mentary cover was decoupled from its basement 
along Triassic evaporates, with an estimated total 
shortening of the order of 25 km. In this interpreta- 
tion the narrow anticlinal ranges formed over ramps 
during N-vergent thrusting (Fig. l b). In alternative 
models, the anticlinal ranges were interpreted as 
large-scale pop-up structures resulting from the 
reactivation and inversion of inherited basement 
faults of either Jurassic (Chorowicz e t  al. 1989) or 
Permian age (Roure & Coletta 1996) in the foreland 
of an active fold-and-thrust belt (Fig. lc). Biberon 

(1988) proposed a S-vergent back-thrust for the 
Montagne Sainte Victoire, associated with an overall 
N-vergent thrust fault, an interpretation which is not 
supported by the observations presented in this 
paper. 

The post-Eocene tectonic evolution in the 
studied area is dominated first by Oligocene exten- 
sion, leading to the reactivation of NNE-SSW- 
trending faults such as the Aix Fault. Activity along 
this fault forming the eastern border of  the 
Oligocene Aix Basin was coeval with the deposi- 
tion of thick fluvial conglomerates. In the western 
zone of the study area all tectonic structures are 
sealed by a prominent planar wave-ravinement 
surface at the base of Miocene calcarenites (Fig. 2). 
This area has not been affected by the late Miocene 
Alpine deformation observed further to the north 
and to the east (Champion et  al. 2000). Instead, the 
present-day landscape results from Miocene to 
present-day uplift related to opening of the 
Ligurian Sea and prominent erosional surfaces 
associated with the Messinian sea-level fall 
(Clauzon 1984). 
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Fig. 2. Time section showing the ages and stratigraphic 
position of the Lower Alluvial Fan System (LAFS) and 
the Upper Alluvial Fan System (UAFS) relative to the 
three marker levels defined in this work, which are the 
Calcaire de Rognac Formation, the Conglom6rat de la 
Galante and the Vitrolles dolostone. These units are 
shown within the regional stratigraphic framework as 
well as within the international time chart (for correlation 
see text). For a discussion of the climate change deduced 
from the sediments in the Arc Basin see the References 
and discussion in the text. 

Strat igraphic  record in the Arc  Bas in  

In the Arc Basin, stratigraphic subdivisions corre- 
spond to local stages defined on the distribution 
of continental fossils (Medus 1972; Babinot & 
Durand 1980a, b) (Fig. 2). Integrated studies com- 
bining biostratigraphic and magnetostratigraphic 
investigations by Westphal & Durand (1990) and 
Cojan et al. (2003) enabled proposals of correlations 
of the regional continental stages with the inter- 
national stratigraphic chart to be made. From 
bottom to top, the stratigraphic succession com- 
prises: lacustrine and palustrine carbonates of the 
early Campanian (Valdonian and Fuvelian stages); 
lacustrine and fluvial sediments of the middle 
Campanian (Begudian stage); red fluvial siltstones 

and sandstones, overlain by lacustrine carbonates 
of the late Campanian (lower Rognacian stage); 
red fluvial siltstones of the Maastrichtian (upper 
Rognacian stage) and fluvial conglomerates, 
Conglomrrat de la Galante Formation, of the latest 
Maastrichtian (lowermost Vitrollian stage); and red 
siltstones and dolocrete horizons of the early Danian 
(Vitrollian stage); and red siltstones and lacustrine 
limestone of the late Danian and Thanetian. Thick 
lacustrine limestones with intervening subordinate 
fluvial or lacustrine shales are classically attributed 
to the Eocene (Durand & Guieu 1983; Babinot & 
Durand 1984; Cojan 1993). Widespread and repeti- 
tive lake deposits essentially located in the vicinity 
of the Aix Fault (Cojan 1993) suggest that the Arc 
Basin may have behaved, at least temporarily, as an 
endoreic system (Colson & Cojan 1996). 

According to the definition of the Campanian- 
Maastrichtian boundary by Gradstein et al. (1995) 
and to a Cretaceous-Tertiary boundary located a few 
metres above the basal Conglomrrat de la Galante 
(Cojan et al. 2000), the Fuvelian, Begudian, 
Rognacian and lowermost Vitrollian stages corre- 
spond to the Campanian and Maastrichtian (Fig. 2). 
Most of the Vitrollian corresponds to the Danian, and 
the Thanetian local stage corresponds to the 
Selandian and Thanetian (Fig. 2). Sedimentation rates 
have been estimated at between 40 and 60 m/Ma-1 
during the Campanian, and then decreased during 
Maastrichtian (Westphal & Durand 1990). Sedimen- 
tation rates have been estimated at around 20 
m/Ma-1 for Danian times (Cojan pets. comm. 2003). 

In the NE Arc Basin, three Marker Sequences can 
be traced from the basin towards the deformed basin 
margin. In this study, these Marker Sequences are 
considered as 'time markers', allowing a correlation 
between the basin and the basin-margin deposits. 
The lowermost marker sequence, Marker Sequence 
1 (Fig. 2), is represented by the base of the Calcaire 
de Rognac Formation. Cojan (1989) found a 
prominent palaeosol horizon as a marker level in 
this limestone. The Calcaire de Rognac is iso- 
chronous in the study area representing a latest 
Campanian-earliest Maastrichtian age (Cojan et al. 
2003). Marker Sequence 2 corresponds with the 
Conglomrrat de la Galante Formation and its lower 
pseudo-gley palaeosols sequence (Cojan 1989), and 
has been dated as latest Maastrichtian (Cojan et al. 
2000). Marker Sequence 3, which is found only in 
the most basinward sections, corresponds with an 
early Palaeocene palustrine dolostone horizon 
referred to as the Vitrolles dolostone (Colson & 
Cojan 1996) (Fig. 2). 

Palaeoclimatic reconstructions based on palyno- 
logical studies (Medus 1972; Ashraf & Erben 1986) 
and clay minerals (Sittler & Millot 1964) suggest 
a subtropical climate punctuated by semi-arid 
episodes prevailing during the latest Cretaceous and 
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Palaeocene in the Arc Basin (Colson & Cojan 1996) 
(Fig. 2). Isotopic studies on palaeosoils and dino- 
saurian eggshells (Cojan et al. 2003) provide 
evidence for a warming trend during the Late 
Campanian (Begudian and early Rognacian) culmi- 
nating before the deposition of the Calcaire de 
Rognac Formation. A cooling trend is then recorded 
during the Maastrichtian (upper Rognacian), before a 
renewed warming trend that began in the latest 
Maastrichtian (uppermost Rognacian) followed by 
drier conditions as shown by numerous calcrete hori- 
zons in early Danian (Vitrollian) sediments (Fig. 2). 

Architecture of the northern basin margin 

Along the NE margin of the Arc Basin (Montagne 
Sainte Victoire area) Upper Cretaceous-Palaeocene 
alluvial fan systems and their transition to time- 
equivalent basinal successions are preserved 
(Fig. 3). These alluvial systems were fed from an 
emerging E-W-trending anticlinal range forming 
the northern border of the basin. Although the no~h- 
ern margin of the Arc Basin has been overprinted by 
the major Eocene compressional event related to 
the formation of a fold-and-thrust belt in the south- 
ern Provence, in some places primary Upper 
Cretaceous-Palaeocene depositional geometries are 
still preserved (e.g. Inner Syncline, Figs 4 & 5). 

Previous studies by Corroy (1957), Billerey et al. 

(1959), Durand & Tempier (1962) and Chorowicz & 
Ruiz (1979) distinguished two superimposed 
alluvial-fan conglomerate successions, known as 
the 'Begudian-Rognacian breccia' and the 'Danian- 
Montian breccia'. These conglomerate units are 
separated by a major angular and erosional surface. 
Locally Maastrichtian siltstones are preserved 
beneath the erosional surface. These units show a 
rapid thinning basinwards, and the transition to time- 
equivalent basinal successions is preserved by the 
interfingering of alluvial and basinal facies. In 
this study, we define two superimposed alluvial-fan 
systems referred to as the Lower Alluvial Fan System 
(LAFS) and the Upper Alluvial Fan Systems (UAFS) 
(Figs 2 & 5). The two alluvial-fan systems form depo- 
sitional sequences including the alluvial-fan deposits 
and their time-equivalent proximal basinal succes- 
sions (Fig. 5). The base of the LAFS is not well con- 
strained in age and the top of the LAFS corresponds 
to the base of the Calcaire de Rognac Formation, indi- 
cating a probable middle-late Campanian age for the 
LAFS (Fig. 2). The base of the UAFS is diachronous 
from north to south. The northern deposits overlay an 
erosional unconformity, truncating the LAFS and 
locally the Maastrichtian floodplain deposits. Based 
on the recognition of a palaesol sequence (base of 
Marker Sequence 2), they are interpreted here to 
correlate basinward with the basal, essentially 

non-erosive surface underlying the Conglomrrat de la 
Galante Formation (Marker Sequence 2) (Fig. 5). 
The base of the upper UAFS is post-Vitrolles dolo- 
stone (Marker Sequence 3) and these deposits are 
overlain by an early Thanetian limestone, indicating 
a Palaeocene age for the UAFS. The two units can 
be confidently described as chronostratigraphic 
units. This definition contrasts to that of the previ- 
ously defined 'Begudian-Rognacian breccias' and 
'Danian-Montian breccias', which were defined as 
lithostratigraphic units. 

Based on changes in the Upper Cretaceous- 
Palaeocene depositional architecture and on the later 
Eocene tectonic overprint, the northern margin can 
be subdivided into three zones (Fig. 3): a western 
zone (le Tholonet-Roques Hautes) (Fig. 4); a central 
zone (Montagne Sainte Victoire); and an eastern 
zone. This paper focuses mainly on the alluvial- 
fan architecture preserved in the western zone 
(Figs 4 & 5). 

In the western zone, the conglomerates of the 
LAFS and the UAFS are best exposed in the Inner 
Sync!ine (Fig. ~ ~4 . . . . . . .  1 . . . . .  t,~ units can be 
traced over about 1 km perpendicular to, and over 
more than 5 km parallel to, the basin margin (Fig. 6b). 
Nevertheless, the architecture of the alluvial-fan 
deposits changes from east to west in this area. 
Conglomerate strata in the northern limb of this syn- 
cline display dips ranging from 10 ~ to 70 ~ and abut 
against subverfical-overturned Jurassic limestones 
(Figs. 5 & 7a). In the core and southern limb of the 
Inner Syncline, relatively thick floodplain deposits 
are locally present as lateral deposits of the alluvial 
fans. The Calcaire de Rognac Formation (Marker 
Sequence 1) and uppermost Maastrichtian siltstones 
are locally present between the LAFS and the 
UAFS (Figs 5 & 7b). The UAFS lies unconformably 
on either LAFS deposits (Fig. 7c) or uppermost 
Maastrichtian siltstones (Fig. 7b). At the southern 
border of the Inner Syncline, the LAFS is thrust (T1) 
onto the Calcaire de Rognac Formation, resulting in 
an imbricate fan structure, which has been reactivated 
and folded during later Eocene compression (Fig. 5). 
In the area of le Tholonet, the S-vergent thrust T1 is 
sealed by the conglomerates of the UAFS, the latter 
resting with a sharp erosional contact either onto the 
conglomerates of the LAFS or onto the Calcaire de 
Rognac Formation (Figs 4 & 7c). 

In the central zone (Fig. 3), the Inner Syncline and 
the T 1 thrust fault are not observed. Instead, a mono- 
clinal structure is developed forming the continuation 
of the southern limb of the anticlinal structure 
described further to the west. The southern face of the 
Montagne Sainte Victoire comprises an overturned 
succession that consists of folded Jurassic-Lower 
Cretaceous carbonates unconformably overlain by 
conglomerates of the LAFS (Tempier & Durand 
1981). Locally, the conglomerates form the infill of 
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Fig. 5. Reconstructed section across the Inner Syncline and correlation with the drill hole data derived from the 
Arc Basin. 

1 km-wide palaeovalley. Previous workers (e.g. 
Corroy et al. 1964a, b; Tempier 1987) suggested that 
the Inner Syncline continued eastwards below an 
Eocene thrust fault related to the emplacement of 
the present-day Montagne Sainte Victoire (Fig. 3). 
The Jurassic-Lower Cretaceous limestones of the 
Montagne Sainte Victoire is now considered as para- 
autochtonous (displacement <400m) relative to the 
basin-margin succession (Gonzalez pers. comm. 
2004). Following this new interpretation, the 
Montagne Sainte Victoire represents an anticlinal 
structure formed during Late Cretaceous-Palaeocene 
time at the northern margin of the Arc Basin. This 
interpretation is in agreement with the condensed 
upper Cretaceous succession observed in the mono- 
clinal structure south of the Montagne Sainte 
Victoire. 

Combined with drill-hole data from the basin, the 
eastern zone permits better documentation of the 
stratigraphic evolution of the basin-margin succes- 
sions and their transition into their time-equivalent 
basinal successions (Fig. 6a). Here, the basin margin 
is exposed within a monoclinal structure that pro- 
gressively opens eastwards and terminates along a 
km-scale N-S-trending structure along which basal 
parts of the Arc Basin are exhumed (Figs 4 & 6a). 
Within the NE Arc Basin, Jurassic limestones are 

conformably overlain directly by early Campanian 
sediments, and Lower Cretaceous strata are not 
preserved. 

Facies distribution and growth structures 
in alluvial-fan successions 

Lithofacies associations 

At the northern margin of the Arc Basin, the sedi- 
mentary succession comprises alluvial-fan deposits 
that interdigitate laterally and distally with basinal 
facies. The latter consist mainly of red siltstones rep- 
resenting floodplain deposits containing channel 
sandstones and several lacustrine limestone layers 
(Cojan 1993). Eight lithofacies are recognized 
(Table 1), grouped into five facies associations, each 
of which is representative of a distinct depositional 
environment. The variability between these facies 
associations reflects the range of processes at work 
in different alluvial fans. 

Scree facies association: this association is pre- 
served at the basin edge and consists of amal- 
gamated breccia beds several metres thick 
(lithofacies 1 in Table 1; Fig. 8a). 
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(a) 

(b) 

Fig. 6. (a) Photograph of the NE Arc Basin (view from the Montagne Sainte Victoire looking to the south) showing the 
major marker levels within the basin (for comparison see also Fig. 3). (b) Photograph of the Inner Syncline (view from 
the Montagne Sainte Victoire to the west), showing the major marker levels and the structures shown on the map in 
Figure 4 and in the section in Figure 5. 
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(a) 

(b) 

(c) 
Fig. 7. Photographs with line drawings of the sedimentary architecture observed in the Inner Syncline (for location see 
Fig. 4). (a) View of the Bimont wedge showing alluvial fan conglomerates wedging towards and onlapping onto an 
erosional surface separating the alluvial fans from the Mesozoic limestones. (b) Sedimentary architecture in the Roques 
Hautes area showing the relation between the LAFS and the UAFS (for explanations see the text). (c) Erosional surface 
at the top of the LAFS sealed by the UAFS in the area of Tholonet (for details see the text). 
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(a) (b) 

(c) (d) 

(e) (f) 
Fig. 8. (a) Crudely stratified breccia (lithofacies 1) of the scree facies association; (b) clast- to matrix-supported 
conglomerates (lithofacies 2) representing debris-flow deposits in the proximal alluvial-fan facies association; (c) lenses 
of clast- to matrix-supported conglomerates (lithofacies 3) interbedded with a pebbly muddy siltstone horizon 
(lithofacies 5) in the medial alluvial-fan facies association; (d) laminated sandstones (lithofacies 7) onlapping onto an 
isolated clast at the top of a conglomerate bed in the distal alluvial-fan facies association; (e) erosional gullie cut into 
granule-rich muddy siltstones (lithofacies 6) and filled by clast- to matrix-supported conglomerates (lithofacies 3) in the 
distal alluvial-fan facies association; (f) convex-up lens of clast- to matrix-supported conglomerates (lithofacies 3) 
resting with an erosional contact onto red muddy siltstone (lithofacies 8) with pedogenic prismatic structures in the 
fantoe alluvial-fan facies association. 

�9 Non-cohesive debris-flow facies association: 
this facies association is characterized by amal- 
gamated conglomerate beds (lithofacies 2 in 
Table 1; Fig. 8b). In places, granule-rich muddy 
siltstones (lithofacies 6) are interbedded with 
amalgamated conglomerates. 

�9 Cohesive debris-flow facies association: this 
facies association is characterized by pebbly 
muddy siltstones (lithofacies 5 in Table 1; 

Fig. 8c) associated with amalgamated conglom- 
erate beds (lithofacies 2) (<2  m) and locally with 
granule-rich muddy siltstones (lithofacies 6). 
Mixed processes facies association: this facies 
association is mainly made up of granule-rich 
muddy siltstones (lithofacies 6 in Table 1), 
including beds or lenses of individualized con- 
glomerates (lithofacies 3 in Table 1) character- 
ized by well-defined erosional gullies (Fig. 8e). 
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Laminated sandstones (lithofacies 7 in Table 1; 
Fig. 8d) and conglomerates with planar stratifi- 
cation (lithofacies 4 in Table 1) occasionally 
occur. Interbedded floodplain siltstones (lithofa- 
cies 8) indicate recurrent interfingering with 
basinal facies. 
Fan-toe facies association: this facies associa- 
tion mainly comprises red muddy siltstones 
(lithofacies 8 in Table 1) with subordinate 
granule-rich muddy siltstones (lithofacies 6) that 
present locally thick carbonatisation (Fig. 8f). 

Alluvial-fan deposits are organized in repetitive 
facies successions developed on two orders of mag- 
nitude. Such succession is best developed within 
the upper UAFS where individual conglomerate 
lenses and sheets (lithofacies 2) are intercalated 
with siltstones (lithofacies 6 and 8). The logged 
section (Fig. 9) presents a global mixed processes 
facies association. 

Small-scale facies successions attain 25-40 m in 
thickness (Fig. 9). Within these sediments, siltstone 
beds thicken up at the expense of conglomerates, 
which are arranged into a fining-upwards package of 
strata. These are capped by mature palaeosols. 
Larger scale facies successions comprise one or more 
small-scale facies succession and attain 50-60 m in 
thickness (Fig. 9). They are limited by mature 
palaesols associated with the thick accumulation of 
siltstones at the base and at the top of the succession. 

Distribution of  alluvial-fan deposits 

The Lower Alluvial Fan System (LAFS). The LAFS, 
up to 250 m thick in the core of the Inner Syncline, 
rests unconformably on previously folded and eroded 
Jurassic limestones, with local palaeovalleys (Fig. 
7a). Palaeocurrent data obtained from pebble imbri- 
cation (lithofacies 2 in Table 1) indicate a southward 
dispersal pattern from the catchment area in the north 
towards the floodplain in the south (Fig. 4). 

The LAFS conglomerates can be subdivided into a 
lower and an upper subsystem (Fig. 5). In the north- 
ern limb of the Inner Syncline these subsystems are 
vertically stacked and poorly differentiated. A thick, 
northward-wedging succession of amalgamated 
individual conglomerate bodies (5-15 m thick) com- 
prises the non-cohesive debris-flow facies associ- 
ation. Further to the south, in the core and the 
southern limb of the Inner Syncline, the two subsys- 
tems are separated by floodplain sediments. Here the 
lower part of the LAFS comprises a 75-100 m-thick 
conglomerate sheet formed by vertically superim- 
posed and laterally juxtaposed individual conglom- 
erate bodies (Fig. 6b) that can be traced over about 
5 km parallel to the basin margin. They essentially 
comprise the non-cohesive debris-flow facies associ- 

ation grading upwards into a succession comprising 
cohesive debris flows and fan-toe facies associations. 

In the upper part of the LAFS, which is well differ- 
entiated in the core of the Inner Syncline, the spatial 
distribution of alluvial-fan deposits is markedly dif- 
ferent. Here, isolated, non-coalescent conglomerate 
depocentres are observed instead of a widespread 
conglomerate sheet (Fig. 6b). Vertically stacked con- 
glomerate bodies are bounded by erosional, locally 
angular disconformities and/or by several dm-thick 
calcimorph palaesols. They comprise the non- 
cohesive debris-flow facies association, grading lat- 
erally and over short distances into fan-toe facies 
associations and grading upward into a cohesive 
debris-flow facies association. Floodplain sediments 
constitute the sedimentary fill between conglomer- 
atic depocentres. The conglomerates of the LAFS are 
onlapped by limestone beds of the Calcaire de 
Rognac Formation and subsequently overlain by 
Upper Rognacian floodplain sediments (Fig. 7b). 

The Upper Alluvial Fan System (UAFS). 
Conglomerates of the UAFS are exposed in the Inner 
Syncline, and can be traced basinwards across the 
anticlinal structure (e.g. le Tholonet or east of Roques 
Hautes) (Fig. 4). The UAFS can also be divided into a 
lower and an upper subsystem. 

In the northern limb of the Inner Syncline, con- 
glomerate beds belonging to the UAFS are poorly 
differentiated. At the basin edge, they rest uncon- 
formably on Jurassic limestones locally overlain by 
breccias of the screefacies association. Immediately 
southward, a northward wedging thick succession 
comprises the non-cohesive debris-flows facies 
association, forming the lower UAFS. Locally, this 
succession fills deep incisions within uppermost 
Maastrichtian floodplain siltstones or LAFS deposits 
(Fig. 7b). The lower UAFS preserves structures 
of lev6es and channels of proximal parts of the 
alluvial fans. 

In the southern limb of the Inner Syncline, the 
lower UAFS forms a thick (up to 150 m) succession 
comprising the non-cohesive debris flows facies 
association. The succession thins and onlaps south- 
wards onto previously tilted and eroded uppermost 
Maastrichtian floodplain sediments (Figs 5 & 7b, c). 
These depositional geometries, with no evidence of 
synsedimentary deformation in the Roques Hautes 
zone, indicate the existence of a palaeorelief before 
the onset of deposition of the UAFS. The palaeore- 
lief and related thrust faults were sealed during 
deposition of the UAFS, as indicated by the aggrada- 
tion of subhorizontal conglomerate beds (mixed 
processes facies association) forming the upper 
UAFS (Figs 5 & 7). 

In the Inner Syncline, a well-developed mature 
calcimorph palaeosol accumulation is recognized 
in between lower and upper UAFS, with a local 
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unconformity in Le Tholonet area. This mature 
palaesol accumulation is a marker level that can 
be traced towards the south, and is found in the 
basal deposits of the southern monoclinal structure 
(Fig. 9). 

The upper UAFS deposits grade vertically and 
southward from non-cohesive debris-flows facies 
association to mixed processes facies association. 
They form widespread alluvial fans. In the mono- 
clinal structure the transition to the undeformed 
basin deposits is formed by high-frequency succes- 
sions of mixed processes and fan-toe facies associa- 
tions, which records groundwater carbonatization in 
the uppermost horizons. Palaeocurrent data obtained 
from pebble imbrication (lithofacies 2) and gully 
orientations (lithofacies 3) indicate an overall south- 
ward dispersal. However, palaeocurrent measure- 
ments in the outer syncline, east of Roques Hautes, 
show a persistent SE dispersal (Fig. 4). 

Evidence for  growth structures 

Excellent outcrop conditions and a weak overprint 
by the Eocene compressional event ensure that the 
depositional architecture of the Late Cretaceous- 
Palaeocene alluvial fans is well preserved and 
exposed in the Inner Syncline between Le Tholonet 
and the Montagne Sainte Victoire (Figs 4, 6b & 10). 
The presence of growth structures in the LAFS and 
UAFS supports the idea that the alluvial fans formed 
during active deformation in the northern margin of 
the Arc Basin. 

Growth structures in the (LAFS). In the northern 
limb of the Inner Syncline individual conglomerate 
bodies thin northward, resulting in a noticeable 
stratal wedging (Figs 5, 7a & 10). Along the basal 
unconformity separating the Mesozoic limestones 
from the conglomerates, the angle between lime- 
stone and conglomerate beds increases from 10 ~ 
to 70 ~ The conglomerates display a progressive 
decrease in stratal dips upwards and southwards 
in the section, which is consistent with syndepo- 
sitional gradual rotation of the northern fold 
limb (Hardy & Poblet 1995) during deposition of 
the LAFS. 

In the southern limb of the Inner Syncline, the 
basal conglomerates of the LAFS overlie a thrust 
fault (T1) with a concordant contact. In places, 
higher units in the LAFS thin and onlap southward 
onto progressively steeper and older strata (Figs 5, 
6b & 10). Even if thinning may be in part related to 
the alluvial-fan-toe geometry, the angular disconfor- 
mities indicate that the southern limb of the Inner 
Syncline was gradually tilted during deposition of 
the upper subsystem of the LAFS. These geometrical 
relationships suggest that the T1 thrust fault became 
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Fig. 10. Geometrical relationships attesting of growth structures in the alluvial-fan deposits. 

active during deposition of the upper subsystem of 
the LAFS. 

Growth structures in the (UAFS). Evidence for 
growth structures in the UAFS occurs in the Inner 
Syncline where conglomerate units thin and about 
northward against Jurassic strata. In the northern 
limb of the Inner Syncline conglomerates are associ- 
ated with slump folds and with localized normal and 
reverse faults. These deformed zones show lateral 
and vertical transitions to well-stratified conglomer- 
ates. These structures are interpreted as soft-rock 
deformation features resulting from transient gravi- 
tational instabilities that formed during deposition of 
the UAFS during ongoing deformation and tilting in 
the northern margin of the basin (Fig. 11). 

On the southern limb of the Inner Syncline, the 
conglomerates of the UAFS onlap a prominent ero- 
sional surface (Figs 5, 7b & 10). In the Roques 

Hautes area the depositional geometries do not show 
clear evidence for growth structures, which leads to 
the interpretation that the conglomerates were 
onlapping onto a palaeorelief. In the area of Le 
Tholonet further to the west, conglomerate beds of 
the UAFS seal the T 1 thrust fault, implying that the 
T1 thrust was not active during deposition of the 
UAFS. In this area, the conglomerates of the UAFS 
also thin and onlap southwards onto red floodplain 
deposits overlying the LAFS (Figs 7c & 10). 
Because the uppermost conglomerate beds of the 
UAFS are in a subhorizontal position these strata are 
unlikely to have been tilted or deformed during dep- 
osition or later Eocene compression. Therefore, 
tilting of the southern limb of the Inner Syncline was 
related to synsedimentary thrusting along the T2 
thrust fault. Activity along the T2 thrust fault proba- 
bly stopped during deposition of the uppermost con- 
glomerates in the UAFS. Unfortunately, the T2 
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Fig. 11. Reconstructed cross-section showing the situation in the basin margin at the end of deposition of the UAFS 
before the onset of Eocene compression. The section shows the relationship between the depositional processes in the 
basin margin and the processes active in tile catcilinent area (source) and the basin (~ink). 

thrust fault was reactivated during Eocene compres- 
sion, as indicated by the subvertical dips of the con- 
glomerate beds in the UAFS southward of the Inner 
Syncline. No growth structures related to the Eocene 
event were found. 

The occurrence of growth structures on both the 
southern and northern limbs of the Inner Syncline 
clearly supports the idea that the LAFS and the 
UAFS formed contemporaneously with deformation 
and uplift in the northern margin of the Arc Basin. 
Because conglomerate bodies can be traced through- 
out the Inner Syncline, we can confidently link 
tilting related to the formation of the Inner Syncline 
with simultaneous shortening accommodated first 
along the T1 thrust fault before it localized along the 
T2 thrust fault. 

Alluvial-fan development and implications 
for the basin-margin evolution 

The sensitivity of alluvial fans to climate changes and 
tectonic processes makes them preserve an excellent 
record of the tectono-sedimentary evolution of basin 
margins. At the northern margin of the Arc Basin, tec- 
tonic processes interacted with climate changes con- 
trolling runoff, weathering, and other processes 
relevant for the erosion, transport and deposition of 
sediments from the source (the deformed catchment) 
towards their sink (mainly the Inner Syncline; 
Fig. 11). The bulk of the alluvial-fan conglomerates 
observed in the northern margin of the Arc Basin 

represents superimposed and laterally amalgamated 
lobes, which were dominated by debris-flow deposi- 
tion (Blair 1999; Gomez-Villar & Garcia-Ruiz 2000). 
Facies associations in both the LAFS and the upper 
UAFS reflect deposition on the mid-lower part of 
alluvial fans, i.e. downstream of the intersection point 
(Blair & McPherson 1994), whereas the proximal 
part of the lower UAFS has been preserved. 
Individual, 5-15 m-thick bodies represent periods of 
alluvial-fan aggradation (e.g. Harvey et aL 2003). 
Intervening calcimorph palaeosols represent the sta- 
bilization of alluvial fans by pedogenic calcretes 
(Alonso Zarza et al. 1998; Mack et al. 2000). 

In the following sections the tectono-sedimentary 
evolution of the alluvial fans in the northern margin 
of the Arc Basin is examined, and the forcing factors 
controlling the deposition and preservation of allu- 
vial fan systems are discussed. 

Tectono-sedimentary evolution as recorded in 

the syntectonic alluvial-fan systems 

Processes acting on a geological timescale are well 
recorded by the depositional architecture of the 
LAFS and UAFS. The observation of growth struc- 
ture and aggradation in the northern margin of the 
Arc Basin indicate that deformation, uplift and 
erosion in the catchment area occurred simultane- 
ously with subsidence and deposition in the Arc 
Basin to the south. Based on temporal and geometri- 
cal relationships between deformation structures 



CRET-PALAEOCENE FANS - PROVENCE 233 

and depositional sequences, the formation of growth 
structures in the alluvial fans is interpreted to be 
associated with thrusting along the T1 thrust during 
deposition of the upper subsystem of the LAFS, and 
later thrusting along the T2 thrust during deposition 
of the UAFS. Based on the position of the T1 and T2 
thrust faults in the core of a kin-scale synclinal struc- 
ture and the observations that these faults are not 
rooted in the underlying Mesozoic limestones, the 
T1 and T2 faults are interpreted as 'out-of-syncline' 
thrusts (Rafini & Mercier 2002) forming during 
folding of the massive Mesozoic limestones. Out- 
of-syncline thrusting results from an excess of sedi- 
mentary deposits within the frontal hinge of a 
growth fold. This interpretation implies a direct rela- 
tionship between the formation of the growth struc- 
tures within the LAFS and UAFS, and large-scale 
deformation in the basin margin controlling struc- 
ture formation and uplift in the catchment area and 
subsidence in the adjacent basin (Fig. 11). Based on 
the structural and sedimentological information 
recorded in the alluvial-fan systems the following 
tectono-sedimentary evolution of the northern 
margin of the Arc Basin is proposed (Fig. 12). 

Pre-alluvial-fan development (Fig. 12a). The lack of 
Lower Cretaceous sediments over large parts of the 
Arc Basin, as indicated by Lower Campanian 
(Valdonian and Fuvelian) strata directly overlying 
Jurassic limestones, suggests that the Arc Basin 
formed within a previously elevated area (Aubouin & 
Mennessier 1963; Masse & Philip 1976) (Fig. 12a). 
Subsidence occurred during Campanian time, as 
indicated by the onlapping of Valdonian and 
Fuvelian sediments towards the north onto Mesozoic 
limestones. Deformation structures predating the 
alluvial fans are observed only within localized 
areas, bounding the Arc Basin to the north and to the 
south. In the Montagne Sainte Victoire area, folds 
containing Valdonian and Fuvelian sediments were 
formed and subsequently eroded (Tempier & Durand 
1981), with incisions cut in Mesozoic limestones. 
This observation documents the first evidence for an 
emerging topography, which formed as a result of 
compressional deformation in the northern margin of 
the Arc Basin. Former rivers initially maintained a 
downstream gradient across the emerging E-W- 
trending ridge dissected by valleys. River courses 
were then abandoned when erosion rates became 
insufficient to keep pace with the rate of structural 
uplift of the ridge. 

entrenched, pre-alluvial fan, antecedent drainage 
network, these deposits represent the response to the 
building of relatively steep topography and reflect 
the creation of a juvenile drainage network along the 
northern margin of the Arc Basin. In the upper part of 
the lower LAFS, the establishment of discrete con- 
glomerate depocentres surrounded by floodplain 
deposits suggests a limited number of individual allu- 
vial-fan apices interpreted as the result of a drainage 
network that was expanding by capture events in the 
catchment area. This change in the drainage network 
is associated with the onset of thrusting along the T1 
thrust as recorded by the first growth structures in the 
southern limb of the Inner Syncline. Consequently, 
the T1 thrust noticeably post-dates the onset of the 
bajada-related topography in the catchment area (Fig. 
12b, c). As deformations affecting the catchment area 
to the north and out-of-syncline thrusting in alluvial- 
fan deposits in the south (basin margin) are kinemat- 
ically linked but structurally decoupled, a delay 
between the stratigraphic and tectonic record is docu- 
mented in the alluvial system. 

The evolution toward a better-integrated drainage 
occurred in tandem with a trend towards more 
'muddy' debris flows. A second event of alluvial-fan 
deposition, associated with long-term aggradation, is 
recorded in the conglomerates of the upper subsystem 
of the LAFS (Fig. 12c). This event characterizes a 
period of relatively high sediment supply to discharge 
ratio leading to the infill of the palaeoincisions in the 
Mesozoic limestone within the catchment area. This is 
coeval with high aggradation in the basin (Westphal & 
Durand 1990). Alluvial fans and floodplain strata 
interdigitated above the active T1 thrust (Fig. 12c & 
13b). Such conditions, which imply no topographic 
expression related to the activity of the out-of- 
syncline thrust, indicate a blind fault. 

The lack of upper-fan deposits characterized by 
levre deposits suggests an indented mountain front 
with upper-fan facies restricted to subsequently 
reworked areas. Here, tilting and uplift recorded by 
growth structures at the basin edge resulted in a 
gradual, but continuous, drop in base level of erosion 
leading to an evolution dominated by the entrench- 
ment of the successive fan surfaces and subsequent 
reworking of the upper fan deposits. In the uppermost 
levels of the LAFS, alluvial fans progressively 
became inactive and were gradually onlapped by 
floodplain and lacustrine sediments (e.g. the Calcaire 
de Rognac Formation, Marker Level 1; Fig. 2) 
(Figs 5 & 12d). 

Tectono-sedimentary evolution during the deposition 
of the LAFS (Fig. 12b & c). In the lower subsystem of 
the LAFS, the laterally extensive conglomerate 
sheet (Fig. 6b) indicates coalescent alluvial fans anal- 
ogous to a bajada system (Calvache et al. 1997) 
(Fig. 13a). Following abandonment of the previously 

Evolution before the deposition of the UAFS 
(Fig. 12d, e). During the Upper Rognacian, following 
deposition of the LAFS, alluvial fans were partly 
inactive. Floodplain and lacustrine sediments 
aggraded onto the inactive fan surface (Fig. 12d). 
Despite the lack of growth structures, the formation of 
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a palaeorelief associated with the T 1 thrust is probably 
linked to tectonic activity, supported by the occur- 
rence of two alluvial fan conglomerate beds below the 
Conglom6rat de la Galante (Maastrichtian). 

At the end of the Upper Rognacian, a major ero- 
sional event affected large parts of the basin margin 
(Fig. 12e). In the Inner Syncline, it is particularly 
well documented by scree deposition and incisions 
within the LAFS conglomerates and Maastrichtian 
floodplain deposits in both the northern and southern 
limbs. In the basin margin, erosion in places is at 
least partly synchronous with the Conglom6rat de la 
Galante deposition. Sediments originating of the 
erosion of the Inner Syncline probably contributed 
to the sediment load of the fluvial system associated 

with the Conglom&at de la Galante. In this case, the 
erosional surface in the basin margin is only partly 
time equivalent with the base of Marker Level 2 
(Conglom6rat de la Galante, Fig. 2). 

Tectono-sedimentary evolution during the deposi- 
tion of the UAFS (Fig. 12f g). The architecture of 
the UAFS reveals that deposition was coeval with 
tectonic activity along the T1 thrust (growth struc- 
ture) in the western zone (Le Tholonet). It is sug- 
gested that uplift of the southern limb of the Inner 
Syncline, related to the out-of-syncline process, pro- 
moted the deposition and aggradation of alluvial-fan 
sediments (e.g. Burbank et al. 1996, for an example 
related to a growing fold). This temporal relation- 
ship suggests that the sediments were trapped in the 
Inner Syncline to form the conglomerates of the 
lower UAFS. At the end of the lower UAFS deposi- 
tion, transverse streams flowing across the Inner 
Syncline became entrenched as antecedent streams 
that incised through the uplifting hanging-wall 
palaeorelief formed by either T 1 and/or T2 thrusts. 
They prevented the formation of a valley parallel to 
the basin margin in the axis of the Inner Syncline, 
and alluvial-fan sediments have been deposited in 
the basin (future monoclinal structure). 

During the lower UAFS deposition, alluvial-fan 
apices approximately overlap those of the LAFS 
(Fig. 13b). Sealing of the T 1 thrust fault by conglom- 
erates of the uppermost lower UAFS and localization 
of the deformation along the T2 thrust fault indicates 
the migration of the deformation towards the basin 
associated with the out-of-syncline thrusts. At that 
time, alluvial fans prograded towards the basin 
depositing proximal sediments in the Inner Syncline, 
and alluvial-fan depositional surfaces overhang the 
palaeorelief forms inherited from the erosional stage. 
The progradation of the alluvial-fan deposits indicate 
a rejunevation of the catchment area before the lower 
UAFS. As for the T1 thrust fault during the LAFS 
deposition, any topographic expression of the T2 
thrust fault is subsequently recorded as alluvial 
deposits interfingered with floodplain deposit. 

During deposition of the upper UAFS, fans were 
wider, depositing sediment lobes from the Inner 
Syncline area towards the south (future monoclinal 
structure). Increasing fan sizes (Fig. 13c), retrogra- 
dation of the proximal part of the alluvial fans 
towards the north, together with the occurrence of 
waterlain deposits and the large volume of silt and 
shale in alluvial-fan successions, suggest a coeval 
increase in catchment size reflecting the continuous 
integration of the drainage network in the catchment. 

The UAFS shows a consistent thinning- and 
fining-upwards trend, coeval with the development 
of intervening muddy debris-flow deposits and 
floodplain facies. This late evolution of the UAFS is 
interpreted, using deformation located further to the 
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north in the catchment area, as a major thrusting 
event (Fig. 11) causing the Liassic marls to be 
eroded. The occurrence of this deformation is coeval 
with the development of the calcimorph palaeosol 
accumulation before the upper UAFS which marks a 
delay between the deformation and the sedimento- 
logical response. The nature and the distribution of 
the upper UAFS suggest a diminishing topography 
in the catchment area, a migration of the basin 
margin towards north and a decline in tectonic activ- 
ity during the uppermost UAFS. 

During later Eocene compression, some of the 
pre-existing Late Cretaceous-Palaeocene structures 
were reactivated (e.g. T2 thrust and the Montagne 
Sainte Victoire thrusted anticline). No alluvial-fan 
deposits have been recorded related to the Eocene 
compression. 

Forc ing  f a c t o r s  

The preservation of a thick alluvial-fan succession 
requires: (1) catchment surface uplift coeval with 
steady environmental conditions favourable for 
alluvial-fan development (Mack & Leeder 1999); 
and (2) a long-term rising stratigraphic base level, 
preventing erosional processes and related to 
regional subsidence and/or aggradation in the basin 
(Viseras et al. 2003). In this study, the catchment 
uplift is associated with large-scale folding leading 
to uplift, tilting and erosion. The occurrence of out- 
of-syncline thrusts implies uplift at the basin margin 
(Fig. 11). The latter factor controls the accommoda- 
tion space for alluvial-fan deposition and preserva- 
tion at the basin margin, which acts as a small-scale 
piggy-back basin soled by an out-of-syncline thrust. 

The sequence of events as recorded by the two 
alluvial-fan systems comprises: (1) an erosional stage 
associated with the onset of the tectonic activity; 
(2) the development of aggrading alluvial fans, coeval 
with out-of-syncline thrusting and associated with the 
infilling of palaeotopography; and (3) the backstep- 
ping of the alluvial fans. 

Differences between the two systems are the 
nature and zone of deformation in the catchment area, 
and the timing and the efficiency of the out-of- 
syncline thrusts. Out-of-syncline thrusting is delayed 
relative to the onset of the deformation in the catch- 
ment associated with the LAFS (T1 thrust fault), but 
efficient as soon as the rejunevation and the erosion 
stage precedes the UAFS deposition (T2 thrust). 

The occurrence of the two systems of alluvial fans 
has been claimed to reflect the sedimentary response 
subsequent to two distinct tectonic pulses in the 
Montagne Sainte Victoire (Durand & Tempier 1962; 
Corroy et al. 1964a, b; Chorowicz & Ruiz 1979). As 
shown above, the two alluvial-fan systems are asso- 
ciated in time and space with the development of 

growth structures. In the following we discuss the 
major factors that controlled the evolution of the two 
syntectonic alluvial-fan systems. 

Conglomerate accumulation appears coeval with 
warming trends in the basin (Fig. 2), possibly result- 
ing in a stronger seasonality favouring floods or more 
active denudation rates. However, the occurrence 
of few debris-flow deposits in the more humid period 
(just below the Marker Sequence 2) does not fit 
with this hypothesis. Instead, the relationships 
between the tectonically induced catchment uplift 
and the folding of Mesozoic strata are strongly sup- 
ported by the first-order architecture of alluvial-fan 
deposits. Growth structures preserved in the Inner 
Syncline are related to the tilting and uplift of the 
Mesozoic strata in the northern limb, and to the out- 
of-syncline thrusts in the southern limb. The growth 
structures associated with stratal wedging against 
the pre-growth strata, which occur in comparable 
tectono-sedimentary settings (e.g. Ford et al. 1997), 
indicate that folding was ongoing during sedimenta- 
tion. They are recorded at all stratigraphic levels as 
early as the onset of alluvial-fan aggradation 
following the erosional stage or, alternatively, later, 
when the out-of-syncline T1 thrust was activated 
during the deposition of the upper subsystem of the 
LAFS. The activation of the latter depends on the 
balance between the wavelength of the fold affecting 
the Mesozoic strata, the rate of the fold-related tilting 
and the aggradation rate at the basin margin (Rafini 
& Mercier, 2002). In the northern Arc Basin, a rather 
tight fold and the localization of the conglomerate 
depocentre into the fold hinge probably enhanced the 
out-of-syncline process, which can be also accom- 
modated by subordinate folds close to the limb of 
the major fold (e.g. Arenas et al. 2001). Furthermore, 
the abandonment of the T1 thrust and activation of 
the T2 thrust, corresponding to a normal-sequence 
thrust propagation, is dependent on the intrinsic 
wedge equilibrium in the thrusted sedimentary pile 
in the core of the major fold affecting the Mesozoic 
strata. 

At the basin scale, the spatial distribution of the 
conglomerate was clearly controlled by tectonic 
processes, especially in those places where deforma- 
tion and uplift rates lead to a steep topography. At 
the scale of the active basin margin, the gradual 
integration of the drainage network in the catchment 
was a key control on the location of conglomerate 
depocentres. The evolution from an emerging topo- 
graphy characterized by bajadas towards a more 
mature topography was reflected by distinct alluvial- 
fans apices associated with fans of greater size. 

On the scale of an alluvial-fan system, displaying 
complex lithofacies, both long-term processes 
(backstepping profile) with high-frequency changes 
are superimposed (Fig. 9). More abundant muddy 
and cohesive debris flow occurred in the uppermost 
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parts of  the LAFS and UAFS, whereas gullying 
(lithofacies 7, Fig. 8), absent in the LAFS conglom- 
erates, characterzes the upper UAFS in association 
with subordinate waterlain deposits. More mature 
clay-rich soil horizons may have sourced the 
muddy  debris flows, whereas the onset of  a drier 
climate associated with more  violent floods during 
deposit ion of the UAFS may explain the rising 
water/sediment supply ratio. 

High-frequency cycles within alluvial-fan succes- 
sions (Fig. 9) represent periods of  alluvial-fan aggra- 
dation interrupted by periods of  stability. Based on 
the sedimentation rate of  20 m M a -  1, each of  these 
bodies reflects short-term (of the order millions of  
years) cyclic changes in the sediment supply to dis- 
charge ratio that should be classically related to a 
local tectonic control. The very high cycles recorded 
as alternation between fine conglomerates sheets 
and siltstones either represent the climatic record or 
autocyclic processes in these successions. 

In conclusion, in the northern margin of  the 
Arc Basin, the stratigraphic pattern in the Late 
Cretaceous-Palaeocene alluvial-fan systems mainly 
records deformation related to folding in the catch- 
ment,  and subordinate out-of-syncline thrusts in 
response to shortening in the basin margin. On an 
intermediate timescale, the maturity of  the drainage 
network controls the alluvial-fan spatial distribution 
and some changes in depositional facies. Climate 
changes have only been recorded in alternation of  
conglomerates-si l ts tones at the scale of  interbed- 
ding, resulting in vertically superimposed alluvial- 
fan bodies comprising laterally amalgamated lobes 
corresponding to autocyclic events. 

The authors wish to thank Trevor Elliott and Peter Friend 
for providing reviews of the original manuscript and they 
are grateful to Annie Bouzeghaia for the design of the final 
geological maps. This is a contribution of EOST, number 
2005.501 -UMR 7517. 
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The fluvial megafan of Abarkoh Basin (Central Iran): an example of 
flash-flood sedimentation in arid lands 
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Esfahan, Iran (e-mail: arzan2 @yahoo. com) 

Abstract: The Abarkoh Basin is situated in central part of the NW-SE-trending Gavkhoni-Sirjan 
depression of Central Iran. The studied fluvial megafan represents a Quaternary fan, which is 
located in the western part of this intermontane, extensional basin. This fan covers an area of 
940 km 2 and with a gentle slope (about 0.5 ~ over a 45 km-length terminates in a playa lake in the 
centre of the Abarkoh Basin. Its catchment is the Abadeh Basin (>2000 km2), which is a 
NW-SE-trending intermontane basin and mainly floored with the Quaternary alluvial-fan sedi- 
ments. The studied megafan was built by stream-dominated processes, as revealed by the presence 
of thick-bedded, clast-supported gravels-sandy gravels (gravelly-sandy conglomerates) in the 
proximal-fan areas that grade into thick marls with sinuous, lenticular channel-filled, grain- 
supported, imbricated, pebbly conglomerates in the proximal-medial fan regions. Thick calcareous 
marls and lenticular, single channel-fill sandstone-conglomerate deposits characterize the distal 
part of the fan and pass laterally into sediments of the playa lake fringe. The aim of this paper is to 
present an example of a fluvial megafan in an arid-semi-arid setting, to highlight the flash-flood, 
sheetflood-channelized sedimentation in megafans, and to stress their importance in water 
resources in arid lands. Fluvial fans are frequently identified in the rock record. The fluvial megafan 
of the Abarkoh Basin represents one of only a few described, large-scale, stream-dominated, 
Quaternary megafans in arid-semi-arid settings. 

A fluvial megafan has been defined as a large 
(103-105 kin2), fan-shaped (in plan view) mass of 
sediment deposited by the migration of a permanent 
or intermittent channelized stream with a point 
source from the outlet of a large mountainous 
drainage network (Gohain & Parkash 1990; Horton 
& DeCelles 2001). These types of subaerial fans are 
distinct from typical sediment-gravity flow-domi- 
nated and stream-dominated alluvial fans in term of 
their size (alluvial fans rarely exceed 250 km2), 
lower slope, presence of floodplain areas and 
absence of sediment-gravity flows (Singh et al. 
1993; Stanistreet & McCarthy 1993). All docu- 
mented modern and ancient fluvial megafans are 
examples from perennial or semi-permanent chan- 
nelized rivers and mostly the fan and/or its catch- 
ment are located in areas with humid climate (e.g. 
Gohain & Parkash 1990; Singh et al. 1993; DeCelles 
& Cavazza 1999; Horton & DeCelles 2001; Shukla 
et al. 2001). In this paper I apply the definition of a 
fluvial megafan to a stream-dominated alluvial fan 
with a large (>30  km) radial length, and with slope 
gradients from 0.2 ~ to 1 ~ deposited by periodic 
flash-flood sedimentation in arid-semi-arid settings 
(see Blair & McPherson 1994a, b for a discussion 
of alluvial-fan classification). Fluvial megafan 
sediments record the history of sediment dispersal 
and deposition in sedimentary basins adjacent to 
mountain belts. An understanding of the geomor- 
phology and facies distribution of Quaternary fluvial 
megafans, and their response to flash flooding in 

arid-semi-arid settings, is important in constructing 
facies models to interpret geological records and to 
improve our understanding of the large-scale geo- 
morphology of ancient mountain belts. 

Fluvial megafans are frequently identified in the 
rock record, and are important mineral, water and 
petroleum reservoirs (see Galloway & Hobday 1996 
for a review). The Kosi fan in Nepal and India 
(Gohain & Parkash 1990; Singh et al. 1993; 
Goodbred 2003) and the Okavango fan of Botswana 
(McCarthy et al. 1991; Stanistreet & McCarthy 1993) 
are documented modern examples of the fluvial- 
dominated megafans. However, the small number of 
modern examples of stream-dominated megafans that 
are documented means that our understanding of 
these important types of large alluvial fans, especially 
in arid-semi-arid climates, is limited (see Collinson 
1996; Miall 1996; Blair 1999a, b). The purpose of 
this paper is to present a case study of a large (>900 
km2), gently sloping (about 0.5~ Quaternary fluvial 
fan supplied by periodic flash floods, formed under 
an arid-semi-arid climate. The geomorphology and 
sedimentary facies analysis of a megafan in the west 
of the Abarkoh Basin, which comprises the medial 
part of the Gavldaoni-Sirjan depression of Central 
Iran, is described (Figs 1 & 2). The Abarkoh megafan 
is a good example of a Quaternary fan because of its 
large drainage basin (Abadeh Basin >2000 km2), and 
well-exposed Quaternary conglomerates (sinuous 
meandering channels and wide sheets) and marls of 
the medial fan (35 km downstream from the apex). 

From: HARVEY, A.M., MATHER, A.E. & STOMPS, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 41-59. 0305-8719/05/$15 �9 The Geological Society of London 
2005. 
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Fig. 1. Geological map of Iran showing seven major tectono-sedimentary units. The Abarkoh Basin is located in Central 
Iran, which is the unit between the Zagros and Sanandaj-Sirjan (SS) belts in the west, Alborz and Kopeh Dagh in the 
north, Zabol-Baluch in the east and Makran unit in the south (adapted and modified from Berberian & King 1981; 
see also Heydari et  al. 2000 for details). 

Fig. 2. Location and structural map of the Abarkoh and Abadeh basins. The Ghavkhoni-Abarkoh-Sirjan depression is 
shown to the west of the Dehshir fault in Central Iran (F1, F2 and F3 are the Zagros, Abadeh and Dehshir faults, 
respectively). 
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In many arid countries life would unsustainable 
without a water supply and the importance of allu- 
vial fans as aquifers has been well recognized by 
ancient (e.g. >2500 years in Central Iran) people 
that settled in these regions. The morphology as 
well as the facies distribution of the alluvial fan 
controls the distribution of recharge, lateral flow 
and discharge zones in the fan aquifers (Houston 
2000). This case study is from an arid land located 
in a desert margin, where more than 850 shallow 
(<100 m)-deep (up to 400 m) irrigation water 
wells with 103 Qanat systems (>270 km of under- 
ground tunnels) tap groundwater from the studied 
megafan. The Qanat (Kareze) is an ancient ground- 
water tapping system. It includes the wells (up 
to 100 m deep) drilled into the water-table, in 
the proximal-medial-fan sediments and a gently 
sloping underground tunnel (up to several kilome- 
tres) with a series of vertical shafts (Wulff 1986; 
Arzani 2003). 

Geological and tectonic setting 

Iran is divided into seven geological provinces, each 
with a distinct sedimentary and tectonic history 
(Fig. 1). The studied area is in the middle part of a 
NW-SE-trending extensional basin, the Gavkhoni- 
Sirjan depression of Central Iran (Figs 1 & 2). This 
depression is more than 600 km long and has been 
part of a larger graben (over 1800 kin) that runs 
from NW to SE across Iran (Taraz et al. 1980; 
Berberian & King 1981). The width of this basin is 
about 100 km in the studied area, and is bounded 
by the Dehshir highlands and faults in the east and 
the Hambast Mountains and faults in the west 
(Fig. 2). The latest marine transgression in Central 
Iran occurred through this depression, and deposited 
Oligocene-Miocene reefal limestones and green 
marls of the Qom Formation (Berberian & King 
1981; Arzani 2003). During later continental sedi- 
mentation, they formed the basement, especially in 
the northern and central parts of the Abarkoh Basin, 
on which the Quaternary alluvial-fan and playa- 
lake sediments accumulated (Amidi et al. 1983; 
Arzani 2003). 

The studied fan sediments form horizontal ter- 
races that have no fossils and generally have been 
referred to as Quaternary in age (Taraz 1974; Amidi 
et al. 1983). The Quaternary basin-fill sediments 
change from thick conglomerates near the depres- 
sion margins to thick marls towards the basin centre 
(Arzani 2003). The Oligocene-Miocene basement 
topography and their early Quaternary erosion 
also controlled the thickness of the alluvial sedi- 
ments. Gravity and magnetic surveys shows that 
the Abarkoh playa is filled with more than 500 m 
of sediment (Tabatabei 1994). This is also 

confirmed by the recently drilled (rotary and 
cable) irrigation water wells on the periphery of the 
playa. 

The drainage basin of the studied megafan is to 
the west and comprises the Abadeh Basin. It is a 
NW-SE-trending depression that is easterly tilted 
and is nearly parallel to the Abarkoh Basin. The 
former is bounded by the Zagros highlands on the 
west and Hambast Mountains in the east (Figs 1 & 
2). These highlands provide Quaternary alluvial- 
fan sediments to both the Abadeh and Abarkoh 
basins. 

The Zagros range comprises Cretaceous lime- 
stones and grades into the metamorphic complex of 
the Eghlid towards the south (Taraz 1974). Both 
limestones and metamorphic rocks are dense, folded 
and fractured, and prone to disintegration into boul- 
ders and pebbles under the arid-semi-arid condi- 
tions of the east Abadeh and Eghlid regions. The 
Zagros thrust fault runs through the eastern edge of 
these highlands. 

The bedrock geology of the Hambast Mountains 
includes the Permian (limestones) and Triassic 
(limestones, marls and dolomites) rock units (see 
Taraz et al. 1980; Heydari et  al. 2000 for details). 
The apex of the studied megafan is in one of the 
transverse valleys that connect the drainage basin of 
the Abadeh depression to the Abarkoh Basin. The 
Abadeh fault on the western edge and two major 
faults in the east bound the Hambast range. These 
faults are nearly parallel to the Zagros fault in the 
west of the Abadeh depression, and the Dehshir fault 
in the east of the Abarkoh depression (Figs 1 & 2). 
Differential displacement along these major faults 
formed the higher level Abadeh and lower level 
Abarkoh depressions, and provided sufficient sedi- 
ment supply into the drainage basin and accommo- 
dation space in the depositional site of the studied 
megafan. 

Methods 

Recently incised longitudinal channels and exposed terraces 
of the Abarkoh megafan were visited, sampled and com- 
pared with about 1400 sediment samples from 94 recently 
drilled (rotary and cable) water wells. The sampling depth 
interval in drilled wells was 3 m, the maximum clast size in 
the conglomerate and sandstone beds was determined in the 
exposed terraces by measuring the a-axis of the 10 largest 
clasts within a 1 m 2 exposure. Sand/silt/clay ratios in wet, 
muddy drilled samples were measured in the field using 
plastic bags between two fingers. This was checked using 
wet-sieve analysis of four selected samples. Clast composi- 
tion was determined in the field and checked in 12 thin 
sections in the laboratory. Carbonate content of the marl 
samples was measured using weak hydrochloric acid diges- 
tion on 10 selected samples from medial and distal fan areas. 
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Fig. 3. Satellite images (TM, Landsat 4, 16 January 1988) of the Abarkoh megafan. (A) The general view showing: (1) 
the SE part of the Abadeh Basin (catchment); (2) Abadeh fault; (3) Hambast Mountains; (4) proximal and lower feeder 
channel areas; (5) lower proximal fan areas; (6) Abarkoh City (midfan areas); (7) Oligocene-Miocene outcrops; (8) 
playa; (9) mud-salt flats in playa fringe; (10) Dehshir highlands; and (11 ) Oligocene-Miocene outcrops. (B) 
Proximal-medial and upper distal fan areas showing: (1) proximal and lower feeder channel areas; (2) proximal fan 
regions; (3) gravelly meander belts of the medial fan areas; (4) Abarkoh City; (5) Oligocene-Miocene outcrops; and (6) 
wide gravelly meanders at the lower parts of the medial fan areas. 

This has been complemented with data from 700 shallow, 
hand-drilled irrigation water wells and 103 Qanats. The 
visited Qanats were mainly in the upper-midfan areas, but 
the wells were scattered all over the fan and near the playa 
fringe. Geophysical data (electrical resistivity method using 
the Schlumberger system) were also used (Nico 1981; 
Meyangi 1985). Rate of precipitation, flood velocity and 
volume was estimated in place (during field sessions, 
1999-2003) and compared with the available data (Bagheri 
1995). An available geological map (1/250000 of Abadeh, 
Iranian Geological Survey, Amidi et al. 1983), topographic 

maps (1/25 000-1/250 000 Iranian Cartographic Centre) and 
satellite images (TM, Landsat 4 and ETM Landsat 7) have 
been used to characterize the catchment, fan drainage and 
the geology of the area. 

Geomorphology and hydrology 

The  Abarkoh  megafan  has an area o f  940 kna 2 with a 
radial length  of  45 km,  a m a x i m u m  width of  40 k m  
and a gentle  s lope of  0025 ' (0.006). It typifies one of  



ABARKOH MEGAFAN, IRAN 45 

Fig. 4. Simplified map of the Abadeh and Abarkoh basins. Roads, drainage nets, highlands (grey areas) and playa are 
shown (drawn based on the geological map of Abadeh, 1/250 000 sheet, Geological Survey of Iran, Amidi et aL 1983, 
topographic maps of Abadeh and Abarkoh, 1/25 000-1/250 000, Iranian Cartographic Centre and satellite images, TM, 
Landsat 4 and ETM Landsat 7, sheet numbers 162R38 and 162R39). 

the large Quaternary fans in Central Iran. This fan 
originates from a valley on the western highlands 
and terminates in a playa lake in the centre to eastern 
part of the Abarkoh Basin (Fig. 3). 

The Abadeh Basin, with an area of more than 
2000 km 2 (more than 20 km wide and 100 long), is 
the catchment of the Abarkoh megafan. It is a 
depression nearly parallel to the Abarkoh Basin 
and is bounded by the Zagros highlands on the west 
and Hambast Mountains in the east (Figs 2 & 4). 
The Zagros highlands are as much as 1500 m above 
the Abadeh depression. The interbasin Hambast 
Mountains are as much as 800 and 1600 m above 
the Abadeh Basin floor and Abarkoh playa, respec- 
tively. Differential subsidence along the Zagros 
thrust fault in the west and Abadeh fault in the east 
resulted in an easterly tilted basin floor. Following 
this latter structure, the axial drainage system of 
the Abadeh Basin is in the east and along the 
foothills of the Hambast Mountains (Fig. 4). The 
drainage net of this basin receives precipitation 
mainly from the Zagros highland in the west. The 
catchment area is covered by the stream-dominated 
to debris-flow Quaternary alluvial fans. These fans 
are relatively small (1-5 km in radial length) and 
mostly steep (>2 ~ in slope), and provide a ready 
supply of gravel-mud-grade material. The catch- 
ment has a mature drainage network characterized 
by a nearly straight fifth-order (cf. Strahler 1964) 
feeder channel that leads southward and then east- 
ward to the fan apex (Figs 4 & 5). At the apex of the 
studied megafan, the feeder channel is approxi- 
mately 700 m wide, 2.5 km long and cross-cuts 
the Hambast Mountain range. It connects the 

higher level (2500-1850 m above sea level (masl)) 
drainage basin of the Abadeh to the lower level 
(1850-1450 masl) Abarkoh Basin to the east 
(Figs 4-6). 

The present main active channel (up to 150 m 
wide and 2 m deep) is along the northern margin of 
the studied megafan. The other channels (up to 80 m 
wide and 1 m deep) radiate from the apex in a W-E 
direction towards the playa lake fringe (Figs 3 & 5). 
The main channels change into more distributary 
channels in the playa fringe and, other than the main 
channel that continues towards the playa lake, the 
other channels terminate in mud flats or between the 
sand dune fields (Fig. 3). 

Quaternary conglomeratic terraces (up to 4 m 
thick) are exposed 20-35 km downstream from the 
fan apex and part of Abarkoh City has been built 
upon them (Fig. 7). They are interbedded with yel- 
lowish marls. In plan view, the terraces either form 
sinuous-shaped, channel-filled, gravelly meanders 
or gravelly-sandy sheets and are mainly directed 
downstream (Fig. 8). The geometry of the channels 
can be directly measured from the 0.5-2 km length 
of exposed meanders to the south of Abarkoh 
City. The channel (bankfull) width and depth are 
3-45 m and 0.4-2 m, respectively. In the seven well- 
exposed channels, the meander wavelengths are 
85-290 m and the sinuosity of the channel thalwegs 
is between 1.2 and 1.8 (moderate-high). The wide 
gravelly-sandy sheets are 120-800 m wide and 
20-70 cm thick deposits. 

The climate of the Abarkoh is arid, with average 
rainfall ranging from 29 to 132 mm (Bagheri 1995). 
The catchment area of the studied megafan is arid- 
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Fig. 5. Drainage nets in the Abadeh Basin and the catchments of the Abarkoh megafan (based on the available 
geological and topographic maps, and satellite images, see Fig. 3 for details). The fifth-order (cf. Strahler 1964) main 
channel (solid lines) of the Abadeh Basin drains into the Abarkoh Basin through a valley about 700 m wide in the 
Hambast Mountains (see Fig. 3). The recent main channel flows in the northern margin of the Abarkoh megafan. The 
piedmont plotting method follows Blair & McPherson (1994a). 

semi-arid, with average rainfall ranging between 
60 mm in the Abadeh Basin and 300 mm in the 
headwaters of some rivers in the Zagros highlands 
(Bagheri 1995). The precipitation is mostly as storm 
rainfall (in late autumn and early spring) and less fre- 
quently as snow on the Zagros hills. The summer 
maximum daily temperature (for > 15 days) is up to 
42 ~ in the Abadeh plain, and up to 50 ~ in the 
Abarkoh plain and near the playa borders. Other than 
the cultivated lands mainly near the villages and 
cities, the vegetation cover is barren-very poor in 
the rest (c. 80%) of the basin floor, and restricted to 
scattered small bushes and sparse grasses. There are 
farm lands and villages located in the proximal- 
distal part of the studied fan. The old city of Abarkoh, 
with about 40 000 population and 80 km 2 in area, is 
located in the medial part, 35 km downfan from 
the apex (Figs 2 & 3). Catastrophic floods have 
destroyed roads and part of this city and several vil- 
lages in the last 100 years. 

The large catchment area, the Abadeh Basin, pro- 
duces flash floods with large volumes of water 
being focused towards the feeder channel. As an 
example, the latest catastrophic flood, which 
occurred on 7 December  2003, was only after 47 
m m  of rainfall that precipitated in 15 h. This was 
enough to carry a flash flood with an instantaneous 
discharge of 92.3 m 3 s-1 and a total water volume of 
3.45 )<106 m 3 through the apex of the studied 
megafan (estimated using Gauckler-Manning 
equation, see Williams 1988 for details). The flood 
followed the major drainage along the northern 
margin of the megafan and also on other W - E  paths 
(Figs 3 & 5). The flash flood in shallow channels 

transformed into wide water sheets, 5-8 km 
downstream from the fan apex, and added to 
the torrential rainfall on the proximal fan areas 
and conducted downfan by sheetfloods. The 
water spread laterally into zones about 2 km in 
width and 5 km in length (towards the east) of 
very shallow flow (very shallow ill-defined chan- 
nels). About 10-12 km downstream from the 
fan apex, and through the braided distributary chan- 
nels of the surface of the fan, the flow entered the 
main channels. The central channel terminated 
downfan in cultivated lands and formed a pond 
near the Abarkoh City (Fig. 7). This flood is com- 
parable to the event of September 1994, with an 
estimated instantaneous discharge of 188 m 3 s -1 
and total water volume of 4 .2•  103 m 3 (Bagheri 
1995). 

Sedimentary facies and distribution 

Proximal-fan facies 

Description. The proximal-fan area is dominated 
by facies 1, grey thick-bedded, clast-supported 
gravels (conglomerates) to sandy gravels (sandy 
conglomerates).  This facies is exposed in the apex 
and along parts of the main incised channels. It is 
also recorded in the subsurface from the drilled- 
wells in the proximal parts of the studied megafan 
(Figs 6 & 9-11). 

In the apex, facies 1 represents the Quaternary 
basin-fill sediments and the recent deposits of the 
feeder channel. The total thickness of the basin-fill 
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Fig. 6. The feeder channel of the Abarkoh megafan. (A) 500 m downfan from the apex and (1) the Permian-Triassic 
highland at the side of the valley, (2) new braided channel, (3) cultivated land and (4) the changed flood path at sides of 
the artificial embankments. The width of the valley is about 600 m on the left. (B) The feeder channel pavement with 
coarse gravels (1) and the Permian-Triassic highlands of the Hambast Mountains at the side of the feeder valley (2), the 
remnants of the flood deposits (rubbish, an:owed) on the electric cable (3), which shows the depth (>40 cm) of the last 
flood and the rounded pebbles in the channel floor (4). (C) Part of the feeder channel, 700 m downstream from the fan 
apex, showing the gravelly pavement. 
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Fig. 7. Conglomeratic terraces about 35 km downstream from the Abarkoh fan apex. The upfan area is to the left. 
(A) Up to 80 cm-thick conglomeratic terraces (1), interlayered with yellowish marls (2), on which the Abarkoh City 
has been built (3, old mosque towers) and a recently drilled irrigation water well (4). The cultivated land is in the 
muddy sediment (5) of a flood pond. (B) A close view of the conglomerate (1) and marl (2) layers in (A). (C) A close 
view of the conglomerate grains (clast-supported and imbricated) in the area shown in (B). The car key (circled), for 
scale, is 7 cm long. 
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Fig. 8. Conglomerate and marl exposures near the Abarkoh City. (A) Part of sinuous-shaped (4-10 m wide) well- 
cemented conglomerate (1) on thick marls (2). The upfan is towards the right. (B) Gravelly-sandy meander (1) 
deposited on marl (2). The conglomeratic meander belt has a pinch-out and a lens shape. The sandy-muddy beds (3) 
thin and pinch out toward the centre of the meander belt. The conglomeratic sheet (4) and the Oligocene-Miocene (5) 
exposures are also shown (looking downfan). The rucksack (circled), for scale, is 40 cm high. 

sediments is not known. However, a hand-dug well, 
500 m downstream from the apex, shows that the 
total thickness of the conglomerates is more than 
50 m. The feeder channel (up to 700 m wide and 
2.5 km long) is floored with the coarse gravelly 
(pebble-cobble) sediments (Fig. 6). The cobbles are 
scattered and comprise up to 15% of the grains in 
1 m 2, and the rest are well-rounded pebbles (up to 
70%) and granules (about 15%). The cobbles and 
pebbles are dominantly light grey Cretaceous lime- 
stones, and, less frequently, yellowish upper Triassic 
dolomites. Dark grey-black chert and whitish 
marble pebbles are also occasionally present. The 
mean size of the 10 largest clast sizes in 4 m 2 of 
exposure in the channel floor is about 30 cm. The 

pebbles are rounded, equant (spheroids) to bladed in 
shape and show imbrication, with a-b planes trans- 
versely aligned and mainly dipping upslope 
(towards the west). In the feeder channel, coarse 
grains form elongate and isolated coarse gravel bars 
(up to 6 m wide and more than 15 m long). They 
appear between small, erosional gullies (1-12 m 
wide and 10--40 cm deep) in the main channel. The 
finer gravels in the gullies and the cobble-pebble 
bars show a braided-stream appearance (Fig. 6). 
Pebble-  cobble gravel lags are also present above the 
erosional scours cut into the deposits of the main 
channel. 

Along the incised channels the best exposures of 
facies 1 are 10-15 km downstream from the apex. 
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Fig. 9. Exposed terraces of the interlayered conglomerates and sandstones of the studied proximal fan (about 15 km 
downstream from the apex, north of the village of Faragheh and 32 km NW of Abarkoh City). (A) Planar stratified 
conglomerate beds, with grain-supported, well-rounded and imbricated gravels. (B) Closer view of the conglomerate 
beds. (C) Trough cross-bedding in sandy-granular beds. The geological hammer, for scale, is 35 cm long. 
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Fig. 10. Simplified geological map (above) and geophysical (geoelectric, resistivity method) cross-section (below) 
along the line A1-A2 in the proximal region of the Abarkoh megafan. The arrangement of the electrodes was according 
to the Schlumberger method with measured distance (A-B spacing in each station along the AI-A2 line) of 300 m. The 
upper (100-150 ohm m -1) and lower (80-500 ohm m -i) layers have been interpreted as gravelly deposits and 
conglomerates, and the basal (20-40 ohm m-l) part is considered as marl (adapted and modified from Nico 1981; 
Meyangi 1985). 

They are interlayered, pebbly gravels and coarse 
sands that are locally exposed as terraces (up to 2 m 
thick) along the sides of a 60-150 m wide river. The 
pebbly gravels form planar beds 7-45 cm thick. 
They are interstratified with the planar beds 
(5-80 cm thick) of coarse sands and fine granules 
with scattered pebbles (Fig. 9). Both the pebbly and 
sandy beds are clast-supported. The bladed cobbles 
of the overlying bed also show imbrication mainly 
dipping toward the west. The mean size of the 10 
largest clasts in 1 m 2 of exposure is 8 cm. The 
lateral continuity of the beds is uncertain, as the 
exposures are locally covered. It seems that the 
coarse gravel and sandy beds form rhythmic planar 
couplets. 

Facies 1 is recorded in the subsurface and 
8-15 km downfan from the apex (in a radial dis- 
tance) and where the width of the fan is about 6 and 
20 km, respectively (Figs 3, 10 & 11). In this area 
more than 16 hand-dug, and five drilled, water wells 
and more than 10 Qanats are located. The geophysi- 
cal data and the vertical shafts of the Qanats/wells 
show that the total thickness of the light-dark grey 
conglomerates-sandstones of the basin-fill sedi- 
ments is up to 100 m. The size of the crushed 
pebbles from the recent drilled wells is up to 4 ram, 
of which up to 92% are from the Cretaceous lime- 
stones and the rest from the Permian-Triassic expo- 
sures. The hardness of the bed to be drilled indicates 
that the beds are well cemented with carbonate 

(drusy sparite) cement. Between the cemented hori- 
zons, very coarse sandy-fine gravelly samples, 
which are not cemented, are also present. It is diffi- 
cult to distinguish the types of conglomerate and 
sand beds because of the sampling interval (3 m). 
However, it does indicate the presence of interlay- 
ered conglomerates and less frequent sandstone 
beds. 

Interpretation. Facies 1 is interpreted as sheetflood 
and traction-current deposits to very wide bedload- 
dominated fluvial channel deposits (Table 1). 
Sheetfloods transport sediment both in suspension 
and as bedload, and under conditions of high bed- 
shear stress only the coarsest clasts are deposited, 
leading to clast-supported gravels. At the lower 
current velocities, finer clasts and sand infiltrate into 
the open clast framework (Blair & McPherson 
1994a; Miall 1996; Blair 1999b; Jones 2002). 
During the Quaternary the studied proximal deposits 
aggraded and/or prograded downfan from the feeder 
channel at the fan apex. Sediment-charged flash 
floods from the large catchment transformed into 
sheetfloods after a short distance from the feeder 
channel due to a lack of lateral confinement on the 
fan surface. Similar sheetflood, traction-current 
gravels, deposited in proximal areas, have been 
described for the late Cretaceous-Eocene arid- 
climate fan system in northern Chile (Hartley 1993). 
They are also comparable to the waterlaid Anvil 
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Fig. 11. Simplified geological map (above) and sedimentological logs (below) of the selected drilled water wells in the 
Abarkoh Basin. Well numbers 1-8 are located in the proximal-distal parts of the Abarkoh megafan. FI, F2 and F3 are 
the Zagros, Abadeh and Dehshir faults, respectively (modified from Arzani 2003). 

Spring Canyon alluvial fan of Death Valley in 
California (Blair 1999b). 

The imbricated, coarse-gravelly sediments in the 
apex of the Abarkoh fan indicate the deposition from 
a feeding channel system capable of transporting 
clasts up to 30 cm in diameter. In the large catchment 
area episodic thundershowers result in periodic high- 
magnitude runoff, creating flash floods (cf. Schick 
1988). The Abadeh drainage basin focuses runoff 
through the main fifth-order channel and gravelly 
sediments within the catchment are transported by 
these floods (Figs 4 & 5). The limited vegetation in 
such an arid environment is also an important 
factor in producing flash floods. The abundance of 
Cretaceous limestone pebble-cobbles relative to 
Permo-Triassic clasts reflects the shape of the 
drainage basin with more rainfall and larger alluvial 
fans in the west of Abadeh Basin and along the Zagros 
highlands. However, reworking the Quaternary allu- 
vial-fan deposits of the Abadeh Basin provides a 

ready supply of gravel-mud-grade sediments, fluxed 
by episodic flood events to the Abarkoh megafan. The 
isolated coarse gravel bars between the erosional 
gullies within the main feeder channel form braided 
distributary channels, with pebble-cobble gravel lags 
present above erosional scours. These represent a sec- 
ondary winnowing process that affects the gravelly 
deposits of the main channel, and results from dissec- 
tion and down-cutting during the waning flood stage 
or by other low-magnitude floods. These deposits 
could be termed 'compound or multistorey channels' 
(cf. Graf 1988; Miall 1996). 

Medial-distal-fan facies 

Description. The medial-distal fan area is domi- 
nated by facies 2, grey lenticular gravelly-coarse- 
grained sandy deposits, that is interbedded with 
facies 3, yellow-brownish calcareous silty marls. 
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Table 1. Summary of the lithofacies in Abarkoh megafan 

Location Facies Description Interpretation 

Proximal 1 

Medial-distal 2 

Distal (playa 
fringe) 

Grey, thick-bedded, clast-supported gravels 
(conglomerates) to sandy gravels 
(sandy conglomerates) form 
rhythmic planar couplets 

Grey, lenticular gravelly-coarse-grained 
sandy deposit that is interbedded with 
facies 3. In plan view, facies 2 includes 
either narrow, sinuous-shaped gravelly 
meanders (up to 45 m in width and 
>2 km in length) or wide sheets 
(up to 800 m in width) of interlayered 
conglomerate and coarse sandstone beds. 
In cross-section, facies 2 shows lenticular 
beds with an erosional base that laterally 
pinches out towards both sides and with 
overall lensoid bodies up to 2 m thick. 
Individual lenticular beds are 5-60 cm 
thick and composed of gravelly-coarse 
sandy deposits. The gravelly deposits are 
grain-supported, poorly sorted-sorted, 
carbonate-cemented conglomerate that are 
interlayered with the coarse sandstone beds 

Yellow-brownish, calcareous silty marls 

Brown, calcareous and gypsiferous marls, 
travertine and aeolian sands 

Sheetflood and traction current to very 
wide bedload-dominated fluvial 
channel deposits 

Multistorey, single-channel fills of the 
medial-distal fan areas. The thin, sand-mud 
interlayers of the margins of the channels 
show the lateral accretion beds that 
indicate lateral migration of these channels 

Non-channelized, fluvial overbank deposits 

Interaction between playa lake, 
aeolian and the terminal fluvial deposits 

Towards the playa margin facies 2 is finer and is 
interbedded with facies 4, brown calcareous and 
gypsiferous marls, travertines and aeolian sands. 
The medial fan facies 2 and 3 are exposed 20-35 
km from the fan apex and near Abarkoh City (Figs 7 
& 8). In plan view, facies 2 includes either narrow, 
sinuous-shaped, gravelly meanders (up to 45 m in 
width and > 2  km in length) or wide sheets (up to 
800 m in width) of interlayered conglomerate and 
coarse sandstone beds. This facies overlies wide- 
spread yellow, thick marls of the facies 3. In cross- 
section, facies 2 shows lenticular beds with an 
erosional base that laterally pinches out towards 
both sides and with overall lensoid bodies up to 
2 m thick (Figs 8, 12 & 13). Individual lenticular 
beds are 5-60 cm thick and are composed of  grav- 
el ly-coarse sandy deposits. The gravelly deposits 
are grain-supported, poorly sorted-sorted, carbon- 
ate-cemented conglomerates that are interlayered 
with the coarse sandstone beds. The rounded, 
equant (spheroid) to bladed pebbles of the con- 
glomerates occur within a coarse sandy matrix. 
The mean size of the 10 largest clasts in a 1 m 2 
wall exposure is 5 cm. The pebbles are mainly 
light grey Cretaceous limestones (up to 70%), yel- 
lowish Triassic dolomites (up to 15%), dark grey 

Permian limestones and cherts (up to 10%) with a 
minor fraction of metamorphic rock fragments. 
Sedimentary structures in facies 2 include subhori- 
zontal stratification with imbricated clasts, moder- 
ately developed wedge-planar and wedge- t rough 
beds of sandy pebble-gravel  in backsets slop- 
ping 10~ ~ towards the west (Figs 8 & 12). The 
interlayered thick sandy beds also display trough 
cross-stratification. In the sides of the meanders, 
and where the gravelly beds pinch out, there are 
thin, fine sand-mud layers that pinch out in the 
opposite direction and toward the meander  axis 
(Fig. 8). 

The small, minor channels that cross-cut the main 
meanders are mostly located in the meander belt, and 
are 7-120 cm wide and up to 45 cm deep (Fig. 13). 
The distributary channels are filled with interlayered 
very fine pebble-granule conglomerate and thin sand- 
stone layers. The contacts of the sand and gravel 
layers are sharp, and show multiple phases of erosion. 

The wide gravelly-sandy sheets are 120-800 m in 
width and 30-70 cm thick. They are interbedded 
with yellowish marls. The fine-pebble-granule beds 
are poorly sorted and show sharp planar-undulatory 
contacts with the marls. They either grade to 
sandy-muddy beds or are abruptly overlain by 
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Fig. 12. A sinuous meander channel belt in the medial fan S W of Abarkoh City. (A) The conglomeratic channel fills (1) 
deposited on marl (2). (B) The conglomeratic channel fills (1) deposited on nodular marl (2). Upstream is to the right. 

another fine-gravel bed. The sediments are weakly 
carbonate cemented, and are exposed between the 
main meander channels and/or in separate bodies 
within the marls (Fig. 8). 

Facies 3, the yellowish marls, form the dominant 
facies in the medial-distal fan areas. They are well 
exposed near Abarkoh City and are also present in 
the subsurface as thick beds alternating with con- 
glomerate-sandstone beds (Figs 7, 8 & 14). Massive 
(mottled), nodular-laminated mud-silt beds, which 
include desiccation and traces of rootlets, are 
present. The ratio between the fine sand-silt and the 
clay-carbonate content of the marls, measured in the 
field and checked by the selected samples in the lab- 
oratory, varies between 5/95 and 20/80%. They are 
very calcareous and the carbonate content varies 
between 15 and 60%, and is mostly >40%. The high 
carbonate content of the marls results in the partial 

dissolution and formation of cavernous porosity in 
underground and surface exposures. Within the 
marls, scattered fine-medium pebble-granules of 
well-rounded, equant-bladed light grey Cretaceous 
limestones and, rarely, yellowish Triassic dolomite 
grains are present. 

At the distal end of the studied megafan and 
towards the playa fringe, the silty marls of the facies 
3 grade into gypsiferous marls and travertine and 
aeolian deposits of the facies 4. Facies 3 is also wide- 
spread where the main fluvial channels change into a 
more distributary (terminal) system near the playa 
fringe and deposit fluvial fine sediment in mud flats 
and/or within the aeolian interdune areas (Fig. 15). 

The distribution of the conglomerate-sandstone 
beds interbedded with the marls is very variable in 
the subsurface and in the vertical shafts of Qanats, 
and in drilled and hand-dug wells in the medial-fan 
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Fig. 13. A gravelly meander belt (A) and its small chute channel (B) south of Abarkoh City. (A) Gravelly meander belt 
(1) and basal marls (2), location of B (3), an irrigation water well (4) and looking south. (B) Small channels cross- 
cutting the main meanders. (1) Main channel deposits, (2) marls, (3) side of the main channel and (4) minor channel 
fills. The latter is filled with thin, basal sands and mud layers. These are later filled with interlayered very-fine- 
pebble-granule conglomerate and sandstone thin layers. 

area (Fig. 11). It is difficult to correlate distinct con- 
glomerate beds in the closely spaced wells. The 
sinuous shape of the gravelly deposits can be 
inferred from the variability of the facies in adjacent 
Qanat shafts or new wells drilled adjacent to the old 
ones. The distal extent of the facies 2 and 3 is evident 
by the presence of thick (up to 400 m), silty-clayey, 
calcareous marls and/or their interbedded thick 
(>40  m) channel-filled conglomerates-sandstones 
near the playa fringe (wells 7 and 8 in Fig. 11). 

Interpretation Facies 2 and 3 are interpreted as dep- 
osition in bedload-dominated fluvial channels and 
floodplain deposits, respectively (Table 1). Facies 2 
represent multistorey, single-channel fills of the 

medial-distal-fan areas. The geometry of the 
channel fills represents incised meanders and/or 
wide shallow channels within the marl substrate. 
The thin sand-mud interlayers of the margins of the 
channels display lateral accretion that indicates 
lateral migration of these channels. It has been 
widely documented that channel patterns in alluvial 
settings are primarily dependent on water discharge, 
sediment load and basin slope (Miall 1996; Field 
2001). The channel cross-section geometry also 
partly reflects the nature of the substrate into which 
the channel has been cut (Miall 1996; Jones 2002). 
The incised channels are the conduits through which 
floods are transferred across the upper fan from the 
catchment towards the medial fan, where they form 
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Fig. 14. A sink hole (A) and details of the sediment exposure (B) in its sides, north of Abarkoh City. (A) Sinkhole is in 
the basin-filled alluvial sediments deposited on Oligocene-Miocene reefal limestones (see Fig. 11, well 4). (B) The 
selected part of the sinkhole in (A) showing the side wall with interlayered gravel-sand (1), mud (2) and sand (3) beds 
deposited with an erosive base on the thick marl (4) beds. The camera bag, for scale, is 15 cm wide. 

the meanders and shallow, wide channels, and 
finally terminate toward the playa fringe (lake). The 
sinuous-shaped gravel meanders, which display 
multistorey sediment fills, and their related flood- 
plain deposits are characteristic of the medial-distal 
fan areas. However, although high-sinuosity chan- 
nels can occur in almost any fluvial setting, it has 
been pointed out that high-sinuosity, gravel-bed 
rivers are not common (Miall 1996). 

The small channels that cross-cut the main mean- 
ders are interpreted as crevasse and/or chute chan- 
nels. The presence of these types of channels and 
their association with the meanders has been widely 
documented (e.g. Collinson 1996; Miall 1996). 
However, the small channels are not well preserved 
and there is no evidence for widespread crevasse 

splay sedimention in this area. It is possible that 
these deposits were not preserved and/or have been 
reworked, as the present outcrops mainly form culti- 
vated terraces and occur within the city of Abarkoh. 

Facies 3 are the widespread facies in medial-distal 
fan areas and represent non-channelized, fluvial 
overbank deposits. They are highly affected by post- 
depositional alteration. Mottled, nodular marls with 
roolet traces are interpreted as palaeosols in floodplain 
areas. Laminated interbedded sand, silt and mud rep- 
resent distal floodplain deposits from clastic sources. 
Massive muddy facies represent deposition from 
broad flow zones on the alluvial plain and from stand- 
ing water during low-stage channel abandonment and 
in floodplain ponds (e.g. Graf 1988; Collinson 1996). 
The calcareous nature of the marls and their scattered 
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Fig. 15. Distal sediments of the Abarkoh megafan and its interaction with the playa fringe sediments. Fluvial fine 
(1, mud) sediment deposited within the aeolian interdune areas (2) and desiccated into flakes (1), and later covered 
with aeolian sediments. The geological hammer, for scale, is 35 cm long. 

Fig. 16. Schematic model of geomorphology and facies distribution of the Abarkoh megafan. F1, F2 and F3 are the 
Zagros, Abadeh and Dehshir faults, respectively. The total thickness of the alluvial basin-fill sediments is more than 
400 m downfan (see Fig. 11, well 8). 

Cretaceous carbonate clasts indicate the main lithol- 
ogy of the catchment area, which is mostly carbonate 
in composition. The other source of the carbonate is 
pedogenesis. The presence of carbonate clasts within 
the marls represents the arid climate of the Abadeh 
and Abarkoh basins (cf. Miall 1996). 

Facies 4 is characteristic of the playa fringe, and 
represents interaction between playa lake, aeolian 
and the terminal fluvial deposits. Distributary channel 
patterns are characteristic of terminal fans, and reflect 
both loss of stream power and spatially/temporally 
fluctuating discharge. However, even at present, the 

major channel of the studied megafan enters the playa 
lake and the term 'terminal fan' is not suitable, as it 
reflects the absence of a terminal base level 
(Collinson 1996; Jones 2004). 

Depositional model 

The general facies and depositional model of the 
studied fan is shown in Figure 16, where it is referred 
to as a fluvial megafan, formed by flash-flood sedi- 
mentation in an arid climate. A fluvial megafan is 
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a type of alluvial fan with its general geomorphic 
definition but relatively large size, lower slope, pres- 
ence of floodplain areas and absence of gravity-flow 
deposits (Singh et al. 1993; Stanistreet & McCarthy 
1993). Blair & McPherson (1994a, b) recommended 
limiting the term 'alluvial fan' to steep systems with a 
slope range of 1.5~ ~ in which debris flows and 
sheetfloods are common. This has been criticized by 
others, who distinguished alluvial fans based on 
their radial sediment dispersal and their cone shape 
from fluvial systems with linear-elongated patterns 
(e.g. Galloway & Hobday 1996; Miall 1996). They 
stated that alluvial fans are a type of fluvial deposi- 
tional system in which their geomorphic character is 
much more important than their fluvial style. 
Stanistreet & McCarthy (1993) proposed a triangular 
classification scheme in which the three main 
processes of sediment-gravity flows, braiding and 
meandering were considered. This can be compared 
to the classification of Collinson (1996), who recog- 
nized the three main classes: gravity-flow, fluvial and 
terminal fans. However, fluvial megafans are princi- 
pally dominated by stream proces~e~ hut are not to be 
confused with the stream-dominated alluvial fans. 
The latter are smaller in size (up to 250 km 2) and gen- 
erally steeper in slope (e.g. Evans 1991; DeCelles & 
Cavazza 1999; Shukla et al. 2001). 

Documented modern examples of the fluvial- 
dominated megafans are the giant Kosi fan in Nepal 
and India (Gohain & Parkash 1990; Singh et al. 
1993; Shukla et al. 2001; Goodbred 2003) and the 
Okavango fan of Botswana (McCarthy et al. 1991; 
Stanistreet & McCarthy 1993). The Kosi fan of the 
Himalayan foreland basin in Nepal and India has a 
radial length of 160 km (apex to toe), an area of 
1 0 0 0 - 1 0 0 0 0  klTl 2 and a slope of 0.05~ ~ 
(Gohain & Parkash 1990). The main fluvial channel 
of this fan has migrated across the surface and 
reworked the fan sediments. Gravelly-sandy to dom- 
inantly sandy braided channels with various channel 
bars are common in proximal areas, and low- to high- 
sinuosity meandering channels are typical of the 
distal parts of the Kosi fan (Singh et al. 1993). The 
other example of a megafan is the Okavango fan of 
Botswana. It has a radial length of 150 km, an area of 
18 000 km 2, low gradient and is highly vegetated - 
which makes it the largest documented subaerial fan. 
The proximal-medial deposits are mainly confined 
to meandering and anastomosed channel complexes, 
and show radial, lensoid, sandy channel-fill facies 
(McCarthy et al. 1991). 

Fluvial megafans are genetically linked to rela- 
tively large drainage networks with a distinct 
drainage outlet. Horton & DeCelles (2001), based on 
the geomorphology of the modern fluvial megafans 
of the central Andes and the Himalayas, suggested a 
minimum required drainage area of about 10 4 kn l  2 to 

generate a fluvial megafan. The smaller catchment 

area of the Abarkoh megafan indicates the impor- 
tance of sediment availability and flash flooding in 
add-semi-arid settings. However, as is true for all 
type of subaerial fans, the development of a megafan 
is influenced by tectonic, climatic, lithological and 
geomorphological parameters in a mountain belt 
(e.g. Collinson 1996; Miall 1996; Blair 1999a, b; 
Ritter et al. 2001). 

Conclusions 

Flash floods and sheetfloods-channelized flows, 
under an add climate and in an intermontane exten- 
sional basin, formed the general geomorphology 
and facies distribution of the Abarkoh megafan. In 
its large catchment area, the Abadeh Basin, episodic 
thundershowers, in an arid-semi-arid climate, 
resulted in periodic high-magnitude runoff and 
created flash floods towards the feeder channel at the 
fan apex. These floods transported gravel-mud-grade 
sediments, provided by a ready source in the mature 
drainage network and basin-floor Quaternary allu- 
vial-fan sediments of the Abadeh Basin. Sediment- 
charged flash floods transformed into sheetfloods 
after a short distance from the feeder channel by the 
loss of lateral confinement on the fan surface. The 
floods transformed downstream in turn into channel- 
ized flows in the medial-distal fan regions. Thick 
interlayered gravelly and sandy sediments deposited 
upfan and aggraded and/or prograded downfan from 
the feeder channel at the fan apex. These deposits 
passed downfan into thick marls with sinuous, lenti- 
cular channel-filled gravels and sands in the 
medial-distal fan areas. The studied megafan is a 
Quaternary example of a fluvial megafan formed by 
stream-dominated processes in an arid climate in 
which debris flows, which would be expected in such 
climatic settings, were not important. 
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Climate and tectonically controlled river style changes on the 
Saj6-Hernfid alluvial fan (Hungary) 
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Abstract: Based on geomorphological field investigations, sediment analysis, radiocarbon and 
palynological data, changes in fluvial style have been recognized on one of the most important low- 
angle fluvial-dominant alluvial fans on the margin of the Great Hungarian Plain (Hungary). Late 
Pleistocene and Holocene climatic and tectonic controls are reflected partly by meandering and 
anastomosed channel pattern changes, and partly by erosional step features on the cone that mark 
erosional and accumulational phases. This work has led to the surface mapping of a 'horizontal 
stratigraphy' as part of a larger research project in the Tisza region. 

Low-angle fluvial-dominated fans have received only 
a little attention in the literature. Our work is devoted 
to an alluvial fan of such a type. The Saj6 and Hern~d 
rivers originate from the Carpathian Mountains and 
have built a complex alluvial mountain-front fan 
(Harvey 1988) on the margin of the central plain of 
the Carpathian Basin. This is one of the most import- 
ant alluvial fans of the Great Hungarian Plain and 
reaches far into the lowland (Figs 1 & 2). The contour 
lines of the topographical map suggest a single allu- 
vial fan with its apex near the town of Miskolc and a 
radial extent of 25-35 km. In comparison to most fans 
described in the literature, the extent is great and the 
gradient is gentle (Rannie 1990): the average inclina- 
tion is only 0.0007 from the apex to the Tisza valley. 
Geomorphological research allows the Saj6-Hernfid 
alluvial fan to be divided into an old plain, character- 
ized by a branching channel system (anastomosing 
pattern) with levres and sand ridges, three other levels 
with meandering channels and point bars, and, finally, 
the young active river course on the fan's northern 
margin. Thus, the morphological structure is complex 
but not as diverse as, for example, the Kosi megafan 
in India (Gohain & Parkash 1990). Fluvial dynamics 
were controlled mainly by the climatic events of the 
late Quaternary. Erosional steps separate the above- 
mentioned surfaces of the fan into different levels, but 
there are no terraces stricto sensu as in the case of the 
Tokachi Plain in Japan (Ono 1990). 

The extent of the fan (Fig. 3) was determined by 
geological investigations (Frany6 1966), which 
proved the distal end to be on the other side of the 
Tisza valley and also demonstrated the internal 
structure of the fan. The thickness of the fluvial 
sequences is considerable in contrast to the low gra- 
dient of the fan surface. In temperate regions studies 
have demonstrated the evolution of such fans to be 
dominated by climatically led changes in river 
behaviour. In the case of the Saj6-Hernfid fan, alter- 
nating coarser and finer strata were interpreted also 

in the context of climatic geomorphology, but the 
sedimentation was different between the valley of 
the Saj6 River and the fan. In the glacial stages grav- 
elly and sandy material was deposited in the valley 
as a terrace body, and only fine sediments were 
transported and accumulated on the fan. In contrast, 
during the interglacial periods, the fiver cut into 
the gravelly terraces, and the coarser material was 
remobilized, transported and finally deposited on the 
fan (Gfibris 1970). The fan tends to show successive 
changes in channel pattern morphology following 
the climatic changes of the Late Pleistocene and the 
Holocene. Rhythmic tectonic sinking of the foreland 
has broken the climate-driven evolution of the allu- 
vial fan. 

The surface of the alluvial fan is relatively young: 
most of the deposits date from the end of the 
Pleistocene and have been partially reworked during 
the Holocene. The major fan was traversed and cut 
over by the Tisza River at the end of Pleistocene 
period. The exact age of this event is uncertain. 

Some years ago the Pleistocene-Holocene bound- 
ary was generally accepted as the time of the flow 
direction change of the Tisza (Borsy & Frlegyhfizi 
1983; Borsy 1990). However, some new results 
support an earlier appearance of this great river, and 
suggest that this river was not the Tisza (the main 
river of the Plain) but the Bodrog and its tributaries 
coming from the NE Carpathians (G~ibris 1998). 
This question is mainly of regional interest and is not 
important for this paper. 

The presented geomorphological map (Fig. 4) 
clearly shows the geographical distribution of the 
varied meandering and braided river patterns, as well 
as the erosional steps, formed during episodes of 
incision. This map was drawn using detailed topo- 
graphic maps (1:10000), aerial photographs and 
field observations. Distinct regions are characterized 
by different river patterns resulting from different 
fluvial mechanisms (deposition and lateral erosion). 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 61-67. 0305-8719/05/$15 �9 The Geological Society of London 
2005. 



62 G. GABRIS & B. NAGY 

Fig. 1. Location of the Saj6-Hernfid alluvial fan on the margin ot the Great Hungarmn Ham. l'he arrows show the 
direction of alluvial fan build-up in the Pleistocene. 

Methods of chronology and reconstruction 
of fluvial evolution 

Fig. 2. The Saj6-Hemfid alluvial fan. Area A - in this 
area the sediments of the alluvial fan are on the surface. 
Area B - in this area the sediments of the alluvial fan are 
under the surface. The map also shows the main fault 
lines of this region. 

These are separated by erosional step features, which 
mark deepening phases. In this horizontal stratigra- 
phy six distinct phases of river pattern change and 
four incisions have been detected. Figure 5 shows the 
relative chronology of these river style variations. 

Precise dating of these changes is relatively weak. 
We have five new boreholes for pollen analysis, but 
others are known from the region's relevant litera- 
ture, the results of which have been also used here. 
In the oldest meanders (P-l) the pollen content is 
not sufficient for qualitative analysis and dating: 
although rare pollen grains indicate a cold steppe 
vegetation in this part of the Great Plain (Nagy & 
F61egyh~zi 2001 ), which is supported by malacolog- 
ical analyses (Krolopp & Stimegi 1995). Three other 
boreholes have incomplete pollen diagrams: the 
lower part of the meander lag contains very little 
pollen. These three boreholes (P-2, P-3 and P-4) were 
located in the same generation of meanders, but in 
different regions. All of these incomplete pollen dia- 
grams indicate the age of meander formation to be 
older than the Late Glacial. The borehole taken from 
the youngest channel generation (P-5 and P-6) have 
provided a pollen diagram suitable for accurate 
analyses. 

An Upper Tisza Project was initiated by University 
of Newcastle in co-operation with Hungarian part- 
ners, including E6tv6s University of Budapest. On 
the northern part of the investigated area, more 
precisely around the town of Polgfir, a number of 
radiocarbon dates (Beta Analytic Laboratories, 
Florida) contribute to the age determination of 
the meanders (Davis & Passmore 1998). Field 
research, radiocarbon dating (Centrum voor Isotopen 
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Fig. 3. Elevation model of the gravel surface of the studied alluvial fan. 

Fig. 4. Geomorphological map of studied region. 
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Fig. 5. Diagram of the reconstructed fluvial style changes on and around the Saj6-Hermid alluvial fan. 

Onderzoek, Groningen, the Netherlands) and pollen 
analysis were also carried out in co-operation with 
the Vrije Universiteit, Amsterdam (Vandenberghe 
et  al. 2003) and the University of Debrecen 
(Hungary). 

Description of the phases of the river style 
changes 

The large and oldest surface of the Saj6 alluvial 
fan, which continues far to the SW, is characterized 
by loess-covered linear sand ridges, interpreted as 
lev6es of a braided river system (phase I). (The dif- 
ferent phases characterized by braided and meander- 
ing patterns are indicated by Roman numerals and 
the incision episodes are indicated by letters, both on 
the map (Fig. 4), the diagram (Fig. 5) and in the text.) 
The wind modified the sandy areas, and deflation 
landforms occur locally (G~ibris et al. 2002). Based 
on a radiocarbon date (18 010 + 90 C 14 BP; charcoal, 
G-A 16093) and on a pollen diagram (Gietema 
2000), its age appears to relate to the coolest period 
of the Upper Pleniglacial between 19 and 23 ka cal 
BP (calibrated years before persent) (18-21 ka uncal- 
ibrated C ~4 Be), hence to the Last Glacial Maximum. 

A very small sandy patch with dunes in the old 
centre of Polg~ir town (NE edge of the area) presum- 
ably represents this episode. 

The termination of this phase is clearly marked by 
a distinct incision phase (A). An erosional step 
developed between the preceding surface and the 
lower plain characterized by a meandering river 
pattern. This incision period was probably caused by 
tectonic subsidence at the end of the growth of the 
alluvial fan. 

The meanders of greatest size (phase II) occur in 
two geographically separated regions (Fig. 4), on the 
Saj6 alluvial fan and the eastern border of the Tisza 
valley. These two meander generations seem to be 
similar in age, but different in measure and origin. In 
the Tisza valley the meanders are larger and indicate 
the main river of the Great Hungarian Plain (Nagy & 
F61egyh~izi 2001 ), and on the alluvial fan the mean- 
ders of this generation are smaller in correlation of 
the smaller discharge of the Tisza's tributaries. We 
have three pollen diagrams from this meander gener- 
ation. The first diagram from the alluvial fan (P-2) 
suggests an age older than Late Glacial in spite of the 
lack of pollen in the bottom of the core (Fig. 6). The 
two other boreholes were drilled in a large and 
narrow palaeochannel of the Tisza valley. The 
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Fig. 6. Cross-section (a) and pollen diagram (b) of the l~nekes-6r meander. 

meander lag contains very little pollen in the lower 
part of the sediment core but what is there indicates 
an extremely cold period. We had the opportunity to 
draw a pollen diagram based on the data from the 
higher part of the core. In one of these meanders 
(C-1) we have an uncalibrated or conventional radio- 
carbon date: 20470 ___ 310 C 14 BP; charcoal, Beta- 
105027 (Passmore et al. submitted) from the floor of 
the meander. On the basis of the radiocarbon dating 
and the pollen content of the abandoned meander 
filling we suggest a hypothesis: that the meander was 
formed during the increased water discharge just 
after the Last Glacial Maximum when periglacial 
circumstances dominated in the Carpathian Moun- 
tains of the water catchment area of the great river 

(G~ibris 1995). Sedimentation in the oxbow lake has 
continued until recent times. 

The next phase (III) is characterized by the second 
braided period. The remains of this morphology 
occur only in two small areas in the Tisza valley on 
the NE edge of the studied area (Fig. 4). 

On the alluvial fan a large region represents the 
fourth period (phase IV) characterized by aban- 
doned medium-sized meanders, but these surfaces 
lie below the preceding level of the meandering 
rivers and this position indicates a downcutting 
period (phase B) in the fluvial development. A core 
site was located on the alluvial fan of the Saj6 River 
but only some Pinus sp. pollen were found at the 
base of the borehole that are not sufficient to indicate 



66 GYULA G/~BRIS & BAL/~ZS NAGY 

the age and the environment of the period of its 
formation. Even though, according to data of the 
latest borehole (P-5), the channel's sediment con- 
tains pollen from the early period of Younger Dryas 
(Magyari 2002). Therefore, meander formation may 
relate to the Allerrd. 

During the transition between the cool, dry Younger 
Dryas and the warmer, more humid Preboreal the 
rivers cut down again (Vandenberghe et al. 1994) into 
the surface of the alluvial fan (phase C). As a result, in 
this level, rivers widened their meanders and formed 
the next channel generation (phase V). This smallest 
meander generation of the Saj6 River extends over the 
axis of the alluvial fan. The boundary between this 
surface and the level of the preceding meander gener- 
ation is marked by a distinct step. Based on the pollen 

diagram P-6 (Fig. 7), the Saj6 River moved to the NE 
margin of the alluvial fan (to the current location) and 
the infilling process of the abandoned meanders 
started in the sub-boreal. 

In the late Holocene the Tisza River cut again 
into the surface (phase D), and this is indicated by 
well-developed erosional steps on both sides along 
the studied reach. On this lowest surface of the 
Tisza valley there are overdeveloped young mean- 
ders (phase VI). One of the abandoned curves has 
a radiocarbon age: 4070 _ 100 C 14 BP (charcoal, 
Beta-105024). This part of the Tisza River is also 
characterized by meanders artificially cut off in the 
last 150 years, and clearly the result of modern 
anthropogenic effects. 
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Fig. 7. Cross-section (a) and pollen diagram (b) of the Nemesbikk meander. 
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Conclusions 

A geomorphological  map was drawn following the 
detailed topographic maps (1:10 000), aerial photo- 
graphs and fieldwork observations in order to deter- 
mine the geographical distribution of  the different 
channel pattern types on the Saj6-Hern~id alluvial 
fan. Based on the regions characterized by differ- 
ent (meandering and braided) river styles and sepa- 
rated mainly by erosional steps - which mark 
deepening phases - a 'horizontal stratigraphy' has 
been established. Six distinct phases of  river pattern 
change and four incisions were detected in this 
stratigraphy. These phases generally match the 
results of  research in Poland and the Netherlands 
(Vandenberghe et al. 1994). Figure 5 shows the rela- 
tive chronology of  the river styles variations - in 
some cases dated by palynological  and radiocarbon 
data. 

During 1999-2000 our investigation was supported by the 
FKFP 0180/99 project of the Office for Higher Education of 
Hungary and during 2001-2003 by the OTKA T034979 
project of the National Scientific Research Fund. We appre- 
ciate the facilities and the assistance in preparation of pollen 
samples in the Laboratories of the Vrije Universiteit 
Amsterdam. We are grateful to Dr. E. Frlegyhdzi (University 
of Debrecen, Department of Physical Geography and 
Geoinformatics) for the pollen analysis of the borehole 
materials originating from different palaeo-meanders. 
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Quaternary telescopic-like alluvial fans, Andean Ranges, Argentina 
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Abstract: The largest rivers that drain the Argentine Andean Ranges are characterized by incised 
valleys in high mountains and by a variety of Quaternary terraces. The terraces display a fan geom- 
etry with the apex located upstream of a tributary junction. Their convex-up morphology suggests 
that these terraces are related to a series of alluvial fans developed where the tributaries join the 
main river. The succession of alluvial aggradation and degradation is controlled by local base-level 
variation conditioned by temporary lake development in the main river valley. All these factors give 
rise to the inset segmented (terraced) morphology of the fan surfaces, yielding a telescopic-like 
relationship. The variation in the morphology and number of terraces suggests that they are not con- 
trolled by a general/regional base level. Neither tectonic activity nor significant climatic changes 
account for the alluvial fans at the confluences of the tributaries and the main river. Significant vari- 
ations in rainfall or thunderstorms induced by the E1 Nifio Southern Oscillation (ENSO) could 
explain the genesis of these telescopic-like alluvial fans. 

The main Argentine rivers that drain the Andean 
Ranges (between approximately 24~ and 33~ 
have incised valleys and tributaries displaying a 
variety of terraces composed of gravel deposits. This 
study concerns the terraces developed in the valleys 
of the main rivers, such as the Mendoza River in the 
province of Mendoza, the San Juan River in the 
province of San Juan and the Rosario River 
(Quebrada del Toro) in the province of Salta. This 
area exceeds 1000 km in length. 

The terrace levels are not continuous along each 
valley and correlation is not possible between adja- 
cent valleys. The terraces are usually displayed at the 
junction of a tributary with the main river. The ter- 
races show characteristic fan morphology with a 
radial palaeocurrent distributions. Moreover, their 
steep longitudinal slope and cross-sectional convex 
geometry suggest that the terraces are individual 
alluvial fans generated by intense sedimentary activ- 
ity at the confluences of the main rivers and the tribu- 
taries (Colombo et al. 1996, 2000). 

These alluvial fans (tributary alluvial fans, TAF) 
are characterized by a variety of terrace levels. The 
younger are found in front of the older ones at 
progressively lower levels. Thus, each major alluvial 
fan shows a segmented geometry made up of several 
morphological breaks on their upper surfaces. We 
propose to term them telescopic-like alluvial fans 
(Bowman 1978; Janocko 2001) because of their geo- 
metrical characteristics. There are a number of 
studies of segmented alluvial fans (Blissenbach 
1954; Bull 1964, 1968, 1979; Harvey 1984, 1987a; 
Harvey et al. 1999, 2003); some of these relate to 

tectonic activity (Bull & McFadden 1977; Wallace 
1978; Harvey 1987b; Silva et al. 1993; Ferrill et al. 
1996; Shaoping & Guizhi 1999; Stokes & Mather 
2000), whereas others deal with climatic variations 
(Bull 977, 1991; Harvey 1990, 1996). This work is 
focused on the generation of telescopic-like alluvial 
fans and on their sedimentological significance. The 
morphology of TAF is studied by theodolite surveys 
and their sedimentology by means of facies analysis. 
A search for fossil remains to obtain 14C data was 
also undertaken. 

General  distribution 

Along the Argentine sector of the Andean Ranges, 
telescopic-like alluvial fans, located in the main 
river valleys, are common geomorphological fea- 
tures and are well developed in the Quebrada del 
Toro, situated at approximately 24~ in the province 
of Salta (NW Argentina), and in the Mendoza river 
located at approximately 33~ in the province of 
Mendoza. Both the J~ichal (30~ and the San Juan 
rivers (31 ~ 30"S) provide some good examples 
(Fig. 1) in the San Juan province. 

The surfaces of the telescopic-like fans, which are 
related to different terrace levels (Colombo et al. 
1996, 2000), are termed T o at the level of the current 
terrace of the river to T n, which is the highest observed 
level. This labelling scheme mimics the increasing 
age of the higher terrace levels; the current fiver (To) 
reflects the lowest topographic level, whereas the 
highest (Tn) corresponds to the older level. 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 69-84. 0305-8719/05/$15 �9 The Geological Society of London 
2005. 
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Fig. 1. Location of the areas along the Argentine Andes 
where the Quaternary telescopic-like alluvial fans are 
displayed. 

M e n d o z a  R i v e r  a r e a  

This is located in the central part of the Argentine 
Andean Ranges, and consists of the approximately 
W-E-orientated large valley of the Mendoza River, 
which drains the high summits and reaches the 
town of Mendoza (Fig. 2). This area extends from 
approximately 32~ to 33~ and from 69~ to 
69~ and displays diverse levels of TAF deposits. 

In this region the Precordillera structure is made 
up of large eastward-propagating thrust sheets. The 
main faults, and the biggest folds and valleys, display 
a N-S orientation of their major axes. There are large 
N-S-oriented valleys and mountains, such as the 
Uspallata valley, where extensive TAFs have their 
source area. One important TAF exists at the mouth 
of the Invernaditas Quebrada (Fig. 3), with five 
terrace levels (T0-T4). It seems that its dimensions 
(1800 • 1200 m) reflect the significance of its exten- 
sive drainage basin. Other areas (Fig. 4) that display 
large TAFs are Potrerillos (P), Guido (G) and 
Polvaredas (PV) located along the Mendoza River 
valley. 

S a n  J u a n  R i v e r  a r e a  

This is the large regional river that predates the 
Andean structures and cuts them at an orthogonal 
angle in some places (Fig. 5). In the main valley there 
are several terraces corresponding to the alluvial fans 
at the confluences of the tributaries and the San Juan 
River (Figs 6 & 7). In the region there are other exam- 
ples of telescopic-like fans in the Castafio Viejo area. 

Sasso River. This tributary river (Fig. 8) has a source 
area made up of shales and greywackes, yielding 
large amounts of clastic sediments. The slope of the 
Sasso River varies between 5.3 and 3.4% (with a 
median of 4.35%) on reaching the San Juan River, 
which displays a reduced width in the confluence 
area (approximately 200 m). There are five levels of 
terraces from youngest to oldest (T0-T4) with an alti- 
tude difference of 171 m. 

Sassito River  area. This tributary river (S in Fig. 5) 
has a N-S source area developed in the predom- 
inantly Carboniferous shales, producing a large 
supply of clastic materials. There are diverse levels of 
terraces (T0-Y4), with slopes varying between 13.3 
(lowest levels) and 6.5% (highest levels), with a mean 
of 8.3%. The main facies of these alluvial terraces 
consist of relatively well-stratified, poorly sorted 
gravels with a poorly sorted sandy matrix and some 
randomly distributed out-sized clasts. 

Albarracin  River  area. This river (A in Fig. 5), 
which is one of the !argest tributaries of the San Juan 
River, displays five levels of well-differentiated 
alluvial terraces. These terraces (Fig. 9) show a 
radial pattern starting from an area where the 
palaeocurrents are focused upstream of the 
Albarracfn River, reaching the right bank of the San 
Juan River. Based on topographical measurements 
of each terrace, the cross-section shows convex-up 
surfaces (Fig.10). This, together with the fact that 
each terrace is incised by another level, suggests that 
these terraces are unstable and that the Albarrac/n 
River cuts downward to reach its equilibrium 
profile. The longitudinal section shows that the 
younger alluvial terrace surfaces have a slope that is 
larger than those of the older terraces. This indicates 
that the episodic incision is controlled by the level of 
the San Juan River, which shows a difference of 
almost 1 m below the current terrace of the 
Albarracfn fan (To) in the area of its confluence (Fig. 
11). The current terraces corresponded to different 
incision episodes as a result of diverse events, and to 
the sedimentary activity of the lateral fan that could 
generate alluvial segments further and further from 
the apical area. The most recent segment and the 
present riverbed were incised by the San Juan River. 
Nearby is the La Laja area (L in Fig. 5) where older 
terraces display higher slopes than the recent (To) 
ones owing to local tectonic activity (Colombo et al. 
2000). 

Jdchal  River  area. This large regional fiver (T in Fig. 
5), which has an antecedent character, displays a 
number of terraces (Fig. 12) along its incised valley 
through the Precordillera. There are more than five 
terrace levels (T0-T4) that are related to alluvial ter- 
races, made up of coarse-grained clastics and 
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Fig. 2. Mendoza River region. The main telescopic-like alluvial fans are in the Polvaredas (PV), Invernaditas (I), 
Guido (G) and Potrerillos (P) areas marked as insets. The Frontal Cordillera and Precordillera are represented by 
different patterns where the main faults and overthrusts are displayed. 

Fig. 3. The Invernaditas telescopic-like alluvial fan where some levels of alluvial terraces (T0-T4) are displayed. 
The Tlterrace (arrow) has a thickness of 1.8 m. 

interfingered with fine-grained shallow lacustrine 
materials (Busquets et al. 2002). 

Quebrada del Toro area 

This corresponds to the Rosario River valley located 
to the west and NW of the town of  Salta (Fig. 13), 

with an approximate N N W - S S E  orientation and 
characterized from north to south (Fig. 14) by the 
Quebrada del Tastil and the Quebrada del Toro (24 ~ 
22'  to 24~ and 65 ~ 39' - 65 ~ 57 'W) large valleys. 

Diverse TAFs exist along the main valley 
(Igarzabal 1991; Igarzabal & Medina 1991) where 
the tributaries join the main fiver (Fig. 15). Five dif- 
ferent terrace levels (T0-T4) varying in size and 
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Fig. 4. Alluvial terraces (T0-T4) depicted at the Guido (G in Fig. 2) telescopic-like alluvial fan. Railway bridge 
for scale. 

Fig. 5. Locations of studied examples sited mainly in the Precordillera. The Tambolar (B), Sasso and Sassito (S), 
Albarracfn (A) and La Laja (L) areas in the San Juan River valley. The Totoralitos (T) area is in the J~chal River valley. 
(1) Anticline axis; (2) syncline axis; (3) main fault; and (4) overthrust. The grey pattern corresponds to the San Juan 
alluvial fan. 
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Fig. 6. Alluvial terraces (T0-T6) in the telescopic-like alluvial fan at the junction of a tributary and the 
San Juan River valley. The total thickness of the terraces is 16 m. Located near km 58 of the N 20 national road. 

Fig. 7. Telescopic-like alluvial fan in the Tambolar area (B in Fig. 5). Some terrace levels (T0-T3) are displayed. Terrace 
T 1 (arrow) has a thickness of 5.5 m. 

thickness constitute the TAE In this region there are 
other examples of  telescopic-like alluvial fans in the 
Ingeniero Maury (IM), Puerta de Tastil (PT) and 
Corte Blanco (B) areas. 

Alluvial segments: genesis 

An alluvial fan could be formed when the tributaries 
deposit their bedload as they join the main river, 
whose base level at that time was low. The water level 
increased because the development of the alluvial fan 
acted as a dam (Malde 1968; Jarrett & Costa 1986; 
Clague & Evans 2000) resulting in a temporary lake 
upstream. When the alluvial fan ceased to grow, the 
water level of the main river increased until the dam 

was overtopped. Subsequently, as a result of upstream 
erosion, the complete incision of the dam was pro- 
duced, facilitating the total drainage of the temporary 
lake. Finally, a base level similar to that of the main 
fiver was once again reached (Fig. 16). 

After additional overflows an incision of the new 
alluvial segment was generated in front of the earlier 
one. An almost complete section of the new terrace 
was produced, attaining once again the lowest local 
base level, which was controlled by the main river. 
The repetition of  this process lead to the development  
of an alluvial fan where the younger terraces were 
located in front of  the earlier ones at progressively 
lower levels. The alluvial fans thus generated are 
termed telescopic-like, given that they occupy the 
space located in front of the remnants of the previous 
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A number of episodes of incised valleys and 
diverse events of sedimentary infill are necessary to 
produce the generation of TAF and the associated 
alluvial terraces. The scenario could be as follows: (1) 
development of the fluvial and regional drainage net 
with the arrangement of the main rivers and their trib- 
utaries; (2) an incision episode of the rivers with 
valleys very similar to the current ones; (3) alluvial- 
fan generation due to sedimentary accumulation pro- 
duced by the tributaries that fill the main river valley 
laterally; (4) a number of successive erosional 
episodes reflecting local variations in the base level - 
these episodes were due to TAF incision produced by 
the main river base-level variations; (5) coevally, 
a temporary lake formed upstream due to the obstruc- 
tion of the main valley by the alluvial fan; and (6) the 
final incision resulted in the destruction of the dam 
and in the recovery of the valley by the main river. 

The erosion of the dams took place whenever the 
retained waters of the temporary lakes overtopped 
the dam. Diverse levels of erosional terraces con- 
trolled by the different periods of erosion of the 
u a J l l ~  w e l t  I J I u d u t , ~ u .  1 1 1 r  t c l l a w r  could also have 
developed as a result of the local reactivation of the 
main channel. 

B 

a' b' 

Fig. 8. Sasso (S in Fig. 5) telescopic-like alluvial fan. The 
cartography (A) shows the distribution of the terrace 
levels (T0-T4); (5) basement; and (6) terrace escarpment. 
The (a'-b') longitudinal section (B) displays the different 
thicknesses of each terrace. 

segments. The surface of alluvial segments corres- 
ponds to the alluvial terraces that in many cases are 
erosional (Colombo et al. 2000) and not accumula- 
tive. The fact that the thick and coarse materials 
become thin and fine suggests that the sedimentary 
currents from the TAF reach the temporary lake 
directly (Fig. 17). 

Longitudinal profiles: variability 

Although the studied tributary rivers (Colombo et al. 
2000) were incised in previously deposited sedi- 
ments they did not reach the substratum. This could 
give rise to the following situations. 

�9 The longitudinal profile of the alluvial terraces 
is divergent with respect to the main riverbed 
base level (Fig. 18A). Thus, the surfaces of the 
most modern erosional alluvial terraces have 
increasingly steep slopes with the result that the 
slopes continuously adapt themselves to the 
main river base level. If the main fiver were in 
an excavating episode, the local base level 
would be increasingly incised, resulting in the 
episodic development of new erosional ter- 
races. This is the case for the other rivers in the 
region (Fig. 11), for example the Albarracfn 
River. 

�9 According to the longitudinal profile of the 
alluvial terraces, the new profile for a given 
terrace is less steep than the previous one. Thus, 
the longitudinal profile of the older erosive 
terrace surface has a steeper slope than that of 
the younger one. This suggests local tectonic 
activity. The longitudinal profile of the most 
recent erosional terrace is the current one (Fig. 
18B). 

�9 The longitudinal profile of the alluvial terrace is 
roughly parallel to that of the other terraces. 
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Fig. 9. Cartography of the Albarrac/n (A in Fig. 5) telescopic-like alluvial fan with the terrace levels (T0-T4) 
distinguished. Cross-section of terrace levels (T0--T4) displaying a characteristic convex-up topography. Note the slope 
of the (SJR) San Juan River. (5) basement; (6) San Juan River deposits; and (7) terrace escarpment (Colombo et al. 

2000, modified). 



76 E COLOMBO 

Fig. 10. Albarracfn (A in Fig. 5) telescopic-like alluvial 
fan. Longitudinal section of terrace levels (T 0-T4). The 
increase in slope of younger terraces is remarkable: 
(1) basement; (2) San Juan River sediments; and 
(3) Albarrac/n alluvial fan. The white triangle 
corresponds to different positions of the base level. The 
black triangle depicts the current base level. 

Fig. 11. Longitudinal section of terrace levels (T O -T4) 
displayed in the La Laja area (L in Fig. 5). The greater 
slope of old terraces with respect to the recent ones is 
remarkable. The triangle denotes current base level. 

This would display a certain parallelism 
between the terrace profiles (Fig. 18C) with the 
result that the geometric distribution could have 
a general origin rather than a local one. When a 
tectonic rising block exists in an area, a paral- 
lelism of the longitudinal profile of the terraces 
is produced (Amorosi et al. 1996). 

In some cases the longitudinal profiles correspon- 
ding to the older terraces have steep slopes increased 
by tectonic tilting. This is the case of the terraces of 
the La Laja area (Colombo et al. 2000), which under- 
went (Fig. 11) considerable seismic activity in recent 
historical times (Uliarte et al. 1990). 

In all the studied cases the variation in the local 
base level led to the development of the surfaces of 
the erosional alluvial terraces and to the generation 
of telescopic-like alluvial fans in the valleys of the 
main rivers that cross the Andean Ranges. 

Discussion 

These alluvial terraces were originally assumed to 
have been generated in a way similar to that of the 

Fig. 12. The remnants of a telescopic-like alluvial fan 
in the J~ichal River valley related to the T o T  3 terraces. 
Note the interfingering of the T 3 terrace with white 
lacustrine sediments (arrow). The T k is a new alluvial fan 
developed in recent times when the J~ichal River reached 
its current base level. The small-scale source area of 
telescopic-like alluvial fan is noticeable. Terrace T 1 has 
a thickness of 4.5 m. 

Quaternary terraces of European rivers because of 
a significant variation in the general base level 
(Dawson & Gardiner 1987; Starkel 1990, 1993; 
Schumm 1993; Nash 1994). This may be a general 
marine base level, which could have undergone sig- 
nificant variations during the Quaternary due to suc- 
cessive glaciations and warm interglacial periods 
(Wood et al. 1993). Accumulation terraces are 
formed by conglomerates made up of poorly sorted 
angular and subangular clasts embedded in a poorly 
sorted sandy matrix usually with a not very well 
defined cross-stratification. These features suggest 
flows with sufficient energy (Costa 1988) to trans- 
port large clasts over a short time span, preventing 
the sorting of the clasts. This implies hydraulic 
episodes, which result in the development of upper 
flow regime sedimentary structures produced by 
sporadic high-energy flows of the flash-flood type 
(Baker et al. 1988; Komar 1988). 
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Fig. 13. NW Argentine area. The location of telescopic-like alluvial fans in the Ingeniero Maury (IM) and Punta del 
Tastil (PT) areas in the Quebrada del Toro region. The Cerro Blanco (B) telescopic-like alluvial fan is located near the 
Puna border. The Cordillera Oriental, Sierras Pampeanas and Sierras Subandinas are represented by different patterns 
where the main faults and overthrusts are displayed. 

Given the variety of river terraces, it is unreason- 
able to ascribe their genesis to significant variations 
in the same general base level. Moreover, it should be 
borne in mind that these rivers are located along the 
eastern margin of the Argentine Andes more than 
1000 km from the Atlantic coast. Thus, the main 
factor controlling the generation of terraces is not a 
marine base-level oscillation. Another type of gener- 
ation should therefore be proposed. This would be of 
a general type with local conditions that would 
control the characteristics and number of terraces 
generated in each specific location. 

The widespread incision of the fluvial valleys that 
cross the recent Andean structures implies antecedent 
phenomena. The riverbeds existed before the general 
elevation of the mountain ranges during the Andean 
orogeny. Their last orogenic movements were respon- 
sible for the generation of the deeply incised valleys. 
This could have occurred at the end of the Tertiary or 
at the beginning of the Quaternary, during which the 
last main episodes of elevation of the Andean Ranges 
took place (Ramos 1999). 

The local variety of these TAFs and their large 
areal extent suggest that they were controlled mainly 
by climatic factors. Thus, the irregular pattern of rain- 
fall probably gave rise to large alluvial fans where the 
tributaries join the main river valley (Clague & Evans 
2000). This kind of alluvial fan is controlled the gen- 
eration of temporary lakes in the main valleys 
(Colombo et al. 2000). The location of these lakes 
was conditioned by the lateral drainage basin related 
to the main tectonic structures responsible for the 
high elevated topography. 

In the case of the J~ichal River, a number of 
episodes of fan generation formed a dam. This 
increased in height coevally with the lake develop- 
ment, resulting in the sedimentary infill of the gener- 
ated accommodation space (Fig. 12). In the J~chal 
River valley the maximum thickness of the lacus- 
trine deposits is approximately 45-50 m. These 
deposits are made up of very-fine-grained materials 
with diverse sedimentary structures, for example at 
the base by stratified silts with thin sandy intercal- 
ations with cross-lamination of ripples, and in the 
upper parts by thick silts (Busquets et al. 2002). This 
suggests processes of dynamic dilution of fluvial 
water in a stable water body where the flow speed is 
diminished by friction and where a sedimentary 
decantation usually exists. Interfingered levels of 
medium-grained sand occur sporadically and 
granule levels appear rarely. These coarse levels 
could indicate limits of lacustrine sequences associ- 
ated with diverse episodes of dam development. 
These sequences have thicknesses of 5-10 m 
(Busquets et  al. 2002), which could be the thickness 
of each growth episode of the dam. 

A TAF probably developed as a result of several 
events rather than one rapid event. The episodic 
growth is evidenced by the alluvial-lacustrine 
interfingering, whereas other sedimentary character- 
istics have been obscured by subsequent episodes of 
alluvial degradation. The intercalations of coarse 
materials (Fig. 17) suggest variations in the depos- 
ition of lacustrine materials, indicating significant 
changes in the depth of the lake. A number of lacus- 
trine levels show diverse organic remains that have 
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Fig. 14. Terrace levels (T0-T3) displayed in the Chorrillos area (C in Fig. 13). Terrace T 2 has a thickness of 5 m. 

Fig. 15. Terrace levels (T0-T3) in the Cerro Blanco locality (B in Fig. 13). Terrace T 2 has a maximum thickness of 2.5 m. 

yielded some absolute dates (Busquets et al. 2002). In 
the J~ichal River valley (Totoralitos, T in Fig. 5) there 
are vegetation and snail remains that have given some 
14C dates ranging between l 0 030 and 7090 years BP 
(Table 1). This suggests that the lakes developed 
during the Holocene, and were more or less continu- 
ously active as traps of mainly fine-grained sediments 
over approximately the last 10 000 years. 

In the Quebrada del Toro two different outcrops of 
lacustrine deposits provide fossil remains (snails), 
allowing AMS (accelerator mass spectrometry) 14C 
dating (EM. Grootes, Kiel University). The first 
outcrop (G61gota) is located approximately 2 km 
north of Ingeniero Maury and provides a date of 
25 210 years BP. The second outcrop (Arroyo 
Colorado), which is situated approximately 2.5 km 
south of Ingeniero Maury, provides a date of 26 370 
years BP. This implies that the dams and temporary 

lakes developed during the late Pleistocene. Large 
rock avalanches produced by tectonic events have 
been proposed to explain the valley obstruction 
and the development of a temporary lake upstream 
(Hermanns & Strecker 1996; Trauth et al. 2000). 
Criteria used for differentiating the deposits of 
catastrophic landslide deposits are: homogeneous 
lithology of clasts and matrix; mass-flow facies; dis- 
organized and convolute bedding; large-scale unity of 
emplacement; and morphological relations with the 
main valley. Although the majority of these character- 
istics are absent in the Quebrada del Toro, one large 
avalanche does not necessarily account for the dam 
development. The fact that the coarse-grained materi- 
als interfingered with fine-grained lacustrine ones 
suggests that these coarse-grained materials were 
accumulated episodically and coevally with tempo- 
rary lake development. Thus, the coarse-grained 
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Fig. 16. Schematic model of the telescopic-like alluvial fan generation where a tributary (A) reaches the main riverbed 
(eg San Juan River). A fan (B) was developed at the junction of the tributary and the main river, producing a dam and 
generating a temporary lake upstream. When the water overtopped the dam, the subsequent erosion produced a large 
scar (C). Thereafter, when a new alluvial fan was generated (D), another dam coeval with the temporary lake was 
developed in the same fluvial valley. The repeating processes generated a number of alluvial terraces (E) that 
characterize the telescopic-like alluvial fans. (1) San Juan riverbed; (2) first alluvial fan deposits. (3) lacustrine; (4) 
second alluvial fan deposits; (5) San Juan River flow path; (6) low water level; (7) high water level; and (8) alluvial 
flow paths (Colombo et  al. 2000, modified). 

Fig. 17. Fine-grained lacustrine sediments (pale) interfingered with alluvial coarse-grained (dark) materials. The 
lacustrine sedimentation was coeval with the alluvial fan development. Quebrada del Toro near the Golgota area. This 
outcrop is located 2 km northwards of Ingeniero Maury (IM in Fig. 13). The displayed thickness is 22 m. 
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Fig. 18. Geometric distribution of longitudinal profiles of 
terrace levels T0-T3 (A) The increase in the slope of the 
younger terraces could be due to episodic falls in the 
local base level. (B) The increase in the slope of the older 
terrace levels could be caused by local tectonic activity. 
(C) The maintenance of the terrace slope could be 
produced by block tectonic uplift (Amorosi et al. 1996). 
Black triangle, current base level; white triangle, terrace 
base level (Colombo et al. 2000, modified). 

Fig. 19. Terrace T t of the Albarracin (A in Fig. 5) 
telescopic-like alluvial fan contains (arrow) a man-made 
(ashlar) block, the remnant of an old bridge of the N 20 
national road, which collapsed due to natural causes 
between 1968 and 1972. 

Table 1. Lacustr in  levels dating 

Sample Laboratory Symbol Corrected pMC * Yr BP 

FGT - 201 KIA - 24304 4.34+0.09 25 210 -+ 170 
FAC - 3 KIA - 24303 3.75 _+ 0.09 26 370 + 200 / -  190 

The sample FGT corresponds to the Golgota outcrop. The sample FAC corresponds to the 
Arroyo Colorado section placed southwards of Ingeniero Maury locality. Both samples 
were collected in the Quebrada del Toro. 
The KIA denomination corresponds to the laboratory symbology for the samples studied by 
the Prof. P.M. Grootes, Leibnitz Labor ftir Altersbestimmung und Isotopenforschung, 
Christian-Albrechts-Universit~it, Kiel, Germany. 
* Indicates the per cent of modem (1950) carbon corrected for fractionation using the J3C 
measurement. 
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materials were transported to the lake by highly tur- 
bulent waters rather than by disorganized and massive 
flows following large rock avalanches or landslides 
(Hovius et al. 1997; Mather et al. 2003) associated 
with tectonic activity (Silva et al. 1993). 

The geometrical distribution of fine-grained 
(lacustrine) materials interfingered with coarse 
(alluvial) materials suggests their coeval accumula- 
tion (Fig. 17). The facies of coarse sediments indi- 
cates that their accumulation was due to high-energy 
turbulent flows reaching the lake level. The lacus- 
trine facies was characterized by mud cracks and 
root casts that suggest a shallow lacustrine environ- 
ment. This implies that the top of the dam was never 
very high. Therefore, an unstable equilibrium 
existed between the growth of TAF and the lacus- 
trine development in the main valley. 

Concluding remarks 

Tectonics and seismicity are ruled out given their 
unsuitability as a general explanation for an area that 
exceeds 1000 km in length. Variations in the general 
base level due to the oscillation of the Atlantic marine 
surface are also excluded. However, climate could 
account for the wide geographical distribution of the 
TAF in the main valleys. Variations in heavy thunder- 
storms could give rise to some of these TAF and to 
the dams. Temporary lakes existed at 10 000 years Be 
in the San Juan River area (Colombo et al. 2000) and 
in the area of the Jfichal River (Busquets et al. 2002). 
Archaeological data yield evidence of the presence 
of human settlements on the coasts of some large 
lakes at 6500 years Be (Uliarte et al. 1990). The avail- 
able palaeoclimatological data (Markgra f e ta l .  1986; 
Espizua 1993, 2000; Espizua & Bigazzi 1998) cor- 
roborate the considerable variation in rainfall and in 
its areal distribution. Dating reveals that temporary 
lakes were developed at approximately 25 000 years 
BP in the Quebrada del Toro area. 

Regional sedimentary activities with an irregular 
distribution and a variable intensity can clearly be 
recognized in late Quaternary materials in South 
America (Stager & Mayewski 1997). These Holocene 
sedimentary accumulations, which are present over a 
large region, could have been controlled by one spe- 
cific climatic factor, the activity of the E1 Nifio 
Southern Oscillation (ENSO). The dynamics of this 
oscillation suggest (Markgraf et al. 1986; Villagrfin & 
Varela 1990; Markgraf 2001; Markgraf & Seltzer 
2001; Villa Martfnez et al. 2003) that very intense and 
randomly distributed rainfall could cause floods that 
are locally very important. The ENSO is clearly evi- 
denced in very recent sediments, becoming less 
evident in older ones. 

The typical manifestations of the ENSO are 
related to interannual periods. By contrast, these 

situations are repeated in decadal periods ranging 
between 10 and 50 years. They could also occur over 
longer cycles (Dettinger et al. 2001), although the 
evidence is scant. It is possible to reconstruct the 
performance and rhythm of these cycles in recent 
sedimentary accumulations younger than 5000 years 
BP (Sandweiss et al. 1996, 1999; Markgraf & Seltzer 
2001), where the evidence is very clear. However, 
one period between 5000 and 8000 years BP does 
not yield strong evidence (Enfield & Mestas-Ntifiez 
2001). Records of this activity also exist in alluvial 
materials dated approximately at 15 000 years BP 
(Rodbell et al. 1999). 

The ENSO produces an irregular distribution of 
the main regional rainfall, which leads to significant 
episodes of clastic sediment transport. This could 
give rise to dams generated by lateral alluvial fans, 
due to the significant and irregular increases in rain- 
fall, resulting in the formation of temporary lakes 
(Malde 1968; Jarrett & Costa 1986; Costa & 
Schuster 1988; Clague & Evans 2000). This is con- 
sistent with the data provided by the analysis of the 
Holocene sediments located inter  alia in the areas of 
the San Juan (Colombo et al. 1996, 2000) and J~ichal 
rivers. 

In the Quebrada del Toro the facies assemblages 
and the geometrical relationships between the allu- 
vial fans and lacustrine sediments resemble the ones 
described above. Thus, the generation of a dam could 
account for the episodic development of telescopic- 
like coarse-grained alluvial fan materials that interfin- 
ger with fine-grained lacustrine sediments. Intense 
and randomly distributed thunderstorms producing 
heavy discharges are crucial for developing the TAF 
in this area. The lakes could have been developed 
during the last event of the 'Minchin' wet period 
(Baker et al. 2001; Fritz et al. 2004) between 40 000 
and 25 000 years BP, which also affected other areas 
in tropical and subtropical South America (Ledru et 
al. 1996; Turcq et al. 1997). Meteorological varia- 
tions of the ENSO (Dettinger et al. 2000, 2001) rather 
than climatic changes (Bull 1991; Bourke & Pickup 
1999; Hattingh & Rust 1999) account for the wide 
regional distribution of TAE 

A good illustration of the high frequency of mete- 
orological variability is provided by the destruction 
of the old N 20 national road bridge (1968-1972), 
which crossed the main channel of the Albarracfn 
alluvial fan (A in Fig. 5). Terrace T 1 contains a frag- 
ment of the bridge in the form of a man-made (ashlar) 
block (Fig. 19). This block was probably transported 
by the effects of the ENSO, which produced an 
intense regional activity between 1968 and 1975 
(Ebbesmeyer et al. 1991, in Dettinger et al. 2001). 
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Abstract: Three types of alluvial-fan settings are recognized in the Wadi A1-Bih area of the 
Musandam Mountains, northern UAE and Oman; mountain-front fans, tributary-junction fans 
and steep hillslope debris cones. Three styles of fan geometry, only partly dependent on fan 
setting, can be recognized: telescopic fans, stacked fans and truncated fans. Each style, together 
with degree of confinement, reflects the topographic and geological context of the fan and its 
source area. The mountain-front fans are mostly unconfined fans with telescopic styles. The 
tributary-junction fans are confined fans, some with stacked or telescopic styles, others that have 
been truncated by base-level-induced toe trimming. Most of the debris cones are simple hillfoot 
debris cones. Standard morphometric analyses of fan areas and fan gradients in relation to 
drainage basin area yield results that compare with other studies, but the relationships differ 
between the three groups of fans, in part reflecting fan style, especially between mountain-front 
and tributary-junction fans. The morphometry of the debris cones is only poorly characterized by 
the morphometric relationships. Cone morphology most strongly reflects source-area lithology. 
Analysis of the residuals from the regression analyses suggests that the morphometric differences 
between the three groups reflect fan sedimentary processes, fan setting and fan style, particularly 
relating to confinement. 

Alluvial-fan morphometry conventionally expresses 
the relationships between alluvial-fan properties, 
notably fan area and gradient, and feeder catchment 
properties especially drainage area (Bull 1977; 
Harvey 1997). The most commonly used relation- 
ships are normally expressed in the form of regres- 
sion equations: 

F =pAq (1) 

G = aA b (2) 

where A is drainage area, F is fan area (both in km 2) 
and G is fan gradient (Harvey 1997). For the fan-area 
relationship, characteristic values of q for dry-region 
fan groups are fairly consistent, and range between 
c. 0.7 and c 1.1.Values for p show a wide range 
between c. 0.1 and c. 2.1 (Harvey 1997), reflecting 
different catchment geologies (Hooke & Rohrer 
1977; Lecce 1991) or fan histories. The fan-gradient 
relationship is inverse, but generally less clear-cut 
than the fan-area relationship, and shows character- 
istic values of b of between c. - 0 .15  and c. - 0 . 3 5  
(Harvey 1997). Values for a show a range of between 
c. 0.03 and c. 0.17, possibly reflecting lithology, 
depositional processes and base-level influences 
(Harvey et al. 1999). 

When drainage basin relief or slope properties are 
also included in the regressions, they tend to have 
little influence in the fan-area case, but may modify 

the fan-gradient regressions presumably because 
sediment properties are influenced by basin steep- 
ness and, in turn, have more effect on fan gradients 
than on fan areas (Harvey 1987). 

The primary factors influencing fan morphome- 
try appear to be the supply of water and sediment 
from the feeder catchment. However, analysis of the 
differences between the regression relationships for 
different fan groups, or of the residuals from the 
regressions within fan groups, may indicate the 
effects of other factors (Silva et al. 1992). Of major 
importance is fan setting, controlling accommoda- 
tion space and controlled by the long-term geom- 
orphic history, involving such factors as tectonics 
and base-level conditions. Previous studies have 
demonstrated the influence on fan morphomet- 
ric properties of tectonic setting (Silva et al. 1992; 
Calvache et al. 1997), accommodation space 
(Viseras et al. 2003) and base level (Harvey et al. 
1999; Harvey 2002a). Fans commonly occur in two 
main topographic situatuions, at mountain fronts 
and at tributary junctions, creating distinct fan 
geometries in relation to confinement. However, 
there have been few studies that specifically deal 
with the influence of confinement on fan morphol- 
ogy and morphometry (Sorriso-Valvo et aI. 1998; 
Harvey et al. 1999). 

This paper deals with Quaternary alluvial fans 
in the Musandam Mountains, UAE and Oman, 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 85-94. 0305-8719/05/$15 �9 The Geological Society of London 
2005. 
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Fig. 1. Location map of the Musandam Mountains, UAE and Oman. 

contrasting the morphometric properties of uncon- 
fined fans along the western mountain front of the 
Musandam range with those of confined tributary- 
junction fans along Wadi A1-Bih, a major drainage 
within the Musandam range (Fig. 1). 

Study area 

The Musandam Mountains (Fig. 1) dominantly 
comprise uplifted and deformed Mesozoic platform 
carbonate rocks (Glennie et al. 1974). They were 
deformed during the Tertiary in relation to the 
closure of Tethys by the collision between the Arabic 
and Asian plates. To the west they are strongly 
folded and thrust over Mesozoic basinal sediments 
to form the mountain-front zone, whereas to the east 
they are gently flexured. Uplift and deformation con- 
tinued into the early Pleistocene, but there is no 
unequivocal evidence of ongoing late Quaternary 
deformation within the fan sediments of this part of 
the range (A1-Farraj 1996). The area is deeply dis- 
sected by Wadi A1-Bih and its tributaries, with major 
relief provided by two main massive limestones: the 
Jurassic-Cretaceous Musandam limestone forming 
a huge escarpment along the eastern watershed; 
and the Permo-Triassic Ghail limestone forming the 

elevated plateau dissected by the canyon in the 
centre of the study area (Fig. 1). The intervening 
more subdued terrain is formed on rocks of the 
Upper Triassic Elphinstone Group, thinly bedded 
sandstones, shales and limestones. 

The present climate is arid, with mean annual 
temperatures in excess of 25 ~ and annual rainfall 
less than 135 mm, occurring mostly in winter. Flash 
floods in Wadi AI-Bih occur once or twice a year, 
producing an annual runoff of less than 3 mm 
(Al-Farraj, 1996). 

Alluvial fans are widespread in the Wadi A1-Bih 
area and occur in three distinct geomorphic settings: 
mountain-front fans, tributary-junction fans and 
valley-side debris cones (Figs 1, 2 & 3a-c). The 
latter issue from small, steep, bedrock channels 
(Figs 1 & 2), as opposed to the alluvial valley floors 
of the feeder channels of the other two groups. The 
mountain-front fans and the tributary-junction fans 
(Fig. 2) are fluvially dominant fans; composed 
mainly of fluvial sheet and/or channel gravels, 
although on some of the smaller fans debris flows 
may be interstratified with fluvial deposits in the 
proximal zones. The debris cones, by definition, are 
composed of debris flows (A1-Farraj 1996). The fans 
can be further differentiated according to their 
geometry and evolution into stacked, telescopic and 
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Fig. 2. Alluvial fans in the Wadi A1-Bih area. (a) Mountain-front fan. (b) Steep debris cone (centre) and lower angle 
tributary-junction fan (left), Musandam escarpment area. 

trenched types. The mountain-front fans are uncon- 
fined fans. They toe out at stable base levels and are 
mostly telescopic in style (Bowman 1978) (Fig. 3d). 
The proximal fan surfaces are dissected by fanhead 
trenches from which the younger fan segments pro- 
grade distally. The tributary-junction fans are fans 
confined by the valley walls, and are strongly influ- 
enced by the local base level provided by the channel 
of Wadi A1-Bih. These fans include both telescopic 
and stacked fans (Fig. 3d & e), with some fans 
trenched throughout, the style being influenced by 
the local relationships to the channel of the wadi. 
Many of these fans have been truncated by 'toe 
cutting' (Leeder & Mack 2001) either by incision or 
by lateral migration of the main wadi (Fig. 3f). The 
debris cones are simple forms, mostly with stacked 
styles and little trenching. 

Aims and methods  

The aim of this paper is to examine the morphomet- 
ric properties of the Musandam fans, and to assess 
the extent to which fan setting, particularly confine- 
ment, modifies the morphometric relationships. 

The alluvial fans were initially mapped from air 
photographs onto topographic map enlargements at a 
scale of approximately 1:25000. The mapping was 
checked and corrected in the field. Sixty-three fans 
were selected as representative of the range of fan 
environments: 16 mountain-front fans, 21 tributary- 
junction fans and 26 debris cones (Figs 3 & 4). For the 
morphometric data, fan areas were derived from the 
fan limits as mapped, and fan gradients were meas- 
ured by hand levelling in the field. On the larger fans 
sample profiles were measured and on the smaller 
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Fig. 3. Schematic illustration of fan styles. 

area (AI-Farraj 1996). The constituent fan surfaces 
have been correlated and related to wadi terrace 
surfaces by studies of surface modifications through 
pedogenesis and desert pavement development 
(McFadden et al. 1989) reported elsewhere (A1-Farraj 
& Harvey 2000). Three main late Quaternary phases 
of fan aggradation have been differentiated and 
appear to relate to climates wetter and/or colder than 
today's, interspersed with arid periods when, as 
happens today, dissection was the dominant geomor- 
phic regime affecting the fans. How these sequences 
of fan evolution reflect late Quaternary climatic 
change and local base-level changes have also been 
described elsewhere (A1-Farraj 1996; Harvey 2002b, 
2003). 

Fig. 4. Location of sample fans. 

fans complete axial profiles were surveyed. The gra- 
dients quoted here are the axial gradients of the prox- 
imal half of each fan. The feeder drainage basins were 
deliminated on 1:50000 topographic maps and 
drainage areas measured from the maps. Drainage 
basin slopes were calculated by dividing basin relief 
by basin length. 

In addition to the collection of the morphometric 
data, other observations were made in the field on 
the geomorphology of the alluvial fans and their 
relationships with the Quaternary evolution of the 

Fan morphometry 

Conventional fan morphometric analyses have 
been carried out, relating fan area and gradient to 
drainage basin area by regression analyses as in 
equations (1) and (2). This was done first to derive 
the overall regression relationships for all the 
sample, then separately for each fan group (moun- 
tain-front fans, tributary-junction fans and debris 
cones). 

Drainage basin area-fan-area relationship 

Using the same nomenclature as in equation (1), 
F = p A  q, the fan-area regression equations are as 
follows (see Fig. 5). 
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Fig. 5. Regression relationships: fan area and drainage area. 

For the all-fans case: 

F =  0.18 A ~ (3) 

(correlation coefficient, R = 0.86; standard error of 
the estimate, SE = 0.49 log units). 

For the tributary-junction fans: 
F = 0.14 A 066 

(R = 0.88; SE 0.22). 
(4) 

For the mountain-front fans: 
F = 0.45 A 072 

(R = 0.85; SE 0.39). 
(5) 

The relationship for the debris cones alone is not 
statistically significant. 

For the three significant relationships involving 
fluvially dominant  fans, the correlation coefficients 
are high and the values of q are similar to a number  
of  those quoted in the literature (Harvey 1997), but 
lower than some of those quoted by Viseras et al. 
(2003). Note that in the 'all-fans' case the higher 
value of  q might simply reflect the effects of aggre- 
gating the three groups; however, the higher value 
of  q for the mountain-front group than for the tribu- 
tary-junction group might reflect the effects of  fan 
confinement at tributary junctions preventing the 
development of  very large fans even from large 
drainage areas. The values o fp  are much lower for 
the tributary-junction case than for the mountain- 
front fans, clearly reflecting the affects of fan 
confinement on accommodation space. Compared 
with those in the literature, values o fp  for the Wadi 

A1-Bih fans are in the lower part of the range 
quoted by Harvey (1997); this may be related to the 
age of Wadi A1-Bih fans that appear to be younger 
than most of those in the literature. In addition, 
many of Wadi A1-Bih fans are stacked fans, while 
many of those in the literature are telescopic fans, 
hence fan area for Wadi A1-Bih fans would tend to 
be lower. 

Drainage basin area-fan-gradient  

relationship 

Using the same nomenclature as in equation (2), 
G = aA b, the fan-area regression equations are as 
follows (see Fig. 6). 

For the all-fans case: 
G = 0.092 A -0.23 (6) 

(R = -0 .67 ;  SE = 0.22 log units). 

For the tributary-junction fans: 
G = 0.091 A -~ (7) 

(R = -0 .50;  SE = 0.13). 

For the mountain-front fans: 
G = 0.065 A -~ (8) 

(R = 0.53; SE = 0.18). 

The relationship for the debris cones again is not 
stastically significant. 

As would be expected, fan gradients show a 
negative relationship with drainage areas, but, as 
is often the case (Harvey 1997), the correlation 
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Fig. 6. Regression relationships: fan gradient and drainage area. 

coefficients are poorer than for the fan-area regres- 
sions. For the all-fans case, the regression is similar 
to those in the literature (Harvey 1997). When the 
all-fans case is separated into the different groups, 
both mountain-front fans and tributary-junction fans 
have values of b lower than those in the literature, 
and the debris cones' relationship is not significant. 
The lower value of a for the mountain-front group 
than for the tributary-junction group may be 
related to the lithology of the drainage basins. The 
mountain-front fans tend to drain zones of folded, 
faulted and fractured rock that may affect sediment 
transport and deposition processes and produce 
relatively low gradient fans. 

The role of  drainage basin slope 

On the basis of previous work we might expect 
drainage basin relief characteristics to influence fan 
area, and particularly fan gradient (Harvey 1987, 
1997). However, drainage basin slope shows only 
weak relationships with either fan area and/or fan gra- 
dient. For the all-fans case (where S is drainage basin 
slope; drainage basin relief/drainage basin length): 

For fan area: F = 0.045 S-L~ 
(R = -0 .27 ,  SE -- 0.81). 

For fan gradient: G = 0.16 S ~ 
(R = 0.36, SE = 0.27). 

(9) 

(10) 

Even when drainage basin slope is considered as 
an extra variable within multiple regressions its 
effects are only limited. 

For fan area: F = 0.24 A ~ S ~ (11) 
(R = 0.87, SE = 0.42) 

which shows little or no improvement on the simple 
drainage area to fan-area relationship. 

For fan gradient: G = 0.107A -~ ~ (12) 
(R = 0.68, SE = 0.22) 

again showing little or no improvement on the 
simple drainage area to fan-gradient relationship. 

Fan area - f a n  gradient relationships 

So far, fan area and fan gradient have been con- 
sidered in relation to drainage basin properties, but 
they also can be used to summarize fan properties. 
Mean fan areas and fan gradients (Table 1) differ 
markedly between the three groups, as would be 
expected, with mountain-front fans on average much 
larger and less steep than the others, and debris 
cones much smaller and steeper (Student's t-tests 
show these differences to be highly significant). 
However, more important in characterizing the fan 

Table 1. Mean fan areas and gradients 

n Fan area Fan gradient 
(km 2) 

All fans 63 1.70 
Mountain-front fans 16 6.39 
Tributary-j unction fans 21 0.28 
Debris cones 26 0.044 

0.15 
0.064 
0.012 
0.22 
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geometry could be the relationships between fan 
areas and fan gradients, expressed by regression 
relationships as follows (see Fig. 7). 

For the all-fans case: G = 0.062 F -~ (13) 
(R = -0 .69;  SE = 0.21 log units). 

For the tributary-junction fans: 
G = 0.069 F -0-14 (14) 
(R = -0 .41;  SE = 0.13, significant only at the 5% 

level). 

For the mountain-front fans: 
G = 0.055 A -~ (15) 
( R = - 0 . 3 9 ;  SE=0 .18 ,  significant only at the 

10% level). 

Again the relationship for the debris cones is not sta- 
tistically significant. 

These relationships, however, differentiate only 
between fan settings and do not pinpoint the role of 
confinement on fan morphometry. 

Residuals f rom regressions 

Another way to examine overall fan morphometric 
proprieties that can help to identify the role of spe- 
cific factors is to consider the residuals from the two 
main regression relationships discussed earlier. This 
method has previously revealed morphometric 
differences that can be related to fan setting, such as 
tectonic context (Silva et al. 1992) and base-level 
control (Harvey et al. 1999), with some influence 
also from source-area geology (Harvey 2002a). 
On this basis we might expect the influence of 
confinement to be apparent. 

Regression residuals from the two main morpho- 
metric regression relationships between drainage 
area and fan area (equation 3), and drainage area and 
fan gradient (equation 6), were plotted to establish 
whether differences can be identified between fan 
groups (Fig. 8). 

Residuals from the fan-area regression give the 
clearest differentiation between groups, modified 
slightly by those from the fan-gradient regression. 
The mountain-front fans form a cluster with few 
outliers, indicating not only relatively large fans, 
but fans relatively large in relation to drainage area 
and with gradients generally relatively low in rela- 
tion to drainage area. The three main outliers are 
not easy to explain. Two are very small fans and 
their positions may relate to assumptions of regres- 
sion linearity disproportionately affecting values at 
the ends of  the distribution. The stacked mountain- 
front fans are generally less steep than the trenched, 
telescopic fans. 

In Figure 8, the tributary-junction fans tend to 
plot to the left and slightly above the mountain-front 
fans, indicating relatively steeper gradients and rela- 
tively smaller fan areas, clearly reflecting the con- 
fined nature of these fans. There are differences 
between the relatively small tributary-junction fans 
that join the main wadi downstream of the canyon 
reach and relatively large fans in the upper part of 
the wadi system. This may in part reflect the 
geology of the source areas, but also the relief of the 
tributary catchments. Downstream of the canyon the 
tributary catchments are dominantly on Bih and 
Ghail limestone, whereas the upper catchments 
drain the very steep relief of the Musandam escarp- 
ment (see Fig. 2). 
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The plotting positions of  the debris cones in 
Figure 8 show a wide scatter of  generally steep and 
small fans in relation to drainage area. The scatter 
can be partly resolved by grouping the debris cones 
in relation to source area. The Elphinstone group, 
fed by low-relief terrain on rocks of  the Elphinstone 
series, are all simple fans of  late Quaternary age and 

most plot far to the left of  Figure 8, with much 
smaller fan areas in relation to drainage area than the 
other fans. In contrast, the debris cones fed by the the 
steep high Musandam limestone escarpment all plot 
to the right of  the debris cone cluster, indicating very 
large debris cones in relation to source area. The 
lower wadi and mountain-front group, fed by inter- 
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mediate relief terrain mostly on the Bih and Ghail 
limestones, plot in intermediate positions. Most of 
the debris cones are simple stacked forms, but three 
larger telescopic cones in the middle reach plot with 
relatively large areas and steep slopes. 

Discussion and Conclusions 

Previous work on the morphometry of dry-region 
alluvial fans has demonstrated a general relationship 
between drainage area and fan area (Bull 1962; 
Hooke 1968; Hooke & Rohrer 1977; Harvey 1997, 
2002c), and between drainage area and fan gradient 
(Bull 1962; Harvey 1997, 2002c).These studies 
identified regional differences in the regression rela- 
tionships attributable, perhaps, to climatic differ- 
ences, but especially to tectonic context, controlling 
accommodation space (Viseras et al. 2003) and to 
lithology of source-area bedrock. Few studies have 
specifically identified fan confinement as an import- 
ant variable influencing fan morphometry (Sorriso- 
Valvo et al. 1998) or fan morphometric regressions 
(Harvey et al. 1999). It is clear from this study that 
fan confinement, as influenced by fan context, does 
influence the standard fan morphometric regression 
equations when the regressions for the mountain- 
front and tributary-junction fans are compared. This 
is especially true for the fan-area regressions (Fig. 5; 
equations 4 and 5); with the much higher values of 
p for the mountain-front fans reflecting the relatively 
large areas of these unconfined fans. There are also 
differences in fan gradient (Fig. 6; equations 7 
and 8), expressed by the higher value of a for the 
tributary-junction fans, suggesting that confinement 
may lead to steeper fans. 

Similarly, when the residuals from the all-fans 
regressions (equations 3 and 6) are examined, the 
plot of the residuals from the two main regressions 
(Fig. 8) does differentiate between the three groups 
of fans, confirming the trends identified above, but, 
further, offers some explanation of the wide range of 
plotting positions for the debris cones. Confinement 
is clearly important in differentiating mountain- 
front from tributary-junction settings, but other 
factors are also involved. For the mountain-front 
fans fan style appears to be reflected in the residual 
plotting positions in Figure 8, with stacked fans gen- 
erally of relatively lower gradient than the large 
telescopic fans. However, for the tributary-junction 
fans truncation appears to have no influence, indicat- 
ing that the effects of the base-level influence cannot 
be detected from the regression relationships. 
Lithology and, to some extent, relief characteristics 
appear to be the main differentiators within the 
debris cones. The Musandam group, fed by very 
steep catchments on Jurassic-Cretaceous limestone, 
are relatively large. Interestingly, these debris cones 

plot in the same field in Figure 8 as the Musandam 
tributary-junction fans, suggesting the importance of 
relief and lithology. Similarly, both the debris cones 
and the tributary-junction fans from the lower wadi 
plot together in Figure 8, indicating relatively small 
fan areas for both fans and debris cones fed by catch- 
ments on the Permo-Triassic limestones. These two 
trends suggest that lithology is an important control 
of the volume of sediment supplied, hence influenc- 
ing fan area. The plotting position of the Elphinstone 
debris cones, well to the fight in Figure 8, suggests 
that fan history may be an important control. The 
Elphinstone beds are fairly weak, and could be 
expected to yield high volumes of sediment. 
Catchment relief is relatively low, but the most 
important control appears to be the youth of these 
debris cones. They have developed only after the 
wadi migrated away from the valley margin here, 
relatively recently in the history of the wadi 
(A1Farraj 1996). 

Of the controls over fan style and morphometry, 
confinement appears to be of major importance, 
influencing both fan style and fan morphometry. 
Source-area geology and relief also appear to be 
important, especially in influencing fan morphome- 
try. Base level appears to have only a minor influ- 
ence, affecting fan style but with no obvious 
influence on morphometry. 
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Nahyan Bin Mubarak, to the University of the UAE, AI-Ain 
and to the staff of the London Embassy of the UAE for their 
support. We thank the staff of the Cartographics section of 
the Department of Geography, University of Liverpool for 
help in producing the illustrations. We thank C. Viseras and 
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Flow events on a hyper-arid alluvial fan: Quebrada Tambores, 
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Abstract: The Tambores alluvial fan is located within the hyper-arid Atacama Desert of northern 
Chile. We examine evidence of the range of flow processes operative in this environment from 
a combination of Pleistocene-Holocene fan deposits and a recent (2001) flood event (16 m 3 s l) in 
the fan feeder channel and upper alluvial-fan area. The field evidence suggests that peak flows 
recorded in the older deposits generated extensive sheetflood events dominated by antidune deposi- 
tion in the upper fan area. These extreme, supercritical flows were generated by floods with 
sustained high sediment and water discharges and high stream power. Easily erodable alluvial 
source materials ensured high sediment discharge could be maintained within flood events. High 
stream power was ensured as a function of the tectonically exacerbated gradients within the source 
area. The 2001 event indicates the rapid rheological changes that can occur within an individual 
flood event, ranging from hyperconcentrated streamflow to mudflow. The flow deposits vary little in 
maximum clast size either between the varying flood events in the upper fan area, or down the fan 
gradient. This is due to a limited calibre of sediment being produced from the source area. The study 
highlights: (1) the range of flow rheologies that can be generated from a hyper-arid catchment both 
within and between flood events of varying magnitude and the associated difficulties in generating a 
reliable stratigraphy from the resultant deposits; (2) the high stream power and sediment discharge 
associated with major flood events and thus the nature of flood hazard in the catchment and on the 
fan; and (3) the limitations of sedimentological information such as maximum clast size as an 
indicator of peak flow characteristics in ancient deposits. 

Hyper-arid regions by definition have limited water 
resources. In such environments the hydrological 
resources that do exist are commonly  linked to allu- 
vial fans (Ben David-Novak & Schick 1997; 
Houston 2001, 2002). Despite this lack of  availabil- 
ity of  water, floods provide one of  the greatest 
hazards to populations in hyper-arid regions, as 
many population centres are built on alluvial fan 
bodies and thus in potentially hazardous locations, 
as the town of Antofagasta (coastal nor them Chile) 
discovered in June 1991. More than 100 people were 
killed and extensive damage was caused by the 1991 
flood event that fol lowed 42 m m  of rain which fell 
mainly within 3 h (Chong et al. 1991; Hauser 1997). 
Yet, studies of  fluvial processes in hyper-arid 
areas are limited. The paucity of  rainfall and lack of  
population usually mean that rainfall records are dis- 
parate. Ancient  fluvial sediments in such environ- 
ments can contribute to our understanding of  the rare 
flood events that occur. However, the fluvial record 
is commonly  biased towards the preservation of  the 
deposits of  larger magni tude floods at the expense of  
smaller ones. This is a direct consequence of  the 
available stream power and thus erosive capability of  
the larger events. Hence, within ancient fluvial 
records, although there may be well-preserved evi- 
dence of  the peak flood events, information on the 

lower magnitude floods is typically poor, and deter- 
mining the frequency of  such events is thus difficult. 
Alluvial fans, however, are dominantly accretional 
sedimentary bodies that preserve a more  complete  
record of  flood events generated from the supplying 
fan catchment  and feeder channel, unless the alluvial 
fan has become fully trenched and is thus bypassed 
by such events. Yet, despite this, studies of  processes 
on hyper-arid alluvial fans are rare. Some examine 
hydrology (Ben David-Novak & Schick 1997; 
Houston 2002) or soils and weathering (Jones 1991; 
Amit et al. 1996; Berger & Cooke 1997). Research 
on sedimentology and process is mainly l imited to 
studies within Death Valley in the USA (e.g. Blair 
1999, 2000). 

This paper aims to use the Ple is tocene-Recent  
deposits of  the Quebrada Tambores alluvial-fan 
system in the hyper-arid Atacama Desert of  northern 
Chile to reconstruct the flow processes operative 
during fan construction and entrenchment.  The 
paper examines the lowermost feeder channel and 
fan apex section of  the alluvial-fan system. The older 
deposits record high-magnitude flood events f rom a 
relatively wetter (but still arid) period in the fan's 
history that was mostly responsible for the alluvial- 
fan construction. The recent event (February 2001) 
was generated from a low-magnitude flood and gives 

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 9-29. 0305-8719/05/$15 �9 The Geological Society of London 
2005. 
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an indication of the processes operative under the 
modern hyper-arid setting where incision and 
fanhead trenching appear to dominate. The older 
(Pleistocene and Holocene) depositional records 
give an indication of the nature of major floods that 
could be generated from rare extreme rainfall events 
under the present hyper-arid setting. 

Geology and structure 

The catchment area of Quebrada Tambores is dom- 
inated by Cretaceous and Tertiary age alluvial 
sediments of the Purilactis Group, overlying 
Paciencia Group and Neogene sediments (Fig. 1). 
These are predominantly conglomeratic material 

within the Tambores catchment, apart from some 
lower sections of the Paciencia group in the lower- 
most elevations of the catchment area where finer 
muds, silts and evaporites are exposed. The area is 
significantly affected by still-active thrusting that 
exposes Neogene ignimbrites near the catchment 
mouth (Fig. 1) which are interbedded with a 
sequence of mid-Miocene-mid-Pliocene alluvial 
gravels, an as yet unnamed stratigraphic unit. 
Catchment slope and channel gradients are steep- 
ened by uplift along high-angle reverse faults that 
have been active throughout the Neogene. This 
uplift, in turn, has enabled (and is enabling) small 
quebradas to headcut across and breach hanging- 
wall drainage divides, facilitating expansion of the 
main quebrada by drainage capture (Fig. 2). 

[ ]  Quaternary alluvium [ ]  Paciencia Group --4,,,. Thrust fault 

[ ]  Neogene ignimbrites [ ]  Purilactis Group ~ Dip direction of strata 

[ ]  Neogene sediments [ ]  Cretaceous and earlier igneous rocks 

Fig. 1. Location and simplified geology of the study area with the catchment and fan area (shown in detail in Fig. 5) 
represented in grey outline. 



FLOW EVENTS: QUEBRADA TAMBORES, CHILE 11 

(a) 

Fig. 2. General geomorphology of the study area. a) Satellite image showing the two main quebrada channels discussed 
in the text (1 and 2); the fan feeder channel (3); the relict older fan surface (4); fan intersection point (5); and axial 
fluvial system (6). 

Climate 

Over geological timescales the Atacama Desert has 
been dominated by a semi-arid climate from 8 to 
3 Ma, punctuated by a period of greater aridity at 
about 6 Ma. Hyper-aridity became dominant at about 
3 Ma (Hartley & Chong 2002). Where higher resolu- 
tion records exist in the Quaternary it is apparent 
that fluctuations from hyper-arid to relatively wetter 
phases have occurred over varying timescales within 
the study area. A 106 ka salt core from the Atacama 
appears to indicate wetter periods within the 
Pleistocene at 75.7-60.7 and 53.4-15.5 ka, with the 
wettest period recorded at 26.7-16.5 ka. Many studies 
indicate a Late Pleistocene-early Holocene wetter 
period that started at >15.4 ka (Rech et al. 2002) or 
later (Bobst et al. 2001; Latorre et al. 2003). Within 
the highest resolution record of the Holocene, 
although timing of events varies according to location 
and methodology, there appears to be broad agree- 
ment that there was a period of greater rainfall in the 
early and mid-Holocene, and that the extreme hyper- 
aridity experienced today has dominated for the last 
3 ka (Fig. 3). The palaeohydrology and vegetation 
records used to construct Figure 3 are also supple- 
mented by sedimentological and archaeological evi- 
dence from the study area. Abundant debris-flow 
deposits, indicating more frequent storm events, are 
intercalated with archaeological remains dated at 
6200-3100 C-14 ~c14) years Br, (Grosjean et al. 1997). 

The vegetation data derived from rodent middens 
would appear to indicate that some of the increased 
rainfall was related to increased seasonality with an 
increase in summer rainfall (particularly for the 
period 11.8-10.5 ka: Latorre et al. 2002). However, 
the overall volume changes in rainfall estimated from 
plant communities within the study area suggest 
annual precipitation for wetter periods was probably 
still within the arid realm, with rainfall increasing 
from the present 40-50 to 80-100 mm year -1 for the 
Late Glacial-Holocene wetter phase (Latorre et al. 
2003). It has been proposed that the increases in sea- 
sonal wetness are associated with greater annual 
volumes of precipitation from the South American 
Summer Monsoon across the Andes, from the east, 
intensified by Walker Circulation (stronger easterlies) 
(Latorre et al. 2002; Rech et al. 2002). 

The aridity of the modern climate of the Atacama 
Desert is influenced by four main factors (Houston & 
Hartley 2003). These are: (1) a pronounced rain- 
shadow affect created by the high Andes, with annual 
rainfall dropping from over 300 mm year -1 at 
5000 m above sea level (masl) to 20 mm year -1 at 
2300 masl; (2) the descending stable air of the 
Hadley Circulation of the subtropical high-pressure 
belt; (3) the region's continentality from Atlantic 
moisture sources; and (4) the cold Peruvian ocean 
current that upwells along the Atacama coast and 
inhibits the uptake of moisture for any Pacific on- 
shore winds. Within the study area used for this paper 
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(b) 

Fig. 2. b) A sketch map drawn from the satellite image. The Tambores catchment and fan are outlined by the dashed 
lines. White arrows indicate examples of stream piracy occurring within the catchment areas, with the modem drainage 
capturing older drainages preserved on pediment levels (pediment surface 1 is topographically highest and oldest, and 
3 is the youngest and lowest). 

rainfall ranges up to 80 mm year -1 (Fig. 4), but is 
generally much less. Seasonal precipitation is linked 
to the tail end of the South American Summer 
Monsoon, produced by continental heating over the 
Altiplano during the austral spring and summer. This 
is limited by the magnitude of the Bolivian High 
(Latorre et al. 2003). Modern interannual variation of 
rainfall figures (over 2-5 years) is attributed to the 
influence of the E1 Nifio Southern Oscillation (Vuille 
1999; Garreaud & Aceituno 2001), with highest rain- 
falls associated with La Nifia periods when the 
Bolivian High is displaced southward and moisture- 
bearing easterly winds are enhanced. 

Geomorphology of the fan catchment and 
depositional areas 

The modern Tambores alluvial fan is located on the 
eastern side of the Andean Precordillera, in the 

Cordillera Domeyko, that spans a latitude in the order 
of 4~ runs parallel to the main Andean front. 

The catchment area covers 52 km 2, with a basin 
relief of 889 m (Figs 5 & 6). The majority of the 
catchment area, above 3200 m, lies within a mixed 
'Prepuna-Tolar '  vegetation zone (Latorre et al. 
2003), and the lower part (to approximately 2700 m) 
in the Prepuna vegetation zone. Within these vegeta- 
tion zones most vegetation growth is constrained to 
surface washes. The geomorphology of the catch- 
ment area is dominated by a series of pediments that 
record earlier stages of drainage evolution in relation 
to the active geological structure (Fig. 2). 

The fan feeder valley is 140 m wide at the top of 
the fan and contains two or three active channels of 
the order of 10-50 m wide. These channels are 
locally cut into the Pleistocene-Holocene deposits 
that have backfilled into the feeder channel. These 
deposits appear to grade to the top surface of the 
main alluvial fan into which the modern fan trench 
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Fig. 3. Holocene climate variation within the Salar de 
Atacama region. Grey zones indicate period of relatively 
higher rainfall (but, in most cases, still arid). Sources of 
information are indicated along the top of the diagram. 

Quaternary alluvial-fan sediment 
provenance and calibre 

The lithology of the Tambores catchment is 
dominated by alluvial sediments that provide the 
main source material for the Quaternary alluvial-fan 
system. The alluvial-fan provenance is thus domi- 
nated by multigeneration conglomeratic material 
comprising mainly higher density igneous clasts 
together with lower density ignimbrite boulders 
sourced mainly from the lowest parts of the 
fan catchment (Fig. 1). These low-density blocks 
dot the surface of the alluvial-fan body and can 
be rafted considerable distances down the fan surface 
(Figs 5, 6a & 7a), with individual clast volumes of up 
to 33.2 m 3 located some 2-3 km from the nearest 
source area. Examinations of Dma x (maximum clast 
size determined from measurements of the long axis) 
downfan indicate that whilst the ignimbrite boulders 
display a weak decrease in maximum size downfan, 
the higher density clasts do not (Fig. 6a). 

Late Pleistocene-Holocene alluvial-fan 
sedimentology 

The uppermost fan-surface deposits exposed within 
the upper (modern) fanhead trench, together with the 
terrace cuts evident in the equivalent surfaces within 
the lower parts of the fan feeder channel, allow an 
examination of the highest magnitude events which 
have affected the Tambores fan. The sections studied 
lie between A and A' on Figure 5b. These deposits 
are dominated by gravel grade material that can be 
grouped into three main facies. 

is cut. The Pleistocene-Holocene deposits are inset 
within an older fan remnant for approximately 0.5-1 
km, suggesting that the Pleistocene-Holocene 
deposits may have been restricted to a 200-m wide 
fanhead trench that had an intersection point approx- 
imately 0.5-1 km below the present fan apex. 

The modern channels of the fan feeder valley 
merge at the fan apex into a single, 20 m-wide 
channel, which is incised to a depth of 4-5 m below 
the main fan surface at the fan apex. The modern 
intersection point lies 2.4 kan below the fan apex. 
The alluvial fan deposits cover an area of 8 km 2 
with surface slopes of 4 ~ (upper fan) to 2 ~ (lower 
fan) and are mainly located within a zone of 
'absolute desert'. 

Below the intersection point the fan grades over 
3 km to an axial fluvial system that drains towards the 
SW (Fig. 2). The fluvial system comprises wide, 
shallow, poorly defined channels that drain eventually 
into a low-gradient playa area. Aeolian sand accumu- 
lation is common around vegetation in this zone. 

(1) Bedded sheetform gravel with couplets 

The sheetform gravels (bed geometries with width: 
thickness >18) with couplets (dm-scale) dominate 
the sequence in the upper fan and lower part of the 
feeder channel. They comprise granule-pebble grade 
material that contains a matrix with mean sand: silt: 
clay percentages of 47: 44:9 (Fig. 6b). The internal 
structure of the gravels is dominated by coarse-fine 
planar couplets (Fig. 7b). The couplets in the upper 
fan are dominantly subparallel to the fan surface, with 
the fan surface at 4 ~ , and the couplets dipping 
downfan at approximately 5~ ~ The bases of the 
1-2 m-thick beds in which the couplets are found 
are typically planar but may locally scour into the 
underlying deposits. Within the feeder channel the 
beds are seen to dip upstream at 10~ ~ (Fig. 7c). 
Clast fabrics may be imbricated with the long axis 
transverse to the flow direction. Beds may be nor- 
mally graded. Outsized ignimbrite boulders can be 
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Fig. 4. Rainfall data (1961-1997, Ministerio de Obras, Chile) from San Pedro de Atacama, which is located in the 
lower elevations of the study area some 10 km to the south. (a) Total annual rainfall and (b) Mean monthly rainfall. 

found lying on bedding surfaces, and buried by sub- 
sequent deposits. The overlying deposits show a 
disrupted sediment fabric around the larger boulders 
and may include scour features into the underlying 
beds (Fig. 7d). 

(2) Sheetform massive gravel 

These are rare within the succession and typically 
comprise poorly sorted-reverse graded beds less 
than 1 m in thickness, and often contain subvertical 
and outsize clasts (Fig. 7e). They are matrix- to clast- 
supported and tend to drape underlying beds, but 
may locally be weakly erosive into them. 

(3) Channelform gravels 

These are more common than (2) but less common 
than (1) above. The channelform gravels generally 
comprise shallow channels (width:depth of 5-10) 
typically 0.5 m deep. The channels are dominantly 
infilled with clast-supported pebbles and cobbles 
(Dmax, excluding ignimbrite clasts, of 7 cm; Ds0 
(median clast size) of 3.5 cm), which is persistently 

coarser than the granule and pebble grades that com- 
prise the bulk of the sheetform gravels (Fig. 7f). 

Reconstruction of the flow conditions for 
the Late Pleistocene-Holocene alluvial fan 

The sheetform gravels with couplets represent the 
deposits of supercritical flows from high-magnitude, 
high-sediment-load flood events from the catch- 
ment. The area studied for this paper is in the zone 
where catchment floods are at their peak and exit 
from an area of relative confinement (the fan feeder 
channel and fanhead trench) and expand downfan. It 
is in this zone that maximum transitions in flow 
behaviour will occur. The couplets have much in 
common with supercritical flows described from fan 
bodies elsewhere and interpreted as sheetflood 
deposits (Blair 1999, 2000). The lack of channeliza- 
tion and prevalence of sheetform geometries would 
suggest that the whole width of the feeder channel/ 
fanhead trench was occupied by these flood events 
that expanded and shallowed across the fan surface. 
Imbrication would suggest that much of the deposi- 
tion was by traction as bedload. The described cou- 
plets most probably relate to antidune development 
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Fig. 5. Topography of the alluvial fan and catchment. (a) A general map showing the approximate northern limit to 
runoff generated by the February 2001 event (dashed white line), drawn from a 1:50 000 topographic map. (b) A sketch 
of the fan surface showing the key morphological elements discussed in the text. The Pleistocene-Holocene deposits 
were examined between A and A'. B indicates the position of the 2001 flood section survey. The sketch is drawn from 
aerial photographs and field data. 

associated with the generation and destruction of 
supercritical standing waves during a sheetflood 
with high sustained water and sediment discharge. 
Such features have been described from the field 
(Blair 1987) and from laboratory flume experiments 
(Alexander et al. 2001). Upstream dipping strata 
are related to upstream growth and migration of 
water-surface waves and antidunes. Their preserva- 
tion would suggest a non-violent, gentle termination 
to the wave train. Downstream-dipping coarse-fine 
couplets have been attributed to violently breaking 
rapid downslope washout (Blair 2000). In the latter 
case, as the turbulence from the washout abates, the 
finer material in temporary suspension returns to the 
bedload, creating the sharp based coarse-fine cou- 
plets (Blair 2000). The low angle would be consis- 
tent with long-wavelength bedforms (Barwis & 

Hayes 1985). These sedimentary features suggest 
that the majority of the Late Pleistocene-Holocene 
deposits were generated from supercritical flows 
with a critical Froude number that could range 
from 0.5 to 1.8, although 0.84 is taken as the most 
common transition to antidunes in fine gravels 
(Carling & Shvidchenko 2002). The transition tends 
to occur at lower Froude numbers as the depth of 
water increases (Carling & Shvidchenko 2002). 
Thus, the prevalence of antidune features in the 
feeder channel and upper fanhead trench areas may 
be a reflection of deeper water depths here as a func- 
tion of more laterally constrained flows, with flow 
depths decreasing downstream with less lateral 
constriction and higher transmission losses. The 
inferred less violent washouts within the feeder 
channel probably reflect more stable flow conditions 
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Fig. 6. Sediment calibre data. (a) Long profile constructed from the field survey together with maximum clast-size data 
(using long axis) derived from the fan surface and fanhead trench base; and (b) particle size analysis of the finer 
elements of the deposits selected from five beds in the upper fan area. 

within the most  constrained flow. The low amount  o f  
boulder-grade material reflects the limited availabil- 
ity of  such clasts within the catchment area. 

The sheetform massive gravels represent rare 
debris flows with lower water to sediment ratios than 
the sheetflood events. Their lack of abundance in the 
depositional sequence suggests they are less common 
events than the sheetflood deposits. The thickness 
(m-scale) of these deposits and lower water to sedi- 
ment content may indicate that these punctuated 
debris-flow events may represent a combination of: 
(1) lower intensity rainfall events within the catch- 
ment  when hillslope material was mobilized but less 
effective runoff generated; or (2) slope failures during 
large flood events. 

The channelized gravels represent the highest 
water to sediment flows and may  represent low-mag- 
nitude runoff  events that simply rework the surface 
or the tail end of  the larger flood events once the 

main flood wave(s) have passed through the catch- 
ment. 

Recent deposits: the February 2001 flood 

The recent flood event examined was the result of  a 
summer  (February 2001) rainfall event. This rainfall 
event generated a 100-200 year return-period flood 
that peaked at 310 m 3 s -1 in the Rio Salado (Houston 
2005), a tributary of the Rio Loa some 60-70 km 
north of  Tambores. This rainstorm event occurred 
over a number  of  days from 25 to 28 February, with 
precipitation starting in the western Cordilleras on 
22 February, and building south and west into the 
Precordillera by the 26. Max imum intensities were 
reported on 28 February at elevations of 3500 m 
(data from Houston 2005), but were half as much 
in the Precordillera where the Tambores catchment 
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Fig. 7. Sedimentology of the fanhead trench and fan feeder areas. (a) Example of an outsized ignimbrite clast in the 
upper fan. (b) Coarse-fine couplets associated with the upper fan area (flow from right to left). Pencil (circled) for 
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sheetform bed with coarse-fine couplets (SC). Note also presence of outsize ignimbrite clast (top left). Lens cap 
(circled) for scale. 
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is located. Most rainfall appeared to fall on the 
western slopes of the Precordillera. Here the Tuina 
catchment, a similar catchment size (69.4 km 2) 
to Quebrada Tambores but located approximately 
40 km to the north, generated an estimated peak flow 
of 39 m 3 s-1 from a catchment rainfall of 34 mm over 
the period 25-28 February and mobilized some 
5 km 3 of sediment (Houston 2005). 

The geomorphic and sedimentological effects of 
the 2001 flood event at the mouth of the Tambores 
catchment (i.e. the apex of the fanhead trench) were 
surveyed in the field by the authors in February 2002 
using a combination of photography, GPS (Global 
Positioning System) and levelling survey. The site 
of the survey is indicated by 'B' in Figure 5b ($22 ~ 
49.015' and W68 ~ 18.604'; WGS84). The flood 
event appears to have generated three distinct stages 
at the studied section. This same pattern was 
observed for the length of the flow event, which 
was constrained within the fanhead trench where it 
was artificially ponded in a quarry some 1.4 km 
below the fan apex. 

Stage I - f l u v i a l  channel  cutt ing 

Evidence for Stage 1 is limited, but a comparison of 
photographs of the same channel reach (Fig. 8) sug- 
gests an erosive, streamflow was the first event to 
occur within the rainstorm. This cut through previ- 
ously existing gravel bars, re-routing the main 
channel flow to the western wall of the main valley 
(Fig. 8). At the fan apex numerous ignimbrite 
boulders litter the fan surface and probably were 
transported by the Stage 1 flow as they are draped 
and coated by the Stage 2 deposits. 

Stage 2 - mudf low 

Stage 2 is represented by the deposits of a mudflow, 
typically less than 10 cm thick, which transported 
large amounts of cactus wood. This low-density 
wood tends to be restricted to the margins of the flow 
where the main trunks tend to be aligned parallel to 
the flow direction (Fig. 9a). The cactus wood is 
locally associated with clasts picked up from under- 
lying deposits, which also tend to have a preferred 
alignment, with the long axis parallel to the flow 
direction. The mudflow is only preserved where it 
overtopped the Stage 1 flood channels that appear to 
have been the main conduit for the mudflow (Figs 8b 
& 9c). The mudflow deposits thus typically extend 
only a few metres laterally from the main active 
channel (Fig 8b). Most of the deposits have been 
removed by Stage 3 of the flood event (Fig. 9c). The 
deposits left by the flow bank around meanders 
and ramp up inverse gradients of as much as 10 ~ 

(Fig. 9b). Locally, a back-fow into the channel is 
recorded in the long axis of the cactus wood. 

Stage 3 - f l u v i a l  channel  f lush ing  

Stage 3 deposits comprise a veneer of imbricated 
gravel deposits in the channel, and reworking of 
Stage 2 deposits and existing fan sediments. The 
flow was restricted to the main channel and some 
subsidiary channels on the north side of the valley. It 
was less laterally extensive than the Stage 2 deposit, 
being restricted to the channel. Flow depths peak 
at 40-50 cm within channel sections and average 
20 cm where the flow occupies a single, wider 
channel further upstream. Observations suggest that 
two main quebrada tributaries within the catchment 
were active during the flood; however, the western 
Quebrada channel (1 on Fig. 2a) incises and trun- 
cates the eastern Quebrada (2 on Fig. 2a) food  
deposits suggesting the flow duration was longer for 
the western tributary. 

ta*-  . . . . . . . . . . . .  . ot,t~c 3 w ~  ~.,:,_,_,_ ~__ o__ ~ reconstruction l l l O b t  b l l l t i : l D I U  I O l  l l O O k l  

as its peak limits could easily be recognized where it 
truncated the Stage 2 mudflow and the channel 
appears to have been little modified by deposition. 
Using techniques outlined in Clark (1996), 
Manning's roughness coefficient derived from 
channel slope (2 ~ ) was calculated at 0.0833. The 
peak discharge for the event could be calculated 
using Manning's equation at 16 m 3 s -1. When 
maximum clast size data were incorporated follow- 
ing Clark (1996) the flow were estimated at 15 m 3 
s -1, with peak velocities of 1.5 m s -~ . 

Reconstruction of the 2001 flood in 
Quebrada Tambores 

The observations from the flood event suggest three 
pulses of flow alternating between streamflow and 
mudflow, as different subcatchments of the Tambores 
catchment were activated, a feature noted from flood 
flows in a variety of climate settings (e.g. the 
Howgills of NW England by Wells & Harvey 1987; 
and the Negev Desert of Israel by Greenbaum et al. 
1998). The flood event was initiated with high water 
to sediment ratios that were dominantly erosional in 
the fan feeder and upper fan areas, incising new 
channels across older barforms (Fig. 8). This was 
followed by a lower water to sediment mudflow that 
overtopped the initial cut channel, asymmetrically 
overtopping banks on meander bends and ramping 
up reverse gradients, suggesting a viscous but high- 
velocity mudflow. The mudflow appeared to be 
sourced from a local catchment rich in muds and 
evaporates, and near to the fan apex. This event was 
then followed by a third pulse of activity dominated 
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Fig. 8. Images of the fan feeder channel (flow towards the viewer) showing the quebrada feeder channel (a) before the 
flood event in 1997 and (b) after the flood event in February 2002. Arrows indicate the same cliff face in both images. 
Note the channel avulsion that occurred in the 2001 event below this point. 

by higher water to sediment ratios that removed the 
mudflow deposits from the channel, and was con- 
strained to the channel. Within the feeder channel 
and upper fan the erosion and deposition from this 
event was limited and the flood appears to have 
waned rapidly. 

Higher in the fan catchment no evidence of 
surface wash exists from the 2001 event. Although 
there is evidence of trashlines around vegetation, 
these are covered by aeolian material and motor 
vehicle tyre tracks that predate the 2001 flood 
(Fig. 10a), indicating a lack of surface activity 

during the latter event and enabling a limit on the 
extent of runoff generation to be placed for the 2001 
event (Fig. 5a). Areas unaffected by the flood display 
evidence of much larger flood events in recent times 
with 2 m flow depths locally (Fig. 10b). 

Discussion 

The late Pleistocene-Holocene sediments represent a 
period in the fan's history when the catchment was 
dominated by sedimentation from much larger flood 
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Fig. 9. Details of the February 2001 flood event photographed during the field survey of February 2002. (a) aligned 
cactus wood on the margins of the mudflow. Notebook for scale. (b) Mudflow that has ramped up a bank out of the 
main channel (where person is standing). (c) General view up the feeder channel (flow towards viewer) showing the 
truncation of the Stage 2 mudflow by the Stage 3 streamflow. The channel in the foreground is some 7 m across. 
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Fig. 10. (a) Upper part of the catchment unaffected by runoff in the 2001 event. Notice the aeolian material 
accumulated around the vegetation. The channel gradient is towards the viewer. (b) Evidence of previous, much higher, 
flood events (flow right to left) from quebrada sediments on ignimbrite boulder. 

events than appear to occur under the current hyper- 
arid regime. These flood events had sustained high 
water and sediment discharges that generated 
antidune features in the lowermost feeder channel and 
upper fan areas. The preservation of the upstream 
dipping surfaces suggests no violent washout in the 
channel feeder area, perhaps indicating a rapid flow 
stage reduction as reported in proximal glacier out- 
bursts floods in Iceland (Russell & Knudsen 2002) 
and the tropical Burdekin fiver in Australia 

(Alexander & Fielding 1997). In both the latter cases 
the floods were of short duration, lasting only a few 
days, waned rapidly, and were associated with high 
water and sediment discharges. In Tambores we 
envisage that the sheetfloods lasted at least several 
hours to day(s) and were associated with sustained 
high sediment and water discharges that rapidly 
waned. These flows occupied the entirety of the 
modern feeder channel, spreading out onto the upper 
to midfan as supercritical sheetfloods with associated 
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Fig. 11. Sedimentology of a recent cut bank revealing evidence of past, historic flows showing the repeated 
intercalation of mudflow and hyperconcentrated fluvial flows. Note the mudflow at the top is the 2001 event. 

standing waves that were unsteady and subject to fre- 
quent washouts in the more open upper fan. These 
floods appear to have been several orders of magni- 
tude larger than those reported from the western 
Precordillera fans in February 2001, and were proba- 
bly generated by heavy rainfall events that have not 
been witnessed in the area in recent times. As the 
sheetflood deposits construct most of the exposed fan 
sediments in the upper fan area it would suggest they 
relate to a wetter period in the regions history (Fig. 3), 
most probably corresponding to a period of increased 
intensity of the South American Summer Monsoon. 

The 2001 flood event in Tambores was low mag- 
nitude (16 m 3 s-I), and limited to the main feeder 
channel and fan apex. It was constrained to a 
channel that is incised by some 1-2 m into the older 
sediments by previous flood events, of which 
approximately 0.5 m belongs to this event. The cal- 
culated size of the flood in Tambores, together with 
the geomorphological evidence, would suggest that 
the Tambores catchment, situated on the eastern side 
of the Precordillera, escaped the main focus of the 
2001 rainfall event reported by Houston (2005). The 
fact that this size and style of event has recurred in 
the recent past is evident cut banks in recent deposits 
that show elements of both mudflows and stream- 
flows hyperconcentrated in sediment (Fig. 11). 
There is, however, no record of the extreme events 
that appear to form the Pleistocene and Holocene 
elements of the fan body. Flows such as the 
February 2001 event appear to dominate the more 
recent flood history of the Tambores fan, although 
there is evidence of larger events occurring (Fig. 
10b). These flows are pulsed with rapid changes in 

flow rheology experienced during a single flood 
event. This reflects spatial variations in runoff expe- 
rienced by the catchment as the storm event tracks 
across the catchment area and affects different 
lithologies such as the muds and evaporites of the 
lower catchment. 

Comparison of the high- and low-magnitude 
events raises some interesting issues relating to the 
sedimentology. First, the Dma X and Ds0 grain sizes 
between the events appear to be the same, in the 
same area of the fan. When downfan variations in 
Dma x are examined (excluding the outsized, low- 
density ignimbrite clasts) there is no apparent 
change from proximal to distal locations in the older 
deposits (see the clast data on Dmax, fan surface, 
above the intersection point in Fig. 6a), contrary to 
most facies models. This reflects the sediment avail- 
ability within the catchment area, with the reworking 
of alluvial sediments that supply limited amounts of 
coarse calibre material to the modern alluvial 
system. Thus, the use of clast size in recreating flood 
conditions is more suitable for the lower magnitude 
events in this environment, and probably underesti- 
mates peak flows. Secondly, the 2001 Stage 2 
mudflow was observed to overtop the bank of the 
channel and drape much older (Pleistocene and 
Holocene) deposits within the feeder channel. This 
indicates the difficulties in reconstructing strati- 
graphic sequences of events correctly in similar 
ancient deposits, particularly where exposed sur- 
faces within sections cannot be distinguished by 
features related to desert pavement development. 
Lastly, the predominance of supercritical flow fea- 
tures indicates the potential hazard of extreme events 
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Fig. 12. Mantled slopes within the catchment area demonstrating the abundant potential sediment supply. 

in arid catchments. Rainstorm events are infrequent 
and unpredictable, and, where conditions are appro- 
priate, have the potential to generate rapid, high- 
magnitude flood hazards. In the eastern Atacama 
Desert the highest rainfalls appear to be associated 
with La Nifia years. Where these correspond with 
seasonal variations brought about by an intensified 
South American Summer Monsoon it may be pos- 
sible to recreate extreme flood events similar to 
those recorded within the ancient record. The 
extreme flow conditions and potential stream power 
of such events owe their origins to a number of 
factors within the study areas, which include tectoni- 
cally enhanced stream gradients in the feeder 
channel and abundance of easily erodable multigen- 
eration conglomerates. The current landscape indi- 
cates that, in the past, extensive badland landscapes 
have existed but that these are now mantled with 
abundant colluvial material (Fig. 12). This would 
suggest an unsteady state between sediment genera- 
tion and removal, a factor not uncommon in hyper- 
arid catchments where sediment being yielded from 
a catchment may have been generated under differ- 
ent (e.g. wetter) conditions (Clapp et al. 2000). This 
would indicate that in extreme flood events in such 
regions, hyperconcentration of sediment for sus- 
tained periods is possible, maximizing damage from 
such events. 

Conclusions 

Analysis of a modern low-magnitude and ancient 
high-magnitude flood event from a catchment in the 

hyper-arid climate of the Atacama Desert indicates 
the range of flood events that can be generated from 
such catchments. Sedimentologically, the deposits 
indicate the problems of using clast size as an indica- 
tor of flood hydraulics, particularly in large-magni- 
tude events, and the inaccuracies in basic facies 
models that predict sediment calibre changes 
downfan. These factors are significantly controlled 
by the lithology of the source area. The study also 
highlights the potential difficulties in establishing 
accurate stratigraphies within these environments 
where rapid variations in flow rheology can lead to 
the vertical superimposition of contemporaneous 
events over a wide age-range of older fan deposits. 
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Abstract A description of the distribution, drainage basin characteristics, surface morphology, 
depositional process and age of 64 alluvial fan systems from both flanks of the hyper-arid Coastal 
Cordillera of northern Chile between 22 ~ 15"S and 23~ is presented. The coastal fans on the 
western flank of the Coastal Cordillera are dominated by debris-flow deposits fed from steep 
catchments. Two drainage basin types are recognized: type A drainage basins are small (10-30 
km 2) and do not cut back beyond the main coastal watershed; and type B drainage basins are large 
(up to 400 km 2) and cut inland beyond the coastal watershed. The western Central Depression fans 
on the eastern flank of the Coastal Cordillera are characterized by sheetflood deposition fed from 
relatively shallow catchments in small drainage basins (10-50 km2). The surface morphology, sed- 
imentation rates, a luminescence date and regional cosmogenic radionucleide data suggest that 
these fans have been inactive for at least the last 230 000 years and probably for much of the 
Neogene. 

The principal control on fan activity in the study area is climate. The Coastal Cordillera forms an 
orographic barrier to recent E1 Nifio-related precipitation events that are restricted to the western 
flank of the Coastal Cordillera. These events did not penetrate into the Central Depression as indi- 
cated by the inactive nature of the western Central Depression fans located 25 km east of the active 
coastal-fan catchments. This scenario is considered to have prevailed for much of the Neogene. 
Climate also controls rates of weathering on alluvial-fan surfaces. The coastal fog results in rapid 
salt weathering of clasts on coastal fans resulting in the production of fines, but does not penetrate 
into the Central Depression. Fault activity is important in controlling drainage basin size. The larger 
(type B) drainage basins are commonly focused on active faults that cut the coastal watershed, 
facilitating drainage basin expansion. Source-area lithology is not important in controlling deposi- 
ti0nal processes. Fans on both sides of the cordillera have the same basaltic andesite and granodior- 
ite source lithologies, yet coastal fans are dominated by debris-flow and western Central Depression 
fans by sheetflood deposition. A combination of chemical weathering and stream power related to 
gradient are considered to account for the differences in process. 

Understanding what  the primary controls are on the 
development  of  alluvial-fan systems has long been 
an important goal in the geomorphological  and sedi- 
mentological  literature (e.g. Blair & McPherson 
1994a, b; Whipple  & Traylor 1996; Harvey et al. 
1999a, b; Ritter et al. 2000; Harvey 2002; Viseras 
et al. 2003). However, it is often difficult to isolate 
the influence of  specific variables such as climate, 
tectonics, source-area lithology, etc., on fan systems 
because these variables are commonly  interlinked. 
Here we present a comparative study of  alluvial-fan 
systems from the flanks of  the Coastal Cordillera of  
northern Chile. The  late Cenozoic climatic and tec- 
tonic history of  the Coastal Cordillera is already well 
known (e.g. Okada 1971; Paskoff 1978, 1980; 
Hartley & Jolley 1995, 1999; Scheuber & Gonzalez 
1999; Hartley & Chong 2002; Gonz~ilez & Carrizo 
2003; Gonz~ilez et al. 2003). Alluvial systems on 

both flanks of  the cordillera are derived from the 
same lithologies, but the climatic and tectonic 
controls vary between the two areas. As such, the 
Coastal Cordillera of  northern Chile represents 
a unique area in which to elucidate the relative influ- 
ence of  regional climate and tectonics in controlling 
Quaternary alluvial-fan development.  

Aims 

The aim of  this paper is to describe the distribution, 
drainage basin characteristics, surface morphol-  
ogy, deposit ional  process and age of  alluvial-fan 
systems f rom both flanks o f  the hyper-arid Coastal  
Cordil lera of  northern Chile, be tween 22~ and 
23~ (Fig. 1). Interpretations based on these 
descriptions are used to assess the roles o f  climate,  

From: HARVEY, A.M., MATHER, A.E. & STOKES, M. (eds) 2005. Alluvial Fans: Geomorphology, Sedimentology, Dynamics. 
Geological Society, London, Special Publications, 251, 95-115. 0305-8719/05/$15 �9 The Geological Society of London 
2005. 
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Climate, geology and geomorphology o f  the 

Coastal Cordillera 

Fig. 1. Distribution of climate zones in South America 
and the location of the Humboldt Current. The box shows 
the outline of the area illustrated in Figures 2-4. The 
white line illustrates the extent of the Coastal Cordillera 
within the Atacama Desert. 

som'ce-area lithology and tectonic activity on fan 
development, with particular focus on the impact of 
the Coastal Cordillera on moisture distribution and 
fan activity. This study provides the first description 
of alluvial-fan systems from the Coastal Cordillera 
of northern Chile and is probably the largest 
regional study of alluvial-fan systems developed 
under a hyper-arid climatic regime. Previous work 
on fans in hyper-arid climate regimes is restricted to 
small-scale studies on hydrology (e.g. Ben-David 
Novak et al. 2004), soils and weathering (Amit 
et al. 1996; Berger & Cooke 1997), and deposi- 
tional processes (e.g. Blair 1999). We describe 42 
fans, from the western flank of the Coastal 
Cordillera that we refer to as coastal fans, and 22 
from the eastern flank referred to as western Central 
Depression fans. Alluvial fans present within 
endorheic basins of the Coastal Cordillera are not 
discussed. 

The Coastal Cordillera of northern Chile form a 
prominent topographic feature 700 km long and 
20-50 km wide (Fig. 1). In the study area (between 
22 ~ 15"S and 23~ they attain heights of over 2000 
m, with an average altitude of 1000 m (Figs 2 & 3). 
The cordillera form a topographic ban'ier between the 
Pacific Ocean and the Central Depression. The strong 
temperature inversion along the Pacific Coast 
between 800 and 1000 m prevents moist Pacific air 
masses from directly entering the Central Depression. 
The temperature inversion is caused by cold 
upwelling waters of the Humboldt Current and the 
stable location of the SE Pacific anticyclone (Rutllant 
& Ulriksen 1979; Trewartha 1981) (Fig. 1). The area 
is classified as hyper-arid (UNEP 1992) and precipita- 
tion in the Coastal Cordillera between 18 ~ and 24~ 
averages less than 5 mm year (Houston & Hartley 
2003). The Atacama Desert, which extends inland 
from the coast and encompasses much of northern 
Chile ,,,4 . . . . .  h,~..., o . . . . . . . .  , .... 1,~ than 10 mm of K J . I I ~ . I .  d ~ L J k l % , / l l l  I ~ 1 ~ ,  J k ~ b . e ' l l , J l  V ~ d  l ~ O d  

precipitation per year (Fig. 1). Precipitation does 
occur below the temperature inversion; however, the 
Coastal Cordillera effectively prevent moist air 
masses penetrating eastwards into the Central 
Depression. For example, Quillagua located in the 
Central Depression 60 km NE of Tocopilla receives 
annual precipitation of 0.15 mm year (15 year mean, 
Houston & Hartley 2003). Precipitation events that 
affect the Coastal Cordillera are infrequent, but do 
have a significant impact on population centres 
located at the foot of the coastal scarp. In Antofagasta, 
for example, seven such events occurred between 
1916 and 1999, and resulted in significant mud- and 
debris-flow deposits (Vargas et al. 2000). 

The Coastal Cordillera largely comprise Jurassic 
andesites of the La Negra Formation (Garcia 1967) 
and associated granitic intrusions, in addition Lower 
Cretaceous conglomerates and limestones, and 
Palaeozoic metamorphic rocks are also present 
(Ferraris & Di Biase 1978) (Fig. 2). These lithologies 
are cut by a series of active N-S to NE-SW-trending 
faults (Fig. 2). Uplift and delineation of the cordillera 
as a separate morphotectonic unit (i.e. distinct from 
the adjacent Central Depression, Figs 2 & 3) is con- 
sidered to have taken place in the Oligocene and con- 
tinues to the present day (Hartley et al. 2000). 

The western margin of the cordillera comprise 
the coastal scarp - a prominent break in slope 
700-1000 m high that extends for 900 km along 
the coastline of northern Chile (Figs 2 & 3 ) .  The 
origin of the scarp has been the subject of some 
debate. Briiggen (1950) and Armijo & Thiele 
(1990) suggested that it represents an active fault, 
whereas Paskoff (1978, 1980) preferred an origin 
through marine erosion of a Miocene fault scarp(s). 
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Fig. 2. Geological map of the studied part of the Coastal Cordillera of northern Chile. Coastal alluvial fans are present 
to the west of the Coastal scarp (based on Ferraris & Di Biase 1978; Boric et aI. 1990). West of the Central Depression 
fans are developed to the east of the Atacama Fault Zone. 

In contrast, Mortimer & Saric (1972) and Hartley & 
Jolley (1995) used the absence of active fault scarps 
and the irregular morphology of the scarp to suggest 
that it represents a weathered palaeo-cliffline, devel- 
oped through marine erosion during post mid- 
Miocene uplift. A narrow coastal plain is present at 
the foot of the scarp and is defined as the area beneath 
the 200 m contour line. 

To the east, the Coastal Cordillera is separated 
from the Central Depression by the 1000 km-long 
Atacama Fault Zone (AFZ) (Figs 2, 3b & 4). Where  
the fault is active, prominent scarps up to 3 m high 
can be observed, elsewhere the eastern margin of  
the Coastal Cordillera has a gentle topography with 
an irregular mountain front embayed by the alluvial 
fill of the Central Depression. The AFZ has a long 
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Fig. 3. (a) Map of the studied part of the Coastal Cordillera of northern Chile illustrating the principal watersheds, 
topography and drainage patterns. Contours at elevations of 200, 600, 1000, 1500 and 2000 m. The coastal scarp 
corresponds approximately to the 1000 m contour line. Location of Figures 7a, 8 and 12a are shown. Letters correspond 
to the locations of cross-sections shown in (b). 
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Fig. 3. (contd.) (b) Topographic cross-sections through 
the Coastal Cordillera: AFZ, Atacama Fault Zone; EW, 
eastern watershed; WW, Western watershed. 

and complex history stretching from the Jurassic to 
the present day (e.g. Okada 1971; Herv6 1987; 
Scheuber & Andriessen 1990; Dewey & Lamb 
1992; Gonz~lez & Carrizo 2003; Gonz~ilez et al. 
2003). Since the mid-Miocene, the AFZ has accom- 
modated the differential uplift of the Coastal 
Cordillera relative to the Central Depression. Late 
Pliocene movement along the fault zone in the study 
area is considered to have been predominantly dip- 
slip with a small component of dextral strike-slip 
(Dewey & Lamb 1992; Gonz~ilez & Carrizo 2003; 
Gonz~ilez et al. 2003). East of the AFZ, the Central 
Depression has a general elevation of 1000 m in the 
west and rises to more than 2000 m in the east. It is 
25-100 km wide. Up to 1100 m of Oligocene- 
Holocene strata are preserved within this basin 
(Hartley et al. 2000). Sedimentary rocks in the 
Central Depression include alluvial-fan, fluvial, 
lacustrine, playa and nitrate deposits with interbed- 
ded volcanic ashes. 

Coastal alluvial fans 

Distribution 

The studied alluvial fans occur at the slope break 
between the coastal scarp and coastal plain along the 
western margin of the Coastal Cordillera (Fig. 5). The 
coastal plain extends from 23~ to 22 ~ 15"S, and is 
most extensively developed in the southern part of the 

study area between the Mejillones Peninsula and the 
Coastal Cordillera (Fig. 4). Traced northwards it 
narrows from 15 km wide at Quebrada Mejillones to 
0-1.5 km north of Conchola (Fig. 3a). The radial 
length of alluvial fans ranges from 6.5 km (Quebrada 
Mejillones) in the south where fans terminate on the 
coastal plain to 0.5 km in the north where fan toes are 
truncated at the coastline (Table 1). Exposed thick- 
nesses of alluvial-fan sediments reach a maximum 
of 35 m at the coastline. Total fan thickness estimates 
assuming a horizontal datum at the top Pleistocene 
marine terrace or the coastal plain and the gradient 
of the fan surfaces (measured in the field) extrap- 
olated back to the fan apex gives values of up to 440 m 
(Table 1). Interfan areas are either covered by 
aeolian sands or comprise marine planation surfaces 
developed on bedrock or on late Pleistocene marine 
deposits exposed on the coastal plain. 

Drainage basin characteristics 

The source-area lithologies for the coastal fans com- 
prise either Jurassic granodiorites and/or basaltic 
andesites (Fig. 2; Table 1). In some instances allu- 
vium stored in the catchment area may also form 
source material. Two main drainage basin types can 
be recognized: type A, which breach the coastal scarp 
but not the western watersheds; and type B, which 
breach both the coastal scarp and the western water- 
shed. Type A drainage basins dominate between 
Gatico and Quebrada Mejillones (Fig. 3a) where they 
typically have steep feeder canyons, and cover an 
area of between 10 and 30 km 2 (Figs 3a & 6-8). Type 
B drainage basins are up to 400 knl 2 in area and fre- 
quently have feeder canyons that are located on or 
adjacent to active faults (Figs 3a & 6-8). 

Surface morphology 

The surface slope angles of the fans can be divided 
into two segments: a relatively steep fan-cone 
segment with an average slope of 11 ~ (ranges from 
19 ~ to 4 ~ that comprises 20-40% of the fan surface, 
and a fan-apron segment with an average slope 
angle of 5 ~ (ranges from 10 ~ to 1.5 ~ ) comprising 
60-80% of the fan surface (Table 1). The transition 
between the two segments is gradational. Both 
incised and non-incised alluvial fan-surface mor- 
phologies can be recognized (Fig. 9). Incised types 
include: fans displaying proximal incision, fans dis- 
playing distal incision, and those displaying both 
proximal and distal incision which when linked are 
referred to as fully trenched. Fans showing proximal 
incision have fanhead trenches 4-20 m deep and 
10-50 m wide that extend up to 400 m downslope 
from the fan apex where they pass into channels 



100 A.J. HARTLEY ETAL.  

Fig. 4. Landsat image of the area shown in Figure 3a. 
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Fig. 5. Location of the studied coastal fans between 
Quebrada Mejillones in the south and just north of 
Tocopilla in the north. Location of the studied western 
Central Depression fans highlighted by the shaded area 
east of the Atacama Fault Zone. Numbers are the same as 
those in Table 1. 

2-3 m deep that in turn pass into a broad array of 
shallow channels (0.3-2 m deep) which dominate 
the remaining downslope portion of the fan surface. 
Fans displaying distal incision have 1-5 m-deep 
gullies cut at the fan toes. Gullies are cut through 
alluvium into underlying Plio-Pleistocene marine 
sediments and incise landwards via head-cutting 
from Pleistocene marine terraces (e.g. Figs 6b & 
8b). Fully entrenched fans (n -- 5; Table 1) have a 
single major channel cut directly from the fan apex 
to the coast (Figs 7-9). The channel ranges from 
10 to 25 m in depth and from 20 to 50 m in width 
with vertical cut banks. In plan view they have a low 
sinuosity. All drainage (with the exception of small 
tributaries) is directed into the channel resulting in 
bypassing of the fan surface. There are no active fan 
deltas as reworking by shallow-marine processes 
dominates at the coastline (cf. Hartley & Jolley 
1999). Alluvial fans that display no evidence for 
incision (n = 18) are dominated by a radial distribu- 
tary system of shallow channels. These have a 

maximum depth of 2 m in the fan apex that pass 
downwards into wide, shallow washouts 0.3-1 m 
deep over the fan apron. 

On all fans, the oldest abandoned fan surfaces 
show evidence for strong salt weathering of clasts 
and the development of an ochre-coloured, salt- 
cemented, fine-grained veneer of sediment. In some 
cases boulders and cobbles have been almost com- 
pletely destroyed by salt weathering. Younger sur- 
faces have an ochre colouring and comprise 
pebble-cobble-sized detritus. 

Depositional processes 

Three different processes can be identified from 
observations of recent deposits, preserved deposits 
of sections exposed within channels cutting the fan 
surface and in the marine terraces that truncate the 
fan toes. 

Debris-flow deposits form the majority of all the 
studied sections (approximately 85%), and have an 
original depositional dip of 4~ ~ to the west. They 
can be divided into two types: levre and lobe deposits 
(Fig. 10). Levre deposits comprise very poorly sorted 
angular cobble-boulder-grade material (Fig. 5). Bed 
boundaries where distinguishable are marked by a 
thin 5-10 cm-thick fine-grained (silt) horizon. Beds 
display rapid slope-parallel changes in thickness 
(0.2-2 m over 3 m), although downslope sections 
show less dramatic thickness changes (generally a 
few tens of centimetres to over 5 m). Beds are clast- 
rich and locally may be clast-supported particularly 
on the steeper slopes of the fan-cone area. They have 
a coarse-grained sand-pebbly sandstone matrix that 
can form up to 60% of the bed. Clasts may be ran- 
domly oriented, show vertical long-axis alignment, 
poorly defined imbrication or a crude bedding- 
parallel fabric (Fig. 10). Grading is generally absent. 
Levre deposits are particularly well developed on the 
high slope-angle fan-cone area where they form a 
series of ridges up to 0.5-2 m high separated by small 
channels 0.5-4 m wide. 

Lobe deposits comprise very poorly sorted angular 
gravels of pebble-boulder-grade material (Fig. 10). 
Beds range from 0.1-2 m in thickness. Contacts may 
be sharp (often irregular) or diffuse. Beds are pre- 
dominantly clast-rich, although in some examples the 
matrix may form up to 60% of the bed. Matrix-sup- 
ported deposits are restricted to the fan apron. The 
matrix comprises coarse-sand or granule-grade mate- 
rial, mud and silt form only minor proportions 
(usually <10%). Grading is generally absent, 
although occasional normal grading may be 
observed. Clasts are generally randomly orientated, 
although occasionally a crude imbrication or 
bedding-parallel clast fabric may be developed in 
clast-supported beds. Lobe deposits are well 
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Fig. 6. (a) Map and (b) photographs of drainage basin development and fan morphology in the Gatico area (see Fig. 3 
for location.). Aerial photograph shows different fan-surface morphologies: a single major channel (M, Mantos del 
Pacifico), several large channels (G, Gatico) and areas with no marked channelization. Note the gullies headcutting 
from the marine terrace just to the right of the G (arrowed). The impact of faulting is illustrated by the fan marked with 
an asterisk, which has a narrow, steep internal catchment associated with a single fault. 
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developed on the fan-apron area where they have a 
relatively smooth surface topography with only small 
gullies up to 0.5 m deep and 2 m wide dissecting the 
surface. 

The unsorted, disorganized, muddy, sandy, boul- 
dery, cobble-gravel texture of these deposits is 
diagnostic of debris-flow deposition (e.g. Pierson 
1980; Johnson 1984). Clast-supported deposits 
record deposition from non-cohesive debris flow 
(e.g. Blair & McPherson 1994b), and dominate the 
fan cone and large parts of the fan apron. Matrix- 
supported deposits reflect deposition from cohesive 
flows (e.g. Wells & Harvey 1987) and only occur on 
the fan apron. Debris-flow deposits dominate steeper 
fan segments, particularly those derived from type 
A drainage basins, and are also important in fans 
sourced from type B drainage basins. 

Hyperconcentrated flow deposits represent 
approximately 10% of the studied fan sections. They 
include angular, clast-supported small pebble-cobble 
gravels with a very poorly sorted coarse-very-coarse 
sand-granule matrix (Figs 10 & 11). Beds range from 
10 to 50 cm in thickness and boundaries are often 
diffuse. Thin (up to 5 cm thick) granule and small 
pebble units occur between the more clast-rich inter- 
vals and define bed boundaries. Beds with larger 
clasts typically display imbrication occasionally with 
clast long axes steeply inclined-vertical (Fig. 10). 
Smaller clasts tend to be imbricated or show a 
bedding-parallel fabric, although commonly no 
obvious fabric is present. In plan view the deposits 
have a lobate form with steep, marginal relief of the 
order of 10-50 cm. Observations from recent deposits 
indicate that the matrix is infiltrated following 
deposition during low stage flow. These beds 
display similarities with both non-cohesive debris- 
flow (clast-supported, structureless) and sheetflood 
(imbrication, grain-size segregation) deposits, and 
are thought to have been deposited by flows transi- 
tional between true Newtonian flows (normal river 
flow) and non-Newtonian or plastic flow (debris 
flow). They are interpreted as hyperconcentrated flow 
deposits similar to those described by Wells & Harvey 
(1987). 

Sheetflood deposits comprise angular, clast- 
supported conglomerates and pebbly sandstones with 
a coarse sand-granule-grade matrix, and form 
approximately 5% of the studied sections. Beds range 
from 5 to 45 cm in thickness and boundaries are 
sharp-irregular. Imbrication and bedding-parallel 
clast fabrics are common and beds are frequently nor- 
mally graded. In the more distal (coastal) sections, 
gravel-sandstone couplets can be observed (Fig. 10). 
These beds are considered to result from poorly con- 
fined sheetflow on the fan surface (e.g. Blair & 
McPherson 1994a, b). Sheetfloods often rework the 
top of debris flows in the fan cone and proximal 
apron areas, but become increasingly important on 

the lower reaches of fans, particularly on fans in the 
southern part of the study area that terminate on the 
coastal plain and are derived from a type B catchment. 

Age 

The age of the alluvial fan deposits can be con- 
strained by their relationship to Pleistocene marine 
terrace deposits. The age of terrace deposits has been 
determined from marine macrofauna, U-Th dis- 
equilibrium, amino-acid racemization and electron 
spin resonance techniques on marine molluscs 
(for details see Radtke 1985, 1987; Leonard & 
Wehmiller 1991; Ortlieb et al. 1996). Alluvial-fan 
deposits can be seen to overlie terraces ranging from 
400 000 to 80 000 years in age (Ortlieb 1995), and in 
many cases modern-day fan activity results in 
deposition at the coastline or significant catchment 
activation and fan deposition. At Hornitos, Ortlieb 
et al. (1996) noted that the majority of fans have pro- 
graded across terraces produced during isotopic 
stage 9 (300-330 ka) and that some have prograded 
over younger terraces which correspond to isotope 
stages 5 (100-125 ka) and 7, although the latter are 
not widespread (Fig. 8). 

Western Central Depression alluvial fans 

Distribution 

The eastern margin of the Coastal Cordillera is well 
defined in the southern part of the study area where it 
is associated with the Falla del Carmen segment of 
the AFZ (Fig. 7). North of 23~ however, the AFZ 
becomes less well defined and splits into a series 
of faults resulting in a gradational transition into 
the Central Depression (Fig. 4). The fans that have 
been studied in detail have catchments that drain 
eastwards across the Falla del Carmen strand of 
the AFZ and form a bajada that terminates against 
an ephemeral, SW-draining, axial fluvial system 
(Figs 3a, 5 & 7). The radial length of the alluvial- 
fans ranges from 1000-3000 m, with larger radii 
fans corresponding to those with the largest drainage 
basins (Fig. 12). 

Drainage basin characteristics 

The source-area lithologies for the western Central 
Depression fans comprise either Jurassic granodior- 
ites and/or basaltic andesites (Fig. 2). Frequently, 
alluvium stored in the catchment area may also form 
source material, particularly as many of the catch- 
ments are backfilled (Fig. 13). In the studied fans 
adjacent to the Falla del Carmen, basaltic andesites 
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Fig. 7. (a) Map of drainage development in the Coastal Cordillera between 22045 " and 23~ (see Fig. 3 for 
location). The fan developed at the mouth of Quebrada Mejillones is the largest of the coastal fans and has the largest 
drainage basin. Note the common occurrence of fault-parallel drainage. Capture of separate fault-controlled sub-basins 
by a combination of headward erosion-overspill is considered to have resulted in drainage expansion, accessing large 
amounts of alluvium for supply to the alluvial fan. Note the small drainage basin size of fans developed on the western 
side of the Central Depression and the likelihood that, should the Quebrada Mejillones system expand further 
eastwards, it will capture drainage from the Central Depression. The box shows the outline of Figure 8a. 

form the principle source lithology. Drainage basin 
size ranges from approximately 10 to 50 km 2 
(Fig. 12). Drainage basins extend between 3 and 6 
km west of the Falla del Carmen strand of the AFZ to 
the regional watershed that trends subparallel to the 
fault. The elevation difference from the top of the 
watershed to the apex of the alluvial fan within an 
individual drainage basin is up to 500 m. 

Surface Morphology 

The surface slope of the alluvial fans ranges from 
1.5 ~ to 4 ~ and does not change downslope except 
locally where a fault scarp cuts the fan surface. The 
surface morphology shows little variation and is rep- 
resented by a gently undulating fan surface with a 
maximum relief of 1 m associated with broad, 
shallow channels (Fig. 13). Headward eroding 

gullies are present where the active fault scarp cuts 
the fan surface (Fig. 13); however, these rarely link 
back to channels in the catchment. As such, gully 
development is restricted to reworking of existing 
fan deposits without activation of the catchment. Fan 
surfaces are covered with a well-developed desert 
pavement composed predominantly of pebble-grade 
material with occasional cobbles, although channel 
areas contain only small pebbles and coarse-grained 
sand (Fig. 13). 

Where exposed in small gullies and channels an 
up to 1 m thick gypsic soil may be present. The soil 
shows many of the characteristics of gypcretes 
described by Watson (1988, 1989) from the Quater- 
nary of Tunisia and Namibia. The desert pavement 
that represents the Ao horizon is underlain in some 
areas by a vesicular horizon (Av) up to 1 cm thick. 
Beneath either the Av horizon or directly below the 
pavement a gypsic silty-sandy loam horizon 
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Fig. 8. (a) Map and (b) aerial photograph of the Hornitos area illustrating the influence of a NNE-SSW-trending fault 
on catchment development. Note the absence of major channels on fan surfaces. IS5, IS7 and IS9 correspond to marine 
planation surfaces formed during isotope stages 5, 7 and 9 (as identified by Ortlieb et al. 1996). Note the gullying 
developed post-marine terrace formation. 
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Fig. 9. Long profiles of coastal fans from Hornitos 
(non-trenched) and Mantos del Pacifico (trenched). 
The maximum clast sizes are also shown. Light shaded 
circles correspond to clasts measured in the trenched 
sections of the fans. See Figs 6 and 8 for locations. 

between 10 and 50 cm thick, containing occasional 
clasts up to 5 cm in diameter, is present, and is con- 
sidered to represent the B horizon of a desert soil. 
Beneath this a hard, well-cemented gypsic horizon is 
present between 5 and 25 cm thick with scattered 
clasts throughout, and is considered to represent the 
C horizon. Western Central Depression alluvial fans 
north of the study area (NE of Tocopilla) have exten- 
sive nitrate-, sodium sulphate- and halite-rich soil 
horizons (Chong 1988). No obvious recent activity 
was observed on the fan surfaces. 

Deposi t ional  processes  

Depositional processes are inferred from a number 
of sections present in small gravel quarries and 
channels, although they are frequently masked by 
gypsum precipitation and weathering. Where 
observed the deposits comprise pebbly sandstones 
and occasional angular, clast-supported gravel 
intervals with a coarse-sand-granule-grade matrix 
(Fig. 13). Beds range from 5 to 50 cm in thickness. 
Boundaries may be sharp or diffuse. Diffuse bound- 
aries occur where gypsic soil horizons similar 
to that described above from the present-day 
surface have disturbed the underlying stratification. 

Imbrication and bedding-parallel clast fabrics are 
common where not disturbed by gypsic cements, 
and a crude, bedding-parallel stratification can be 
observed in most beds. The characteristics of the 
western Central Depression alluvial fans indicate 
that the principal depositional process was poorly 
confined sheetflow. Poorly sorted, largely structure- 
less, clast-supported conglomerates form less than 
10% of the observed sections. They are considered 
to represent either hyperconcentrated or clast-rich 
debris-flow deposits (cf. Wells & Harvey 1987; 
Blair & McPherson 1994a, b). Depositional events 
were separated by significant time intervals as indi- 
cated by the development of gypsic soil horizons 
(e.g. Fig. 13b). 

Age 

The western Central Depression fans are largely 
inactive at the present day and have been for some 
time, as indicated by pedified fan surfaces including 
gypcrete development, the relatively fine grain size, 
low topographic relief of fan surfaces, pavements 
developed within gullies and the fact that they are 
cemented by nitrates in the NE part of the study area 
(see Chong 1988 for more details). Berger (1993) 
used the optically stimulated thermoluminescence 
technique to date a sample taken from an alluvial fan 
in the Central Depression adjacent to the study area. 
The sample was taken from a channel system cut into 
a dissected surface. She concluded that the fan 
surface was older than 230 000 years (the upper age 
limit of the technique). Another feature indicating 
limited Quaternary sedimentation is the accumula- 
tion of only 2 m of alluvial-fan deposits above a 3 Ma 
ash exposed in the hanging wall of the Falla del 
Carmen strand of the AFZ north of the Salar del 
Carmen (Naranjo 1987). Other dated ashes in the 
footwall of the AFZ range from 2.9-5 Ma 
(Gonz~ilez & Carrizo 2003) and are overlain by 3 m or 
less of alluvial-fan sediments. Another factor that 
suggests limited fan activity is the lack of erosion of 
fault scarps associated with the AFZ. Although the 
age of the scarps can only be constrained as post-2.9 
Ma, the scarps are well defined and are blanketed by a 
pervasive gypcrete (Fig. 7). 

Further information on the age of alluvial-fan sur- 
faces in the Central Depression is provided by expos- 
ure dating of pebbles and boulders from surface 
pavements. Recent 21Ne cosmogenic isotope data 
from surface pebbles in the central part of the Coastal 
Cordillera at 19~ reveal exposure ages that range 
from 36.5-8 Ma, with a peak at 23 Ma (Dunai et al. 
2005). Cosmogenic 21Ne exposure ages of 9 Ma have 
also been reported from the Atacama Desert (Owen 
et al. 2003), and recent cosmogenic 3He data from 
surface boulders in the Central Depression, between 
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Fig. 12. (a) Detailed map of drainage basins and alluvial fans on the western side of the Central Depression associated 
with the Falla del Carmen segment of the Atacama Fault Zone. For the location see Figure. 3. (b) Aerial photograph 
covering the boxed area outlined in Figure 6a. Note that the asterisk is located in the same place on both diagrams. 
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19 ~ and 22~ have yielded ages of between 24 and 
14 Ma (L. Evenstar pers. comm. 2005). These expos- 
ure ages are reported from sites to the north and east 
of the fans studied here; however, they do appear 
to indicate that there has been little erosion in at 
least parts of the Coastal Cordillera and Central 
Depression for much of the Neogene. 

Comparison between coastal and western 
Central Depression fans 

A number of surface morphological features sug- 
gests that the western Central Depression fans are 
much less active than the coastal fans. These include 
the limited topographic relief of the western Central 
Depression fans, the development of an extensive 
pavement across the catchment and entire fan sur- 
faces including shallow gullies, and the presence of a 
well-developed gypcrete. The lack of activity is also 
indicated by the luminescence date of more than 
230 000 years, from an adjacent fan in the Central 
Depression. In contrast, the vast majority of the 
coastal fans studied show evidence of recent debris- 
flow or sheetflood activity (particularly following 
the 1991 storm event); indeed, seven runoff events 
were recorded from coastal fans at Antofagasta 
between 1916 and 1999 (Vargas et al. 2000). 

Drainage basin area varies significantly for the 
coastal fans depending on whether they have type 
A or B drainage basins. Type A drainage basins 
typically have steep gradients and are generally 
small (10-30 km 2) as they are developed only west 
of the main watershed. This drainage basin size is 
similar to that of the western Central Depression 
fans (10-50 km 2) whose drainage basins have not 
expanded beyond their adjacent watershed either. In 
contrast, type B drainage basins for the coastal fans 
breach the adjacent watersheds, frequently utilizing 
faults, resulting in a much greater aerial extent. 
Indeed, expansion of these westerly-draining allu- 
vial systems frequently encroaches on the drainage 
basins of the western Central Depression fans 
(e.g. Quebrada Mejillones in Fig. 7). 

Differences in fan-surface gradient and dominant 
depositional processes between the two fan types are 
marked. The coastal fans are dominated by debris 
flows that are deposited on relatively steep fan- 
surface gradients, generally more than 5 ~ . In con- 
trast, the western Central Depression fans are 
dominated by more sheetflood-style deposition on 
relatively shallow fan-surface gradients, generally 
less than 4 ~ . An interesting feature is that there is 
no major difference in source-area lithology 
between the coastal and western Central Depression 
fans, they both erode the same lithologies (Fig. 1). 
A comparison of fan radii for both the coastal and 
western Central Depression fans would reveal little 

due to toe cutting by wave erosion on the coastal fans 
or by an axial fluvial system, as occurs in the Central 
Depression. 

Discussion: controls on alluvial-fan systems 

The first-order control on alluvial-fan systems adja- 
cent to the Coastal Cordillera of northern Chile is 
uplift of the cordillera itself. The Coastal Cordillera is 
the only subaerial part of the South American conti- 
nental crust in direct contact with the subducted Nazca 
Plate (Allmendinger et aL 2005), uplift can therefore 
be directly related to plate coupling at the subduction 
zone (e.g. Hartley et al. 2000; Lamb & Davis 2003). 
As the present-day tectonic regime became estab- 
lished in the Oligocene, alluvial-fan activity may 
extend back to this period, although the oldest known 
fan deposits associated with the Coastal Cordillera 
and adjacent areas are lower-middle Miocene in age. 

A second-order control on fan development, again 
related to tectonics, is drainage basin size. The major- 
ity of fans on both sides of the Coastal Cordillera are 
supplied by relatively small drainage basins (<50 
km 2) that have not expanded beyond their immedi- 
ately adjacent watershed. However, coastal fans with 
external drainage basins are considerably larger than 
both those with an internal drainage basin and those 
of the western Central Depression fans. This is con- 
sidered to be due to: (1) the regional topographic gra- 
dient across the Coastal Cordillera; and (2) fault 
activity within the cordillera. 

A further tectonic control that may help to explain 
the difference in dominant depositional process 
between the two sides of the Coastal Cordillera is 
related to the elevation differences between the 
catchment watersheds and the fan apex. The coastal 
fans supplied by internal drainage basins have a 
similar drainage basin size to the western Central 
Depression fans and are sourced from the same 
lithology, yet have an elevation difference of 1100 m 
compared to that of 500 m for the western Central 
Depression fans. This elevation difference will result 
in steeper gradients in the catchments and greater 
transport capacity, such that debris-flow transport is 
likely to be sustained beyond the catchment with 
deposition onto the fan surface. In contrast, the lower 
gradients of the western Central Depression catch- 
ments only appear to have occasionally been capable 
of sustaining debris-flow transport to the alluvial fan. 

Climatic controls on alluvial-fan system develop- 
ment in the Coastal Cordillera are manifested in a 
number of ways. It is clear that the western Central 
Depression main bajada surface is effectively fos- 
silized, and has been so for at least the last 230 000 
years and probably for substantially longer as sug- 
gested by the cosmogenic exposure ages reported 
from the Central Depression (e.g. Dunai et al. 2005) 
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to the north and east of the study area. In contrast, the 
coastal fans 10-25 km to the west have been active 
throughout the Pleistocene to the present day. This 
extreme variation in fan activity must be related to 
precipitation Within the fan catchments and may 
possibly be explained by studying the causes of his- 
torical fan catchment activity. Vargas et al. (2000) in 
a study of historical mud- and debris-flow events in 
the Antofagasta area established a relationship 
between fan activity and E1 Nifio events caused by 
movement of the SE Pacific anticyclone. Recent 
precipitation events took place during E1 Nifio years 
in the austral winter and occurred when southerly 
airflows brought frontal precipitation from extra- 
tropical cyclones (Vuille 1999). Notably, these 
events only activated catchments on the western 
flank of the Coastal Cordillera and did not penetrate 
into the Central Depression. It is likely that this cli- 
matic scenario has prevailed at least through the late 
Pleistocene (or possibly back into the Miocene) to 
the present day, depending on the age of the western 
Central Depression fans. In addition, there has obvi- 
ously been a significant climate change in the 
Pleistocene or earlier from a 'wetter' to drier climate 
that has resulted in the effective fossilization of the 
western Central Depression fan systems. 

Another important impact of climate on alluvial- 
fan development is weathering. The rapid break- 
down and extensive weathering of clasts on the 
coastal fans is due to salt weathering that is related to 
the coastal fog or Camanchaca.  In contrast, penetra- 
tion of the Camanchaca  into the Central Depression 
is much less frequent, such that salt-related weather- 
ing, although impo(tant, is not as intense as occurs 
on the coastal margin. Weathering will also have 
a significant impact on the production of fines and 
may help to account for the dominance of debris- 
flow activity on the coastal fans and limited debris- 
flow deposition on the western Central Depression 
fans despite both being sourced from the same 
bedrock lithology. 

A significant observation concerned with the 
catchment characteristics on both sides of the 
Coastal Cordillera is that the coastal-fan catchments 
display little or no evidence of backfilling whereas 
the western Central Depression catchments are 
backfilled. This indicates that sediment-transport 
mechanisms in the western Central Depression fan 
catchments were insufficient to transport sediment 
out of the system. In addition, runoff in these catch- 
ments was more susceptible to transmission losses 
such that the extent of any floods that were generated 
was limited. In contrast the greater elevation differ- 
ence between the catchment watershed and the fan 
apex and the lack of backfilled alluvium in the 
coastal-fan catchments means that once flows are 
generated they are likely to be sustained and deliver 
sediment to the fan apex. 

Conclusions 

A study of 64 alluvial-fan systems on the flanks of 
the Coastal Cordillera of northern Chile has allowed 
the general impact of tectonics, climate and source- 
area lithology on controlling alluvial-fan system 
development to be constrained. 

The coastal fans west of the Coastal Cordillera are 
dominated by debris-flow deposits, and are fed by 
steep catchments. Two drainage basin types are rec- 
ognized: type A drainage basins are small (10-30 
km 2) and do not cut back eastwards beyond the main 
western watershed; type B drainage basins are large 
(up to 400 km 2) and cut back beyond the coastal 
watershed accessing sub-basins within the Coastal 
Cordillera. The western Central Depression fans 
developed on the eastern flank of the Coastal 
Cordillera are characterized by relatively small 
drainage basins (10-50 km2). The surface morph- 
ology, gypcrete development, sedimentation rates, a 
luminescence date and cosmogenic exposure age 
dating from elsewhere in the Coastal Cordillera and 
Central Depre,~,~ion ~uggest that the~e fans have not 
been active for over 230 000 years and possibly back 
to the Miocene, and are effectively fossilized. 

Regional tectonic activity is responsible for the 
uplift of the Coastal Cordillera and generation of 
topography required for alluvial fan development, 
and is driven by direct coupling of the Nazca and 
South American plates at the subduction zone. 
Regional uplift coupled with the trenchward collapse 
of the leading edge of the South American Plate 
results in a decrease in elevation of 1500-1000 m 
from west to east across the Coastal Cordillera, pro- 
moting westerly-flowing drainage systems. 

Local tectonic activity associated with specific 
faults has a significant impact on drainage basin 
development. Drainage is frequently focused on 
active faults that facilitates breaching of the western 
watershed and drainage basin expansion. Continued 
expansion of drainage basins results in significant 
westerly drainage development, ultimately linking 
directly to the Central Depression. 

Climate controls alluvial-fan activity. Coastal 
alluvial fans have been active throughout much of 
the Pleistocene and are active at the present day, 
whereas the western Central Depression fans are 
inactive despite being located 25 km west of the 
coastal-fan catchments. Recent observations of pre- 
cipitation events on the Coastal Cordillera during the 
austral winter of El Nifio years have shown that pre- 
cipitation was restricted to the western flank of the 
Coastal Cordillera and did not penetrate into the 
Central Depression. It is suggested that this scenario 
has prevailed for at least the last 230 000 years and 
possibly into the Miocene. Climate also controls 
rates of weathering on alluvial-fan surfaces. The 
coastal fog results in rapid salt weathering of clasts 
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on coastal fans but, as it has l imited penetrat ion into 
the Central  Depression, it does not significantly 
impact the western Central Depression fans. 

Source-area li thology is not an important control 
on depositional processes on the Coastal Cordillera 
fans. Fans on both sides of  the cordillera have the 
same source lithology: basaltic andesite and granodi- 
orite, yet  coastal fans are dominated by debris flow 
and western Central Depression fans by sheetflood. 
A combinat ion of  weathering and stream power  
related to differences in gradient and the presence or 
absence o f  alluvium within the catchment  are consid- 
ered to account  for the differences in process. 
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Alluvial fans are important sedimentary environments. They trap 
sediment delivered from mountain source areas, and exert an 

~. important control on the delivery of sediment to downstream 
environments, to axial drainages and to sedimentary basins. They 
preserve a sensitive record of environmental change within the 
mountain source areas. Alluvial fan geomorphology and 
sedimentology reflect not only drainage basin size and geology, but 

change in response to tectonic, climatic and base-level controls. One of the challenges 
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processes, dynamics of Quaternary alluvial fans and fan sedimentary sequences. Linking 
the papers is an emphasis on the controls of fan geomorphology, sedimentology and 
dynamics. This provides a basis for integration between geomorphological and 
sedimentological approaches, and an understanding how fluvial systems respond to 
tectonic, climatic and base-level changes. 
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