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Abstract: The principles of stratigraphic paleobiology can be readily
applied to the nonmarine fossil record. Consistent spatial and temporal
patterns of accommodation and sedimentation in sedimentary basins

are an important control on stratigraphic architecture. Temperature
and precipitation covary with elevation, causing significant variation in
community composition, and changes in base level cause elevation to

undergo predictable changes. These principles lead to eight sets of
hypotheses about the nonmarine fossil record. Three relate to
long-term and cyclical patterns in the preservation of major fossil
groups and their taphonomy, as well as the occurrence of fossil
concentrations. The remaining hypotheses relate to the widespread
occurrence of elevation-correlated gradients in community
composition, long-term and cyclical trends in these communities, and
the stratigraphic position of abrupt changes in community
composition. Testing of these hypotheses makes the stratigraphic
paleobiology of nonmarine systems a promising area of investigation.
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The Stratigraphic Paleobiology of Nonmarine Systems 1

1 Introduction

Stratigraphic paleobiology uses the principles of sequence and event stratigraphy
to interpret patterns in the fossil record (Patzkowsky and Holland 2012). Its
principles have been developed mostly for marine systems, in which the occur-
rence of fossils is controlled primarily by two factors (Holland 1995, 2000). The
first is the distribution of species along a water-depth gradient, the primary source
of ecological variation at regional scales in both modern and ancient systems.
The second is sequence-stratigraphic architecture, which describes how facies
change vertically and laterally (therefore, how the water-depth gradient is sam-
pled through time), how sedimentation rates vary, and where unconformities lie.

An understanding of these two factors reveals that patterns of fossil occurrence
cannot be taken at face value as straightforward records of evolution and eco-
logical change. Moreover, stratigraphic paleobiology represents a shift away from
a long tradition of viewing the fossil record as being biased to, instead, thinking of
it as having a predictable and interpretable structure (Holland 2017). Recognizing
this structure improves our interpretations of patterns in the fossil record and
allows us to understand how ecosystems change over time (Dominici and
Kowalke 2007; Holland and Patzkowsky 2007; Patzkowsky and Holland 2007;
Zuschin et al. 2007; Danise et al. 2019). This recognition makes it possible to
differentiate between the time of origination and first occurrence in a stratigraphic
column (or the time of extinction and last occurrence; Holland and Patzkowsky
2002), and to identify true patterns of morphological change through time
(Webber and Hunda 2007). It enables an understanding of the true timing and
tempo of turnover (Smith et al. 2001; Holland and Patzkowsky 2015; Nawrot
et al. 2018), and how to best use fossil data for calibrating phylogenies (Holland
2016). The vast majority of these studies have focused on marine systems. Far
less is understood about the stratigraphic paleobiology of nonmarine settings,
which differ in their stratigraphic architecture and ecological gradients.

In this Element, we develop the principles of stratigraphic paleobiology for
nonmarine systems, and, based on them, we present eight broad sets of hypoth-
eses of expected patterns in the nonmarine fossil record. Our hypotheses build
on studies in modern ecology, basin analysis, sequence stratigraphy, and,
especially, taphonomy (e.g., Behrensmeyer 1982, 1988; Badgley 1986;
Gastaldo 1988, 1992; Rogers 1993; Badgley and Behrensmeyer 1995; Aslan
and Behrensmeyer 1996; Behrensmeyer et al. 2000; Wing 2005; Rogers and
Kidwell 2007). Other processes, such as climate change, biotic interchange,
extinction, and so on, also create patterns in the fossil record, and we do not
minimize their importance. What we want to emphasize is that the fossil record
reflects not only these climatological and biological processes but also the
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2 Elements of Paleontology

effects of stratigraphic architecture, and that these must be separated if we are to
reconstruct the history of life.

In some cases, we provide examples from the fossil record that bear on these
hypotheses, although our aim is not to provide a comprehensive review. In
other cases, data bearing on these hypotheses may not currently exist, and
collecting data to test these hypotheses is a promising avenue of future
research.

We focus primarily on fluvial and lacustrine systems because they hold the
majority of the nonmarine fossil record. Insights from fossil occurrences in
these systems may promote similar investigations of the more limited nonmar-
ine fossil record from eolian, volcanic, karst, and glacial systems, all of which
operate under differing sets of stratigraphic processes.

2 The Nonmarine Stratigraphic Record

Most nonmarine biotas will not be preserved because they do not occur within
sedimentary basins. The vast majority (84%) of nonmarine areas today are
uplands, that is, they lie outside of and provide sediment to basins (Nyberg
and Howell 2015; equivalent to the “extrabasinal” of Pfefferkorn 1980).
Although it is true that many of these areas do currently have young (Plio—
Pleistocene) sediments, often with a fossil record, most of these would be
considered doomed sediments that have little prospect of long-term preser-
vation (Holland 2016). Only the 16% of nonmarine areas that lie within
basins have any prospect of preserving a fossil record. It is a sobering thought
that large swaths of North America, eastern South America, southern Africa,
and much of northern Asia will leave no permanent fossil record, including
the many modern biodiversity hotspots in mountainous areas and other
regions that lie outside of sedimentary basins (Myers et al. 2000; Rahbek
et al. 2019).

The majority (49%) of continental basins today are intracratonic. Owing to how
Nyberg and Howell (2015) classified basins, many of these areas could be
considered the distal extensions of foreland basins (Fig. 1), such as in Argentina,
northwestern India, parts of China, and the region surrounding Kazakhstan.
Extensional basins (7%; Fig. 2), passive-margin basins (10%; Fig. 3), and prox-
imal parts of foreland basins (29%; Fig. 1) represent most of the remaining basin
types. Forearc basins (1%) and strike-slip basins (4%) constitute only a minor
portion of areas lying within basins. The proportions of these basin types will vary
over the 400-Myr Wilson Cycle of supercontinent assembly and breakup, which
principally affects the relative proportions of extensional, passive-margin, intra-
cratonic, and foreland basins (Holland 2016). Moreover, these basins differ in their
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The Stratigraphic Paleobiology of Nonmarine Systems 3

Figure 1 Relief maps of present-day foreland basins. A: Andean foreland basins of
Argentina, Uruguay, Paraguay, and Bolivia. B: Po Basin of Italy. C: Persian Gulf
foreland basin of Kuwait, Iraq, and Iran. Contour intervals are 100 m; contours for
higher elevations outside the sedimentary basins are not shown. Map prepared with
GMT (Generic Mapping Tools), using data from the National Geophysical Data
Center ETOPO1 1 arc-minute global relief model (Amante 2009).

survival into the deep geologic record, with extensional, passive-margin, intracra-
tonic, and foreland basins being more likely to survive than those associated with
collisional continental margins, such as forearc basins (Sadler 2009).

These basin types differ greatly in their subsidence rates, longevity, and size
(Angevine et al. 1990; Allen and Allen 2005), as well as their preservation
potential (Sadler 2009). Accordingly, they differ markedly in the volume of
nonmarine strata they contain and, therefore, in their contribution to the non-
marine fossil record. Foreland basins and extensional basins have fast subsid-
ence rates, yet are relatively short-lived (Holland 2016). In contrast, passive-
margin and intracratonic basins have slower subsidence rates, particularly
where sediment is introduced into the basin, but they exist almost an order of
magnitude longer and are far larger than foreland and rift basins (Angevine et al.
1990; Allen and Allen 2005). Finally, although forearc and backarc basins can
contain substantial nonmarine records, their position along convergent margins
greatly reduces their survivorship into deep time (Sadler 2009).
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4 Elements of Paleontology
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Figure 2 Relief maps of present-day coastal (A, B) and inland (C, D) extensional
basins. A: Red Sea and adjacent Ethiopia. B: Gulf of California, with adjacent
Mexico and California. C: San Luis Valley, part of the Rio Grande Rift System in
southern Colorado, USA. D: Rift basins of East Africa. Contour intervals are
100 m; contours for higher elevations outside the sedimentary basins are not
shown. Map prepared with GMT, using data from the National Geophysical Data
Center ETOPOI1 1 arc-minute global relief model (Amante 2009).

To understand the effects of stratigraphic architecture on the nonmarine fossil
record, the starting point should be basins that are most likely to survive into
deep geologic time, that contain the greatest volume of nonmarine sediments
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The Stratigraphic Paleobiology of Nonmarine Systems 5
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Figure 3 Relief map of the present-day passive margin on east coast of USA.
Contour intervals are 100 m; contours for elevations outside the sedimentary
basins (above 200 m) are not shown. Map prepared with GMT, using data from
the National Geophysical Data Center ETOPO1 1 arc-minute global relief
model (Amante 2009).

(foreland, including both pro-foreland/peripheral and retro-foreland/retroarc),
and that are the largest and have the longest subsidence histories (passive-
margin and intracratonic). Although percentages of basin types vary over
geologic time, focusing on just four basin types (extensional, passive-margin,
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6 Elements of Paleontology

intracratonic, and foreland basins) would encompass almost 95% of modern
land area lying within basins (Nyberg and Howell 2015). Subsequent work may
be able to apply principles we present here to the remaining basin types.

3 Nonmarine Ecological Gradients

Species are distributed along environmental gradients in both the modern and
the ancient past. In nonmarine systems, important environmental controls on
species distributions include temperature (e.g., annual mean and range), pre-
cipitation (e.g., annual mean and range), soil moisture, productivity (nutrient
availability, biomass), insolation, evapotranspiration, and substrate.
Temperature and precipitation are fundamentally important not only for defin-
ing biomes (Olson et al. 2001), but also because they are frequently correlated
with elevation. These relationships have been well studied in modern plants,
and Alexander von Humboldt and Aimé Bonpland (1805) were among the first
to document changes in plant communities with elevational changes in tem-
perature and precipitation. Species richness also varies with elevation, peaking
at mid-elevations (commonly around 1000-1500 m), even when richness is
standardized for area (e.g., von Humboldt and Bonpland 1805; Whittaker 1960;
Rahbek 1995; Grytnes and Vetaas 2002).

The quantification of ecological gradients was pioneered by Robert Whittaker
(1956, 1960, 1970), who evaluated changes in plant community composition in
relation to moisture, temperature, elevation, and bedrock. Numerous multivariate
analytical methods were subsequently developed for characterizing ecological
gradients, particularly by terrestrial plant ecologists (Jongman et al. 1995). Some
of these techniques include various forms of ordination, such as nonmetric
multidimensional scaling (NMS), detrended correspondence analysis (DCA),
canonical correspondence analysis (CCA), detrended canonical correspondence
analysis (DCCA), as well as cluster analysis.

The distribution of species along environmental gradients reflects spatial
variations in physical and chemical conditions, as well as species interactions.
Three types of gradients are recognized: resource, direct, and indirect gradients.
Resource gradients are caused by spatial variations in the resources required by
organisms, such as nutrients, food, or water (Austin et al. 1984). Direct gradi-
ents are generated by environmental variables that are not consumed by organ-
isms but that are important controls on growth and physiology, such as moisture
and temperature. Indirect gradients are formed by environmental variables that
do not directly affect organisms but are linked to other environmental factors
that do (e.g., water depth, elevation). Because many indirect gradients reflect the
combination of several resource and direct gradients whose effects are difficult
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The Stratigraphic Paleobiology of Nonmarine Systems 7

to isolate, indirect gradients are also known as complex gradients (Whittaker
1960). In this way, elevation in nonmarine systems is a proxy for a wide suite of
covarying direct and resource gradients, even though elevation itself does not
control the occurrence of species. Water depth in marine systems functions in
the same way: water depth does not control the distribution of marine species,
but it is a first-order descriptor of where species occur because it summarizes
many of the factors that do control where species live.

Plants, invertebrates, and vertebrates in nonmarine systems are arrayed primar-
ily along gradients in temperature and moisture, and these gradients are typically
correlated with elevation over regional scales. Although many early studies of
plant gradients (e.g., Whittaker 1956, 1960) focused on mountainous areas where
elevation spanned thousands of meters, it is essential to consider the smaller
elevation range spanned within sedimentary basins. Nonmarine portions of
sedimentary basins have a characteristic topographic form consisting of
a gently dipping plain, which may be a coastal plain in coastal basins (those
that adjoin an ocean), or an alluvial plain in inland basins (those lacking
a connection to the ocean). For a broad suite of basins, including those that
comprise the majority of the nonmarine stratigraphic record, these alluvial and
coastal plains characteristically have low relief, with a total elevation range of
200-300 m (Figs. 1-3).

3.1 Ecological Gradients on Modern Coastal and Alluvial Plains

Ecologists have widely found gradients in species composition correlated with
elevation but controlled by temperature and moisture on coastal and alluvial
plains, even with their modest spans of elevation. Although anthropogenic
effects on modern alluvial systems can be severe (Gibling 2018), most eco-
logical studies have attempted to use areas less impacted by human activity.
Moreover, although species distributions today may be altered by human
activity, it is reasonable to assume that species distributions in the past were
also tied in some way to temperature and precipitation.

In coastal areas, environmental and ecological gradients are correlated with
elevation and distance from the shore. For example, in the western Gulf Coastal
Plain of Texas, ordination of the species composition of longleaf pine forests
reveals a complex gradient reflecting the joint importance of moisture, soil
texture, phosphorous, and nitrogen (Harcombe et al. 1993). On the coastal plain
of North Carolina, ordination of forest vegetation demonstrates that the most
important source of variation is a complex gradient reflecting moisture, physi-
ography, stream order, and elevation (Wyant et al. 1991; Rheinhardt et al. 1998;
Rheinhardt et al. 2013). Ordination of coastal plant communities in South
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8 Elements of Paleontology

Africa also indicates the overriding importance of temperature and precipitation
in species composition (Morgenthal et al. 2006). In inland areas, environmental
and ecological gradients are correlated with elevation. The species composition
of plants in the bottomland forests of the lower alluvial plain of the Mississippi
River reflects flood tolerance, which is tied to floodplain slope and elevation
(Dale et al. 2007). Ordination indicates that the composition of Oregon plant
communities is controlled by moisture and temperature, and that these covary
with elevation, a pattern that is true statewide as well as in coastal areas
(Ohmann and Spies 1998). Even in arid coastal settings, such as Saudi
Arabia, plant species are distributed primarily on a gradient of rainfall and
elevation (Al-Aklabi et al. 2016).

Unsurprisingly, the distribution of terrestrial invertebrates and vertebrates
parallels that of plants and shows similar relationships to elevation. This
similarity partly reflects the way that animals are controlled by many of the
same physical and chemical gradients that affect plants, but it also reflects the
importance of plant—animal interactions, such as herbivory and habitat struc-
ture. For example, ordination of Scandinavian beetle communities indicates
that temperature and other climatic factors are the dominant controls on their
distribution (Heino and Alahuhta 2015), although this study includes areas
not in sedimentary basins. Ecological diversity and species density of North
American mammals are predicted by annual minimum and maximum tem-
perature, mean annual actual evapotranspiration, relief, and elevation
(Badgley and Fox 2000). These trends are most pronounced in coastal areas
where the effects of increasing continentality with elevation are evident.
Vertebrates of northern Australia are distributed along a gradient of rainfall
and soil type, which is correlated with distance from the coast (Woinarksi
et al. 1999). Some mammal species of Western Australia have distributions
strongly related to distance from the coast, with others occurring more
broadly (Gibson and McKenzie 2009). A perusal of field guides of many
terrestrial animal groups on any coastal plain reveals a similar pattern in
which some species have ranges tightly restricted to the coast, the lower
coastal plain, or the upper coastal plain, often reflecting the position of the
water table. Some species are more eurytopic, with a wider distribution
among environments.

Possibly more surprising, aquatic animals of coastal plains are also distrib-
uted along similar gradients correlated with elevation and distance from the
coast. For these aquatic species, the gradients are controlled by the upstream
increase in stream gradient. For example, aquatic macroinvertebrates of the
Virginia coastal plain are distributed primarily along a gradient from coastal,
tidally influenced areas to nontidal, inland areas (Dail et al. 2013). This pattern
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The Stratigraphic Paleobiology of Nonmarine Systems 9

is also true for macroinvertebrates on the coastal plain of North and South
Carolina (Maxted etal. 2000). Unionid bivalves in the Flint River of Georgia are
distributed primarily on a gradient from slack-water streams with fine sediment
bottoms to shaded riffles with coarser sediment, corresponding with decreasing
stream order and distance from the coast (Gagnon et al. 2006). The composition
of fish communities in the Savannah River (Meffe and Sheldon 1988) and other
streams of South Carolina (Paller 1994) varies along a gradient from slower-
flowing, high-order streams closer to the coast to faster-flowing, low-order
streams farther from the coast. Similar spatial variations are also seen in fish
from eastern Costa Rica, where salinity plays a strong role in coastal areas
(Winemiller and Leslie 1992).

Coastal gradients in physical and chemical properties and their effects on
the distribution of species are well shown in the southeastern USA, where
a wide range of data are available (Fig. 4). On a visible satellite image, the fall
line that separates coastal-plain strata from upland (that is, outside of the
sedimentary basin) rocks (Fig. 4, C) is marked by an abrupt change in
vegetation (Fig. 4, A, G, H). Complex patterns in vegetation are also present
in upland or extrabasinal areas, but as these areas have no prospect of leaving
a long-term stratigraphic record, this discussion focuses only on patterns in the
coastal plain. The gentle decrease in elevation towards the coast is apparent on
a relief map (Figs. 3, 4, B). Although the north-south variation in ecosystems
(Fig. 4, G) and bioclimates (Fig. 4, F) is partly due to latitudinal climate variation,
the orientation of these ecosystem and bioclimate boundaries parallel to the
Atlantic coast demonstrates the influence of the coastal-plain elevation gradient.
The sources of these ecological differences are gradients in rainfall (Fig. 4, D) and
temperature (Fig. 4, E) that are correlated with elevation on the coastal plain. In
particular, areas closer to the coast tend to receive more rainfall than areas farther
from the coast. Maximum summertime temperatures as well as mean annual
temperature variations also tend to be higher inland than on the coast, owing to the
buffering effects provided by the ocean. Variations in plant communities and
moisture are reflected in distributions of animals. For example, birds show greater
diversity in coastal areas (Fig. 4, I). At a finer scale (Fig. 4, J-L), the types of
wetland habitats also vary with elevation and distance from the coast, with
estuarine—marine wetlands limited to tidal areas and freshwater emergent areas
just inland of the coast. Other sources of variation in community composition are
also present. For example, even within areas of similar elevation, ecosystems and
forest types vary with microclimate, soil type, bedrock, and human land use
(Fig. 4; Edwards et al. 2013).

Elevation and distance from the coast are complex gradients (Whittaker
1956): they describe the distribution of species, but they do not directly
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Figure 4 Elevation-related gradients on the modern coastal plain of the
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Wetlands.

control the distribution of species. These complex gradients are controlled
by direct and resource gradients that affect species distribution: these are
predominantly temperature and precipitation, but also soil type, soil mois-
ture, stream gradient, and for animals, food sources. Because of the
covariation of environmental factors with a complex gradient, it is often
difficult to identify which environmental factor or factors are the most
important. This is true in the Recent, and even more so in ancient systems.
Even so, the distribution of species along a complex gradient can be
described and used, even if the specific underlying causes for that distri-
bution remain unknown.
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The Stratigraphic Paleobiology of Nonmarine Systems 11

3.2 Ecological Gradients on Ancient Coastal and Alluvial Plains

Although ecological gradients in ancient nonmarine systems are seldom docu-
mented with multivariate approaches such as ordination, the studies that have
been done also reflect the importance of moisture and temperature. For
example, Pennsylvanian forests of the eastern USA display a moisture gradient
from channel-adjacent settings dominated by Sigillaria, Calamites, ferns, and
pteridosperms to mire settings dominated by lycopsid trees (Gastaldo 1987,
DiMichele and Phillips 1994; Calder et al. 2006; DiMichele et al. 2007). In
some Lower Pennsylvanian swamp deposits, this gradient is apparently absent,
which was attributed to increasing habitat specialization during the
Pennsylvanian or adaptations to changing climate conditions (Gastaldo et al.
2004); it may also represent methodological differences. Ordination of Eocene
plants from Washington shows that axis 1 separates lacustrine and nonlacustrine
settings, and axis 2 separates moist flood-basin settings from drier channel-
margin settings (Burnham 1988). Plant community composition in the Upper
Triassic Chinle Formation in Arizona varies from bennettitite-dominated,
channel-adjacent, poorly drained floodplain to Araucarioxylon-dominated dis-
tal floodplain to gymnosperm-dominated “upland” (higher-elevation) commu-
nities (Gottesfeld 1972). Collectively, these studies indicate that environmental
gradients can be preserved in the fossil record, and they may be more widely
preserved than is often recognized.

Similarly, a comparison of Eocene mammals and reptiles from higher-
elevation basin-margin deposits and lower-elevation basin-center deposits
revealed substantial compositional differences (Gunnell and Bartels 2001).
Basin-margin faunal assemblages are morphologically distinctive and more
taxonomically diverse than basin-center assemblages, and these differences in
species composition were attributed to greater speciation rates in the more
environmentally heterogeneous higher-elevation settings. Comparisons of
shore-proximal and shore-distal settings likewise support altitudinal zonation
of dinosaurs (Lehman 2001; Sampson and Loewen 2005).

Quaternary studies of the eastern USA have documented individualistic
responses of the distribution of plant species in response to climate change,
even including the formation of no-analog communities (Jackson and Overpeck
2000; Jackson and Williams 2004; Williams and Jackson 2007). Even so, it is
important to recognize these changes happened during the profound and rapid
climate changes associated with continental glaciation. Moreover, some floral
associations remained intact through the Quaternary despite the severity and
rapidity of climate change. An important avenue of research is understanding
the extent to which ecological gradients are stable through time at the scale of
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12 Elements of Paleontology

sedimentary basins. That communities from topographically low and high areas
can be recognized in the Pennsylvanian offers promise that ecological gradients
can remain intact through repeated climatic changes.

3.3 The Importance of Elevation Gradients

Although we will refer to elevation gradients throughout this Element, we want
to emphasize that this is a shorthand for gradients in climate variables (tem-
perature and precipitation), soil moisture, stream grade, and so on, expressed
along a transect of increasing elevation, and in coastal basins, with distance
from the shore. We refer to this as an elevation gradient to distinguish this
spatial climatic control from climate change through time as well as the spatial
climate variation along lines of equal elevation.

If elevation changes in the nonmarine stratigraphic record, the species com-
position of fossil assemblages must also change, even if the overall climate,
ecosystem, and species pool is static. As a result, stratigraphic patterns of fossil
distributions would need to be interpreted in light of the changing sampling along
environmental gradients. For example, a stratigraphic change in floras or faunas
may not indicate origination or extinction, but instead a change in the portion of
a coastal or elevational gradient that is preserved locally (Gastaldo 1987; Looy
and Hotton 2014). Additionally, changes in taxonomic diversity or composition
may reflect differing rates of speciation in different parts of the landscape
(Gunnell and Bartels 2001; Badgley et al. 2017). Because overall climate,
ecosystem structure, and species pool may well be changing at any time, the
challenge of interpreting the nonmarine fossil record is differentiating these
changes from those that are caused by changes in elevation.

4 Expression of Nonmarine Ecological Gradients
in the Stratigraphic Record

In light of the ubiquitous elevation-correlated gradients in nonmarine ecosystems,
the topographic gradient observed in nonmarine basins becomes important to the
preservation of nonmarine biotas. As topography changes over time in a basin,
owing to changes in base level and sedimentation, the spatial distribution of
ecological gradients will also change. For example, as a basin fills with sediment,
the elevation at any given point will increase over time, as will the regional water
table. Similarly, falling sea level results in an increase in elevation in coastal basins:
areas that were lower coastal plain will become upper coastal plain. A simple
geometric model (Fig. 5) allows elevation changes to be understood more fully.
The starting point of the model is the classic concave-up fluvial equilibrium
profile, which is anchored at its upstream end (the fall line) where the stream
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Figure 5. Response of a fluvial profile to a shoreline trajectory. A: Plot showing
position of shoreline and corresponding fluvial profile at the time of initial and final
sea-level positions. The upstream end of the fluvial profile is anchored at the fall line

at the edge of the sedimentary basin. B: Plot showing how the initial and final
elevation is calculated at one point along the fluvial profile; note that elevation is
always measured relative to the current sea level. C: Plot showing the change in
elevation, calculated as in B, for every point along the fluvial profile in response to
a change in mean sea level (MSL) and a vertical movement of the shoreline.
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14 Elements of Paleontology

enters the sedimentary basin, and at the downstream end, the shoreline for
a coastal basin (Fig. 5, A). For an inland basin, the downstream end is set by
regional base level (the buttress of Holbrook et al. 2006). Although concave
fluvial profiles are often modeled as diffusional (e.g., Jordan and Flemings
1991), diffusional profiles tend to be more curved than actual or experimental
profiles, and Caputo profiles provide a better fit (see Voller and Paola 2010,
which presents a mathematical description of a Caputo fluvial profile). Other
curved profiles, such as exponential (e.g., Mackey and Bridge 1995), or even
straight profiles would not substantially affect the qualitative results of the
model.

If the fall line is held as a fixed point, this fluvial profile can be rescaled based
on changes in the downstream anchor point, the shoreline (Fig. 5, A). From this,
the elevation at any point along the profile can be calculated relative to the
elevation of the shoreline corresponding to that profile (Fig. 5, B). This allows
the change in elevation relative to sea level to be calculated through time along
the entire length of the profile (Fig. 5, C). Although fluvial aggradation leads to
increasing elevation relative to a fixed reference frame such as the center of the
Earth (e.g., along the vertical line in Fig. 5, B), the biologically relevant
reference frame for elevation is sea level. As a result, a simple upward shoreline
trajectory produces a decrease in elevation relative to sea level at all locations,
with a greater loss in elevation landward (Fig. 5, C). In this example, because
the shoreline moves only vertically, and because elevation is always measured
relative to the shoreline, elevation change at the shoreline is necessarily zero.

Five shoreline trajectories (e.g., Neal and Abreu 2009) display the range of
responses of fluvial systems and their consequences for changes in elevation
(Fig. 6). Although these models are presented in terms of coastal fluvial systems
where sea level provides the base level for the fluvial profile, they may also
apply to inland basins where lake level or an axial drainage dictates base level.
Progradation and degradation both result in an increase in elevation along the
entire fluvial profile, with the amount of elevation gain increasing landward for
degradation and seaward for progradation (Fig. 6, elevation gain and loss are
shown in right column). When progradation is combined with aggradation, the
landward end of the profile loses elevation, but the seaward end gains elevation.
Under pure aggradation, the entire profile loses elevation, which is also true
when aggradation is combined with retrogradation.

As the shoreline trajectory changes predictably through a cycle of rise and fall
in sea level (or base level in inland systems), changes in elevation will likewise
follow a predictable cyclic pattern. These changes in elevation will be reflected
in cyclic changes in community composition at any location. Similarly, as
a basin fills with sediment over its history and begins to uplift owing to erosion
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Figure 6. Response of fluvial systems to the five basic shoreline trajectories,

showing the position of a fluvial profile through five time-steps (left) and the change
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Caption for Figure 6. (cont.)

in elevation along the fluvial profile relative to sea level (right). See Figure 5 for
explanation. Black profiles indicate fluvial profiles that rise relative to a fixed
reference point, and red profiles reflect a fall relative to a fixed reference point. Note
that the plots on the right cover a smaller lateral distance than those on the left, being
limited to the 100 km spanned by the initial fluvial profile. On the retrogradation +
aggradation coast, the seaward end of the initial fluvial profile is transgressed and
flooded; that is, initially nonmarine deposits are capped by marine facies at

a flooding surface. The actual amount of elevation change in each scenario will

depend on the amount of change in sea level or base level, which can be greater or
less than shown in these figures.

in the source area, the space available for sediment (called accommodation;
Table 1) decreases, driving a transition from net progradation to degradation,
with a net gain in elevation. Consequently, this increase in elevation will be
recorded as a progressive shift from lower-elevation communities to higher-
elevation communities over time. Superimposed on this sedimentation history
will be cyclic changes in sea level that will add a cyclic component to changes in
elevation and community composition.

The actual amounts of elevation change in these models (Fig. 6) depend on the
amount of sea-level change, which might vary from a few meters in greenhouse
times to 100 m in icehouse times (Miller et al. 2005). Large changes in sea level
intuitively cause the greatest changes in elevation and community composition at
any location. Small changes in sea level may result in such modest changes in
elevation that they are ecologically insignificant. Moreover, the ecological
changes resulting from any given sea-level change may differ along the topo-
graphical profile. This is partly because the absolute amount of elevation change
varies along the topographic profile (Fig. 6, right column). Updip areas may
experience greater (e.g., aggradation, retrogradation, degradation) or lesser (e.g.,
progradation) elevation change than downdip areas. In combined progradation
and aggradation, updip and downdip areas may experience the same magnitude of
elevation change, but with opposite signs and straddling a middle position that
experiences no elevation change. The ecological effects will also depend on the
sensitivity of communities to a change in elevation: 10 m of elevation change for
a location along the coast can have dramatic effects on community composition,
but 10 m of elevation change in an updip setting may have little or no effect.

Fully landlocked basins will experience similar changes even though they are
not connected to an ocean or a shoreline. As a basin progressively fills with
sediment over long time scales, any location in it will experience a net increase
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Table 1 Glossary of terms, with definitions based on Behrensmeyer and Kidwell
(1985), Van Wagoner et al. (1988, 1990), Behrensmeyer (1991), Hunt and
Tucker (1992), Martinsen et al. (1999), Catuneanu (2006), Rogers and Kidwell
(2007), and Wadsworth et al. (2010).

Accommodation
Aggradational

stacking

Accommodation to
sedimentation ratio

Base level

Bonebed

Compound coal

Degradational
stacking
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Sum of the vertical rates of subsidence (or uplift) and
eustatic sea-level rise (or fall). Often described as
the space available for sediments to accumulate.

A stacking pattern in which parasequences or
sequences are stacked directly on top of one
another, such that there is no long-term net
landward or seaward drift in the position of facies
belts.

Ratio of the vertical rates of accommodation and
sedimentation. Rates greater than 1 indicate an
excess of accommodation over sedimentation; rates
between 1 and 0 indicate an excess of sedimentation
over accommodation; rates less than 0 indicate
a combination of uplift and sea-level fall that
produces a net loss of accommodation.

In fluvial systems, the lowest level toward which
erosion progresses. It is approximately equal to sea
level in coastal settings, and to lake level or the
master axial drainage in inland fluvial systems.

Relative concentration of vertebrate hard parts
(bones, teeth) that is derived from more than one
individual and is preserved in a localized area or
in a stratigraphically limited sedimentary unit.

A coal representing more than one genetic episode of
mire formation and peat accumulation.
Compound coals commonly contain one or more
hiatuses and represent multiple phases of
progressive wetting or drying of a mire.

A stacking pattern in which parasequences or
sequences stack seawards and downwards, that is,
down the depositional profile, in contrast to
progradational stacking, in which units stack
seawards and upwards. In nonmarine systems,
degradational stacking is preserved as remnants of
terraces stranded during net downcutting and
valley incision.
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Table 1 (cont.)

Depositional sequence  Sedimentary cycles bounded by subaerial
unconformities and their correlative surfaces. In
coastal settings, a depositional sequence consists of
four systems tracts defined by stacking pattern and
position within a sequence. In ascending order,
these are the lowstand systems tract, transgressive
systems tract, highstand systems tract, and falling-
stage systems tract. In inland nonmarine systems,
a depositional sequence consists of a lower low-
accommodation systems tract, a middle high-
accommodation systems tract, and an upper low-
accommodation systems tract, although this
uppermost systems tract is commonly removed by
erosion at the overlying sequence boundary. Within
any given region, one or more systems tracts may be
missing, owing to nondeposition or erosion.

Expansion surface Relatively abrupt contact in alluvial systems
between an underlying low-accommodation
systems tract and an overlying high-
accommodation systems tract.

Falling-stage systems The fourth and uppermost systems tract within
tract (FSST) a coastal depositional sequence, characterized by
degradational stacking.
Flooding surface Sharp contact separating overlying deeper-water facies

from underlying shallow-water facies. Surface may
display minor erosion, fossil accumulations, and
firmground or hardground features. In nonmarine
settings, coal beds often form at the updip equivalent
to a marine flooding surface.

Fossil concentration Sedimentary horizon containing abundant fossil
material, distinct from overlying and underlying
horizons that contain little or no fossil material.

High-accommodation Systems tract developed in inland nonmarine strata,
systems tract containing extensive floodplain mudstone
(HAST) deposits with isolated single-story channel

sandstones.

Highstand systems The third systems tract within a coastal depositional
tract (HST) sequence, characterized by aggradational to

progradational stacking.
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Table 1 (cont.)

Hydromorphic
paleosol

Low-accommodation
systems tract
(LAST)

Lowstand systems
tract (LST)

Mature paleosol

Mire

Ombrotrophic

Parasequence

Progradational
stacking

Retrogradational
stacking

Ancient soil formed in association with
a consistently elevated water table or impeded
surface-water drainage, which slows the
breakdown of organic matter and promotes the
reduction of iron and manganese. Typically
identified by gray, blue, or green (low chroma)
color. Also called a poorly drained paleosol.

Systems tract developed in inland nonmarine strata,
containing extensive amalgamated multistory
channel sandstones and limited floodplain
mudstone deposits.

The lowest systems tract within a coastal
depositional sequence, characterized by
progradational to aggradational stacking.

Ancient soil with well-developed pedogenic features
such as horizonation, blocky peds, root casts or
traces, redoximorphic features, or nodules,
reflecting a prolonged period of exposure and soil
development.

Encompassing term for all peat-forming
environments, including swamps, marshes, and
bogs

A mire in which the groundwater is supplied primary
from rainfall rather than subsurface flow. As
a result, the groundwater table can be locally
perched above the regional groundwater table.
Also called raised mires.

Sedimentary cycles bounded by flooding surfaces.
Internally, parasequences typically have simple,
shallowing-upward arrangements of facies bound
through Walther’s Law.

A stacking pattern in which successive
parasequences or sequences are stacked upwards
and seawards, producing a net upward shallowing
in marine and coastal settings.

A stacking pattern in which parasequences or
sequences are stacked upwards and landwards,
producing a net upward deepening in marine and
coastal settings.
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Table 1 (cont.)

Rheotrophic A mire in which the groundwater is supplied
primarily from subsurface flow.
Sequence boundary Subaerial unconformity and correlative surfaces,

generally thought to have chronostratigraphic
significance, in which all rocks above the
sequence boundary are younger than all rocks
below the sequence boundary. Sequence
boundaries are the upper and lower bounding
surfaces of depositional sequences. Sequence
boundaries form in response to a net loss of
accommodation.

Simple coal A coal recording one episode of mire formation and
accumulation. Simple coals lack hiatuses and
record one episode of wetting or drying of a mire.

Systems tract Linkage of contemporaneous depositional systems,
which are three-dimensional assemblages of
lithofacies. Systems tracts are defined by their
position within sequences and by their internal
stacking pattern.

Taphonomy Study of processes of fossil accumulation and
preservation and how they affect information in
the fossil record.

Time averaging The incorporation of the biological remains of
successive, noncontemporaneous populations of
organisms into a single bed.

Transgressive systems  The second systems tract within a coastal

tract (TST) depositional sequence, characterized by
retrogradational stacking.

Well-drained paleosol Ancient soil developed in association with
a consistently or seasonally low water table,
which facilitates the introduction of oxygen,
increasing the rate of organic-matter oxidation
and promoting the oxidation of iron and
manganese. Typically identified by red, maroon,
brown, or yellow (high chroma) color.

in elevation. Over shorter time scales as the alluvial plain responds to changes in
regional base level (often a lake or a major axial river; i.e., Holbrook et al. 2006;
Table 1), the basin will experience cyclic changes in elevation driven by
changes in subsidence and uplift. Although changes in elevation may be small
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over short time scales in response to modest changes in base level, the total
change in elevation over the history of a basin may be significant, up to a couple
hundred meters, or more if the basin undergoes epeirogenic uplift or subsidence.

5 Stratigraphic Architecture of Nonmarine Strata

From the perspective of a stratigraphic paleobiologist, the critical issue is how
the facies that preserve nonmarine depositional environments are distributed
through the stratigraphic record. The central issue is whether facies occur
randomly or if they are stratigraphically organized and predictable. If the latter
is true, then stratigraphic patterns in the occurrence of species will reflect not
only when species were extant and their environmental distribution (e.g., Lyson
and Longrich 2011), but also the preservation of depositional environments, and
the preservation of species within those environments (Loughney and Badgley
2017). As such, successfully interpreting patterns of fossil occurrence requires
an understanding of depositional environments and how fossils are preserved in
them (e.g., Wing and DiMichele 1995). When depositional environments are
considered in relation to the spatial and temporal patterns of basin subsidence
(and eustasy in coastal systems), the stratigraphic architecture of nonmarine
systems is revealed — that is, the vertical and lateral distribution of sedimentary
facies that contain the nonmarine fossil record.

5.1 Preservational Settings of Nonmarine Fossils

The preservation potential of major nonmarine fossil groups varies markedly
among depositional environments (Fig. 7-9), a topic addressed comprehensively
by Behrensmeyer and Hook (1992). Plants and animals may be widely distrib-
uted, but they do not have equal chances of being preserved in all environments in
which they live at a given point in time. Although many nonmarine depositional
environments are represented in the rock record, some are more common sites of
fossil accumulation and preservation than others.

In depositional environments that preserve fossils, the composition and charac-
teristics of those assemblages depend on the local physical and chemical conditions
that govern the burial and preservation of organic remains (Figs. 9—10; Retallack
1984; Behrensmeyer and Hook 1992). Macrofloral remains (leaves, stems, roots,
reproductive bodies, etc.) may be well preserved and abundant in lakes, abandoned
channels, crevasse splays, poorly drained floodplains, mires (Figs. 7-8), and other
environments where elevated water tables and reducing conditions inhibit micro-
bial degradation (Fielding 1987; Gastaldo 1988; Spicer 1989; Gastaldo and Staub
1999; Gastaldo and Demko 2011; Wing 2005). These constraints are also critical
for the formation and preservation of coal (McCabe 1984; McCabe and Parrish
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. Very common ‘Common O Present O Rare or absent Q Variable

Potential fossils preserved

Depositional
environments

$ § 3
Channel Fragmented plant material, woody debris, disarticulated or
(wave-influenced) isolated bones and teeth, microfossils, infilled burrows
Woody debris, articulated skeletons, disarticulated bones,
Stream channel isolated teeth, articulated shells, microfossils, infilled
and bars burrows, root traces
Compressed leaves and stems, woody debris, articulated
Abandoned channel and disarticulated bones, articulated shells, microfossils,
infilled burrows, root traces
L Infilled burrows, root traces, leaf impressions, isolated bones,
evee
pollen
Crevasse splay Woody debris, disarticulated shells, isolated bones and
teeth, root traces
i Compressed leaves and stems, woody debris, coal and coal
ire §
balls, shells, microfossils
Poorly drained Compressed leaves and stems, woody debris, coal, root
fl dyl in . . O ‘ Q O ‘ casts and traces, infilled burrows, tracks, articulated
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Compressed leaves and stems, woody debris, articulated
Hypoxic lake ‘ ‘ ‘ O ‘ O O skeletons, insects, aquatic arthropods, microfossils,
stromatolites
X Microfossils, articulated shells, infilled burrows, tracks,
Oxygen-rich lake articulated skeletons and disarticulated bones, infilled
burrows, tracks
Lake margin Q Q O O O O ‘ Tracks, infilled burrows, root traces

Figure 7. Occurrence and taphonomic modes of major fossil groups in
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nonmarine depositional environments, based on Behrensmeyer and Hook (1992).

1992; Bohacs and Suter 1997). Microflora (e.g., pollen, phytoliths) occur in a wide
variety of settings, including those that preserve macroflora, but also in better-
drained settings (Retallack 1984). Vertebrate remains may be common in channel
lags, abandoned channels, and many lake settings, but they also occur in crevasse
splays, floodplain deposits, and in coastal settings (Figs. 7—8). Because the preser-
vation of bones and teeth is inhibited by acidic waters, they tend not to occur with
plant fossils, as reducing pore waters are often acidic as well (Fig. 10; McCabe
1984; Retallack 1984; McCabe and Parrish 1992; DiMichele and Phillips 1994;
Wilf et al. 1998; Gastaldo and Staub 1999). Alkaline pore waters also promote
bone permineralization, such as in some well-drained paleosols (Bown and Kraus
1987; Behrensmeyer and Hook 1992; Badgley and Behrensmeyer 1995;
Behrensmeyer et al. 1995), and in hydromorphic paleosols that were reducing
but nonacidic (Loughney et al. 2011). Macroinvertebrate fossils are commonly
preserved in coastal settings, in channel and abandoned-channel deposits, in
deposits of oxygenated lakes (Figs. 7, 9), and places where alkaline pore waters
permit the preservation of calcareous fossils (Fig. 10). Fossils of microinvertebrates
(i.e., insects, spiders, aquatic arthropods, etc.) may have the narrowest range of
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Figure 8. Examples of modern depositional settings in nonmarine systems. A:

Tidally influenced meandering river and floodplain, Whisky George Creek, near
Creels, Florida, USA; B: Channels and gravel bars of a braided river, Elbow River,
southwest of Braggs Creek, Alberta, Canada; C: Coalescing alluvial fans, near
Tonopah, Nevada, USA; D: Great Swamp, South Kingstown, Rhode Island, USA;
E: Point bar of a braided river, Elbow River, southwest of Braggs Creek, Alberta,
Canada; F: River scours in a degradational landscape, Mount St. Helens,
Washington, USA.

depositional settings in which they potentially occur and are predominantly rele-
gated to anoxic lake sediments, often restricted to deeper-water areas below the
oxygen-minimum zone (Martin 1999). Ichnofossils are common in many nonmar-
ine and coastal settings and may occur in depositional environments that do not
preserve body fossils (Figs. 7, 9). Microfossils (ostracods, diatoms, etc.) also occur
in a variety of nonmarine deposits ranging from those of lakes to well-drained
floodplains (Fig. 8).
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Figure 10. Geochemical (Eh and pH) controls on the preservation of major
fossil groups. Modified from Retallack (1984).

The variable preservation of organisms or their body parts among depos-
itional environments creates taphonomic gradients across landscapes (Fig. 9).
These taphonomic gradients, in addition to biological gradients in species
occurrence, control patterns of fossil occurrence, including taxonomic compos-
ition, the quality of preservation (e.g., diagnostic or nondiagnostic material),
and the type of preservation (i.e., body fossils, ichnofossils, etc.; Fig. 9;
Loughney and Badgley 2020).

Depositional environments with strong preservation potential are not arrayed
randomly through the stratigraphic record. Understanding where they occur
involves understanding the generation of stratigraphic architecture, from the
formation of sedimentary basins to shorter-term controls on the rates of accom-
modation and sedimentation.

5.2 Spatial Variations in Basin Subsidence

Stratigraphic architecture in marine and nonmarine settings is controlled by
the rates of accommodation and sedimentation (Catuneanu 2006). Sediment
supply is controlled by numerous factors, including topography and bedrock
type in the source area, as well as climate, which controls rates of weathering
and river discharge. Autogenic processes of fluvial sedimentation exert
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Figure 11. Subsidence and uplift within foreland, extensional (half-graben),
passive-margin, and intracratonic basins. No consistent scale is implied among
the basin types, owing to their greatly differing sizes. Areas experiencing
subsidence are shown in gray.

a strong control on local sedimentation rates. Accommodation in both inland
and coastal sedimentary basins is controlled tectonically by rates of uplift and
subsidence. In coastal basins, eustatic sea level adds an additional component
to accommodation. Patterns of subsidence vary among basin types, giving
them characteristic stratigraphic architectures (Angevine et al. 1990; Allen
and Allen 2005).
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In foreland basins (Fig. 1), subsidence is driven primarily by crustal flexure
caused by the weight of the adjoining fold-and-thrust-belt, termed the load
(Fig. 11). Subsidence rates increase towards the load, creating a structural
depression known as a foredeep (DeCelles and Giles 1996). The foredeep is
flanked distally by a broad and gentle uplift called the peripheral bulge (Pope
et al. 2009). Foreland basins are typically tens to several hundreds of kilometers
wide, hundreds of kilometers long, and may persist for tens to hundreds of
millions of years (Jordan 1995). Most sediment introduced into a foreland basin
is produced by erosion of the fold-and-thrust belt, but lesser amounts of
sediment can also be supplied from the peripheral bulge and the continental
interior.

In extensional basins (Fig. 2), subsidence is driven by stretching of the
lithosphere (Fig. 11). Extensional basins are bounded by normal faults on one
(asymmetric, half-graben) or both (symmetric, full-graben) margins. Fault
geometries may be complicated, but half-grabens are more common
(Rosendahl 1987). In large extensional regions, such as the Basin and Range
province of western North America, imbricated fault blocks are tilted along
detachment faults, which form a series of half-grabens bounded by normal
faults (Withjack et al. 2003). Although individual half-grabens may be on the
order of 10 km wide, they lie within broader extensional systems that can be
hundreds of kilometers wide and thousands of kilometers long. Along each
normal fault, subsidence occurs on the hanging wall, and uplift of the footwall
creates a fault scarp (Fig. 11; Leeder 1995). Subsidence and uplift rates are
greatest on opposite sides of the footwall scarp and decrease away from it
(Sharp et al. 2000). Tilting of a fault block between two normal faults creates
a point of zero subsidence, called the fulcrum (Fig. 11; Leeder 1995).
Subsidence and sedimentation increase towards the basin on the hanging wall
side, with increasing uplift and erosion updip on the footwall side. Sediment is
shed into extensional basins through transverse drainages emanating from the
footwall or the hanging wall and in axial drainages that develop parallel to the
fault scarps. Hanging-wall catchments (drainage basins) are often larger than
those on the footwall and provide a greater supply of sediment (Leeder and
Gawthorpe 1987; Gawthorpe and Leeder 2000). The deposits of axial streams
are thickest near the fault scarp where subsidence rates are highest.

In passive-margin (Fig. 3) and intracratonic basins, subsidence is driven by
cooling of the lithosphere following an initial stretching event, and rates of
subsidence decline exponentially over time (Pitman 1978; Armitage and Allen
2010). In passive-margin basins, subsidence rates increase approximately lin-
early away from the continent, and in intracratonic basins, subsidence rates
increase towards the center of the basin (Fig. 11).
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Figure 12. Expected stratigraphic features in settings ranging from low
accommodation to high accommodation. Based in part on Catuneanu (2006).

5.3 Accommodation Settings

The distinction between regions of high versus low subsidence in nonmarine
basins is a first-order control on the stratigraphic architecture of nonmarine
strata (Catuneanu 20006), although other factors such as autogenic dynamics are
also important (e.g., Bryant et al. 1995; Mackey and Bridge 1995; Hajek and
Heller 2012; Chamberlin and Hajek 2015). Nonmarine stratigraphers have
simplified the spectrum of accommodation rates by emphasizing two end-
member cases: a high-accommodation setting and a low-accommodation set-
ting (Arnott et al. 2002; Zaitlin et al. 2002; Catuneanu 2006).
High-accommodation settings are characterized by relatively thick deposits,
directly reflecting the high subsidence rate (Fig. 12; Table 2). They are domin-
ated by thick and extensive fine-grained floodplain deposits, with single-story
channel sand bodies that are vertically and laterally isolated from one another
and separated by floodplain deposits. Paleosols in these thick floodplain
deposits are immature (Table 1) because they are buried rapidly. In areas
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Figure 13. Outcrops of nonmarine facies that host fossil assemblages. A:

Conglomerates deposited by alluvial fans, Cretaceous, Utah, USA; B:
Multistory channel sandstones, Crab Orchard Mountains Group,
Pennsylvanian, Tennessee, USA; C: Coal beds in the Breathitt Group,
Pennsylvanian, Kentucky, USA; D: Abandoned-channel deposit in the
Horseshoe Canyon Formation, Cretaceous, Alberta, Canada; E: Alternating
high-accommodation (HAST) and low-accommodation (LAST) systems tracts
in the Castlegate Sandstone, Cretaceous, Utah, USA; F: Fine-grained sandy
deposits of a shallow lake system, Green River Formation, Eocene, Wyoming,
USA; G: Hydromorphic paleosol in the Chinle Formation, Triassic, Arizona,
USA; H: Mature, well-drained paleosol in the Chinle Formation, Triassic,
Arizona, USA

Downloaded from https://www.cambridge.org/core. University of Georgia Libraries, on 19 Jan 2021 at 21:00:37, subject to the Cambridge Core
terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108881869


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108881869
https://www.cambridge.org/core

30

Elements of Paleontology

Table 2 Accommodation settings in nonmarine systems, adapted from

Catuneanu (2006).

Low-accommodation

High-accommodation

Feature Settings Settings

A:S ratio Low High

Thickness Thin Thick

Systems tracts Dominated by LAST in Dominated by HAST in

Sequence-
bounding
unconformities

Incised valleys

Underlying

topography
Channel
sandstones

Tidal influence

Floodplain
deposits

Coals

Paleosols

inland settings, HST

commonly missing in

coastal settings
Multiple, closely spaced

Multiple and common, often
with substantial truncation
of underlying strata

Enhanced control on
architecture

Generally amalgamated,
may be less so near
maximum flooding
surface or within HAST

Less common, but more
likely in coastal settings
near maximum flooding
surface

Rare, more likely
developed within TST in
coastal settings and
HAST in inland settings

Typically absent, but with
multiple internal hiatuses
where present

Uncommon, but those
preserved tend to be
well-drained and mature.

inland settings, all
systems tracts in coastal
settings

Rare

Rare, often with little
truncation of underlying
strata

Weak control on
architecture

Commonly single-story to
weakly amalgamated,
more amalgamated
above and below
sequence-bounding
unconformities

Common, especially in
coastal settings near
maximum flooding
surface

Abundant, most dominant
in TST in coastal settings
and HAST in inland
settings

Abundant, commonly
thick, with fewer internal
hiatuses

Thin, widely spaced, and
immature. Tend to be
hydromorphic and
organic-rich.

? LAST: low-accommodation systems tract; HAST: high-accommodation systems

tract; HST: highstand systems tract; TST: transgressive systems tract.
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where the water table is high or intersects the land surface, hydromorphic
paleosols may develop (Fig. 13, G; Table 1). In high-accommodation settings
where the climate is wet, sediment input is limited, and the other physicochem-
ical requirements for peat are met (e.g., Gastaldo 2010), such as in floodplain
areas far from fluvial channels, coals are common, thick, and simple in their
internal anatomy (Table 1). Large lakes or numerous small lakes may form in
high-accommodation settings. Sequence-bounding unconformities tend to be
rare and widely spaced (Fig. 12; Table 2), because high subsidence rates make it
difficult to achieve the negative rates of accommodation necessary to form an
unconformity.

Low-accommodation settings have thin stratigraphic records with rela-
tively few or no floodplain deposits. They are dominated by highly amalgam-
ated multistory or multilateral channel sand bodies, in which channels
truncate older channel deposits. This truncation can be caused by lateral
migration of channels and by avulsion of channel belts (Hajek and
Wolinsky 2012). Where floodplain deposits are present, they typically contain
paleosols that are mature (Table 1) and oxidized, reflecting a relatively low
water table (Figs. 12, 13, H; Table 2). Coal is usually absent from low-
accommodation settings, but where present, coal beds are compound with
multiple internal discontinuities that reflect a complicated depositional his-
tory. Sequence-bounding unconformities are common and closely spaced in
low-accommodation settings, and they may incise deeply into older strata
(Fig. 12; Table 2).

Although settings within a basin are often described as either low-
accommodation or high-accommodation, accommodation varies over a spectrum
of conditions (Fig. 12). As a result, depositional settings might be described as
intermediate (e.g., Wadsworth et al. 2002), hyper-high, or hyper-low accommoda-
tion (Kidwell 1993 presents a similar argument for marine systems). Regardless of
the terms that are applied, the implication is the same: by controlling the preserva-
tion of various depositional environments, the rate of accommodation controls the
nonmarine stratigraphic record and its fossil record.

5.4 Temporal Variations in Basin Subsidence

Most sedimentary basins experience a decline in subsidence rates through their
history (Fig. 14). For example, foreland basins have high initial rates of
subsidence as thrust loads are emplaced. These are followed by declining
rates of subsidence and eventually by uplift as thrusting ceases and erosion of
the thrust loads outpaces their emplacement (Heller et al. 1988). Although
foreland basins may undergo multiple cycles of loading and quiescence, they
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display a net long-term decline in subsidence rate as thrust emplacement
terminates and the thrust loads are eroded. This long-term decline typically
takes place over the lifespan of the basin, which is typically tens of millions of
years (Angevine et al. 1990; Allen and Allen 2005). Similarly, rift basins have
high initial rates of subsidence during extension, followed by a decrease in
subsidence rates as stretching ceases (Fig. 14; Bridge 2003). Like foreland
basins, rift systems typically last for a few tens of millions of years (Leeder
1995). Passive-margin and intracratonic basins also have long-term declines in
subsidence rate, owing to the exponential law of cooling-generated subsidence.
In contrast to foreland and extensional basins, passive-margin and intracratonic
basins are longer lived, lasting hundreds of millions of years.

Declining subsidence rates cause nonmarine basins to evolve towards lower-
accommodation conditions over time (Fig. 14). With their rapid initial subsid-
ence rates, foreland and extensional basins may start as high-accommodation
settings, but they evolve toward low-accommodation settings. In contrast, the
nonmarine portions of passive-margin and intracratonic basins start as low-
accommodation settings and evolve towards hyper-low or even negative
accommodation, in which unconformities cannibalize much of the record that
was previously deposited.

Declining subsidence rates in basins may also be accompanied by increased
sediment supply as uplands erode, additionally causing fluvial systems to
prograde progressively into the basin over time (Fig. 15). This progradation
causes a net stratigraphic trend of increasing elevation at any location, which
will be reflected in the composition of fossil communities.

Basin types display two distinct spatial relationships between subsidence rates
and the location of sediment sources (Fig. 15). In foreland and extensional basins,
sediment is introduced to the basin by rivers where subsidence rates are greatest,
which allows thick accumulations of nonmarine sediment. In passive-margin and
cratonic basins, sediment enters where subsidence rates are slowest, causing
accumulations of nonmarine strata to be thinner. In addition, subsidence rates
of extensional and foreland basins are greater than passive-margin and cratonic
basins (Fig. 11; Angevine et al. 1990; Allen and Allen 2005). Accordingly,
nonmarine deposits in passive-margin and intracratonic basins are typically
thinner and less extensive than those in extensional and foreland basins.

As such, a greater proportion of the nonmarine fossil record is found in
foreland and extensional basins. However, foreland and extensional basins
are smaller than passive-margin and intracratonic basins, and they are
shorter-lived by an order of magnitude (Holland 2016). As a result, the
basins with the majority of the nonmarine fossil record tend to represent
relatively small geographic areas and short spans of geologic time.
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Figure 14. Subsidence histories of representative extensional (rift; dashed line)
and passive-margin basins (solid line), intracratonic basins, and foreland basins.
All plots are to the same scale, with subsidence of oceanic crust shown for scale.

Blue curves follow the time scale at the bottom of each figure, and red curves
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Figure 15. Schematic illustrations of stratigraphic architecture over the history
of a foreland basin, an extensional half-graben basin, and a passive-margin
basin. Actual architecture may be more complicated, owing to cycles of
accommodation and sedimentation over a range of time scales, as well as
synsedimentary and subsequent structural deformation.

6 Sequence-Stratigraphic Architecture of Nonmarine Basins

Sequence stratigraphy is the study of how changes in the rates of accommodation
(i.e., tectonic subsidence and eustasy) and sedimentation control the architecture of
the stratigraphic record. In particular, sequence-stratigraphic models have empha-
sized how cycles in the rate of accommodation produce unconformity-bounded

Downloaded from https://www.cambridge.org/core. University of Georgia Libraries, on 19 Jan 2021 at 21:00:37, subject to the Cambridge Core
terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108881869


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108881869
https://www.cambridge.org/core

The Stratigraphic Paleobiology of Nonmarine Systems 35

packages of strata called depositional sequences. Owing to predictable changes in
the relative rates of accommodation and sedimentation, depositional sequences are
divided into packages of strata that have a characteristic stratigraphic position and
internal anatomy, called systems tracts (Van Wagoner et al. 1988; Catuneanu 2006;
see Table 1 for definitions of common sequence-stratigraphic terms). For non-
marine strata, separate frameworks have been proposed for coastal settings influ-
enced by sea level (Fig. 16, left) and inland settings that operate independently of
sea level (Fig. 16, right). Systems tracts for distributive fluvial systems may be
a third framework but have yet to be fully developed.

6.1 Coastal Systems Tracts

The classic marine systems tracts (Van Wagoner et al. 1988; Hunt and Tucker
1992; Catuneanu 2006) can be extended landward to where marine and non-
marine deposits interfinger (Figs. 17-18; Wright and Marriott 1993; Shanley
and McCabe 1995; Bohacs and Suter 1997). In these settings, it is generally

Coastal Inland
Systems Depositional Strike —— Systems
Tracts Tracts

TST - ey
- —— HAST
== | AST
=
- - - = HAST
TST
= i I =
= e -—
= ——
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Channels Paleosols  Ponds Surfaces
fluvial —_— — well-developed expansion surface

TS tidally influenced

weakly developed

unconformity

well- hydro-

abandoned drained morphic

Figure 16. Stratigraphic architecture of fluvial settings, based on Wright and
Marriott (1993) and Atchley et al. (2004), with coastal systems-tract model
(left; Van Wagoner et al. 1990) and inland systems-tract model (right; Martinsen
et al. 1999). Cross-section is along depositional strike and does not imply any
particular basin type.
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36 Elements of Paleontology

thought that eustasy is the primary source of variations in accommodation and,
therefore, the agent producing depositional sequences. The effects of eustatic
change are greatest at the shoreline and decrease landward, and the extent of the
backwater region affected by sea level is a function of channel slope and tidal
range. Backwater effects can reach kilometers to tens of kilometers from the
shoreline on rivers with steep profiles (e.g., Eel and Colorado rivers) and for
hundreds to thousands of kilometers on rivers with gentle gradients (e.g.,
Mississippi and Amazon rivers; Blum et al. 2013). These distances are upstream
of the landward limits of tidal influence or saltwater intrusion, both of which can
extend far inland from the river mouth.

A depositional sequence begins with the sequence boundary (Fig. 17-18). In
depositionally updip areas, this is manifested as a subaerial unconformity, which
forms by the incision of rivers and the development of mature paleosols on
interfluves (Fig. 8, F). The erosional surface is commonly expressed as a high-
relief surface with the formation of deep incised valleys, but it can also be

stacking patterns
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B
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°
3
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surfaces bsfr SB ts mfs bsfr sB

inland systems tracts LAST <— HAST —> LAST
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and sedimentation (S)
>
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Figure 17. Relationship between rates of accommodation and sedimentation
and the elements of sequence stratigraphy: depositional sequences, stacking
patterns, systems tracts, and major surfaces. Locations of bounding surfaces of
systems tracts are defined (gray dashed lines) by where the rates of
accommodation are zero (bsfr, SB) or where the rates of accommodation and
sedimentation are equal (ts, mfs). Positive rates indicate eustatic sea-level rise
or tectonic subsidence; negative rates indicate eustatic sea-level fall or uplift.
SB: sequence boundary; ts: transgressive surface; mfs: maximum flooding
surface; bsfr: basal surface of forced regression; LST: lowstand systems tract;
TST: transgressive systems tract; HST: highstand systems tract; FSST: falling-
stage systems tract; LAST: low-accommodation systems tract; HAST: high-
accommodation systems tract.
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a widespread and relatively low-relief erosional surface. On the interfluves between
river valleys, protracted weathering of the land surface creates mature and well-
drained paleosols (Fig. 16; Kraus 1999; McCarthy and Plint 2013). In the frame-
work of Gastaldo and Demko (2011), in which the land surface of fluvial systems
alternates between states of degradation (erosion), stasis (pedogenesis), and aggrad-
ation (accumulation), the formation of a sequence boundary occurs during a period
dominated by degradation in incised valleys and stasis on interfluves.

In depositionally downdip areas, the sequence boundary is overlain by the
lowstand systems tract (LST), which consists of stacked multistory fluvial
channel sand bodies (Fig. 13, B) with limited or no floodplain deposits
(Fig. 18). These deposits may be confined to incised valleys, or they may be
regionally extensive where the sequence boundary is a widespread erosional
surface. As the rate of eustatic sea level rise quickens through the LST, fluvial
systems increasingly preserve floodplain sediments with single-story channel
bodies. Thick, widespread coals and organic-rich muds may be present ini-
tially, but they become increasingly laterally limited as rates of accommoda-
tion increase (Ryer 1983; Bohacs and Suter 1997; Wadsworth et al. 2010). The
land surface during the LST is characterized by a shift to aggradation and
stasis, with an increasing proportion of aggradation to stasis over time,
although degradation may persist in areas of slower subsidence (Gastaldo
and Demko 2011).

The LST is overlain by the transgressive systems tract (TST), which consists
in nonmarine areas of single-story fluvial channels encased in thick floodplain
deposits (Figs. 16, 18). Many of these channels are abandoned (Fig. 13, C, D),
owing to frequent avulsion. Stratigraphically upward, channels in the TST
typically show increasing tidal influence, as shoreline transgression takes
place. In coastal areas, nonmarine TST deposits are often capped by marine
deposits. Because the coastal water table rises with sea level (Shanley and
McCabe 1994; Blum et al. 2013), floodplain deposits of the TST have immature
hydromorphic paleosols and small ponds. Coals tend to be thick in the early
TST as rates of peat accumulation are able to keep pace, but they become thinner
as peat accumulation is unable to keep up and mires are flooded (Bohacs and
Suter 1997; Wadsworth et al. 2002; Holz and Kalkreuth 2004). Although
siliciclastic marine TST deposits tend to be thin, nonmarine TST deposits
tend to be thick, as sediment supplied to the basin is captured first by the coastal
plain, particularly in areas close to river channels (Fig. 18; Wright and Marriott
1993). Within any vertical column through the TST, nonmarine strata record
progressively more coast-proximal settings, corresponding to progressively
lower elevations on the coastal plain. The land surface during the TST is
dominated by periods of aggradation, with shorter periods of stasis, and the
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dominance of aggradation reaches a peak near the middle of the TST (Gastaldo
and Demko 2011).

The TST is overlain by the highstand systems tract (HST). In areas of
nonmarine strata, the HST displays an upward transition to more multistory
channel sand bodies and fewer single-story, abandoned, and tidally influenced
channel sandstones (Figs. 16, 18). This transition is accompanied by a gradual
decrease in the thickness of floodplain deposits. Progradation of this system
leads to a lower water table, forming better-drained and more mature paleosols
and fewer ponded areas. Provided that the climatic and substrate conditions are
conducive for peat formation, coals tend to be thick and widespread in the
earliest HST (Bohacs and Suter 1997; Wadsworth et al. 2002; Holz and
Kalkreuth 2004). They also tend to be thinner and more isolated upward within
the HST as decreasing rates of accommodation limit the amount of peat
accumulation. Nonmarine HST deposits tend to be thinner than those of the
TST owing to declining rates of accommodation (Fig. 18). Within any vertical
column through the HST, nonmarine strata record positions that are progres-
sively farther from the coast and, therefore, at higher elevations. The land
surface during the HST undergoes more frequent and longer periods of stasis
relative to aggradation (Gastaldo and Demko 2011).

The HST is succeeded by the falling-stage systems tract (FSST). Because of
the negative rates of accommodation (Fig. 17), any deposits tend to be thin and
are the first to be eroded during the formation of the growing subaerial uncon-
formity (Fig. 18). For this reason, early sequence-stratigraphic frameworks
included FSST deposits as part of the late HST (Van Wagoner et al. 1988,
1990). Because the fall in sea level creates a scarp at the former shoreface, the
coastal gradient is steepened, causing incision and valley formation rather than
deposition in formerly coastal nonmarine areas. Consequently, the few non-
marine deposits of the FSST are usually limited to isolated terrace deposits on
the walls of incised valleys (Blum et al. 2013). They are also deeply weathered
and typically capped by mature, well-drained paleosols. During the FSST, the
land surface is dominated by degradation of channel courses and stasis on
interfluves (Gastaldo and Demko 2011).

This architecture changes predictably along depositional dip (Fig. 18). In
depositionally downdip settings, nonmarine deposits may be limited to the
LST. These deposits are bounded sharply below by the sequence boundary
and overlie marine deposits, and they are bounded sharply above by the
transgressive surface and overlain by marine strata. In progressively more
updip settings, nonmarine strata extend higher into the TST, and these may
ultimately be overlain by marine strata. In the HST, these marine strata pass
conformably upwards into nonmarine strata. In other words, a wedge of
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marine strata separates the nonmarine strata in the underlying TST from those
in the overlying HST. This marine wedge thins and eventually disappears
depositionally updip, beyond which the entire TST and HST consist of
nonmarine strata (Fig. 18). The upper and lower boundaries of this marine
wedge differ, with an abrupt lower boundary lying at a marine flooding
surface, and a conformable upper boundary marking the diachronous passage
from shallow-marine strata into coastal nonmarine strata. There is a strong
potential for each of these time-transgressive contacts to be correlated erro-
neously along depositional dip in non-sequence-stratigraphic studies (see
Figures 17 and 18 of Van Wagoner et al. 1990).

6.2 Inland Systems Tracts

In coastal areas so far inland that they are beyond the influence of eustasy
(Swenson 2005) and in inland basins isolated from the ocean, it is impossible to
use the classic marine systems tracts (i.e., LST, TST, HST, FSST). Instead, two
systems tracts are recognized, the high-accommodation and low-
accommodation systems tracts (Figs. 13, E, 16, right, 19; Table 3; Martinsen
etal. 1999; Boyd et al. 2000; Catuneanu 2006). These systems tracts are closely
analogous to the high-accommodation and low-accommodation settings.

Low-accommodation systems tracts (LAST) form when the rate of accom-
modation is low relative to the rate of sedimentation. Under these conditions,
the floodplain aggrades slowly, channel avulsion is infrequent, and lateral-
accretion deposits characterize the system. As a result, LAST deposits are
thin and dominated by multistory and multilateral channel sand bodies
(Fig. 16; Table 3). Fine-grained floodplain deposits are, therefore, a minor
component of the LAST and may be absent altogether (Wright and Marriott
1993). Where floodplain deposits are preserved, they often contain mature well-
drained paleosols, reflecting longer exposure and weathering (Kraus 1999). The
tops of channel sand bodies may also be pedogenically modified. Low water
tables inhibit the formation of rheotrophic peats (Table 1), and low rates of
accommodation inhibit the preservation of both rheotrophic and ombrotrophic
peats (Table 1). As a result, coal deposits are typically absent in the LAST
(Bridge 2003; Catuneanu 2006).

The high-accommodation systems tract (HAST) forms when rates of accom-
modation are high. Rapid floodplain aggradation promotes frequent channel
avulsion (Bryant et al. 1995), and the resulting HAST deposits are typically
dominated by thick successions of fine-grained floodplain deposits with iso-
lated, single-story channel sandstones (Fig. 16; Table 3; Catuneanu 20006).
Abandoned-channel deposits have a high potential for preservation and can be
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Table 3 Systems tracts of inland nonmarine deposits, adapted from Martinsen

et al. (1999) and Catuneanu (20006).

Low-accommodation

High-accommodation

Feature Systems Tract (LAST) Systems Tract (HAST)
A:S ratio Low High
Thickness Generally thin, but can be Often thick, but can be
thick if low- thin if truncated by an
accommodation unconformity, or if
conditions are persistent high-accommodation
conditions were short-
lived
Floodplain deposits  Rare and thin Common, thick
Coal Rare, thin, usually with Common, thick, typically
multiple hiatuses and lacking hiatuses and
wetting and drying with single wetting or
trends drying trend
Paleosols Common, typically mature  Few, typically thin,

Channel sandstones

Distribution

Upper bounding
surface

Lower bounding
surface

and well-drained

Amalgamated, multistory,
and multilateral
Variable; may be laterally
restricted and confined
to an incised valley, or
may form a regional
sheet-like geometry
Upper bounding surface
commonly a sharp
expansion surface, but it
may also be a sequence-
bounding unconformity.
In some cases, the
sequence-bounding
unconformity may lie
within the LAST.
Lower bounding surface
commonly a sequence-
bounding unconformity,
but in some cases is
gradational with
underlying HAST.

immature, may be
hydromorphic
Isolated, single-story, may
be tidally influenced
Typically widespread
and of regional extent

Upper bounding surface
often gradational to
overlying HAST; may
also lie at a sequence-
bounding
unconformity.

Lower bounding surface
is commonly a sharp
expansion surface with
underlying LAST. Base
may also coincide with
a sequence-bounding
unconformity.
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42 Elements of Paleontology

common in the HAST (Fig. 16). Steady sediment deposition on the floodplain
impedes pedogenesis, and paleosols tend to be immature (Wright and Marriott
1993; Kraus 1999). High water tables promote the formation of hydromorphic
paleosols and ponds. High water tables also promote the development of
rheotrophic peats if the rate of organic matter input is high. The resulting
coals may be common, thick, and simple. High aggradation rates allow for the
preservation of rheotrophic as well as ombrotrophic coals. If the climate is
humid and sediment supply is limited, whether by weathering (Cecil and
Dulong 2003) or upstream trapping of sediment, large and potentially deep
lakes may form (Fig. 13, F). In these cases, much of the HAST may be thick
lacustrine deposits.

As is true for the high- and low-accommodation settings, these systems tracts
are artificial divisions of a continuum of possible architectural patterns that may
develop over the history of a basin (Fig. 19). As such, intermediate as well as
more exaggerated cases (i.e., hyper-HAST or hyper-LAST) may form, depend-
ing on the rate of accommodation (Boyd et al. 2000).

A depositional sequence in an inland area begins with a sequence boundary
that marks a period of negative accommodation and landscape degradation
(Fig. 16; Gastaldo and Demko 2011). As rates of accommodation slowly increase,
stasis and aggradation characterize the landscape, with a progressive increase in
aggradation over stasis. As a result, a LAST forms above the sequence boundary,
and it may initially be restricted to incised valleys (Fig. 16; Wright and Marriott
1993). As rates of accommodation continue to increase, and aggradation domin-
ates over stasis, a HAST develops. If this increase in the rate of accommodation is
gradual, the contact between the underlying LAST and the overlying HAST is
gradational. The contact will be characterized by a progressive upward increase in
floodplain deposits and a decrease in channel sand-body connectedness. These
changes lead to an increasing occurrence of isolated single-story channel bodies
over multistory or multilateral channel bodies. If the increase in accommodation
is rapid, the contact of the HAST on the LAST is sharp (e.g., Rogers et al. 2016)
and is called an expansion surface (Martinsen et al. 1999; Table 1). As rates of
accommodation progressively decrease through the HAST, and stasis dominates
over aggradation, the HAST passes gradationally upwards into a LAST, capped
by a sequence boundary and the LAST of the following sequence. If the sequence
boundary is marked by widespread erosion, the LAST underlying the sequence
boundary may be erosionally removed, causing the sequence boundary to be
a sharp contact where the LAST overlies a HAST (e.g., Martinsen et al. 1999).

Regardless of the placement of the sequence boundary, alternations of LAST
and HAST (or similar architectures with different names) are common in non-
marine sediments (e.g., Currie 1997; Martinsen et al. 1999; Gani et al. 2015;
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Figure 19. Relationships of the coastal and inland systems-tracts models to the
accommodation to sedimentation ratio (A:S), with their corresponding expressions
in the nonmarine stratigraphic record. Based in part on Catuneanu (2006).

Scherer et al. 2015; Wanas et al. 2015; Campo et al. 2016; Loughney and Badgley
2017). In low-accommodation settings, depositional sequences may consist
entirely of a LAST bounded above and below by sequence boundaries.

6.3 Distributive Fluvial Systems

Although tributary fluvial systems (such as the Mississippi River and its
tributary system) are well-known and are the basis of many depositional
models, distributive fluvial systems (DFS), in which rivers bifurcate down-
stream, have been increasingly described in foreland and extensional basins
(Hartley et al. 2010; Weissmann et al. 2010, 2015). A DFS radiates from the
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point at which a single channel enters a basin. From this apex, this channel
progressively bifurcates downstream into a series of smaller and shallower
channels. These distal channels may terminate in sand lobes or sheets on
a broad plain dotted with shallow lakes or playas (Owen et al. 2015b). Where
multiple distributary streams enter a basin, the distal channels may merge into
an axial tributary-based river system (Weissmann et al. 2010). Several import-
ant fossil-bearing nonmarine deposits have been reinterpreted as DFS, includ-
ing portions of the Upper Triassic Chinle Formation (Trendell et al. 2013) and
the Upper Jurassic Morrison Formation (Owen et al. 2015a, b) of the USA, the
Paleocene Paskapoo Formation of Canada (Quartero et al. 2015), and the
Permian portion of the Beaufort Group of South Africa (Gulliford et al. 2014).

Distributive fluvial systems show a consistent facies architecture from
proximal (depositionally updip) to distal (depositionally downdip) settings
(Fig. 20, B; Trendell et al. 2013; Gulliford et al. 2014, 2017; Owen et al.
2015a, b). In proximal areas, the distributary network is dominated by
amalgamated multistory channel deposits with minor amounts of fine-
grained floodplain deposits. In medial areas, floodplain and channel deposits
occur in equal proportions, with multistory and isolated channel sand bodies
separated vertically by packages of floodplain deposits that may include
mudstone, paleosols, thin sand sheets, and lacustrine sediments. In distal
areas, floodplain deposits dominate, with sparse single-story and relatively
shallow channel sand bodies (Fig. 20, B).

Sequence-stratigraphic concepts similar to those for tributary-based fluvial
systems have been applied to DFS models, although they employ the coastal
systems tracts model for basins that are commonly inland (Gulliford et al. 2014;
Owen et al. 2015a, b). For example, the LST overlies the sequence-bounding
unconformity and is characterized by multistory sandstone bodies. These
deposits pass upwards into progressively more floodplain-dominated deposits
and single-story channel bodies in the TST, with more frequent indicators of
poor drainage and clevated water tables near the maximum flooding surface
equivalent. The HST is characterized by an upward increase in the channel- to
floodplain-deposit ratio, as well as an upwards increase in the proportion of
multistory or multilateral channel sandstones. In large part, these vertical trends
are interpreted to result from the lateral translation of the proximal, medial, and
distal belts of the DFS in response to changes in accommodation (Gulliford
etal. 2014). In other words, a high rate of accommodation causes a retreat of the
proximal and medial belts towards the apex of the DFS, accompanied by an
expansion of the distal belt across the basin. Low rates of accommodation are
accompanied by progradation of the proximal and medial belts, displacing the
distal regions farther down depositional dip (Gordon and Heller 1993).
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Figure 20. Schematic cross sections of fluvial architecture in distributary fluvial
systems (A) and tributary fluvial systems (B). Light green = high
accommodation; dark green = low accommodation.

Temporal changes in accommodation can produce similar changes in stacking
patterns without regional displacements in the locations of the proximal, med-
ial, and distal facies belts (Owen et al. 2015a).

Although DFS certainly occur in modern fluvial drainages (Weissmann et al.
2010, 2015), their ubiquity may be overstated, and their dominance in the rock
record is debated (Sambrook Smith et al. 2010; Fielding et al. 2012). The
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criteria for identifying and interpreting DFS deposits (Weissmann et al. 2010;
Hartley et al. 2010) need to be better resolved, and their sequence-stratigraphic
principles need to be more fully developed.

7 Predictions for the Nonmarine Fossil Record

The long-term evolution of sedimentary basins, coupled with cyclic changes in
the rates of accommodation and sedimentation, creates predictable stratigraphic
architectures in nonmarine systems. These architectures lead to eight broad sets
of predictions about the structure of the nonmarine fossil record, similar to those
that have been made for the marine fossil record (Holland 1995, 2000;
Patzkowsky and Holland 2012). The first three sets of predictions relate to the
taphonomic effects of trends and cycles in accommodation: that taphonomic
modes will vary predictably over the history of a basin, that taphonomic modes
will vary predictably within depositional sequences, and that fossil concentra-
tions will occur in stratigraphically predictable settings. The final five sets of
predictions relate to the manifestation of the elevation gradient: that undetected
elevation gradients in community composition exist in the fossil record, that
community composition will change predictably over the history of a basin and
through depositional sequences, and that abrupt changes in community com-
position are expected at sequence boundaries and the updip equivalents of
marine flooding surfaces.

7.1 Trends in Taphonomic Mode and Preserved Biotas

The occurrence of major groups of nonmarine fossils (e.g., macroflora, micro-
flora, invertebrates, vertebrates, etc.; Figs. 7, 21) and their taphonomy are
expected to change systematically over the history of a basin by the long-term
decline in subsidence rates and its effects on facies architecture. In particular,
the long-term transition from high-accommodation conditions to low-
accommodation conditions will be manifested as a shift from predominantly
floodplain, lake, and single-story channel deposits to an increasing dominance
of multistory or multilateral channel bodies. This transition will also include
a decline in the amount of preserved floodplain and lake deposits. This long-
term trend over the history of a sedimentary basin has three implications for the
nature of the nonmarine fossil record.

First, the preservation quality of nonmarine fossil assemblages is expected to
decline over the history of a basin. In the early high-accommodation phase of
a basin, facies architecture will be dominated by floodplain, lake, abandoned-
channel, and mire deposits (Fig. 21). These facies tend to have high preservation
potential and tend to preserve autochthonous to parautochthonous assemblages.
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Figure 21. Expected variations of the dominant depositional environments,
major taxonomic groups, and taphonomic patterns as a function of the
accommodation to sedimentation ratio (A:S). All distributions are generalized
and meant to show only first-order patterns of increase, decrease, or no trend.
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Vertebrate remains accumulating in abandoned-channel and floodplain deposits
typically display a high degree of articulation, association, and low amounts of
breakage and fragmentation, and delicate plant parts typically occur with
minimal fragmentation (Fig. 7; Behrensmeyer et al. 2000; Gastaldo and
Demko 2011). In the later low-accommodation phase of a basin, facies archi-
tecture will be dominated by channel deposits, particularly multistory channel
bodies, with minor floodplain deposits containing well-drained paleosols.
Vertebrate assemblages forming in channels, especially in channel lags, are
characterized by disarticulated and dissociated skeletal elements, which can
display substantial amounts of breakage, as well as size-sorting (Behrensmeyer
1988). Macroflora in channel deposits are largely limited to the most recalcitrant
parts, such as wood (Fig. 7; Greenwood 1991; Wing 2005; DiMichele and
Gastaldo 2008). Although bones and macroflora can be transported substantial
distances by streams (Aslan and Behrensmeyer 1996; Gastaldo et al. 1987),
fossil concentrations in channel deposits are typically parautochthonous with
some allochthonous material (Gastaldo et al. 1987; Spicer 1991; Rogers and
Brady 2010). Similarly, the transition from immature, poorly drained paleosols
to mature, well-drained paleosols will increase the duration of bone weathering
and cause the complete destruction of most macroflora (Behrensmeyer 1978;
Gastaldo and Demko 2011). In all cases, the expected trend is a decline in the
quality of fossil preservation over the history of the basin (Gastaldo et al. 2005;
DiMichele and Gastaldo 2008).

Second, the amount of time averaging of nonmarine fossil assemblages is
expected to increase over the history a basin. Rapid aggradation during the early
high-accommodation phase of a basin favors the rapid burial of remains in both
channel and floodplain deposits, whereas in the later, slowly aggrading low-
accommodation phase, remains accumulate over longer periods of time before
burial. Fossil assemblages in facies forming under higher-accommodation
conditions should have generally lower amounts of time-averaging than assem-
blages forming under low-accommodation conditions. The extensive cannibal-
ization of sediments involved in the formation of multistory channel sandstones
increases the amount of reworking and time-averaging of vertebrate assem-
blages (Bown and Kraus 1981; Badgley 1986; Aslan and Behrensmeyer 1996;
Gastaldo et al. 2017). This cannibalization allows the renewed oxidation and
destruction of plant remains (Gastaldo and Demko 2011). Moreover, because
channels typically sample over larger areas than floodplain, pond, and lake
deposits, channel assemblages can mix taxa from different environments
(Badgley 1986; Behrensmeyer and Chapman 1993; Rogers 1993;
Behrensmeyer et al. 2000), contributing to greater spatial averaging in low-
accommodation settings. This trend of increasing time averaging corresponds
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with increasing paleosol maturity. Pedogenesis proceeds over time in places
receiving low amounts of sediment. Such settings are also able to accumulate
the remains of plants and animals over longer periods of time, and so fossil
assemblages in mature paleosols may be more time averaged than assemblages
in immature paleosols or unmodified sediments (Aslan and Behrensmeyer
1996). Prolonged exposure, however, does not favor the preservation of plant
remains and contributes to the weathering and destruction of bone, so mature
paleosols may not host abundant or well-preserved fossil accumulations.

Third, the apparent overall nonmarine diversity of a basin is expected to
decline over its history. The facies favored under high-accommodation condi-
tions early in the history of a basin tend to have high preservation potential for
a wide variety of major fossil groups (Fig. 7; Behrensmeyer and Hook 1992).
Consequently, overall diversity is expected to be relatively high early in the
history of a basin. With the net decline in accommodation rates, the later history
of a basin is increasingly dominated by facies that preserve fewer major fossil
groups (Fig. 7). The result is that diversity is expected to be lower late in the
history of a basin. Within individual major groups, most are also expected to
show a decline in diversity owing to the shift in the dominant facies and
taphonomic gradients caused by the decline in rates of accommodation. For
example, the long-term decline in the quality of plant and bone preservation will
create an apparent decline of diversity within each of these groups. Aquatic
mollusks might show the opposite pattern of increasing diversity through time
as the proportion of channel deposits increases.

Different sedimentary basins will predictably show these trends to differing
degrees. For example, the decline in subsidence rates over time is greater for
foreland and extensional basins than for passive-margin and intracratonic basins
(Fig. 14). In addition, because the nonmarine portion of passive-margin and
intracratonic basins is always on the low-accommodation side of the basin
(Fig. 11), accommodation rates there remain consistently low. As a result, trends
in taphonomy and the representation of major groups will be more pronounced in
foreland and extensional basins. In contrast, passive-margin and intracratonic basins
are expected to have a persistently lower quality of preservation, except where
eustatic rises in coastal basins temporarily create high-accommodation conditions.

Among basin types, there is a tradeoff between the quality of fossil preserva-
tion and basin size and longevity. Passive-margin and intracratonic basins char-
acterized by persistently low rates of accommodation will preserve fossil records
characterized by consistently relatively poor preservation quality, despite their
large areas and long lifespans. In contrast, foreland and extensional basins will
preserve extensive records of high-accommodation conditions with well-
preserved fossils, but over relatively smaller areas and shorter spans of time.
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7.2 Cycles in Taphonomic Mode and Preserved Biotas

The taphonomic mode and the occurrence of major groups of nonmarine fossils
will also change predictably within depositional sequences (Fig. 21). Cyclical
changes in accommodation and sedimentation have the potential to create atyp-
ical conditions within high- and low-accommodation settings. For example, high-
accommodation settings will tend to be dominated by high-accommodation
systems tracts, but they can preserve low-accommodation systems tracts during
eustatic fall in coastal basins or when subsidence rates are reduced in any basin
type. Similarly, low-accommodation settings have the potential to preserve high-
accommodation systems tracts during pulses of subsidence or rapid eustatic rise,
even though they might generally be dominated by low-accommodation systems
tracts (Fig. 17). As a result, the relative proportions of preserved facies and the
taphonomic characteristics of assemblages in the deposits will change cyclically
within depositional sequences (Gastaldo et al. 2005; DiMichele and Gastaldo
2008). These shorter-term variations may mask long-term trends in taphonomy
and preserved biotas, especially if the amplitude of the shorter-term changes in
accommodation and sedimentation are large.

Systems tracts that form under rapid rates of accommodation (HAST and
TST) will favor the development and preservation of floodplain, mire, and lake
settings, all of which tend to have fossil assemblages characterized by generally
good preservation, relatively low amounts of time averaging, and higher diver-
sity (Fig. 21). Enhanced preservation in these settings also weights the fossil
record towards wetland communities. Systems tracts that form under low or
negative rates of accommodation (LAST, LST, HST, and especially FSST) will
preserve facies containing fossil assemblages with generally poorer preserva-
tion quality, greater time averaging, and lower diversity (Fig. 21; Gastaldo et al.
2005). Thus, at the scale of depositional sequences, the quality of fossil preser-
vation will systematically vary, especially so for the macrofossil record. These
cyclical changes in taphonomic modes can also create gaps in the ranges of
species and higher taxa. If the rates of change in accommodation are relatively
slow, cycles in taphonomic mode and preserved biotas may be internally
gradual and continuous. Where the rates of change in accommodation are
high, there may be abrupt transitions in the preservation of major groups and
their taphonomy. Such abrupt transitions are particularly likely at surfaces such
as sequence boundaries, expansion surfaces, and in coastal basins, the updip
equivalents of major marine flooding surfaces.

Recognizing the importance of stratigraphic architecture in controlling
taphonomic mode at fine stratigraphic scales becomes particularly important
during major biotic crises. For example, a loss of floral diversity near the
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Permo-Triassic boundary in the Karoo Basin was initially attributed to wide-
spread landscape denudation during the extinction (Ward et al. 2000).
Subsequent study demonstrated not only that this change did not coincide
with the mass extinction in the marine realm, but that the loss of diversity
reflected changes in taphonomic mode controlled by stratigraphic architecture
(Gastaldo et al. 2005; Gastaldo et al. 2020).

7.3 Fossil Concentrations at Predictable Stratigraphic Locations

Fossil concentrations are expected to occur at predictable locations, not just
relative to facies, but within depositional sequences. Fossil concentrations
include laterally continuous fossil-rich horizons (such as bonebeds, sensu
Rogers et al. 2007), localized deposits with abundant fossils, and localized
fossiliferous deposits occurring in close stratigraphic proximity. Of previous
studies of stratigraphic paleobiology in nonmarine systems, by far the most
attention has been given to the stratigraphic position of fossil concentrations,
especially for vertebrates (e.g., Bown and Kraus 1981; Behrensmeyer 1987,
1988, 1991; Dodson 1987; Smith 1993; Badgley and Behrensmeyer 1995;
Behrensmeyer et al. 2000; Eberth et al. 2001; Rogers and Kidwell 2000,
2007; Rogers et al. 2007, 2016; Rogers and Brady 2010; Loughney et al. 2011).

Fossil concentrations are controlled by the rate of hard-part input and preser-
vation (R-hard-parts) and the rate of sedimentation (R-sediment; Kidwell
1986). Low net sedimentation can be achieved through omission, such as
sediment starvation, dynamic bypassing, total passing, or through erosion
(Kidwell 1986). In nonmarine systems, these conditions occur in stratigraphic-
ally predictable locations (Behrensmeyer 1991; Behrensmeyer et al. 2000;
Rogers and Kidwell 2000, 2007). Some of these locations are related to depos-
itional environments, such as the bases of river channels, the troughs of aqueous
dunes, coals, and mature paleosols. Others are tied to sequence-stratigraphic
architecture, such as the base of incised valley systems, exceptionally long-
lived paleosols on interfluves (although prolonged weathering may destroy
most bone), and flooding surfaces in lacustrine systems (Kidwell 1991). Still
others reflect a combination of facies and sequence-stratigraphic architecture, in
that systems tracts govern the relative frequency of facies, in turn controlling the
occurrence of fossil concentrations.

A few studies have explored the importance of stratigraphic architecture for
nonmarine vertebrates (notably Rogers and Kidwell 2000; Eberth et al. 2001;
Loughney and Badgley 2017). For example, vertebrate concentrations are
associated with several types of discontinuity surfaces in the Cretaceous
Judith River Formation of the western interior, USA (Rogers and Kidwell

Downloaded from https://www.cambridge.org/core. University of Georgia Libraries, on 19 Jan 2021 at 21:00:37, subject to the Cambridge Core
terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108881869


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108881869
https://www.cambridge.org/core

52 Elements of Paleontology

2000). There, an updip extension of a third-order marine transgressive surface
lacks any bone concentrations, although it marks a change to increasing
vertebrate-fossil abundance from underlying LAST to overlying HAST
(Rogers et al. 2016). Similarly, a set of multistory fluvial sandstones associated
with a sequence boundary also lacks vertebrate concentrations, which is inter-
preted to represent the prolonged destruction of bone in channel-dominated
environments (Rogers et al. 2016). Increased vertebrate abundance in a HAST
was also noted in Jurassic—Cretaceous Junggar Basin strata of China (Eberth
et al. 2001), consistent with the greater abundance of vertebrates in floodplain
deposits compared with channel deposits in the Triassic Ischigualasto
Formation of Argentina (Colombi et al. 2013). In some cases, the reworking
of preexisting sources of skeletal material in floodplain deposits may contribute
more to the formation of bone accumulations than the magnitude of an erosional
vacuity or the duration of a hiatus (Rogers and Kidwell 2000). In the Miocene
Barstow Formation of California, bone concentrations show a strong associ-
ation with particular facies, being abundant in abandoned-channel and spring-
fed wetland deposits, somewhat less abundant in floodplain deposits, and rare in
alluvial-fan (Fig. 13, A) and lake-margin deposits (Loughney and Badgley
2017). In the Barstow Formation, progressive upsection increase in the abun-
dance of fossil concentrations reflects the proportional changes in these facies
controlled by the long-term decline in rates of accommodation.

Fossil-plant accumulations also show a strong relationship to sequence-
stratigraphic architecture (Gastaldo et al. 2005; Gastaldo and Demko 2011).
In the Karoo Basin of South Africa, fluvial architecture is a primary control on
plant fossils below and above the vertebrate-defined Permian—Triassic bound-
ary, as identified in the early twenty-first century. Change in fluvial style from
reportedly high-sinuosity to low-sinuosity systems in the latest Permian coin-
cided with a decrease in macrofloral preservation and diversity in sandy braid-
plain facies (Gastaldo et al. 2005). Throughout a depositional sequence, the
position of the water table relative to the land surface governs rates of plant-
fossil oxidation and, therefore, plant-fossil preservation. Periods of rapid
aggradation (e.g., TST, HAST) have the greatest potential for preserving con-
centrations of plant fossils, compared with times of degradation of the land-
scape during base-level fall, such as in the FSST (DiMichele and Gastaldo
2008; Gastaldo and Demko 2011). Because base-level fall also fosters oxidation
of plant remains in underlying strata, plant concentrations are less likely to
occur in the upper HST and LAST (Gastaldo and Demko 2011).

Coal beds are also stratigraphically important fossil concentrations. Although
the preservation of plant remains is often poor in coal (except where coal balls
occur; e.g., Scott and Rex 1985; Siewers and Phillips 2015), coal is composed
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nearly entirely of organic remains and is itself a fossil concentration. Numerous
resource-oriented studies have established the strong link between coal and
sequence-stratigraphic architecture (Ryer 1984; Diessel 1988; Flint et al. 1995;
Banerjee et al. 1996; Bohacs and Suter 1997; Hampson et al. 1999; Diessel et al.
2000; Holz et al. 2002; Wadsworth et al. 2002, 2010; Gibling et al. 2004).
Specifically, rheotrophic mires are developed best during times of relative sea-
level rise and consequent raising of the coastal-plain water table (Bohacs and
Suter 1997). Of critical importance is the rate of increase in accommodation
relative to the peat-production rate (Bohacs and Suter 1997; Wadsworth et al.
2002). If this ratio is too low, coals are thin and discontinuous, owing to
insufficient accommodation. When these rates are balanced, continuously
increasing accommodation sustains the peat-production rate, resulting in thick
coals. If the rate of accommodation is too high, coal may initially accumulate
but is subsequently drowned by lakes or the sea. In many cases, coal accumula-
tion is closely tied to hiatal surfaces that correspond to marine flooding surfaces
(Flint et al. 1995; Banerjee et al. 1996; Wadsworth et al. 2002, 2010; Gibling
etal. 2004). Coals can also form in regressive intervals through the formation of
raised mires in which the water table is perched above the regional water table
(Diessel 1988; Banerjee et al. 1996; Gastaldo 2010). Even so, the ultimate
preservation of the coal still requires the availability of sufficient accommoda-
tion (Diessel et al. 2000). In many cases, coals have a compound history with an
carlier transgressive phase and a later regressive phase (Banerjee et al. 1996).
Within depositional sequences, thick coals are common in the late LST to early
TSTand the late TST to early HST (Bohacs and Suter 1997). They can also form
in other parts of a depositional sequence when the rates of accommodation and
peat production are balanced.

7.4 Undetected Elevation Gradients in Community Composition

Sedimentary basins also experience long-term and cyclical changes in elevation
owing to changes in the fluvial profile during degradation, progradation,
aggradation, and retrogradation (Fig. 6). Although gradients in community
composition correlated with elevation have been extensively documented by
modern ecologists, examples from the fossil record are scarce. We hypothesize
that these gradients are common but have lain undetected.

Testing for the occurrence of elevation-correlated gradients in community
composition in the fossil record could be done in two ways, and both focus on
detecting the climatic basis of elevation gradients. The first approach could be
employed more readily in coastal basins. In such basins, nonbiostratigraphic
means of correlation, such as magnetic reversals or distinctive ash beds, could
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be used to constrain a relatively narrow stratigraphic interval. Fossil collections
could be made along a regional lateral transect through that interval, from areas
adjacent to the coast and progressively distal to it. Community composition in
these collections would be analyzed with ordination methods (Jongman et al.
1995; McCune and Grace 2002; Patzkowsky and Holland 2012; Borcard et al.
2018). Sample scores could be compared with distance from shore to test for
a correlation. If a correlation were found, this would necessarily imply an
elevation gradient because the sampling design is perpendicular to the coast.
The ordination axis with the strongest correlation with distance from the coast
correlates would also indicate the relative importance of the elevation gradient
for community structure. For example, a correlation with ordination axis 1
would indicate that elevation is the primary ecological gradient. Qualitative
tests for elevation gradients could also be conducted by comparing the taxo-
nomic composition of basin-margin and basin-center assemblages that are
taphonomically similar (isotaphonomic; Rogers et al. 2017) from stratigraphic-
ally restricted intervals in inland-basin deposits (Gunnell and Bartels 2001).

The second approach is more indirect, but it could be used in both coastal
and inland basins. In this case, a correlation of community composition with
temperature and precipitation could be tested, using isotopic or plant-
morphology climate proxies (Wilf 1997; Peppe et al. 2011). Community
composition could be described with ordination methods, and sample scores
compared with quantitative proxies to test for a correlation. The difficulty in
this approach is that the correlation with climate proxies might not necessarily
indicate any relationship with elevation but may instead reflect temporal
climate change or spatial climate variability uncorrelated with elevation.
Separation of samples into those known to lie close to the shore and those
that were more inland would allow any elevational component to this correl-
ation to be isolated.

In both approaches, it would be crucial to minimize the distance sampled
parallel to shore or lines of equal elevation to avoid the contribution of those
spatial gradients. For example, in a study of the Atlantic Coastal Plain of the
USA, one would want to minimize the latitudinal variation of the samples. If
not, the ordination patterns would likely be dominated by the strong climate
variations that exist from Florida to the mid-Atlantic.

7.5 Trends in Community Composition

Owing to net lengthening of the fluvial profile over the history of a sedimentary
basin, elevation at any location should show a net increase (Fig. 6). This should
be reflected in a net stratigraphic trend towards higher-elevation communities of
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plants, invertebrates, and vertebrates. Net lengthening of the fluvial profile
arises largely from the long-term decline in basin subsidence rates, often
paralleled by increasing sediment supply as source areas are eroded (e.g.,
Heller et al. 1988).

Because ecological gradients in nonmarine systems are commonly coupled to
the climate-controlled elevation gradient, stratigraphic columns that span the
history of a basin will show a net change from sampling relatively low-elevation
settings to higher-elevation settings. Substantial evolution of species is likely to
take place over the tens of millions (foreland, extensional) to hundreds of
millions of years (passive margin, intracratonic) in which a basin is active. As
a result, vertical stratigraphic trends in biotas will reflect a combination of
evolutionary patterns, immigrations, extirpations, and increasing elevation.
Any superimposed climatic trends will complicate the interpretation of the
vertical stratigraphic change in biotas, as will any cyclical changes in base
level. Identifying the contributions of all of these sources of biotic change will
require carefully designed sampling strategies to isolate any one of them.

Apparently, few if any previous studies have interpreted such long-term
patterns of community change in nonmarine biotas as reflecting changes in
elevation. Even so, Carboniferous plants of the eastern USA may provide an
example of a change in community composition (Falcon-Lang et al. 2011, 2018)
that is consistent with the expected change from relatively low-elevation, coast-
proximal settings to higher-elevation, coast-distal settings. In the Middle to Upper
Pennsylvanian, a stepwise loss of lepidodendrids and other lycopsids along with
the appearance of several types of coniferopsids is interpreted to reflect drier
conditions. Similar patterns have been reported from other basins globally, and
although this drying has been attributed to climate change (DiMichele et al.
2006), it may also reflect the drying that would be expected as areas that were
once coastal become increasingly inland. Moreover, as basins fill with sediment
and the shoreline regresses, the increasing land area promotes drier and more
continental climates. Although much of this floral change occurs at the Middle/
Upper Pennsylvanian (Desmoinesian/Missourian) boundary (Falcon-Lang et al.
2011), the pattern of biotic change is progressive and stepwise (DiMichele et al.
1985, 2010; DiMichele and Aronson 1992; Falcon-Lang et al. 2018). This pattern
is consistent with ongoing progradation of coastal plains, accompanied by an
increase in elevation and distance from the coast.

7.6 Cycles in Community Composition
As the vertical and lateral position of the shoreline in coastal basins changes

through a depositional sequence, the fluvial profile is forced to adjust (Holbrook
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et al. 2006), driving cyclical changes in elevation. In turn, these changes are
predicted to create stratigraphic cycles in community composition that corres-
pond with depositional sequences.

Because shoreline trajectories map onto the four systems tracts used in
marine and coastal sequence stratigraphy (LST, TST, HST, FSST; Table 1;
Catuneanu 2006), changes in elevation along the coastal plain can be predicted
within a depositional sequence. The LST will be characterized initially by a gain
in elevation along the fluvial profile, but as shoreline trajectories become
increasingly aggradational, upstream areas will begin to lose elevation. The
TST and early HST will be characterized by elevation loss along the entire
fluvial profile. As the HST becomes increasingly progradational, downstream
areas will begin to gain elevation, which will spread landwards through the
HST. In the latest HST and FSST, all locations will gain elevation. In inland
basins, similar changes in elevation will track cycles of base level, driven by the
elevation of an axial drainage system or lake level (Holbrook et al. 2006).

Itis likely that the strength of these elevation-related community changes will
depend not only on the magnitude of base-level change, but also on the position
along the elevation gradient. For example, owing to the strong temperature and
precipitation gradients immediately adjacent to the coast, as well as the intru-
sion of saltwater into rivers and the effects of salt spray, changes in community
composition may be more pronounced closer to the coast than farther inland.

As the cycle periodicity of changes in accommodation and sedimentation
becomes shorter, speciation and extinction are likely to play a lesser role in
community composition. As such, short-period cyclicity (e.g., <l Myr) in
community composition may be a good guide to how the elevation gradient is
expressed in any particular biota (e.g., DiMichele et al. 2007; Falcon-Lang
etal. 2009). Regional climate change could also produce the same pattern, and
testing would be needed to distinguish between the two. Such short-term
changes in community composition may guide how to interpret long-term
patterns (e.g., >10 Myr) of community change, where evolution and climate
change are increasingly likely to contribute to the overall pattern of commu-
nity change.

The amount of change in community composition will also depend on the
rates of accommodation change in each systems tract. For example, the rate of
sedimentation exceeds the rate of accommodation in the HST and LST (Fig. 17),
leading to progradation of the coastal plain and increasing elevation. However,
rates of accommodation decline through the HST but increase through the LST
(Fig. 17), which causes more rapid progradation of the coastal plain in the HST
than the LST (Fig. 18). As a result, the HST would be expected to show a strong
pattern of elevation-related biotic change, whereas the LST might display little
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or no change. Because rates of accommodation peak in the middle of the TST
(Fig. 17), the rate of decrease in elevation and rates of community change
should likewise peak towards the middle of the TST.

Some of the most promising evidence of cyclical elevation-related changes in
community composition again comes from Carboniferous plants of the eastern
USA (Falcon-Lang et al. 2009; Falcon-Lang and DiMichele 2010). These
records display an alternation within depositional sequences between humid-
adapted lowland floras dominated by lycopsids and more seasonally dry-
adapted “upland” (higher-elevation) coniferous floras. Preservation of the low-
land floras is overwhelmingly more common, owing to the need for an elevated
water table to preserve plants (Fig. 10). The stratigraphic pattern of these floral
changes is likely complicated considerably by sequence-stratigraphic architec-
ture and the selective preservation of depositional environments. Although
these floral changes are interpreted as reflecting changes in global climate
from humid interglacials to seasonally dry glacials (Falcon-Lang 2004), they
are also consistent with the expected local changes in physiographic setting
during cycles of sea level. Indeed, spectacular preservation of a Pennsylvanian
drowned forest shows that these lower-elevation and higher-elevation floras
were coeval and persistent, not simply different communities that existed under
distinct climatic regimes (DiMichele et al. 2007; Tabor et al. 2013). That these
were coeval communities is also supported by palynofloras (Looy and Hotton
2014; Looy et al. 2014). For plants, incised valleys are critically important
archives of higher-elevation communities. Even in these settings, however, the
fossil record is dominated by the preservation of relatively low-elevation
environments in which the water table was relatively high, as opposed to
settings on interfluves (Dembko et al. 1998).

7.7 Abrupt Community Change across Sequence Boundaries

Abrupt change in nonmarine biotas is expected across sequence boundaries
because hiatuses provide time for turnover in fossil assemblages. Any species
that goes extinct or that is regionally extirpated during the time of the hiatus will
have its last occurrence below the sequence boundary. Similarly, any species
that originates or immigrates during the hiatus will have its first occurrence
above the sequence boundary. If the sequence boundary is either underlain or
overlain by marine facies, the effective hiatus in the nonmarine fossil record
increases, allowing for even more turnover to accumulate and generating an
even more abrupt change in biotas (Gastaldo et al. 2009).

Because the formation of an unconformity requires erosion and degradation
of the landscape (Blum et al. 2013), nonmarine facies overlying and underlying
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a sequence boundary will commonly represent different elevations and sedi-
mentary environments. As a result, nonmarine biotas from different elevations
will likely be superimposed at a sequence boundary, adding to the apparent
turnover and increasing the number of first and last occurrences at the sequence
boundary, similar to what occurs at sequence boundaries in marine systems
(Holland 1995).

The proximity of first and last occurrences to the sequence boundary will
depend on the abundance of the species, its preferred habitat, the facies above
and below the boundary, and the eurytopy of the species, following reasoning
similar to marine habitats (Holland and Patzkowsky 2002). Higher species
abundance increases the probability of occurrence of a species, causing first
and last occurrences to lie close to the sequence boundary. Similarly, species
whose preferred habitat is represented by facies immediately below a sequence
boundary will have their last occurrence close to the sequence boundary.
A similar logic applies to the first occurrence of species whose preferred habitat
is recorded by the facies overlying the sequence boundary. Finally, because
eurytopic species are broadly distributed among facies, it is more likely that
their first and last occurrences will lie close to the sequence boundary.

7.8 Abrupt Community Change across Updip Flooding Surfaces

Abrupt changes in nonmarine biotas are expected across the updip extension
of marine flooding surfaces in coastal basins (Fig. 18; Table 1). In coastal
nonmarine areas, a rise in relative sea level also elevates the water table. If
physicochemical conditions permit (e.g., Gastaldo 2010), this rise leads to
the formation and preservation of coal and organic-rich sediment on the
lower coastal plain at the same time that the marine flooding surface forms
downdip (Shanley and McCabe 1994; Aitken and Flint 1995; Bohacs and
Suter 1997; Wadsworth et al. 2002, 2010; Gastaldo and Demko 2011). Coal
formation coincides with a landward translation of the shoreline and
a change in the topographic profile of the coastal plain. This change should
be manifested in the rock record as lower coastal-plain (i.e., lower-elevation)
communities superimposed on more inland coastal-plain (higher-elevation)
communities.

Owing to the peak in accommodation rates in the middle of the TST (Fig. 17),
the landward rate of shoreline displacement during the formation of a flooding
surface also peaks in the middle of the TST. In the marine realm, the effect is
that flooding surfaces in the TST record the greatest amount of facies change in
a depositional sequence. In the nonmarine realm, this is also true on the lower
coastal plain. As a result, changes in coastal biotas associated with coals will be
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more abrupt in the TST than in the HST or LST. Consequently, the overall
pattern would be a punctuated trend towards lower-elevation biotas of the lower
coastal plain in the TST, followed by a more gradual and less punctuated shift
towards higher-elevation, more inland biotas during the HST. Similarly, low
rates of accommodation in the LST would favor a more gradual change in
community composition than a punctuated one.

In inland basins, surfaces equivalent to marine flooding surfaces are mostly
absent, except where large lake systems display lacustrine flooding surfaces
analogous to marine flooding surfaces. An increase in base level accompanying
the rapid growth of a lake would cause the updip translation in depositional
environments and shift in the fluvial profile (similar to the retrogradation and
aggradation case in Fig. 6; Holbrook et al. 2006). In areas not flooded by the
lake, this would be recorded as an abrupt shift to relatively higher-elevation
biotas.

Fluvial aggradational cycles (FACs) have been described based on changes in
soil maturity and drainage characteristics (Atchley et al. 2004). Because their
bounding surfaces are caused by local depositional dynamics, they are more
similar to the aggradational-stasis cycles of Gastaldo and Demko (2011) rather
than large-scale changes in fluvial gradients. As such, the bounding surfaces of
FACs are not predicted to record substantial change in nonmarine biotas.

8 Closing Comments

The fossil record is undeniably complex, and we are not suggesting that
stratigraphic architecture is the only control on the nonmarine fossil record.
We emphasize, however, that some aspects of the nonmarine fossil record likely
do arise from stratigraphic architecture, and we present here eight broad sets of
predictions of how stratigraphic architecture may be manifested in the nonmar-
ine fossil record. These predictions are based on ecological, taphonomic, and
stratigraphic observations, such as the existence of climate-correlated gradients
in species composition, environmental patterns in taphonomy, the long-term
decline in subsidence rates in sedimentary basins, and the controls on nonmar-
ine stratigraphic architecture. Where these underlying patterns diverge from
what we describe here, they may lead to alternative predictions, which can
likewise be tested. For example, basins that do not undergo a long-term change
in subsidence rates are not expected to show long-term trends in taphonomy and
elevation-correlated changes in species composition.

We fully acknowledge that other controls on the nonmarine fossil and
stratigraphic records exist, such as climate variability, spatial and temporal
ecological variation unrelated to elevation, and autogenic dynamics. It is
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essential to recognize, though, that simply the processes of stratigraphic accu-
mulation can create patterns in the fossil record, and that these patterns require
no special biological interpretation.

Which sets of controls on the nonmarine fossil record are the most important
is an open question, and we hope that this work inspires a rich investigation of
these drivers, much as has happened for marine systems. Almost certainly there
is no single answer to which sets of controls are most important, and scale will
be crucial (Bennington et al. 2009). For example, the elevation-correlated
gradient in ecological composition may matter most where elevation changes
are the greatest, such as over the history of a basin or during high-amplitude sea-
level change in coastal basins, or where communities are most sensitive to small
changes in elevation, such as areas close to a coast. In other situations,
elevation-related community change may be overwhelmed by other sources
of community variation. These are among the many interesting questions raised
by these hypotheses, and we look forward to the studies to come.

9 Conclusions

1. The nonmarine fossil record is shaped by the stratigraphic record in which it
is preserved. Nonmarine strata record progressive and cyclical changes in
their architecture and in the elevation-correlated gradients they preserve.
These trends and cycles control the taphonomy, stratigraphic position, and
taxonomic composition of nonmarine fossil assemblages.

2. Elevation-correlated gradients in community composition are significant
because ecologists have demonstrated that modern nonmarine biotas are
primarily distributed along gradients in moisture and temperature that are
commonly correlated with elevation and distance from the coast. These
gradients are hypothesized to be common but widely undetected in the
nonmarine fossil record.

3. Facies and stratigraphic architecture in nonmarine basins reflect the long-
term decline in subsidence rates observed in most sedimentary basins. This
decline is predicted to impart long-term trends in the composition and
preservation quality of the nonmarine fossil record in individual basins. In
large part, these patterns arise from systematic changes in the proportions of
various nonmarine facies preserved under high-accommodation and low-
accommodation conditions. Over their history, the nonmarine fossil records
of individual basins are expected to show decreasing quality of preservation,
increasing amounts of time averaging, and declining diversity. Owing to the
greater range of subsidence rates over their history, particularly in their
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nonmarine areas, foreland and extensional basins are predicted to display
these patterns more strongly than passive-margin and intracratonic basins.

4. Superimposed on the long-term decline in rates of accommodation will be
cycles of accommodation that generate depositional sequences. Their sys-
tems tracts will add systematic variations in the types of depositional settings
preserved and will create cyclical patterns in quality of preservation, time
averaging, and apparent diversity.

5. Basins with nonmarine deposits are predicted to record a net trend from low-
elevation to high-elevation communities through their history, owing to the
lengthening of fluvial profiles as the basin fills with sediment. Depositional
sequences are also hypothesized to record cyclical changes in the elevation
indicated by fossil communities. Sequence boundaries are expected to
record abrupt changes in community composition in all basins, as are marine
flooding surfaces in coastal basins. Methods are proposed for testing the
existence of elevation-related gradients in community composition.
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