Sedimentology (2000), 47 (Suppl. 1), 248

Fluvial responses to climate and sea-level change: a review
and look forward

MICHAEL D. BLUM* and TORBJORN E. TORNQVIST+

*Department of Geosciences, University of Nebraska — Lincoln, 214 Bessey Hall, Lincoln,
NE 68588-0340, USA (E-mail: mblum1@unl.edu)

tDepartment of Earth and Environmental Sciences, University of Illinois at Chicago,
845 West Taylor Street, Chicago, IL 60607-7059, USA (E-mail: tor@uic.edu)

ABSTRACT

Fluvial landforms and deposits provide one of the most readily studied
Quaternary continental records, and alluvial strata represent an important
component in most ancient continental interior and continental margin
successions. Moreover, studies of the long-term dynamics of fluvial systems and
their responses to external or ‘allogenic’ controls, can play important roles in
research concerning both global change and sequence-stratigraphy, as well as in
studies of the dynamic interactions between tectonic activity and surface
processes. These themes were energized in the final decades of the twentieth
century, and may become increasingly important in the first decades of this
millennium.

This review paper provides a historical perspective on the development of
ideas in the fields of geomorphology/Quaternary geology vs. sedimentary
geology, and then summarizes key processes that operate to produce alluvial
stratigraphic records over time-scales of 10°~10° years. Of particular interest are
changes in discharge regimes, sediment supply and sediment storage en route
from source terrains to sedimentary basins, as well as changes in sea-level and
the concept of accommodation. Late Quaternary stratigraphic records from the
Loire (France), Mississippi (USA), Colorado (Texas, USA) and Rhine-Meuse
(The Netherlands) Rivers are used to illustrate the influences of climate change
on continental interior rivers, as well as the influence of interacting climate and
sea-level change on continental margin systems.

The paper concludes with a look forward to a bright future for studies of
fluvial response to climate and sea-level change. At present, empirical field-
based research on fluvial response to climate and sea-level change lags behind:
(a) the global change community’s understanding of the magnitude and
frequency of climate and sea-level change; (b) the sequence-stratigraphic
community’s desire to interpret climate and, especially, sea-level change as
forcing mechanisms; and (c) the modelling community’s ability to generate
numerical and physical models of surface processes and their stratigraphic
results. A major challenge for the future is to catch up, which will require the
development of more detailed and sophisticated Quaternary stratigraphic,
sedimentological and geochronological frameworks in a variety of continental
interior and continental margin settings. There is a particular need for studies
that seek to document fluvial responses to allogenic forcing over both shorter
(10>-10° years) and longer (10*~10° years) time-scales than has commonly been
the case to date, as well as in larger river systems, from source to sink. Studies
of Quaternary systems in depositional basin settings are especially critical
because they can provide realistic analogues for interpretation of the pre-
Quaternary rock record.

Keywords Climate change, fluvial sedimentology, Quaternary geology, sea-level
change, sequence stratigraphy.
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INTRODUCTION

Studies of continental stratigraphic records,
Quaternary and ancient, were energized in the
final decades of the twentieth century by two
somewhat distinct trends that emerged within the
geosciences. First, there was increasingly wide-
spread recognition that human activities were
altering climatic and environmental conditions
over very short time-scales. Since the strati-
graphic record is the only empirical record of
global change (Burke etal., 1990), studies of the
magnitude and frequency of past global changes,
Quaternary and ancient, were seen as a means to
provide a context for observed historical trends
and predicted near-future conditions. Second,
development of sequence-stratigraphic concepts
and methods (e.g. Vail etal., 1977; Jervey, 1988;
Posamentier & Vail, 1988; Posamentier etal.,
1988) provided a potential unifying framework
for much of sedimentary geology, especially
coastal and marine strata, but their application
to continental deposits has been controversial.

At a basic level, global change and sequence-
stratigraphic research have in common a focus on
changes in process through time in response to
external forcing, and it is hard to envisage any
scenario for the first decades of this millennium
in which these issues will be less important. In
addition, an important third trend has begun to
emerge, as there is now a deeper appreciation of
the magnitude and frequency of tectonic activity
in plate boundary, continental interior and
passive margin settings, and relationships be-
tween tectonic activity and surface processes (e.g.
Molnar & England, 1990; Molnar etal., 1993;
Merritts & Ellis, 1994; Pinter & Brandon, 1997;
Burbank & Pinter, 1999). This third trend will
further energize studies of continental records,
since integrative models of this kind must be
tested against, and refined by, studies of
Quaternary and ancient strata.

Fluvial landforms and deposits provide one of
the most readily studied Quaternary continental
records, and alluvial strata represent an important
component in most ancient continental interior
and continental margin successions. Moreover,
modern fluvial environments are critical to hu-
man activities, and ancient fluvial deposits are
important repositories for hydrocarbons, ground-
water and other resources. Studies of the long-
term dynamics of fluvial systems, and their
responses to external or ‘allogenic’ controls,
therefore have a broad range of applications.
This paper provides an overview of fluvial

responses to climate and sea-level change, and
attempts to: (a) develop a historical perspective;
(b) outline a basic process framework, with
illustrations of fluvial responses to climate and
sea-level change from Late Quaternary contexts;
and (c) suggest key areas of emphasis for the first
decades of this millennium.

HISTORICAL STARTING POINTS

Studies of fluvial responses to climate and sea-
level changes have evolved somewhat differently
within the fields of geomorphology and
Quaternary geology vs. sedimentary geology.

Geomorphology and Quaternary geology

Several concepts from the late 1800s and early
1900s have played key roles in studies of fluvial
response to climate and sea-level change. One of
these was base level, defined by Powell (1875) as
the lower limit to which rivers can erode their
valleys, with his ‘grand’ or ultimate base level
corresponding to sea-level. A second concept was
that of the graded stream, which Gilbert (1877)
suggested was adjusted in terms of channel slope,
or longitudinal profile, so that the available
discharge could transport the amount of sediment
supplied by the drainage network, and the
channel bed was neither aggrading nor degrading.
Mackin’s (1948) discussion of the graded stream
is better known and more detailed, and also
focused on equilibrium long profiles that are
adjusted to prevailing conditions of discharge
and sediment load.

One of the first empirical studies of fluvial
response to climate change was by Penck &
Briickner (1909), whose examination of terraces
along tributaries to the Danube in southern
Germany gave birth to the concept of four
Pleistocene glacial-interglacial cycles. This
model for Quaternary climate change remained
dominant until the development of oxygen-
isotope records from ocean basins in the
1960s and 1970s, and confirmation of the
Milankovitch theory of glaciation (Hays etal.,
1976). Critical to the present discussion, Penck
& Briickner (1909) linked aggradation to glacial-
period sediment supply, and incision with
floodplain abandonment and terrace formation
to interglacial periods (Fig.1A). By contrast,
Lamothe (1918) in the Somme Valley of France,
and Fisk (1944) in the Lower Mississippi Valley
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of the USA, focused on the role of glacio-
eustasy. Fisk’s (1944) well-known model sug-

and terrace formation during sea-level fall and
lowstand, followed by valley aggradation dur-

gested valley incision, floodplain abandonment ing transgression and highstand (Fig.1B,C).
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Fig.1. (A) Penck & Briickner’s (1909) model for terraces in southern Germany, linking aggradation to glacial
cycles, and incision to interglacials (adapted from Bowen, 1978; original from Penck & Briickner, 1909). (B) Fisk’s
(1944) model for valley development during an individual eustatic cycle, illustrating cutting during sea-level fall,
and the different stages of filling during sea-level rise and highstand. (C) Fisk’s model for terraces of the Gulf
Coastal Plain in Louisiana (USA), linking incision to glacial cycles, and aggradation to interglacials (B and C

modified from Fisk, 1944).
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This ‘continental interior’ vs. ‘continental mar-
gin’ dichotomy, or a focus on upstream vs.
downstream controls depending on study area
location, was still prevalent in the last decades
of the twentieth century.

Upstream controls in continental interiors

As described by Butzer (1980), a ‘glacial’ vs.
‘interglacial’ dichotomy, following Penck &
Briickner (1909), also persisted for some time,
and it was commonly assumed that present
floodplains represented the Holocene, the first
terrace was from the last Pleistocene glacial, the
second terrace was from the penultimate glacial,
and so on. Clear turning points can be traced to
the development of radiocarbon dating (Libby,
1952) and to the hydraulic geometry studies of
Leopold & Maddock (1953). Radiocarbon dating
techniques provided an opportunity to develop
chronological frameworks for climate change
from palaeobiological and other indicators,
and, independently, for alluvial successions.
Moreover, the effective limits of radiocarbon
eventually served to focus attention on the last
full-glacial and the Holocene (last 20kyr).
Leopold & Maddock (1953), by contrast, initiated
a generation of efforts that developed quantitative
relations between discharge regimes, sediment
load and measures of channel geometry (e.g.
width, depth, sinuosity, meander wavelength,
slope).

Several papers from the 1960s illustrate the
immediate impact of hydraulic geometry. Among
these are Schumm’s (1965) general model for
fluvial response to climatic change, Dury’s (1965)
studies of ‘underfit’ streams and Schumm’s
(1968a) discussion of the concept of channel
metamorphosis, based on studies of the
Murrumbidgee River, south-eastern Australia
(Fig. 2). A subsequent series of influential papers
by Schumm and colleagues in the 1970s and early
1980s served to caution against developing gen-
eral models for fluvial response to climate change.
In concise summaries of this work, Schumm
(1977, 1991) notes the importance of: (a) spatial
and temporal scale; (b) convergence of responses
given different external forcing mechanisms; (c)
divergence of response following similar external
inputs; (d) differential sensitivity of fluvial sys-
tems to external controls due to differing thresh-
olds for change; and (e) complex response due to
internal system dynamics. These issues suggest
that fluvial responses to climate change may be

geographically circumscribed, nondeterministic
and nonlinear.

Many of these ideas are reflected in review
papers by Knox (1983, 1996) and Starkel (1987,
1991), and Bull’s (1991) monograph. Knox (1983),
for example, summarized the Holocene record
from the USA, and argued that climate change
produces time-parallel discontinuities in alluvial
successions over broad areas, even though the
direction of change may differ between regions.
He suggested this could be due to the way
changes in global atmospheric circulation are
manifested regionally, and/or the intrinsic char-
acteristics of each system. Starkel (1987, 1991)
also recognized the variability of fluvial response
to climate change over the last 15kyr, and
differentiated classes of European rivers on the
basis of relationships between tectonic highlands,
Pleistocene ice extent, the former periglacial
region, isostatic rebound and sea-level change.
Starkel’s papers emanated from international
projects that demonstrate increased interest in
fluvial systems and climate change during the last
two decades (Gregory, 1983; Gregory etal., 1987,
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Fig. 2. Concept of channel metamorphosis, introduced
by Schumm (1968a) based on studies of the
Murrumbidgee River, Australia. Map shows modern
highly sinuous Murrumbidgee River, vs. older
channel with larger meanders, and an even older low-
sinuosity channel (adapted from Schumm &
Brakenridge, 1987; original from Schumm, 1968a).
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1996; Starkel etal., 1991; Branson etal., 1996;
Benito etal., 1998).

Downstream controls in continental margins

Fisk’s (1944) investigations of the Lower
Mississippi Valley coupled valley evolution to
glacio-eustasy and changes in stream gradients,
and played a fundamental role in development of
models for fluvial response to sea-level change.
According to Fisk, the valley was deeply incised
and swept clean of sediments to a point some
1000km upstream from the present Gulf of
Mexico shoreline due to increased channel
gradients during the Last Glacial Maximum sea-
level lowstand. Braided-stream surfaces formed
when gradients decreased during latest
Pleistocene to middle Holocene sea-level rise,
with a transition to a meandering regime during
the late Holocene sea-level highstand. Fisk’s
model was so influential that many workers
assigned successively older terraces in the lower
reaches of river valleys to successively older
interglacials. Extreme examples of this type of
thinking can be found in studies along the Gulf
Coast of the USA that inferred short-lived periods
of sea-level rise for terraces that did not fit into
the standard model of four glacial-interglacial
cycles (e.g. Bernard & Leblanc, 1965).

Further empirical studies of continental margin
systems have been less visible, perhaps because
of the perceived power of Fisk’s model. It is
therefore appropriate that the Mississippi has
played a role in reassessment of fluvial responses
to sea-level change. Saucier’s (1994, 1996) work,
for example, shows that the Mississippi was
never completely excavated, and did not feel the
effects of sea-level change as far upstream as Fisk
had envisaged. Saucier also assigned braided-
stream surfaces to the last glacial period, and
suggested they record fluvial responses to gla-
cially induced changes in discharge and sediment
load, whereas the transition to a meandering
regime occurred in the earliest Holocene with the
loss of a glacial source for sediment and water.

A variety of conceptual, experimental and
theoretical models of river response to base-level
change appeared in the 1970s and 1980s. Leopold
& Bull (1979), for example, used observations
from modern rivers to suggest the upstream
effects of base-level rise were limited, whereas
Begin etal. (1981) and Begin (1988) used flume
studies coupled with a diffusion-based model to
show that vertical lowering of base-level (as along

a fault block) results in long-profile lowering by
nickpoint migration at rates that diminish in the
upstream direction. Slingerland & Snow (1988)
developed a numerical sediment-transport model
to simulate long-profile evolution in response to
base-level fall, and suggested a series of complex
autogenic oscillations of cutting and filling might
result from a single allogenic perturbation. At a
broader conceptual level, Summerfield (1985)
suggested the influence of sea-level fall will vary
with geometric relationships between the slope of
the coastal plain and the slope of the shelf as it
becomes emergent (Fig. 3). For example, Brown &
Wilson (1988) and Leckie (1994) discuss the
Canterbury Plains of New Zealand, where aggra-
dation occurred during glacial periods because of
newly exposed shelf gradients that were less

A Slope of Coastal Plain < Slope of Shelf

SL1

channel extension SL2

with deep incision

B Slope of Coastal Plain > Slope of Shelf

SL 1

channel extension
with progradation
and aggradation

SL2

C Slope of Coastal Plain = Slope of Shelf

SL1

channel extension
but no significant
incision or aggradation

SL2

Fig. 3. Model for fluvial response to sea-level fall as a
function of coastal plain and shelf gradients. (A)
Incision through coastal prism (depositional shoreline
break) due to steeper gradients exposed on the inner
shelf as sea-level falls; (B) aggradation and
progradation due to sea-level fall across a shelf that
has a gradient shallower than the coastal plain; (C)
channel extension with little incision, other than that
necessary to contain the channel itself, due to no
gradient differences between coastal plain and
exposed shelf during sea-level fall. Adapted from
Summerfield (1985).
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steep than the permanently subaerial alluvial
plains.

Most recently, workers have examined interac-
tions between upstream climatic and downstream
sea-level controls in the lowermost reaches of
coastal plain rivers. As discussed later, these
efforts have concentrated on rivers of the Texas
Gulf Coastal Plain (USA) and on the Rhine—
Meuse of The Netherlands. The 1980s and 1990s
also witnessed the emergence of high-resolution
seismic-stratigraphic studies on continental
shelves. Suter & Berryhill (1985), for example,
demonstrated channel extension and delta pro-
gradation across the Gulf of Mexico shelf during
the last sea-level fall and lowstand. Subsequent
work by others continued to document the extent
and variability of fluvial channels and deltaic
strata on the shelves and at shelf edges (Fig. 4).
Important examples include work by Morton &
Suter (1996) and Anderson etal. (1996) for the
north-western Gulf of Mexico (USA), and Tesson
etal. (1993; also Tesson & Gensous, 1998) for the
Rhone shelf of the Meditteranean.

Sedimentary geology

Eustatic sea-level change played an important
role in explanations of cyclicity in pre-
Quaternary sedimentary rocks during the first
two-thirds of the twentieth century (e.g. Wanless
& Weller, 1932; Sloss, 1963; Wheeler, 1964).
However, a period of waning enthusiasm for
sea-level change accompanied development of

plate tectonics on one hand, and facies models on
the other (Dott, 1992), such that studies in the
1960s and 1970s commonly focused on tectonic
activity coupled with autogenic processes to
explain stratal patterns. Sedimentary geologists
have also long recognized the importance of
climate in the production of sediments, as well
as the range of depositional systems, environ-
ments and facies, but attempts to explain changes
in alluvial successions through time with refer-
ence to climate change are a recent innovation.

There is little question that plate tectonics
plays the overriding role in organization of land-
masses into sediment source regions, transport
routes and sedimentary basins, and is thus
primarily responsible for the accumulation of
thick successions of alluvial strata. The following
discussion refers readers to Miall (1996) for a
comprehensive discussion of the role of tectonic
activity in the development of alluvial succes-
sions, and instead highlights alternative trends
from the last three decades. Of greatest signifi-
cance is the emergence of sequence-stratigraphic
models and their emphasis on the interwoven
concepts of sea-level, base level and accommoda-
tion. Most recently, workers have begun to
examine links between alluvial successions and
climate change.

Sea-level, base level and accommodation

Development of sequence-stratigraphic con-
cepts, beginning with publications of Vail and
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colleagues from Exxon Production Research in
AAPG Memoir 26 (Payton, 1977) initiated a wave
of research into the responses of depositional
systems to sea-level change. Publication of the
first Exxon cycle charts (Vail etal., 1977) gave rise
to new views on the pervasiveness of sea-level
changes through geological time.

The origins of this wave of research, as it
pertains to ‘fluvial sequence stratigraphy’, lagged
behind development of the general model, and can
be traced to SEPM Special Publication 42 (Wilgus
etal.,, 1988), which contained two papers that
catalysed discussion over the next decade. The
first was by Jervey (1988) which introduced the
term ‘accommodation’ as the space available
below base level for sediments to accumulate, a
function of eustatic sea-level change and subsi-
dence (i.e. relative sea-level change). The second
was by Posamentier & Vail (1988), in which fluvial
response to sea-level change played a prominent
role in the development of conceptual models for
‘systems tracts’, the basic building blocks in the
Exxon model. Their process framework rests on
the premise that rivers adjust longitudinal profiles
in response to sea-level change, and they argued
that: (a) widespread fluvial deposition charac-
terizes the early stages of relative sea-level fall; (b)
valley incision and sediment bypass characterizes
the late stages of sea-level fall and lowstand; and
(c) filling of valleys occurs during transgression
and highstand.

The Exxon views on sequence stratigraphy
have been carefully scrutinized, accepted by
some, and criticized by others (e.g. Galloway,
1989; Miall, 1991, 1996; Helland-Hansen &
Gjelberg, 1994; Shanley & McCabe, 1994). Some
criticisms are grounded on scientific shortcom-
ings, but others reflect an unfortunate use of
genetic terminology for Exxon systems tracts (see
Van Wagoner, 1995a, for a historical perspective),
as well as contradictions within and between
publications from the Exxon group as a whole.
For example, numerous figures in Posamentier &
Vail (1988) show widespread fluvial deposition
during sea-level fall, but the text commonly infers
fluvial incision and sediment bypass during that
time. Moreover, Posamentier & Vail (1988) illus-
trate the development of systems tracts with
respect to eustasy, and/or various combinations
of eustasy and subsidence. By contrast, Van
Wagoner et al. (1988) provide an operational view
that follows the original definition by Mitchum
etal. (1977), and systems tracts are ‘defined
objectively’ on the basis of key bounding surfaces,
position within a sequence, stratal geometry and

isolated, high-sinuosity
fluvial deposits

Base Level
low high

valley incision and formation of terrace deposits

v

low-sinuosity,
high-gradient rivers

<
S
<
S

1-10's m

1-10's km

Fig.5. Shanley & McCabe’s (1993, 1994) model for
development of depositional sequences in mixed
fluvial-coastal-marine strata of the Cretaceous
Western Interior basin of the USA, in response to
base-level change. They illustrate the concept of
incision and sediment bypass during base-level fall
that is common to many sequence stratigraphic
models, followed by valley filling, first with
amalgamated fluvial deposits, then tidally influenced
strata and finally low net-to-gross fluvial deposits.

facies associations, and the ‘terms lowstand and
highstand are not meant to imply a unique period
of time or position on a cycle of eustatic or
relative change of sea-level’.

Nevertheless, SEPM Special Publication 42
resulted in a flurry of interest in the concepts
of sea-level, base level and accommodation,
and in how fluvial and other continental
systems fit within the mostly marine-derived
sequence-stratigraphic model (see the review by
Shanley & McCabe, 1994). ‘Incised valleys’
emerged as a focus of attention; according to
Van Wagoner etal. (1990), ‘incised valleys’
contain significant erosional relief, truncate
older strata, juxtapose fluvial or estuarine
sandstone on marine deposits, and define a
significant basinward shift of facies due to
relative sea-level fall. Dalrymple etal. (1994)
defined two types of ‘incised valleys’, those
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formed by relative sea-level fall, and those
formed in response to some other mechanism.
They argued the first type should have se-
quence boundaries at their base and will be
filled by predictable successions of fluvial and
estuarine facies due to relative sea-level rise
(Zaitlin etal., 1994), whereas the second type
will be difficult to recognize since they may
occur within a succession of fluvial strata, and
have no significance in the Exxon sequence-
stratigraphic sense.

A variety of explanatory models for fluvial
sequence stratigraphy have been published that
focus on linking fluvial and nearshore marine
strata. Shanley & McCabe (1991, 1993, 1994)
recognized depositional sequences based on
interbedded fluvial and marine strata from the
Cretaceous of the Western Interior foreland basin
of Utah (USA). Their interpretations are grounded
on correlations between alluvial strata and coeval
shorelines that step basinward or landward, as
well as recognition of systematic vertical changes
in sandbody amalgamation and/or isolation

(Fig.5). Posamentier & Allen (1993) proposed a
variant on the standard sequence model that
applies to foreland basins, whereas Howell &
Flint (1996) discussed active extensional settings.
Van Wagoner (1995b) developed a detailed model
for Cretaceous foreland basin strata of the Book
Cliffs in Utah (USA) that, among other things, has
served as a catalyst for debate in the literature (see
Yoshida etal., 1998; Van Wagoner, 1998) and,
more informally, among the sedimentology com-
munity as a whole.

Fully nonmarine models have been proposed
as well. Legarreta & Uliana (1998) propose a
model for Mesozoic continental basins in
Argentina that includes: (a) a coarsening-up-
wards ‘forestepping’ systems tract that is later-
ally confined and dominated by amalgamated
channel sandstones; (b) a fining-upwards ‘back-
stepping’ systems tract; and (c) an ‘aggrada-
tional’ systems tract (Fig.6). Wright & Marriott
(1993) propose a generic model that is not
based on actual examples, but incorporates
systems tracts terminology and emphasizes
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relationships between alluvial architecture, pa-
laeosols and changes in accommodation that
relate specifically to floodplain sedimentation.
Gibling & Bird (1994) and Aitken & Flint
(1995), among others, use Carboniferous exam-
ples from Canada and the USA to discuss
overall sequence architecture, the role of pa-
laeosols, and the recognition, variability and
importance of ‘interfluve’ sequence boundaries.
Most recently, Martinsen etal. (1999) use the
accommodation to sediment supply ratio (A/S
ratio) described in Muto & Steel (1997) to
interpret changes in alluvial architecture.

Climate change

Studies that link fluvial deposition to climate
change in the pre-Quaternary record are relatively
sparse when compared with the volume of
literature on fluvial responses to sea-level or
base-level change that has been generated follow-
ing introduction of sequence-stratigraphic con-
cepts. By far the most common theme is the
interpretation of ancient climate from individual
features (e.g. palaeosols) within alluvial succes-
sions, as opposed to interpretations of fluvial
response to climate change. Much of this work is
summarized by Parrish (1998) and not repeated
here. Instead the discussion below focuses on
examples where workers have specifically inter-
preted depositional responses to climate change.

A number of workers have inferred climate
change as a control based on transitions between
fluvial and other strata. Over time-scales of 10°-
107 years, Olsen & Larsen (1993) suggest the Late
Devonian of East Greenland can be subdivided
into depositional complexes similar in concept to
Exxon’s systems tracts. Interpreted changes from
braidplain environments to terminal fluvial sys-
tems that pass laterally to aeolian environments,
then to a meandering stream-dominated setting
were attributed to shifts towards more arid and
then more humid conditions. A number of
studies also interpret transitions between fluvial
and other strata due to climate changes over time-
scales of 10%*-10°years (Milankovitch scales).
These include Cojan’s (1993) work on Upper
Cretaceous to Palaeocene fluvial and lacustrine
strata in the Provence Basin of southern France,
Yang & Nio’s (1993) studies of Permian
Rotliegendes strata of the Dutch North Sea,
Clemmensen etal’s (1994) summary of inter-
bedded fluvial and aeolian rocks of Permian to
Triassic age in the UK, and Dubiel etal.’s (1996)
discussion of interfingering fluvial and aeolian
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Fig.7. Interpreted cyclical changes in sandbody
thicknesses deposited by meandering rivers from the
Andersson Land Formation, Devonian Kap Graah
Group of East Greenland (after Olsen, 1994). Cycle
(min) indicates cycles defined by minimum
thicknesses, whereas Cycle (max) indicates the
opposite definition. Mega-cycles are interpreted to
reflect the Milankovitch eccentricity period,
calculated at 95kyr for the Devonian, whereas
individual cycles are interpreted to represent
precessional periods of 17 or 20 kyr.

strata within the Permian Cutler Group of the
western USA.

Changes within fully alluvial successions have
been ascribed to the influence of Milankovitch-
scale climate changes as well. Olsen (1990, 1994),
for example, examined the Late Devonian
Andersson Land Formation of east Greenland,
the axial meandering stream-dominated complex
described above. He identified two scales of
cyclicity in the thickness of channel sand bodies,
which were interpreted to represent climatically
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controlled changes in discharge regimes at
Milankovitch-scale periodicities of 100kyr and
~20kyr (Fig.7). Smith (1994) suggested that
changes in channel sandbody geometry, sand-to-
mud ratios, sediment accumulation rates and
types of palaeosols in Plio-Pleistocene strata from
Arizona (USA) occurred during a tectonically
quiescent period and might instead reflect climate
changes.

Modelling fluvial responses to climate change
in the pre-Quaternary record has not been
common practice, but a number of important
efforts can be identified. Perlmutter & Matthews
(1989) propose a cyclostratigraphic model that
emphasizes Milankovitch-scale climate change
superimposed on tectonically driven basin evolu-
tion. Key model components include weathering
and sediment production, discharge regimes, and
transport efficiency as they relate to variations in
climate, as well as how these factors control the
spatial patterns of clastic environments and
temporal evolution of clastic successions. Paola
etal. (1992) use a diffusion-based model to
examine the roles of sediment flux, rates of
subsidence, changes in sediment grain-size
(gravel vs. sand) and water supply on patterns
of deposition in foreland basins at time steps of
107 and 10°years. This study is not specifically
concerned with causal mechanisms, but the
authors note that sediment flux, changes in
grain-size and variations in water supply can
have several causes, including climate change.
Variations in sediment flux and grain size are
important in both time steps, with both resulting
in progradation or retrogradation of gravel fronts.
By contrast, cyclical changes in water supply play
a significant role in shorter time steps only,
resulting in progradational cycles during time
periods when water supply is increasing. Paola
etal. (1992) suggest that over time-scales of
10° years (Milankovitch time-scales), patterns of
deposition for foreland basin settings most clo-
sely reflect surface processes, whereas over longer
time-scales basin subsidence and other tectoni-
cally controlled factors become dominant.

GENERAL PROCESS FRAMEWORK

Promising avenues of research lie at the interface
between Quaternary and ancient fluvial systems,
especially studies of fluvial responses to climate
and sea-level changes at time-scales of 10° years
or less. The following section focuses on how

rivers produce stratigraphic records over these
time-scales; the section concentrates on alluvial
channels because of their mobile beds and banks,
the rapidity with which such systems can
respond to allogenic controls, and the fact that
such rivers provide the common link between
Quaternary and ancient records.

Channel geometry and depositional style

Process-based interpretations of fluvial responses
to climate and sea-level change should be linked
in some way to controls on the mutually
dependent variables of channel geometry and
depositional style. Numerous discussions of
alluvial channel process and form, as well as
fluvial depositional processes and systems, are
readily available elsewhere and not repeated here
(e.g. Knox, 1976; Leopold & Bull, 1979; Richards,
1982; Miall, 1985, 1995, 1996; Schumm, 1985;
Ferguson, 1987; Nanson & Croke, 1992; Bridge,
1993a,b, 1995; Orton & Reading, 1993; Van den
Berg, 1995; Brierley, 1996; Nanson & Knighton,
1996; Knighton, 1998; Fielding, 1999). Instead,
four fundamental relationships can be distilled
from this body of literature: (a) cross-sectional
and plan view geometry of a ‘graded stream’ is
adjusted to prevailing discharge regimes and
sediment loads, and maintains a statistically
constant size and shape over some interval of
time (10%-10° years); (b) fluvial facies and deposi-
tional systems are linked to channel geometry
through the spatial distribution of depositional
landforms and environments; (c) changes in the
relationship between discharge and sediment
load result in changes in one or more geometric
variables, for example width, depth, width-to-
depth ratio, sinuosity or slope; and (d) changes in
channel geometry result in changes in the lateral
and vertical distribution of depositional environ-
ments and facies.

Aggradation and degradation: changes in
sediment storage

Aggradation or degradation often accompanies
changes in channel geometry and depositional
style, and results in changes in sediment storage
per unit valley length due to changes in channel
bed and floodplain elevation. Width-averaged
bedload transport rates (gs) reflect stream
power per unit channel length, Q=yQS
(where Q=stream power, y=specific weight,
Q=discharge and S=channel bed slope;
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12 M. D. Blum and T. E. Tornqvist

Bagnold, 1973). Channel beds aggrade when
sediment supply exceeds maximum bedload
transport rates, degrade when the reverse is true
and maintain stable long profiles when there is a
balance between stream power and sediment
supply (Fig. 8).

Theoretical models to describe aggradation or
degradation are widely published in the engineer-
ing, geomorphological and sedimentological lit-
erature (e.g. Torres & Jain, 1984; Wyroll, 1988;
Paola etal., 1992; Leeder & Stewart, 1996). Such
models are ultimately based on the sediment
continuity equation, which can be written in its
simplest one-dimensional form as:

dz/dt+dq,/dx=0 (1)

where z=bed elevation, t=time, g;=width-aver-
aged sediment transport rate and x=distance
along the channel. For a channel bed that is in
equilibrium (‘graded’) and neither aggrading nor
degrading, dz/dt=0, hence dgs/dx=0. From this
simple relationship, three end-member situations
for aggradation can be derived: (a) sediment
overloading (holding discharge constant) from
an upstream point source (typical of an alluvial
fan) will result in a downstream-tapering wedge
of channel-bed aggradation (i.e. the ‘downfilling’

flat <=3 steep
channel slope

coarse < fine ~
sediment size (

discharge

=]

Stream Power

N

degradation aggradation

Sediment Supply

\

Fig. 8. Balance model for aggradation and degradation
of alluvial channels, emphasizing changes in the
relationship between discharge and sediment supply.
Channels aggrade when sediment supply exceeds
transport capacity of the discharge regime, and
degrade when the reverse is true. Redrawn from a
widely circulated diagram that originated as an
unpublished drawing by W. Borland of the USA
Bureau of Reclamation, and was based on an equation
by Lane (1955).

of Schumm, 1993); (b) sediment overloading from
upstream and lateral sources (drainage network
feeding a main valley axis) will result in a
relatively constant thickness of channel-bed
aggradation; and (c) base-level rise under condi-
tions of constant sediment supply will result in
downstream decreases in sediment transport
rates, and downstream increasing rates of chan-
nel-bed aggradation (the ‘backfilling’ of Schumm,
1993). Degradation can be triggered in a variety of
ways, and from both upstream and downstream
directions, but always results in channel incision
and floodplain abandonment, net sediment re-
moval, and production of an unconformity.

A simple two-dimensional view of channel-bed
aggradation and degradation is shown in Fig. 9A,
but may be complicated by a number of factors.
For example, under equilibrium conditions chan-
nels could migrate laterally but undergo no
significant aggradation or degradation, which
translates into no net change in sediment storage.
This does not mean that a stable stream cannot
leave behind a deposit, since lateral migration of
a channel belt results in cannibalization of older
sediments and emplacement of new deposits. In
this case, interpretation of true aggradation and
development of multistoried channel belts vs.
simple lateral migration is not a simple issue, and
should be grounded on observations of deposit
thicknesses that exceed the vertical distance
between the maximum depth of autogenic scour
(Salter, 1993) and the upper limit to floodplain
accretion as a channel belt migrates laterally. For
example, recent studies demonstrate that depths
of autogenic scour at flow confluences and at
channel bends can be up to five times deeper than
the mean channel depth (Best & Ashworth, 1997),
and depths of scour can be significantly below
contemporary sea-level positions.

Perhaps equally important are cases where
there is little, if any, change in channel-bed
elevation, but floodplain height increases or
decreases (e.g. Blum & Valastro, 1994; Fig. 9B).
For example, floodplain abandonment can take
place without significant channel incision due to
a reduction in peak discharges and overbank
flooding. Lateral migration of a channel belt then
produces a basal erosional unconformity that
traces laterally up to soils that developed on the
abandoned floodplain surface. By contrast, for-
merly stable terrace surfaces can be buried by
renewed overbank flooding if flood magnitudes
increase. Finally, changes in channel-bed and
floodplain elevation may occur at different rates,
and in some instances in opposite directions (cf.
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Tebbens etal., 1999), due to changes in channel
geometry. This variety of possible geometric
responses suggests that inferences of fluvial
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aggradation and/or incision are less than straight-
forward, and should be based on evidence that
bears on changes in both channel-bed and flood-
plain elevations, wherever possible.

Controls on changes in discharge, sediment
supply and sediment storage

Changes in channel geometry, depositional style
and net sediment storage are dependent variables
over time-scales of interest here, and reflect
prevailing conditions of discharge and sediment
supply. What controls changes in discharge and
sediment supply over these time-scales?

Discharge regimes

Alluvial channel size reflects the volume of water
that must be transmitted on a relatively frequent
basis, with recurrence intervals for channel-
forming discharges that range from 1 to 30 years
(Williams, 1978; Knox, 1983; Lewin, 1989).
Overviews of flood characteristics in various
climates can be found in Baker etal. (1988),
McMahon etal. (1987, 1992) and Waylen (1996),
whereas Pazzaglia etal. (1998) discuss possible
relationships between rates of uplift, rates of
erosion, river long profiles and flood hydro-
graphs. Critical to the present discussion is the
potential impact of climate change on flood
magnitude and frequency, and how this might
vary to the extent that global climate change
impacts different river systems in the same or
different ways.

In this context, Knox (1983) summarizes a
variety of historical period data that illustrate

Fig.9. Changes in sediment storage within valley
cross-sections, and possible stratigraphic results. Each
scenario begins with lateral migration of a single-story
channel belt. (A) Channel-bed degradation and
floodplain abandonment with terrace formation, then
channel-bed aggradation to produce a multistory
channel belt, with floodplain deposition over
previously stable terrace surfaces characterized by
palaeosols (hachures). (B) Reduction in channel size,
floodplain abandonment and terrace formation
without significant channel-bed degradation, then
channel enlargement with floodplain deposition over
previously stable terrace surfaces characterized by
palaeosols. (C) Significant reduction in channel size
accompanied by channel-bed aggradation, floodplain
abandonment and terrace formation, followed by
channel enlargement accompanied by channel-bed
degradation and floodplain  deposition over
previously stable terrace surfaces characterized by
palaeosols.
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14 M. D. Blum and T. E. Tornqvist

how climate change can impact flood regimes of
individual rivers. For small drainages in the mid-
latitude USA, he shows that flood discharge per
unit area increases (holding recurrence intervals
constant) with decreasing precipitation due to
decreases in vegetation cover and corresponding
increases in surface runoff. Moreover, he uses a
long time series of annual floods from the upper
Mississippi River to illustrate relationships be-
tween flood magnitudes and independently iden-
tified changes in global atmospheric circulation.
These data show that circulation changes have
significant impacts on the magnitude of rare
events (recurrence intervals > 10 years), but lesser
impact on more frequent floods (Fig.10). More
recently, Knox (1987, 1993) documents changes in
middle to late Holocene channel-forming and
extreme floods, and concludes that minor changes
in climate produced changes in bankfull dis-
charges ranging from 70 to 130% of present-day
values.

Another important approach is illustrated by
Probst (1989), who examines the spatial structure
of runoff fluctuations from larger European rivers
during the historical period, and shows periods
with positive and negative deviations from long-
term averages. Most commonly all rivers varied in-
phase, but at other times runoff regimes of rivers
within present-day oceanic and continental re-
gimes (Rhone, Loire, Garonne, Seine and Rhine)
were out-of-phase with rivers in the core
Mediterranean region of southern Europe (Ebro,
Guadalquivir and Po). From these relationships, it
might be envisaged that discharge regimes in the
two areas should respond simultaneously to

3000

1000

Flood Magnitude (m3s'1)

0

global climate change, but in different directions
due to the regional manifestations of changes in
global atmospheric circulation. Similar in-phase
and out-of-phase relationships between regional
precipitation changes and changes in atmospheric
circulation are well documented (e.g. Lau, 1988;
Hurrell, 1995; Rogers, 1997; Dai et al., 1997).

In aggregate, these studies serve to illustrate
four points that are of particular relevance. First,
changes in atmospheric circulation through time
have a direct impact on the magnitude and
frequency of floods. Second, these changes are
not directly proportional to increases or decreases
in precipitation, but are instead buffered by other
variables that influence runoff rates, especially
vegetation. Third, flood regimes are especially
sensitive to changes in climatic inputs, such that
small changes in climate can significantly in-
crease or decrease flood magnitudes. Finally,
responses of flood regimes to climate change
should be geographically circumscribed since
global changes in circulation may result in
simultaneous changes in discharge regimes every-
where, but some regions will be out-of-phase with
others in terms of the direction of change.

Sediment supply

Routing of sediments in river systems is a topic
that resides at the interface between studies of
modern processes, Quaternary landscape evolu-
tion and development of the pre-Quaternary
stratigraphic record. Hovius & Leeder (1998) note
that sedimentary basins record erosion of the
continents, whereas drainage networks are the
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Fig.10. Changes in flood magnitudes due to changes in atmospheric circulation, Mississippi River at St. Paul,

Minnesota, USA (after Knox, 1983). Data represent a time series of all floods that exceeded 368 m?®s

~1 and was

disaggregated into time periods defined by dominant types of atmospheric circulation (meridional vs. zonal).
Flood probabilities were then calculated for each period, with p=the probability that a flood with a given
magnitude will be equalled or exceeded in any given year, and RI=average recurrence interval.
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‘negative imprint’ of this same record, and their
existence must be inferred from stratigraphic
data. Especially pertinent, then, are the allogenic
controls on erosion from upland source terrains
and delivery to depositional basins.

There is a long history to discussions of
climatic controls on sediment supply, with
studies by Langbein & Schumm (1958) and
Fournier (1960) among the first to develop
quantitative relationships between climate, ero-
sion and sediment yield. Langbein & Schumm
(1958), in particular, indicate that sediment
yield increases with increasingly effective pre-
cipitation through the arid to semi-arid transition,
then decreases towards more humid climates due
to the increasing importance of vegetation.
Compilations by Walling & Webb (1983, 1996)
suggest the Langbein & Schumm (1958) curve
may be applicable for the midcontinent USA
where it was derived, but when other climate
regimes, especially subtropical and tropical, are
taken into account then sediment yield increases
with precipitation at values greater than
~1000mm yr~". Because of the mitigating effect
of vegetation in each of these relationships, they
are most applicable for that part of Earth history
when land plants have been common. In the
absence of land plants, sediment supply would
most likely increase as precipitation increases
(e.g. Schumm, 1968b).

There is an equally long history to discussions
of relationships between sediment yield and
measures of relief or rates of uplift. Indeed,
Walling & Webb’s (1983, 1996) compilations
show the highest rates of sediment yield in
orogenic belts that surround the Pacific Ocean.
Moreover, specific sediment yields (yields per
unit area) decrease as drainage area increases,
which emphasizes the importance of small and
steep catchments for sediment production.
Milliman & Syvitski (1992), for example, show
that up to 80% of sediments delivered to the
oceans is derived from small catchments within
active orogens, and suggest that sediment yield is
a log-linear function of drainage area and max-
imum elevation.

Hovius (1998) presents the most comprehen-
sive study of sediment supply to date, based on
examination of 97 intermediate and large drai-
nage basins around the world. He indicates that
specific sediment yield can be estimated using
the following empirical relationship:

InE=—0-4161nA+4-26 X 10*H+0-15T
+0-095Tg +0-0015R + 3-58 (2)

where E is specific sediment yield (t km™yr "), A
is drainage basin area (km?), H is mean height
(relief) of the drainage basin (m), T and Ty
are mean annual temperature and annual tem-
perature range (°C), and R is specific runoff
(mmkm™yr ™). This equation explains only
49% of the observed variance and, although
vegetation was not considered, Hovius suggests
that inclusion of other variables does not sub-
stantially improve the explanatory power. Hovius
(1998) also uses Milliman & Syvitski’s (1992)
larger data set to show that specific sediment
yield varies with tectonic setting and rates of rock
uplift, with contractional orogens far outpacing
other settings, and low-relief cratons yielding
very low values.

To the extent that drainage area, tectonic
setting, average rates of uplift and total relief
remain relatively constant for individual river
systems over time-scales of 10°~10° years, Hovius’
(1998) equation suggests significant variations in
specific sediment yields with changes in climatic
parameters such as temperature and runoff.
However, Leeder et al. (1998) model erosion rates
and discharge regimes during the late Pleistocene
full-glacial and the Holocene, contrasting the
USA Basin and Range province with the
Mediterranean region, and in doing so illustrate
a key point that deserves emphasis. In much the
same way as changes in discharge regimes can
vary regionally, Leeder etal. (1998) show the
same global climate change can produce out-of-
phase responses for the Basin and Range and
Mediterranean regions, when measured in terms
of runoff and sediment yield, sediment flux to the
depositional basin, relative changes in lake or sea-
level and development of a stratigraphic record
(Fig.11). In addition to the above, an important
factor that cannot be gleaned readily from the
present interglacial world is the high rates of
erosion and sediment production that accompa-
nies widespread glaciation (e.g. Hallet etal,
1996).

Sediment storage en-route to depositional
basins

At any point in time, there is a disparity between
the liberation of sediments from uplands and
sediment yields past some point in the drainage
network. The difference is related to sediments
that are temporarily stored in the drainage net-
work as colluvial, alluvial fan and fluvial depos-
its. This amount can be considered in the context
of the sediment delivery ratio (Walling, 1983),
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Fig.11. Model for changes in sediment supply in Mediterranean vs. USA Great Basin climates during glacial and
interglacial periods. Diagram on left illustrates conditions that might apply to a marine basin, whereas diagram on
the right illustrates conditions for a lacustrine basin. Both diagrams illustrate a succession of possible out-of-

phase responses. After Leeder etal. (1998).

defined as Sq=S,/ER, where S, is sediment yield
past a given point in the drainage network, and
ER equals total erosion from the drainage basin
above that point.

Compilation of sediment delivery ratios from a
variety of settings indicates that they typically
decrease as drainage area increases and stream
gradients decrease, with very high values for very
small drainage basins, and values as low as 0-1-
0-2 for drainage areas >1000 km? (Walling, 1983).
Data from modern settings are strongly biased by
human activities that have increased rates of
erosion, increased sediment storage within small
catchments and trapped sediments within artifi-
cial reservoirs. For example, Meade etal. (1990)
note that roughly 10% of all sediment eroded
from the conterminous USA presently reaches the

ocean basins, but up to 20% of all sediment is
trapped by reservoirs constructed on a few large
rivers. As a result, continent-wide sediment
delivery of 20-30% (Sq=0-2—-0-3) or more may
be more representative.

Changes in the sediment delivery ratio can
significantly imprint the stratigraphic record.
Hovius’ (1998) view that drainage networks are
the negative imprint of basin filling would
correctly imply that basin margin sediment
delivery over geological time must approach
100%. It follows that over shorter periods of time,
individual segments, or perhaps entire drainage
networks, must have delivery ratios greater than
average values, and must in some cases be greater
than 1 during periods when previously stored
sediments are flushed basinward.

Fig.12. (A) Contrasts between ‘vacuum cleaner’ vs. ‘conveyor belt’ models for sediment supply to basin margins.
The vacuum cleaner derives all sediment from more distal parts of the basin by means of excavation of a valley at
the basin margin, whereas the conveyor belt relies on sediment delivery from a large hinterland drainage network,
and does not require deep incision with complete sediment bypass during sea-level fall. (B) Calculation of
relative contribution of vacuum cleaner vs. conveyor belt model, using the palaeovalley fill from the last glacial
cycle of the Colorado River, Texas, as an example. Dip and strike dimensions and thickness of palaeovalley fill
based on data presented in Blum (1993) and Aslan & Blum (1999), with data on sediment supply taken from
Hovius (1998). For vacuum cleaner calculation, V=volume of palaeovalley fill, p=average density of earth
materials, D=duration of glacial cycle falling stage and lowstand (kyr), and VC=mass of sediments produced by
complete excavation of the valley over duration D. For conveyor belt calculation, sy=specific sediment yield
(tons km™?yr™"), A=drainage area (km?®), SY =total sediment yield from drainage network (t yr'), D=as above.
For both calculations, CB =mass of sediments delivered from the conveyor belt during time interval D.
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Role of sea-level change

The following discussion asks a simple ques-
tion — exactly how does sea-level change affect
a fluvial system? To begin, it is difficult to

responses to climate and sea-level change 17

envisage how sea-level or base-level change can
have a significant impact on discharge regimes
or liberation of sediments, since these are
mostly upstream-controlled. Nevertheless, since
much of the literature implies relative sea-level
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and lowstand, vs. upstream limits of onlap during sea-level rise and highstand. Also, average slope of the channel
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controls over sediment supply, it is important
to first look at what sea-level change does not
do.

Nowhere is confusion more apparent than in
sequence-stratigraphic models for ‘incised val-
leys’ (hereafter valleys or palaeovalleys, since all
valleys are incised, by definition) that assume
relative sea-level fall produces incision, and an
upstream-propagating wave of stream rejuvena-
tion, which produces sediments that entirely
bypass the coastal plain and newly emergent
shelf to provide a critical volume of sediment for
systems tracts further basinward. This is referred
to here as a ‘vacuum cleaner’ model for sediment
supply, as contrasted with a ‘conveyor belt’
model, where sediments are continuously deliv-
ered to the basin margin from a large inland
drainage (Fig. 12A). Figure 12(B) illustrates these
models with reference to the Colorado River,
Texas Gulf Coast (USA), and shows that the
volume of sediments produced by complete
‘vacuum cleaner’ excavation of a valley during
the last glacio-eustatic falling stage and lowstand
would be an order of magnitude less than the total
volume delivered by the ‘conveyor belt’ during
that same interval of time.

The ‘vacuum cleaner’ model has intellectual
roots in Fisk (1944), yet subsequent work in the
Lower Mississippi Valley clearly shows that
complete sediment bypass was not the case (e.g.
Saucier, 1994, 1996; Blum et al., 2000). The same

can be said for other large fluvial systems of the
Gulf Coastal Plain of the USA (Blum etal., 1995;
Blum & Price, 1998), for large rivers of southern
Europe such as the Rhone and Po (Mandier, 1988;
Amorosi etal., 1999), the Rhine—-Meuse system in
north-west Europe (e.g. Pons, 1957; Berendsen
etal., 1995; Kasse etal., 1995; Toérnqvist, 1998)
and the Nile (Stanley & Warne, 1993). In fact, it is
difficult to find an example where complete
sediment bypass in response to base-level fall
has actually been documented on Quaternary
river systems that have significant hinterland
drainage areas and discharge to a depositional
basin. Hence, to the extent that Quaternary
systems provide ground-truth for sequence-
stratigraphic models, the body of evidence
actually points in a different direction. These
conclusions are supported by modelling results of
Leeder & Stewart (1996), which demonstrate that
high rates of sediment supply can overcome base-
level fall, and result in progradation without
significant incision.

Given a continental margin setting with a
pronounced  depositional shoreline  break
(Fig. 13), and a shelf that is as steep or steeper
than the coastal plain, why should rivers not
completely bypass sediments during sea-level
fall? Simply put, given the influx of sediments
from the ‘conveyor belt’, complete sediment
bypass of a coastal plain and shelf during sea-
level fall would require significant downstream
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increases in slope and stream power (B>a in
Fig.13), and corresponding downstream in-
creases in rates of sediment transport. In most
cases, some incision through a highstand deposi-
tional shoreline break takes place as the channel
extends across the newly exposed shelf
(Posamentier etal., 1992; Blum, 1993; Talling,
1998; Tornqvist etal., 2000), with corresponding
net removal of previously stored sediment, but it
seems unlikely that the depth of incision will
produce slopes that exceed those further up-
stream from the limits of sea-level influence (i.e.
B>ais not likely). Hence if the valley upstream
from the limits of long profile adjustment ag-
grades due to sediment overloading, or laterally
migrates due to equilibrium conditions, this
mode of behaviour is simply translated further
basinward. Periods of complete sediment bypass
should only occur when sediment supply from
upstream sources decreases relative to maximum
sediment transport rates, such that the valley
further upstream is also incising.

On the other hand, sea-level rise along a
continental margin with the configuration de-
scribed above (Fig.13) results in channel short-
ening, decreases in the distance over which
sediments can be stored and, in most cases,
flattening of channel slope. Discharge is con-
served, but reductions in slope will result in
corresponding downstream decreases in stream
power and sediment transport rates. These con-
ditions result in net valley aggradation that in
turn may play a significant role in adjustments of
channel geometry and depositional style (dis-
cussed more fully below). However, even within
long periods of overall net valley aggradation
driven by sea-level rise (time-scales of 10°-
10* years), significant intervals of incision and/
or sediment bypass can occur if sediment supply
decreases relative to stream power, as shown by
Blum (1990, 1993) for the Colorado River of the
Texas Gulf Coast (USA), Tornqvist (1998) for the
Rhine-Meuse and Blum etal. (2000) for the
Lower Mississippi Valley.

Turning back to the original question, the
fundamental responses to sea-level change appear
to be channel extension or shortening, coupled
with changes in the elevation of channel bases
and floodplain surfaces, in order to keep pace
with a shoreline that is advancing or retreating
and changing its elevation. All other adjustments
take place within this context, and should be
regarded as nondeterministic, since they depend
on alluvial valley, coastal plain, shoreface and
shelf gradients (see Fig.3), discharge and sedi-

ment supply from the drainage network and local
physiographical factors. With respect to the latter,
Leckie (1994) provides an example from the
Canterbury Plains of New Zealand, where inci-
sion has occurred during Holocene sea-level rise
because of steep alluvial plain gradients in
combination with high-energy wave attack.
Moreover, Schumm (1993), Wescott (1993) and
Ethridge etal. (1998) note that fluvial systems
possess several degrees of freedom by which they
can adjust channel parameters to changes in base
level, a discussion not repeated here.

Many recent papers (e.g. Butcher, 1990;
Nummedal etal., 1993; Posamentier & Weimer,
1993; Schumm, 1993; Koss etal., 1994; Merritts
etal., 1994; Shanley & McCabe, 1994; Leeder &
Stewart, 1996) have emphasized the issue of how
far inland sea-level actually controls fluvial
incision and aggradation. Again, Fisk’s (1944)
work in the Lower Mississippi Valley has been
extremely influential, postulating eustatic control
more than 1000km upstream from the modern
shoreline. This view has been challenged by more
recent studies in the same area (e.g. Saucier, 1994,
1996) that, in turn, are now cited as critical
evidence in numerous recent reviews (Shanley &
McCabe, 1994; Emery & Myers, 1996; Miall, 1996,
1997; North, 1996). Shanley & McCabe (1993)
propose strong generalizations, suggesting that
sea-level control typically extends 100-150 km
updip from the coeval shoreline. However, in
most of these studies it is not clear how the
landward limit of sea-level control is actually
defined.

For this paper, and for the purposes of discus-
sion and comparison, the landward limit is
defined as the upstream extent of coastal onlap
due to sea-level rise (see Fig.13). In late
Quaternary contexts, this consists of the intersec-
tion between the modern floodplain and the
floodplain surface from the Last Glacial
Maximum (~20ka), and is not necessarily the
same as the landward extent of incision due to
sea-level fall (cf. Ethridge etal., 1998). By con-
trast, the basinward limit of sea-level influence is
defined as the maximum distance of channel
extension and delta progradation during sea-level
fall. Table1 summarizes a variety of data from
fluvial systems from Europe and the Gulf Coastal
Plain of the USA. These data suggest the land-
ward limit of onlap due to sea-level rise correlates
to hinterland sediment supply, and is inversely
related to the gradient of the onlapped floodplain
surface. Accordingly, this distance is highly
variable and ranges from at least 300—400km
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Table 1. Relationship between drainage area, onlapped lowstand floodplain gradient and aggradation distance for
six late Quaternary fluvial systems. Channel extension and onlap distances are measured with respect to the
average highstand shoreline. Data from the Rhone taken from Mandier (1988) and Tesson etal. (1993).

Drainage area

LGM floodplain

LGM channel Holocene onlap

River system (km?) gradient (cm km™) extension (km) distance (km)
Nueces (Texas, USA) 40000 50 >200 40

Trinity (Texas, USA) 50000 20 150 90

Rhone (France) 99000 130 50—-60 100
Colorado (Texas, USA) 100 000 80 100-120 90
Rhine—Meuse (The Netherlands) 254 000 25 800 150
Mississippi (Louisiana, USA) 3344000 15 150-200* >300-400

* The present birdfoot delta is also extended close to this amount.

for the low-gradient, high-sediment-supply
Mississippi River, to ~40km for steep-gradient,
low-sediment-supply systems like the Nueces
River of the Texas Gulf Coastal Plain. Channel
extension during lowstand reflects shelf physio-
graphy, and ranges from 800km or so for the
Rhine, 100-200 km for rivers of the Texas Gulf
Coastal Plain (Colorado, Trinity, Nueces), to very
short distances for the Mississippi, since it now
discharges to the shelf edge. The Rhine is a
special case, since during the last lowstand it
flowed across the very low-gradient North Sea,
then was diverted south-westward through the
Strait of Dover and discharged to the Atlantic
(Gibbard, 1995; Bridgland & D’Olier, 1995).

Role of accommodation

Few would argue that the concept of accommoda-
tion plays a critical role in sedimentology in the
new millennium. This section again asks a basic
question: what exactly is accommodation?

To begin, many workers recognize that Jervey’s
(1988) definition of accommodation uses a ‘strati-
graphic’ (as opposed to ‘geomorphic’) definition
of base level that can be traced to Barrell (1917),
Sloss (1962) and Wheeler (1964) among others.
These differing definitions for base level are not
trivial. The geomorphic view defines the lower
limits to erosion, and extends upstream from sea-
level into the subaerial landscape as a ‘base level
of erosion’ that defines the graded longitudinal
profile (see Bull, 1991), but has no significance
offshore beyond the fluvial system. By contrast,
the stratigraphic definition defines the upper
limits to deposition, and was intended to be used
in marine systems as well. However, as Wheeler
(1964) noted, stratigraphic base level does not
control anything — it is not a cause but an effect.

In the fluvial context, stratigraphic base-level
changes in response to changes in geomorphic
base level (lake or sea-level), climate-related and
geomorphic parameters (flood magnitudes, sedi-
ment supply, channel geometries, etc.) and rates
of uplift or subsidence. It follows from the above
that accommodation is not exactly a control
either. Instead, increases or decreases in accom-
modation are at least in part a response to changes
in geomorphic base level, which defines the lower
limits to accommodation, and in fluvial contexts
the upper limits are defined by changes in
discharge regimes and sediment supply as they
control equilibrium floodplain heights.

It also seems that accommodation, as it is
commonly used, somewhat imprecisely mixes
processes that operate over a range of rates and
temporal scales; it is difficult to reconcile the
time-scales over which sediments are deposited
in the first place, whether or not those deposits
will be preserved in the stratigraphic record, and
the manner in which ancient alluvial successions
are interpreted in terms of changes in accommo-
dation or an accommodation/sediment supply
ratio. It may be more precise to consider these
issues in much the same manner as Kocurek &
Havholm (1993) and Kocurek (1998), who differ-
entiate ‘accumulation’ vs. ‘preservation’ space in
the context of aeolian sequences. In a fluvial
context, accumulation space (‘process-scale’ or
real-time accommodation) would be the volume
of space that can be filled within present
process regimes, and is fundamentally governed
by the relationship between stream power
and sediment load, and how this changes in
response to geomorphic base level. However,
preservation in the stratigraphic record occurs
when subsidence lowers these deposits below
possible depths of incision and removal. As
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accumulations subside towards this depth, the
probability of preservation increases, but it is
only assured when this depth is reached. Hence
preservation space (net accommodation?) lies
below the maximum depths of incision. For a
continental margin, like that shown in Fig.13,
preservation space would lie below the lowstand
longitudinal profile.

Accommodation as a term in the vocabulary of
sedimentary geology is certainly here to stay.
However, it might be most useful to use accom-
modation explicitly in the same manner as
Kocurek & Havholm (1993) and Kocurek (1998)
use accumulation space, and future discussions
should be explicit about deposition- vs. preserva-
tion-scale processes, since they operate at differ-
ent rates, as well as over different time-scales, but
ultimately result in what is preserved in the
stratigraphic record. While accommodation re-
mains a useful concept, the stratigraphic concept
of base level is the same as the upper limits of
accommodation — it is not a control on anything,
has outlived its usefulness, and it should simply
be abandoned.

MAGNITUDE AND FREQUENCY OF
CLIMATE AND SEA-LEVEL CHANGE

Fluvial systems respond to climate changes with-
in their catchments and/or relative sea-level
changes that occur at their mouths. Over time-
scales of interest here, climate change occurs
because of global-scale changes in radiation
balance and atmospheric or ocean circulation,
and sea-level changes have a globally coherent
‘eustatic’ component. However, global-scale
changes are manifested in specific regions in a
variety of ways. The following section outlines
key elements of climate and sea-level change,
as viewed from the Quaternary vs. the
Phanerozoic.

The Quaternary

The Quaternary provides a unique perspective on
the dynamism of the Earth’s climate and oceano-
graphic systems, and has been the subject of
intense study over the past three decades. Recent
publications that summarize records and me-
chanisms of Quaternary climate and/or sea-level
change include Crowley & North (1991), Broecker
(1995), Pirazzoli (1996), Lowe & Walker (1997)
and Bradley (1999).

The most significant development in
Quaternary palaeoclimatology over the last 3—4
decades has been the new picture of glacial-
interglacial cycles that emerged from studies of
oxygen-isotope records in deep-sea sediments
(e.g. Shackleton & Opdyke, 1973; Imbrie etal.,
1984; Chappell & Shackleton, 1986; Shackleton,
1987). Isotope records are responsible for the
widespread acceptance of the Milankovitch the-
ory of climate change (Hays etal., 1976; Imbrie &
Imbrie, 1979), and provide a model for major
changes in global climate and ice volume, as well
as the corresponding eustatic component of sea-
level over the last several millions of years (see
the recent review by Pillans etal., 1998). There
has been a high-amplitude 100-kyr periodicity to
full glacial-interglacial cycles during the middle
to late Pleistocene, but lower amplitude 40-kyr
cycles dominated prior to that. One important
implication pertains to the concept of ‘average
conditions’, since only a small percentage of the
last 10° years resembled full interglacial (present-
day) or full glacial (20ka) conditions (with
eustatic sea-level at —120 to —130m). As noted
by Porter (1989), up to 80% of any middle to late
Pleistocene 100-kyr glacial cycle witnessed global
temperatures that were cooler than full intergla-
cial conditions, but not as cold as a full glacial,
and eustatic sea-level was at -15 to —85m
(Fig. 14A).

More recently, work on ice cores and the
marine record shows that significant climate
changes at scales of 10° and 10* years are super-
imposed on the 100-kyr glacial-interglacial cy-
cles discussed above (e.g. Johnsen etal., 1992;
Bond etal., 1993, 1997; Grootes etal., 1993; Bond
& Lotti, 1995; Behl & Kennett, 1996), and provides
an exciting picture of the complexity of the last
glacial, as well as the Pleistocene—Holocene
transition. ‘Dansgaard—Oeschger cycles’ (D-O cy-
cles), for example, consist of abrupt warming over
a period of decades to centuries, followed by
cooling trends that last 1-2kyr. D-O cycles are
themselves bundled together into cooling trends
that last 10-15kyr (‘Bond cycles’), culminate
with massive iceberg discharges and deposition
of large quantities of ice-rafted debris into the
North Atlantic (‘Heinrich events’), and are
followed by abrupt warming (Fig.14B). The
causal mechanisms for these cycles are not
completely understood, but they must in some
way reflect the internal dynamics, and feedback
within, the coupled atmosphere—cryosphere—
ocean system (Bradley, 1999), and their effects
are propagated around the ocean basins via
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Fig.14. (A) Eustatic sea-level curve based on precision U-Th dating of corals from Huon Peninsula, Papua New
Guinea (after Chappell etal., 1996), with oxygen isotope stages (boundaries shown by dashed lines). (B)
Comparison of the proportion of the planktonic coldwater foraminifera Neogloboquadrina pachyderma (sinistral)

in marine core VM 23-81 (after Bond etal., 1993).

impacts on the large-scale thermohaline circu-
lation and formation of North Atlantic deep
water (Broecker, 1997).

Regional climate changes are more complex
than the global picture due to the way global
changes in atmospheric circulation are mani-
fested in different regions; for the last 20kyr,
many regions show significant departures in
magnitude and/or direction from global climatic

trends (COHMAP Project Members, 1988; Wright
etal., 1993; Kutzbach etal., 1997). Local sea-level
changes also most commonly depart from eustasy
in both rate and magnitude, and sometimes in
direction, due to local to regional tectonics,
mantle response to accumulation and melting of
ice sheets, glacio- and hydro-isostatic deforma-
tion of coastlines, and migration of ocean water
mass to geoidal lows (Tushingham & Peltier,
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Fig.15. Estimated eustatic sea-level and global
temperature changes through the Phanerozoic,
illustrating warm and cool modes. Adapted from
Frakes etal. (1992).

1992; Lambeck, 1993; Fleming et al., 1998; Peltier,
1998). Strong eustatic signatures may be present
at some localities, but all sea-level change is
essentially relative.

Pre-Quaternary

A broad range of climate and sea-level change
is evident from the Phanerozoic record (Frakes,
1979; Crowley & North, 1991; Frakes etal.,
1992; Parrish, 1998), and only small parts of
this record may resemble the Quaternary ‘ice-
house’. Perhaps the most important distinction

within the Phanerozoic is between what Frakes
etal. (1992) refer to as alternating ‘warm’ and
‘cool’ modes with average durations of 50 Myr,
and the long-wavelength cycles of relative sea-
level change evident in Haq etal. (1987, 1988;
Fig.15). For the purposes of this paper, such
climate changes are initiated by the agglomera-
tion and break-up of supercontinents, and/or by
migrations of landmasses into different latitu-
dinal belts, and are beyond the time-scales of
interest here.

Of great interest, however, are the externally
forced cyclical climate and sea-level changes that
might go on within these longer-term modes. For
example, there is little reason to believe that
Milankovitch-scale radiation-forced changes have
not been significant throughout the Phanerozoic
(Barron & Moore, 1994), even though their
periodicity, amplitudes and phase relations may
have changed. Indeed, calculations by Berger
etal. (1989) and Berger & Loutre (1994) show that
wavelengths of the present 100kyr eccentricity
cycle have varied little since 500 Ma, whereas the
obliquity (currently 41kyr) and precessional
(currently 23 and 19 kyr) components were short-
er at 500 Ma (~ 30 kyr, 19 and 16 kyr, respectively)
due to changes in Earth-Moon distance and day
length. Even though Milankovitch-scale changes
were present throughout the Phanerozoic, they
operated within a context defined by plate
tectonics and long-term evolution of the bio-
sphere. Accordingly, this type of external forcing
should have different manifestations in cold
modes, when continental landmasses were lo-
cated in more polar latitudes and glaciation was
widespread, than in warm modes when evidence
for significant glaciation is lacking (Frakes etal.,
1992).

Two caveats should be kept in mind. First,
Broecker (1997) stresses the possible amplifica-
tion of relatively limited orbital forcing by
changes in the ocean thermohaline circulation
during considerable parts of Phanerozoic his-
tory. Second, and equally important, is the
amplification or suppression of flood regimes
that occurs even with minor changes in
climate, and the manner by which such
changes are manifested in channel geometry,
fluvial depositional styles, sediment transport
rates and changes through time in net sediment
storage. The key question is how to recognize
pre-Quaternary fluvial responses to climate
change, sea-level change, or some combination
of the two, and disentangle them from tectonic
effects or autogenic processes.
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FLUVIAL RESPONSE TO CLIMATE
AND SEA-LEVEL CHANGE:
RECOGNITION

Potential fluvial responses to climate and sea-
level change vary by position within the system,
and the ability to store sediment over various
lengths of time. At one extreme are the high
stream powers and high sediment delivery ratios
common in the upper reaches of drainage net-
works. To the extent that these settings often
possess bedrock channels with discontinuous
floodplains, and short residence times for sedi-
ment as a whole, there is little potential for
records of fluvial response to climate change that
span significant lengths of time (>10*years). By
contrast, lower-gradient mixed bedrock/alluvial
valleys with significant drainage areas (>10°km?)
commonly have continuous floodplains and low
sediment delivery ratios. These settings typically
show long-term rates of incision that may outpace
rates of rock uplift (Hovius, 1999), and serve as
the ‘conveyor belts’ for sediment delivery to basin
margins, with sediment residence times mea-
sured in multiples of 10*~10°years. As a result,
mixed bedrock/alluvial valleys commonly con-
tain records of fluvial landscape evolution over
late Cenozoic time-scales, but have little to no
actual preservation space.

Alluvial valleys within subsiding basins repre-
sent the opposite extreme, and provide the
critical link between Quaternary and ancient
systems. Present-day continental interior basins
occur within tectonically active drylands, where
drainage integration has not proceeded to the
extent that fluvial systems reach marine basins, or
in subsiding reaches of fluvial systems that are
en-route to a marine basin. Rift and pull-apart
basins of the arid western USA provide examples
of the former, whereas the Himalayan foreland
provides an example of the latter. Continental
margin systems are numerous, but much of the
present-day landscape is drained by a relatively
few large, long-lived rivers (e.g. Potter, 1978) that
discharge to passive margins or flooded forelands,
whereas smaller fluvial systems typically drain to
rifted or sheared margins. Sediments delivered to
basins enter preservation space when they sub-
side below maximum depths of incision, but until
that time they can be remobilized by a variety of
processes, and transported out of the basin
(continental interior) or elsewhere within the
basin (both continental interior and continental
margin settings).

Types of response

Fluvial responses to climate and sea-level change
can be disaggregated into stratigraphic, morpho-
logical and sedimentological components. As
defined here, stratigraphic responses (strati-
graphic architecture) are produced by aggradation
due to increasing accumulation space, degrada-
tion as accumulation space decreases and lateral
migration when there is no change in accumula-
tion space. These types of responses serve to
differentiate the larger-scale aspects of alluvial
successions that mostly reflect allogenic controls
(climate change, sea-level change, tectonic
activity). Lower-gradient mixed bedrock/alluvial
valleys typically contain flights of downward-
stepping terraces and underlying fills that demar-
cate long-term valley incision punctuated by
relatively short periods (10°-10*years) of lateral
migration and perhaps minor aggradation. Fluvial
systems in subsiding basins are characterized by
just the opposite, long-term net aggradation,
punctuated by relatively short periods (10°-
10*years) of incision and/or lateral migration.
Stratigraphic responses are perhaps best defined
in terms of unconformity-bounded stratigraphic
units of varying scale (i.e. the ‘allostratigraphic
units’ of the North American Commission on
Stratigraphic Nomenclature, 1983; see also
Walker, 1990, 1992; Autin, 1992; Blum &
Valastro, 1994); definition of allostratigraphic
units is independent of lithological characteris-
tics, but should include: (a) basal erosional
unconformities that trace laterally and upwards,
eventually truncating older landscape or palaeo-
landscape elements that are commonly defined by
palaeosols; and (b) upper boundaries that repre-
sent intact or truncated former floodplain surfaces
that are/were defined by palaeosols or coals
(Fig. 16).

For lower-gradient mixed bedrock/alluvial val-
leys, the vertical separation between allostrati-
graphic units reflects the frequency of responses
to allogenic forcing, but also must correlate to
long-term rates of uplift; with increasing rates of
uplift, the preservation of older units becomes
increasingly fragmentary. By contrast, for con-
tinental margin systems, vertical separation be-
tween allostratigraphic units reflects the
frequency of responses, sediment supply and
relative sea-level change (eustasy vs. subsidence),
and with increasing rates of subsidence, preser-
vation in the stratigraphic record becomes in-
creasingly likely. Two scenarios highlight this
relationship. First, contrast slowly subsiding vs.
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Fig.16. Concept of allostratigraphic units of varying scale (scale bar applies to both diagrams, and vertical
hatchures represent soil profiles with the relative degree of soil development represented by length of hatchure).
(A) Mixed bedrock/alluvial valley setting, with flights of downward-stepping terrace surfaces and underlying fills,
and a complex valley fill with multiple allostratigraphic units. Older and higher terraces are commonly
discontinuous and dissected, with significant thicknesses of strata removed; they also may represent long periods
of time, and multiple lateral migration, aggradation and incision events within a limited elevation range that are
not readily differentiated due to degree of preservation. Younger mostly intact terraces and the complex valley fill
may represent the last glacial cycle. (B) Continental margin situation, where sea-level has fallen then risen,
resulting in downward-stepping then aggradational successions of allostratigraphic units bounded by palaeosols.
Vertical hatchures represent palaeosols and, in each diagram, the solid grey line encloses a single 100-kyr glacial—-
interglacial cycle. In (B), the relative degree of palaeosol development is shown schematically by the length of the
hatchure (sandy facies only, with muddy facies slightly different), and is a proxy for the duration of subaerial
exposure before burial. As defined here, unconformities that bound allostratigraphic units are equivalent in
concept to the higher-order bounding surfaces of Miall (1996), the basal valley fill unconformity in (B) would be a
strongly time-transgressive equivalent to the Exxon sequence boundary as classically defined, and the well-
developed alluvial plain palaeosol would be equivalent to the ‘interfluve sequence boundaries’ discussed by
various workers. After the work of Blum & Price (1998) on the Colorado River, Texas (USA).
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Fig.17. (A) Channel changes in plan-view interpreted for the Prosna River in Poland (after Schumm &
Brakenridge, 1987; original from Kozarski & Rotnicki, 1977), with latest Pleistocene braided channels, followed by
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palaeochannels (Deweyville allostratigraphic units) from the last glacial cycle (OIS 2—4) and the modern channel
of Trinity River, Texas Gulf Coastal Plain (see Blum etal., 1995).

rapidly subsiding continental margins during
eustatic sea-level fall; relative sea-level fall will
be greater along the slowly subsiding margin,
hence vertical separation of allostratigraphic
units will be significantly greater. Second, during
eustatic sea-level rise, relative rates of rise will be
significantly greater along the rapidly subsiding
margin, as will vertical separation of allostrati-
graphic units. Indeed, in rapidly subsiding
settings, key stratigraphic markers like palaeosols
may not form during eustatic sea-level fall due to
lack of separation between units, or during
eustatic sea-level rise due to continuous deposi-
tion and burial.

Morphological responses reflect changes in
channel geometry, and occur within the context
provided by differentiation of allostratigraphic
units. Clear and unambiguous recognition of
plan-view changes is limited to Late Quaternary
examples, where channel patterns are preserved
on terrace surfaces. Examples include braided to
sinuous single-channel transitions that occurred
along many European rivers (Fig.17A; Starkel,
1991), and changes in meander dimensions

within single-channel systems of the Texas Gulf
Coast (Fig.17B; Blum etal., 1995). In theory,
changes in cross-sectional dimensions (width,
depth, width-to-depth ratio) can be recognized
in both Quaternary and ancient settings, although
in practice a number of complicating factors arise
(see Ethridge & Schumm, 1978; Williams, 1987;
Rotnicki, 1991; Wohl & Enzel, 1996). A well-
studied Holocene example is provided by Knox
(1987, 1993), who cored a large number of
palaeochannel fills from small streams in
Wisconsin (USA) to establish changes in channel
cross-sectional area through time. A promising
technique for the future may be the estimates of
palaesochannel depth from detailed descriptions
of the heights of cross-strata and strata sets. This
method is based on establishment of relationships
between thicknesses of preserved cross-strata and
the dimensions of parent bedforms (Best & Bridge,
1992; Bridge, 1997; Leclair etal., 1997), coupled
with empirical relations that relate dune height to
palaeoflow depth.

As defined here, sedimentological responses
can be viewed within the context of alluvial
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Siwalik succession. Stippled pattern illustrates sandbodies,

white indicates mudstones, vertical hatchures

indicate palaeosols and arrows indicate palaeocurrent directions (after Willis & Behrensmeyer, 1994).

architecture, initially described as the geometry,
proportion and spatial distribution of different
types of fluvial deposits (Leeder, 1978; Allen,
1978). Sedimentological responses reflect
changes in channel geometry and the spatial
distribution of depositional environments, and
also occur within the context provided by
differentiation of allostratigraphic units and
bounding unconformities, or stratigraphic archi-
tecture as defined here. Sedimentological re-
sponses can be defined in a number of ways,
depending on the types of data available, and
range from simple descriptions of textural
changes to detailed description and quantifica-
tion of changes in the proportions of different
lithofacies, facies associations and bounding
surfaces. Outstanding detailed descriptions of
alluvial strata can be found in the series of papers
that discuss the Neogene Siwalik succession of
northern Pakistan (Willis, 1993a,b; Willis &
Behrensmeyer, 1994; Khan etal.,, 1997; Zaleha,
1997). Among the many characteristics high-
lighted are successions of palaeosol-bounded

floodplain facies, and quasi-cyclical vertical
changes in mean grain-size and the proportions
of thick sandstone bodies relative to muddy
floodplain facies (Fig. 18).

Palaeosols deserve special mention (Wright,
1986; Retallack, 1986, 1990; Mack etal., 1993;
Birkeland, 1999), and a critical issue is the degree
to which palaeosols represent allogenic or auto-
genic controls. There is, for example, a long
history to the use of palaeosols to subdivide and
correlate flights of Quaternary terraces and under-
lying fills; a key underlying premise in studies of
this kind is the soil chronosequence and how soil
profiles are increasingly well developed with
increasing durations of subaerial exposure (see
Birkeland, 1999, for a recent summary). By con-
trast, studies of Holocene soils as analogues for
pre-Quaternary strata (e.g. Aslan & Autin, 1998), or
pre-Quaternary palaeosols themselves (e.g. Allen,
1974; Leeder, 1975; Bown & Kraus, 1987; Kraus,
1987; Willis & Behrensmeyer, 1994; Behrensmeyer
etal., 1995), have more commonly focused on how
palaeosol characteristics are related to aggradation

© 2000 International Association of Sedimentologists, Sedimentology, 47 (Suppl. 1), 2—48



28 M. D. Blum and T. E. Tornqvist

rates, distance to active channel belts or floodplain
hydrology. However, the advent of sequence
stratigraphy has drawn attention to the use of
palaeosols as key stratigraphic markers that trace
from interfluves into adjacent palaeovalleys, and
therefore serve as sequence-bounding unconfor-
mities (e.g. Wright & Marriott, 1993; Gibling &
Wightman, 1994; Aitken & Flint, 1996; Blum &
Price, 1998; McCarthy & Plint, 1998). Moreover, it
is important to realize that palaeosols with lesser
degrees of development, or perhaps different
characteristics, may serve as boundaries to smal-
ler-scale allostratigraphic units (e.g. Blum & Price,
1998; see Fig. 16B). Indeed, most important from a
stratigraphic point of view may be differences in
the duration of periods of nondeposition and the
degree of development of pedogenic characteris-
tics, which may provide an index of the time-
scales over which different allostratigraphic units
form. Clearly, palaeosols deserve close scrutiny in
the future.

FLUVIAL RESPONSE TO CLIMATE
CHANGE: EXAMPLES

Recognition of fluvial response to climate change
in continental interiors often becomes a question
of spatial and temporal scale, the degree of
temporal resolution possible given existing dating
methods and predilection of the investigator for
autogenic (everything is ‘complex response’) vs.
allogenic (everything is climate change) controls.
There are few ‘smoking guns’ for any particular
model, and within the Quaternary community,
standards for correlation of changes in alluvial
successions increase with decreasing age, such
that debate can ensue regarding discrepencies of
10"'-10% years as the age of deposits approach the
period of historical monitoring. On the one hand
it seems unlikely that autogenic mechanisms can
result in mappable stratigraphic units that can be
traced over significant distances within, or corre-
lated between, river systems, whereas on the
other hand there is every reason to assume that
fluvial systems are sensitive to climatically con-
trolled changes in discharge and sediment load.
However, there is also every reason to assume
that: (a) fluvial response to global climate change
will vary spatially such that different regions may
be out of phase; and (b) the frequency of
adjustments to global climate change will vary
between river systems due to different thresholds
for change, i.e. differential sensitivity.

Because of the numerous uncertainties, the
most convincing studies interpret chronologically
controlled alluvial stratigraphic frameworks with-
in the context of independent records of climate
change. A number of reviews or regional synth-
eses have been published, with most focusing on
the last 20kyr and often concerning small
systems. These include Knox’s (1983) summary
of Holocene records from the USA, Bull’s (1991)
documentation of Quaternary histories for several
fluvial systems in the western USA & New
Zealand, Starkel’s (1991) summary of late
Pleistocene and Holocene changes in European
rivers, Bravard’s (1992) summary of late
Pleistocene and Holocene data from France
(especially the Rhone), Macklin & Lewin’s
(1993) discussion of Holocene records in
England, Schirmer’s (1995) discussion of central
European (mostly German) rivers during the last
20kyr and Knox’s (1996) overview of global
records from the last 20kyr. There is no reason
to provide an additional review here; instead, two
case studies are used to demonstrate contrasting
styles of fluvial responses to climate change.

Loire River, France

The Loire is one of the larger rivers in Europe,
with a drainage area of ~ 120 000 km?. The Loire is
typical of many mid-latitude continental interior
fluvial systems in that it has a flight of downward-
stepping terraces and underlying fills that demar-
cate long-term valley incision punctuated by
relatively short periods of lateral migration and
minor aggradation.

Recent work by Straffin etal. (2000) in the
upper Loire recognized five allostratigraphic
units from the last glacial period (oxygen-isotope
stages 2—4; hereafter OIS 2-4) through the
Holocene (OIS-1; Fig.19). Terrace surfaces with
braided channel traces occur at elevations of 17
and 12m above the modern low-water channel
and define the upper boundaries to two glacial-
age allostratigraphic units (T6 and T5). Under-
lying fills are 6—10m in thickness, and interpreted
to represent high concentrations of coarse sand
and gravel along valley axes under periglacial
climatic conditions, and moderate-magnitude
floods produced by snowmelt runoff. Inter-vening
periods of valley incision represent diminished
sediment supply due to increased slope stability,
and/or perhaps increased flood magnitudes
and sediment transport capacity associated with
moderately warm periods. The last significant
period of valley incision corresponds to the latest
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Fig.19. (A) Aerial photo and schematic geomorphic and stratigraphic cross-section from a portion of the Loire
River, France, illustrating large late Pleistocene braided stream surfaces (T5) and Holocene surfaces with clear
high-sinuosity single-channel traces (modified from Straffin etal., 2000). (B) Typical glacial period facies, with
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fine sand, P =weakly developed palaeosol.
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Pleistocene-Holocene transition, and Holocene
allostratigraphic units are part of a complex
valley fill, some 5-7m in thickness, that was
deposited by a succession of single-channel
systems of varying sinuosity. Early to middle
Holocene units display high-sinuosity meander-
ing planforms, whereas late Holocene units have
lower sinuosity channels (Fig. 19A).

Stratigraphic, morphological and sedimentolo-
gical responses of the Loire to climate change
during the last glacial cycle can be discussed at
two contrasting scales. First, as is the case for
many larger European rivers, transition from a
glacial to interglacial climate produced funda-
mental transformations in channel geometry and
depositional style. Glacial-age units record de-
position by braided channels, and systematically
lack fine sandy and muddy overbank strata
(Fig. 19B), whereas Holocene units were deposited
by sinuous single channels, and contain appreci-
able thicknesses of fine-grained overbank
facies (Fig.19C). Second, high-amplitude, low-
frequency adjustments characterized the rela-
tively long glacial period, with only two extended
periods of sediment storage punctuated by epi-
sodes of valley incision over a period of 50-60 kyr.
By contrast, low-amplitude, high-frequency ad-
justments have been typical of the relatively short
Holocene, with little if any net valley incision or
net changes in sediment storage, and only minor
adjustments in channel geometry. However, rela-
tively frequent changes in climatically controlled
flood regimes have resulted in alternating periods
of floodplain stabilization with soil development
vs. high-magnitude flooding and burial of palaeo-
sols by overbank facies.

Over longer time periods, records of fluvial
activity in the Loire are strongly biased in favour
of the long glacial periods, whereas short inter-
glacial periods like the Holocene would seem to
have a low potential to be recorded in the
landscape. This type of situation may be typical
of many continental interior river systems in the
unglaciated mid-latitudes and subtropics.

Mississippi River, USA

The Mississippi River served as the principal
conduit for meltwater and sediment discharging
from the southern margins of Pleistocene ice
sheets, and the Lower Mississippi Valley (LMV)
provides an example of the response of a large,
long-lived, low-gradient fluvial system to the
growth and decay of ice sheets. Indeed, land-
forms and deposits of the LMV (Fig. 20A) testify

to the scale, complexity and dynamism of this
continental-scale fluvial system, as do the chan-
ging interpretations through time.

Blum etal. (2000) used stratigraphic relations
between chronologically controlled loess units
and subjacent fluvial deposits to provide a model
for LMV history (Fig. 20B) that differs from both
Fisk (1944) and Saucier (1994). In this model: (a)
major braided stream surfaces are either late
llinoian (OIS 6) or late Wisconsin age (OIS 2);
(b) there is little evidence for preserved fluvial
deposits from the last interglacial period (OIS 5)
through much of the valley; and (c) deposits from
the early Wisconsin substage (OIS 4) are preserved
in protected settings only. At a finer level of detail,
a difference in elevation of up to 5 m between three
successive late Wisconsin terraces indicates that
large braided stream surfaces were rapidly con-
structed, incised and abandoned in response to
high-frequency fluctuations in the delivery of
meltwaters and outwash from the former ice
margin and the drainage of large proglacial lakes.
The tremendous volumes of meltwaters during
this time also resulted in the simultaneous
occupation of two large-scale channel courses
(Western and Eastern Lowlands), as well as
breaching of a new bedrock gap (Thebes Gap)
through which the modern river flows. Subsurface
data are not sufficient to distinguish allostrati-
graphic units; however, from surface mapping,
three major units might be inferred to represent the
last deglaciation (a period of 10-12 kyr) within the
main valley and in overflow courses (Fig. 20C).

Unlike the Loire, where flights of terraces
record long-term valley incision punctuated by
relatively short periods (10*years) of lateral
migration and minor aggradation, the strati-
graphic, morphological and sedimentological
record of the low-gradient LMV at any point in
time will always be biased in favour of the most
recent period of deglaciation. Maximum flood-
plain elevations of only 100m can be found at
distances of 1000 km upstream from the present
highstand shoreline, so there is little opportunity
for long-term progressive downcutting and devel-
opment of terrace flights, and strata from the
penultimate glacial period (OIS 6) are only
preserved due to the wholesale abandonment of
that channel course in favour of the present
combined Mississippi—-Ohio valley. Within the
context of these longer-term controls, large fluc-
tuations in discharge and sediment loads deliv-
ered from the ice margin during deglaciation
serve to ensure that relatively short periods of
time (~10kyr) at the end of successive 100-kyr
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glacial cycles (late OIS 6 and late OIS 2) dominate
the landscape, and deposits from earlier parts of a
glacial cycle or previous interglacial periods are
not widely preserved.

Pre-Quaternary records

As discussed above, several examples of pre-
Quaternary fluvial response to climate change
have been described in the literature. It is clear

31

that records of this kind must be more wide-
spread than presently interpreted, but reasonable
confidence in such interpretations is hampered
by a number of factors. Among these, the
temporal resolution provided by existing dating
techniques is the most obvious and most impor-
tant limitation. High-resolution palaeomagnetic
chronologies, for example those of the Neogene
Siwalik succession (Khan etal,, 1997), permit
calculation of average time periods represented
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braided stream surfaces and underlying deposits from
chematic only, but data in Saucier indicates 50-60m is
represents deposits of smaller streams that head on the

© 2000 International Association of Sedimentologists, Sedimentology, 47 (Suppl. 1), 2—48



32 M. D. Blum and T. E. Tornqvist

by specific unconformity-bounded intervals of
deposition that are well within the Milankovitch
scale, and would seem to offer the best chance to
evaluate fluvial responses to climate change.
Within relatively well-constrained successions
such as these, periods of incision and floodplain

abandonment with formation of palaeosols, as
well as changes in channel morphology and
depositional style that occur across unconformi-
ties (especially when defined in part by palaeo-
sols), are excellent candidates for interpreting
fluvial responses to climate change.

Bedrock Valley Walls or Bedrock Valley Walls or

A Older Pleistocene Colorado River Older Pleistocene
10 m
0
Scale CBA-3
Beaumont Colorado B t
Caney Creek Channel gﬁlrlgg;

B Surfaice

I
CBA-3

R

104° 96°
; 0 ¢
§ 36°
<
C 160
g 32¢]
1404 Z E
E E 28°,
5 120 4 T %o
= .
v 100 NN n E
g E o
G 2 3
- O
g %09 cBA3 \ %
= [=a) =
S cd cBA2-————— = \ E
'D_'i = =
ELA — ——— x ' =
40
upstream limits of onlap and sea-level /
20 control on stratigraphic architecture -
I I I I I I I I I 1
250 225 200 175 150 125 100 75 50 25

Distance upstream from highstand shoreline (km)

Fig.21. Schematic cross-sections of the late Pleistocene and Holocene valley fill of the Colorado River, Texas
Coastal Plain, illustrating downstream persistence of allostratigraphic units with downstream changes in stacking
patterns. (A) The bedrock-confined degradational valley near La Grange, Texas, and (B) the lower valley near
Wharton. Beaumont surface is the last interglacial highstand surface (see Fig.21A), ELA =Eagle Lake
Alloformation of late Pleistocene full-glacial age, whereas CBA-1-3 = Columbus Bend Alloformation Members 1-3,
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FLUVIAL RESPONSES TO CLIMATE
AND SEA-LEVEL CHANGE:
EXAMPLES

At some point upstream, fluvial systems
become completely independent of high-fre-
quency (<10°years) sea-level change. How-
ever, the reverse is not true, and there is no
point moving in the downstream direction
where the influence of climate and climatically
controlled changes in discharge and sediment
supply can go to zero — if it does not rain,
nothing happens. Moreover, since glacio-
eustasy is a function of climate change, it
seems likely that some sort of autocorrelation
will arise between the effects of climate vs. sea-
level change. It follows from the above that
continental margin fluvial systems must in
some way reflect the influence of both control-
ling mechanisms, although in some cases the
influences of sea-level change and subsidence
may overwhelm the recognizable signature of
other factors. Nevertheless, Quaternary systems
in continental margin settings provide unique
opportunities to isolate the nature of these
interactions, as discussed in the two case
studies below.

Colorado River, Texas

From studies of late Pleistocene and Holocene
strata of the Colorado River, Gulf Coastal Plain of
Texas (USA), Blum (1993) defined interactions
between climate and sea-level change in terms of:
(a) the downstream continuity of allostratigraphic
units and component facies as a reflection of
climatic controls; and (b) the corresponding
downstream changes in stratigraphic architecture
as a reflection of the increasing influence of sea-
level change (Fig. 21). Subsequent work confirms
these relationships for palaeovalleys that span the
last 300—400 kyr (Blum & Price, 1998). Individual
palaeovalleys correspond to 100-kyr glacial—-
interglacial cycles, and are partitioned by low-
ering of sea-level below highstand depositional
shoreline breaks, when channels incise and
valley axes become fixed in place as they extend
across the subaerially exposed shelf. During
falling stage and lowstand, multiple episodes of
lateral migration, minor aggradation and degrada-
tion occur within the extended valleys in
response to climatic controls on discharge and
sediment supply. Transgression and highstand
then results in channel shortening, and valleys
begin to fill; as valley filling nears completion,

overbank facies spread laterally and bury soils
that developed on the downdip margins of the
previous highstand alluvial plain. Complete
valley filling promotes avulsion, with relocation
of valley axes before the next sea-level fall, such
that successive 100-kyr palaeovalley fills have a
distributary pattern (Fig. 22A). Individual palaeo-
valleys range from 15 to 20m in thickness at the
updip limits of sea-level influence, to >35m at
the present highstand shoreline, whereas they
extend 15—40 km along strike.

Within  individual unconformity-bounded
palaeovalley sequences, alluvial architecture re-
flects interactions between changes in climate
and sea-level (Fig. 22B). During the glacial period,
regional climate was more temperate than today
and the shoreline was in a midshelf position or
further basinward. Allostratigraphic units from
this time period consist of amalgamated channel-
belt sands with few overbank facies, and are
bounded by well-drained palaeosols; these units
can be 10-15m in thickness, and extend 2-5km
along strike. Transition to the interglacial period
resulted in increases in sea surface size and
temperature, ‘subtropical’ land surface tempera-
tures, and deeper inland penetration of tropical
moisture, that in turn produced increases in the
depth and flashiness of floods. Superimposed on
this overall trend were higher-frequency climate
changes as well (Toomey et al., 1993). As a result,
multiple episodes of aggradation, lateral migra-
tion and some incision with sediment bypass
occurred contemporaneously with the late stages
of transgression and sea-level highstand, but in
response to climatic controls on discharge re-
gimes and sediment supply. Even in upstream
reaches, beyond any influence of sea-level,
Holocene units contain an abundance of fine-
grained overbank facies (as was the case for the
Loire as well), and sand bodies are less amalga-
mated (Blum & Valastro, 1994; Blum et al., 1994).
These characteristics are enhanced within the
lower valley by a forced shortening of channels
and flattening of gradients.

Aslan & Blum (1999) also show that in far
downstream reaches, rates of valley filling and
style of avulsion during sea-level rise and high-
stand play a strong role in alluvial architecture.
During early transgression, when the shoreline is
still some distance basinward, avulsion occurs by
reoccupation of abandoned falling stage and
lowstand channels, with erosion and reworking
of older channel-belt sands (Fig.23A). By con-
trast, accumulation space is rapidly generated as
the shoreline moves closer, rates of valley filling
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increase and avulsion occurs by repeated diver-
sion into floodplain depressions. This produces
successions of massive to laminated floodbasin
muds that encase thin (< 5 m) ribbon-like crevasse
channels and thin (<2-3m) sheet-like splay
sands (Fig. 23B), and comprise up to 50% of the
total valley fill (comparable to the ‘avulsion
deposits’ of Smith etal, 1989). Deposits of

individual avulsions are separated by massive to
slickensided muds or buried soil horizons that
represent periods of slow sediment accumulation
or floodplain stability between episodes of avul-
sive deposition. As filling of accumulation space
nears completion, avulsion by channel reoccupa-
tion again becomes the dominant process, and
again results in amalgamated channel belts
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Fig.23. Model for changes in avulsion styles during
valley filling in response to sea-level rise. (A)
Avulsion by reoccupation of falling stage and
lowstand channels during early stages of valley
filling, when rates of floodplain aggradation are very
low. (B) Avulsion by frequent -crevassing into
floodplain depression in response to rapid increases
in accumulation space that correspond to high
rates of sea-level rise. (C) Avulsion by reoccupation
of older channel belts, when sea-level highstand
has been reached, and accumulation space is nearly
filled (after Aslan & Blum, 1999).

(Fig. 23C). During the most recent avulsion, the
Colorado River abandoned its valley from the last
glacial cycle, and reoccupied a Pleistocene chan-
nel belt from the previous interglacial highstand
(see Fig.22A).

Rhine-Meuse Rivers, The Netherlands

Studies of the Rhine-Meuse Rivers during the
last glacial cycle also clearly document inter-
actions between upstream and downstream
controls. During much of the last glacial (OIS
2—4) the Rhine mouth was located beyond the
Strait of Dover, up to 800km downstream from
the present shoreline (Gibbard, 1995; Bridgland
& D’olier, 1995), and direct sea-level influence
was limited to reaches that are now submerged
in the English Channel. Throughout the glacial
cycle as a whole, periglacial conditions with
sparse vegetation and continuous permafrost
alternated with a temperate climate comparable
to present-day, and it is generally assumed that
sediment supply to the Rhine and Meuse was
considerably higher when periglacial conditions
prevailed (e.g. Vandenberghe, 1995). Recent
work by Térnqvist etal. (2000) suggests that
during the sea-level fall associated with OIS 4,
substantial deposition occurred near the pre-
sent Dutch shoreline despite net incision,
similar to the Colorado River, as described
above. The Rhine and Meuse were also pre-
dominantly aggrading braided systems during
the Last Glacial Maximum sea-level lowstand
(OIS 2, 25-13ka; Kasse etal, 1995), and
climate change continued to play a paramount
role during deglaciation as sea-level rose ra-
pidly. As examples, during the relatively warm
Bglling—Allergd interstadial (the last D-O
Cycle), which corresponds to extreme rates of
eustatic sea-level rise (meltwater pulse 1 of

Fig. 22. (A) Perspective map view and schematic cross-section of Pleistocene (Beaumont Formation) and Holocene
alluvial plains of the Colorado River, Texas, illustrating large-scale stratigraphic architecture dominated by
multiple cross-cutting incised valley fills. Individual valley fills are interpreted to represent 100kyr glacial-
interglacial cycles based on physical stratigraphic relations, mostly downdip onlap and burial of successively
older alluvial plain palaeosols, especially the onlap of floodplain facies and palaeosols from one highstand by
floodplain facies and palaeosols from successively younger highstands. A series of thermoluminescence ages
support these age relations. The Holocene alluvial plain surface was recently abandoned, when the channel
avulsed to reoccupy an older Pleistocene meanderbelt. Location shown in inset map of Fig. 21. After Blum & Price
(1998). (B) Interpreted post-Beaumont valley fill cross-section along line A—A’, based on a series of continuous
cores with 2km spacing. Lowstand channelbelt sandbody equivalent to ELA in Fig. 20, whereas strata that overlie
well-drained palaeosols are equivalent to CBA (individual members not differentiated). After Aslan & Blum

(1999).
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Fig. 24. Holocene rise of the (ground)water table in the Rhine—Meuse Delta as a function of relative sea-level rise
(relative sea-level curve indicated to the left; mainly after Van de Plassche, 1982), primarily based on ~100 "*C
ages of basal peats (Van Dijk etal., 1991). Spacing of the (ground)water gradient lines (isochrons with ages) define
rates of creation of accumulation space. Ribbon-like channel belts encased in thick, organic-rich overbank
successions dominate downdip areas, whereas sheet-like channel belts are typical of conditions with lower rates
of increase in accumulation space. Note the intersection point between the Last Glacial Maximum and modern
longitudinal profiles to the far east, representing the landward limit of onlap.

Fairbanks, 1989), as well as during the earliest
part of the Holocene (meltwater pulse 2), the
Rhine—Meuse incised in response to reductions
of sediment supply due to re-establishment of
dense vegetation (Pons, 1957; Kasse etal., 1995;
Berendsen etal., 1995; Térnqvist, 1998).
Well-documented rates of rise in (ground)-
water tables in the present Rhine-Meuse delta
during the middle to late Holocene are inter-
preted as a proxy for sea-level rise (Van Dijk
etal.,, 1991; Fig.24), which is in turn inter-
preted to have played a prominent role in the
development of alluvial architecture. The data-
base for interpretation of the Holocene record
includes >200000 boreholes (an average of 50—
100 boreholes km™>) plus some 1000 radio-
carbon ages (e.g. Berendsen, 1982; Tdérnqvist,
1993; Berendsen etal, 1994), and permits
unparalleled documentation of changes in
alluvial architecture through time. For the
middle Holocene, prior to 4ka, rates of sea-
level controlled (ground)water-table rise were
very high (typically >1-5mmyr'). The record
from this time consists of a succession of
anastomosed (Tornqvist, 1993) or straight
(Makaske, 1998) distributaries with ribbon-like
channel belts (width-to-thickness ratios <15)

encased in lacustrine muds and organics (Van
der Woude, 1984), and avulsion frequency was
very high (T6rnqvist, 1994). By contrast, mean-
dering single-channel distributaries with sheet-
like channel belts (width-to-thickness ratios
>50) and more homogeneous overbank deposits
have dominated the late Holocene sea-level
highstand, and avulsion frequency was signifi-
cantly less. There are striking similarities
between the middle to late Holocene Rhine—
Meuse, the Texas Gulf Coast examples de-
scribed above and recent re-evaluations of the
middle to late Holocene of the Lower
Mississippi Valley (Aslan & Autin, 1999).

Pre-Quaternary records

How can interactions between climate and sea-
level change be recognized in the pre-
Quaternary record? The bad news is that
interactions defined by the downstream con-
tinuity of allostratigraphic units and component
facies, with corresponding downstream changes
in stratigraphic architecture, may be difficult to
identify. For example, the intersection between
lowstand and highstand floodplain surfaces
defined along both the Texas Coast and in
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The Netherlands will not be preserved, which
may be typical of most passive margin settings
where subsidence rates decrease landward.
Indeed, as a general rule, stratigraphic units
deposited during falling stage to lowstand
should occur deeper within palaeovalley fills,
and stand the best chance of preservation,
whereas strata deposited during highstand will
more commonly be removed during subsequent
sea-level falls (cf. Toérngvist, 1995; Blum &
Price, 1998; Toérnqvist etal., 2000). However,
the good news is there is no reason to assume
that interactions between climate and sea-level
change will not occur, and downstream con-
tinuity of strata should be the rule, not the
exception. Moreover, future interpretations of
these interactions will at least in part rely on
the well-tested method of developing modern
analogues, only at ‘sequence’ time-scales (see
discussion below).

In this context, it is worthy of note that models
developed from the pre-Quaternary record (e.g.
Shanley & McCabe, 1991, 1993, 1994; Wright &
Marriott, 1993; Olsen etal., 1995; Currie, 1997;
Zhang etal., 1997) infer relationships between
alluvial architecture and sea-level change that are
very similar to what is observed in Late
Quaternary successions. Although details differ
(compare Shanley & McCabe, 1993; Wright &
Marriott, 1993), a common pattern would be
amalgamated high net-to-gross channel belts that
rest on what is interpreted to be a sequence
boundary, and overlain by isolated ribbon-like
sand bodies that are encased in laterally extensive
mudstone-dominated successions. Many workers
have interpreted the sequence boundary to reflect
incision and sediment bypass during sea-level
fall, and the amalgamated character of overlying
sand bodies reflects low accommodation, whereas
the more isolated sand bodies upsection reflect
increasing accommodation due to relative sea-
level rise and/or highstand. For the Late
Quaternary examples discussed above, the
basal palaeovalley unconformity would be inter-
preted as a composite erosion surface, cut
during multiple periods of incision alternating
with lateral migration and minor aggradation
during falling stage and lowstand. Moreover,
the contrast between laterally amalgamated and
more isolated sand bodies that interfinger with
mud-rich successions reflect fundamentally dif-
ferent glacial vs. interglacial climate regimes,
respectively, upon which are superimposed sea-
level controls on overall palaeovalley-fill archi-
tecture.

SYNTHESIS AND A LOOK FORWARD

The discussion above has addressed the history of
research on fluvial responses to climate and sea-
level change, outlined a basic process framework
for investigations of this kind, and provided
examples of fluvial response to climate and sea-
level change from work on Quaternary systems.
The Mississippi River, which has long played an
important role in the fluvial community, can be
used to illustrate a key concept that may play a
role in the future. In a previous summary of
Mississippi River response to glaciation and
deglaciation, Wright (1987) noted that an idea-
lized model would predict some crossover point
where aggradation due to glacial sediment load-
ing gives way downstream to incision due to
glacio-eustatic lowstand. Wright recognized that
this crossover is more conceptual than real; the
synthesis here takes this a step further and
suggests this crossover is best viewed as a
metaphor for how workers in different settings,
Quaternary and ancient, have focused on causal
mechanisms that reside in their own backyard. A
bright future for studies of fluvial response to
climate and sea-level change can be envisaged for
the new millennium, one that will become
increasingly integrative with respect to both
upstream and downstream controls, as well as
how they operate in tandem to produce the
landscape and stratigraphic record. This review
concludes by suggesting some key issues for the
future.

Quaternary systems

The first 2-3 decades of this millennium should
be an exciting time to study Quaternary fluvial
systems, with challenges that await at both ends
of the temporal scale. On the one hand, it will be
important to keep pace with research in high-
frequency climate and sea-level change. For
example, how do fluvial systems respond to the
Dansgaard—Oeschger events that are so prominent
in records from Greenland and the North
Atlantic? Holocene records clearly show that
river systems respond in dramatic fashion to
relatively subtle climate changes, but are there
upper limits to the frequency of responses that
can be interpreted from the late Pleistocene and
Holocene stratigraphic record, and were river
systems during the glacial period as sensitive to
rapid climate changes as their interglacial coun-
terparts? To date, much of the high-profile, well-
funded work has focused on documentation of
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climate changes per se. However, humans live on,
and interact with, the Earth’s surface, which has
received considerably less attention and funding.
Understanding the spatial dimensions and
significance of high-frequency climate and sea-
level changes, and their effects on surface pro-
cesses, will require more precise, systematically
defined, whole-system (from source to sink) and/
or regional stratigraphic and geochronological
frameworks than are now widely available.

On the other hand, it is equally important to
study longer-wavelength cycles of fluvial land-
scape evolution. It is fair to say that most detailed
research on fluvial response to climate change
during the last 3—4 decades has focused on the
last 20 kyr. While important, this relatively short
period encompasses only the tail end of a single
100-kyr glacial to interglacial cycle. Very little is
actually known about fluvial responses to com-
plete glacial-interglacial cycles, or how the first
70-80% of the last cycle have preconditioned
fluvial processes during the last 20-30% of the
cycle. A number of studies have begun to address
fluvial responses to climate change at
Milankovitch scales. Antoine (1994), for example,
uses stratigraphic relationships between loess
sheets and fluvial deposits in the Somme Valley
of France to develop a relative-age geochronolo-
gical framework, and then infers cycles of
aggradation, degradation and terrace formation
at the 100-kyr scale. Bridgland (1994) also infers
100-kyr cyclicity for terraces of the Thames in
England. Moreover, terraces of the Meuse in the
southern Netherlands span the entire Quaternary,
and have been used to develop numerical models
of long-term fluvial response to climate change
and tectonic uplift, suggesting 100-kyr cycles of
aggradation and incision (Veldkamp & Van den
Berg, 1993). Investigations such as these also
provide an opportunity to link studies of fluvial
response to climate and sea-level change over
longer time-scales with new ideas on relation-
ships between tectonics and surface processes
(e.g. Burbank & Pinter, 1999).

Two issues emerge as fundamental to future
advancements in understanding the responses of
Quaternary fluvial systems to climate and sea-
level change over both shorter and longer time-
scales. First, there is a clear need to develop and
apply more sophisticated geophysical techniques
to explore three-dimensional relationships at
both the stratigraphic and alluvial architecture
scales. Applications of ground-penetrating radar
(GPR) and shallow high-resolution seismic will
become increasingly important in this regard.

GPR has, for example, been applied in a number
of fluvial contexts, but mostly at the alluvial
architecture scale, and more specifically with
reference to internal structure at the channel bar
scale (e.g. Huggenberger, 1993; Bridge et al., 1995,
1998). Future applications of high-resolution
geophysical techniques in Late Quaternary con-
tinental strata are not without problems, espe-
cially at the stratigraphic architecture scale, but
may prove to be essential for developing linkages
between continental strata and the high-resolu-
tion records that have been, and will continue to
be, documented for alluvial-deltaic strata on the
now submerged shelves. This, in turn, must play
a critical role in developing an understanding of
the relative importance of upstream vs. down-
stream controls at both the stratigraphic and
alluvial architecture scales, and the evolution of
fluvial systems from source to sink.

Second, and equally important, is a corre-
sponding need to develop, refine and apply new
dating techniques. Radiocarbon has served as the
clear reference standard for almost five decades,
and has had a profound impact on understanding
the dynamics of terrestrial systems over the last
20-30 kyr. However, many records remain poorly
constrained because they lack organic matter in
key stratigraphic contexts, and the time period
covered by radiocarbon represents only 30-40%
of a single glacial-interglacial cycle. On the near
horizon, application and refinement of the var-
ious luminescence techniques seem to offer the
most promise. In theory, luminescence techni-
ques measure the time elapsed since sand- and
silt-sized grains were exposed to solar radiation
during transport, and can provide numerical ages
for deposits within the middle to late Pleistocene
and Holocene. For fluvial deposits, optically
stimulated luminescence (OSL) has considerable
advantages over the older technique of thermo-
luminescence (TL), since only minutes of expo-
sure are required during transport (Duller, 1996;
Aitken, 1998). Both TL and OSL have been
used in fluvial contexts; examples include
TL dating of fluvial deposits in the Lake Eyre
basin of Australia (Nanson etal., 1988, 1992),
Murrumbidgee River palaeochannels in south-
eastern Australia (Page etal., 1996), Saharan wadi
systems (Blum etal., 1998) and Texas Gulf Coast
fluvial deposits (Blum & Price, 1998), as well as
OSL dating of fluvial deposits of the Ebro
drainage in Spain (Fuller etal., 1998), the Loire
in France (Straffin etal., 2000) and the Rhine—
Meuse in The Netherlands (T6rnqvist etal.,
2000).
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Pre-Quaternary systems

Two fundamental issues can be identified that
should play a role in interpretations of fluvial
responses to high-frequency (time-scales of 10*-
10° years) climate and sea-level change in the pre-
Quaternary record. First, future interpretations
must at least in part rely on the development of
‘sequence-scale’ Quaternary analogues. There is,
at present, a paucity of good analogues that: (a)
extend beyond the relatively short latest
Pleistocene and Holocene period into geologi-
cally resolvable time-scales (multiples of 10*-
10° years); (b) include depositional basin settings
where preservational processes operate; and (c)
describe fluvial responses to allogenic controls in
sedimentological terms that facilitate recognition
in the ancient record. Further detailed study of
Quaternary analogues may also provide a me-
chanism by which cross-fertilization of methods
and perspectives from geomorphology and sedi-
mentology can occur, and traditional disciplinary
and other barriers can be dismantled.

Second, and perhaps more difficult, will be
changes in the philosophy of interpretation. It
seems clear that the development of sequence
stratigraphy resulted in a paradigm shift with
respect to how sedimentologists view the re-
sponses of fluvial systems to sea-level change.
However, the same intellectual hurdle has yet to
be crossed with respect to the significance of
climate change, which both causes and covaries
with sea-level, and is one of the dominant
controls on changes in sediment delivery to
depositional basins through time. Clear recogni-
tion and interpretation of fluvial responses to
climate change certainly remains difficult, and for
the time being may require well-constrained
geochronological frameworks that demonstrate
rates of change comparable to known climate
forcing functions, coupled with an approach
where possible alternatives are eliminated and
the only one that remains must be the most
viable. However, part of the hurdle will involve a
willingness to explicitly consider climate change
as a forcing mechanism; for example, many
features described in ancient successions are
remarkably similar in scale and kind to that
observed in Late Quaternary records, but they are
commonly interpreted in terms of autogenic
variation superimposed on tectonic controls. No
analogues clearly demonstrate, as opposed to
assume, this particular model, and the assump-
tion of autogenic variation may not be as justified
today as it might have been in the past given

present views on the magnitude, frequency and
significance of climate change.

Importance of modelling

Although modelling efforts are discussed else-
where in this issue (Paola, 2000), it seems clear
that integration of different ‘fluvial’ models will
be a major challenge for the near future (cf.
Nystuen, 1998). As appropriately stated by Paola
in this issue, presently available numerical
models should be considered temporary building
blocks that will ultimately merge together. Four
broad classes of models can be distinguished: (a)
the predominantly autogenic and exclusively
aggradational numerical models of alluvial archi-
tecture (e.g. Bridge & Leeder, 1979; Mackey &
Bridge, 1995; Heller & Paola, 1996); (b) sequence-
stratigraphic models that focus on incision and/or
aggradation in downdip parts of the fluvial
system (e.g. Nummedal etfal, 1993; Leeder &
Stewart, 1996); (c) numerical models that focus
primarily on long-term fluvial incision and/or
sediment production in the hinterland
(Veldkamp & Van den Berg, 1993; Leeder etal.,
1998); and (d) the unscaled and scaled physical
(analogue) models that have provided important
qualitative insight into fluvial responses to vary-
ing rates and directions of sea-level change (Wood
etal., 1993, 1994; Koss etal., 1994; Paola, 2000),
or how alluvial architecture varies with aggrada-
tion rate (e.g. Ashworth etal., 1999).

In the future, linkage of models that focus on
both continental interiors and continental mar-
gins (e.g. Veldkamp & Van Dijke, 1998), as well as
integrating model results with real-world data
(e.g. Leeder etal., 1996), must become increas-
ingly important so as to more clearly understand
relations between sediment production, transport
and deposition at time-scales that reside at the
interface between the traditional interests of
geomorphologists/Quaternary geologists and se-
dimentary geologists (10°~10° years). As noted by
Paola in this issue, model development can
proceed at higher rates than field studies; hence
the first decades of this millennium offer sig-
nificant opportunities for new and creative field-
based investigations that are designed to con-
strain and validate quantitative models.
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