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Abstract

Isolation of the eustatic signal from the sedimentary record remains
challenging, yet much progress is being made toward understanding
the timing, magnitude, and rate of eustasy on both long-term
(10"-10® years) and short-term (10°—10° years) scales throughout
the Phanerozoic. Long-term eustasy is primarily driven by a number
of factors relating to plate tectonics. The magnitude and rate of short-
term eustatic change strongly suggests glacio-eustasy as the key driv-
ing mechanism, even in episodes of the Earth’s history often typified
as having “greenhouse” climates. This notion is, in turn, supported
by a growing body of both direct and proxy evidence for relatively
substantial polar glaciation in many periods of the Earth's history
(with the possible exception of the Triassic). An understanding of
eustasy is important for the development of the geologic time scale
because it contributes to the sequence stratigraphic organization of
Sf%dimentary successions (including chronostratigraphic reference sec-
tions) and helps to understand the often incomplete nature of the geo-
logic record. The integration of eustasy with our evolving knowledge
of the Earth systems science (e.g., paleoclimate evolution, orbital
forcing of sedimentary systems, geochemical evolution of the oceans,
and biological evolutions and extinctions) will help t provu?e
q‘e tools to develop a context for the subdivisions of the geologic
time scale,

13.1 Introduction

Ever since the great Austrian geologist Suess (188
introduced the term “eustatic movements” to descrl
ally recognizable and synchronous (ransgressions

888, 1906)
be glob-
and
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regressions in the geological past, geoscientists have sought
to better understand eustasy and its expression in the rock
record. The early 20th century pioneers, such as Chamberlin
(1909) and Grabau (1936a,b, 1940), argued for a “rhythm of
the ages,” the global signature of eustasy in the rock record
(Johnson, 1992; Pemberton et al., 2016; Simmons, 2018).

The study of eustasy became somewhat neglected in
the 1950s and 1960s, with the attention of many geolo-
gists focused on the development of the plate tectonics
paradigm [although see Hallam (1963) for an early exam-
ple of the integration of eustasy with the developments in
marine geology that would shape plate tectonics]. Eustasy
returned to the forefront of thinking in sedimentary geol-
ogy in the late 1970s with the publication of the seminal
paper on eustasy and its relationship to the concepts of
sequence stratigraphy by Vail et al. (1977) at Exxon
Production Research (EPR). Vail et al. published a much
cited Phanerozoic global sea-level curve that would con-
tinue to be substantially revised in later years (Haq et al,
1987, 1988; Hardenbol et al., 1998; Haq and Schutter, 2008;
Hag, 2014, 2017, 2018).

Much of the original work by Vail, Haq, and the EPR
team was based on subsurface geology: the perceived
f eustasy in biostratigraphically calibrated seis-
mic and wire line log data. Because confidentiality restric-
tions prevenwd much of this data from being published, the
proofs of the early eustatic models from this team were
not available, which was a cause of significant criticism
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(e.g., Miall, 1991, 1992; Miall and Miall, 2001). This uncer-
tainty led many other stratigraphers worldwide to seek sup-
porting evidence of the EPR models, or to develop alternative
models, often based on outcrop geology (e.g., Embry, 1988,
1997; Hallam, 1992, 2001; Sahagian et al., 1996; House .and
Ziegler, 1997; Johnson et al., 1998; Izart et al., 2003; Miller
et al., 2005a; Simmons et al., 2007; and see Section 13.4).

Eustasy refers to global sea level that is independent
of local factors, namely, the position of the sea surface
with reference to a fixed datum (Myers and Milton, 1996)
(Fig. 13.1). Because such a datum level is often lacking
or equivocal, geologists who use the term eustasy are
often referring to global mean sea level (GMSL) (Gregory
et al., 2019; Miller et al., 2020). Nonetheless, the terms
eustasy, eustatic sea level, and eustatic change are persis-
tent in the geological literature (Rovere et al., 2016) and
are maintained here.

Geoscientists continue to seek to understand the tim-
ing, magnitude, pace, and drivers of eustasy in the rock
record. Beyond simple scientific curiosity, there are practi-
cal reasons for this. For example, identifying the eustatic
component of sequence stratigraphic models enhances
their use by improving the ability to predict the likely lat-
eral and vertical variation in sedimentary facies with the
framework of stacking patterns (van Buchem and
Simmons, 2017) and aids correlation. These factors have
value in the search for hydrocarbon source rocks and
reservoirs, which is why the study of eustasy has resonated
with industry geologists. However, the application of
eustasy is not without its challenges. For example, assum-
ing eustasy as a basis for correlation can become a self-
fulfilling prophecy; consequently, there is a danger of

Sea Surface

FIGURE 13.1 Illustration of eustasy,

circular reasoning (see Miall, 2010 and references therein),
Nonetheless, if a eustatic signal can be isolated in the roc)
record and constrained using biostratigraphy and other
chronostratigraphic proxy techniques, then it can be yseq
as a guide to the correlation of transgressive and regressjye
sedimentary successions (bearing in mind the controls of
tectonics and sediment supply on the nature of local sedj.
mentary Successions).

Within the context of the geologic time scale ap
understanding of eustasy is important because it empha-
sizes the typically incomplete nature of the stratigraphic
record, especially in facies deposited from alluvial plains
to continental shelves and epicontinental seas (Barrell,
1917; Ager, 1981, 1993). High-amplitude eustatic changes
will drive the presence of widespread unconformities and
attendant hiatuses and assist in understanding whether or
not chronostratigraphic reference sections [Global Boundary
Stratotype Sections and Points (GSSPs)] are likely to contain
continuous stratigraphy. An understanding of whether such
sections are placed in transgressive or regressive settings can
also help to facilitate their correlation. Furthermore, as under-
standing of eustasy evolves, it can assist in the placement of
chronostratigraphic boundaries by relating them to widely
correlatable events in the rock record that can have a distinc-
tive expression (Simmons, 2012). Peter Vail’s comment
“using global cycles with their natural and significant bound-
aries, an international system of geochronology can be devel-
oped on a rational basis” (Vail et al., 1977) has failed to find
much favor with the chronostratigraphic community, mainly
because the expression of eustasy in the rock record is vari-
able in time and space, and thus continues to be debated.
Nonetheless, as Phanerozoic eustatic models become stable,
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relative sea level, and water depth. After Myers and Milton (1996)
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then eustasy can provide a clear guide to the formal subdivi-
sion of geologic time.

Indeed, there is an increasing integration of eustasy with
chronostratigraphic definitions. For example, Babcock et al.
(2015) noted that the first appearance datums of agnostoid
trilobites, which are the primary correlation events for the
pases of the Drumian, Guzhangian, Pabian, and Jiangshanian
stages of the Cambrian, are associated with eustatic
rises, and with oceanographic and climatic cycles. Such
holistic approaches to chronostratigraphic definition that
integrate GSSPs with various aspects of the Earth system
science (including eustasy) are to be applauded: the pro-
posed GSSP for the base of the Lopingian (Permian)
stage is a further example (Jin et al., 2006), whereas
Triassic stages have long been linked to eustatic cycles
(Embry, 1997).

Identifying eustasy in the rock record is not easy.
Major challenges exist to prove synchroneity, magnitude,
and pace. Driving mechanisms are much debated outside
of the well-established episodes of major polar glaciation
that Chamberlin (1899) first recognized as a driver of sea-
level change. Entire books (e.g., Miall, 2010) have been
published justly emphasizing how difficult these chal-
lenges are. Although much work is still needed to
improve our understanding of Phanerozoic eustasy, here
we hope to demonstrate that knowledge of the timing,
magnitude, duration, and drivers of eustasy is evolving, at
least in the sense of what Johnson et al. (1991) termed
“practical eustasy,” and that this can provide insight
into the development of the stratigraphic record and geo-
logic time scale.

13.2 The sequence stratigraphy paradigm
and eustasy

13.2,1 Sequence stratigraphy

The recognition of eustasy in the rock record is possible
through an understanding of the principles of sequence
stratigraphy. Sequence stratigraphy relies on recognizing
changes in the space available for sediments to accumu-
late (accommodation), of which eustasy is but one driver,
versus sediment supply. The technique builds upon the
long-established geologic concept that the sedimentary
rock record displays cycles that can be linked t0 s
depth changes (e.g., Barrell, 1917). It enables the 1dent.lﬁ-
cation of packages of strata that were deposited ‘durmg
.similar conditions of accommodation change (stauonary,
Increasing, or decreasing) in relation to sediment supply
and the key stratigraphic surfaces that bound them.

. Changes in accommodation relate to the interplay of var-
ious independent factors. In the marine realm, accommoc
ton relates to relative sea level (RSL) that, in turm, 5
Primarily controlled by tectonism (subsidence or Uup
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i‘:‘;]llglel;gurl:lei effects of thermal subsidence, sediment load-
TR sty changes
R e geoid driven by the changing distribution
ocean mass; and short-term (10- to 1000-year
scale) oceanographic effects and eustasy. Sediment supply
also has a large effect on depositional architecture because
changes in sedimentation affect how accommodation is
ﬁlled: For example, the modern Mississippi delta is currently
entering a phase of retrogradation in response to a 50%
reduction in the sediment load of the river resulting from the
construction of numerous dams (Maloney et al., 2018).
These factors control the sequence stratigraphic architecture
in every sedimentary basin (Catuneanu, 2019a, 2019b).
Consequently, when making a sequence stratigraphic inter-
pretation, it is necessary to consider changes in both the rate
of accommodation (A) change (creation or destruction) and
changes in the sediment supply (S). Therefore the A:S rela-
tionship is critical in determining stratigraphic architecture.

RSL is defined as a change in accommodation (vertical
space) relative to the crust, determined by rates of sea-level
change and subsidence/uplift (Jervey, 1988; Posamentier
and Vail, 1988), although it can be defined more precisely
as the difference in height between the sea surface and the
solid Earth (Milne et al., 2009; Gregory et al., 2019)
(Fig. 13.1). RSL is important because it is the local/region
expression of sea-level change, from which the eustatic
component must be extracted to develop a view on the tim-
ing, magnitude, and rate of eustasy. Subsequent subsections
discuss the complexities of this undertaking. However,
local sequence stratigraphic models are effectively built
from knowledge of change in RSL.

The organization of the stratigraphic record is multiscale.
The genetic unit, or parasequence, is the basic building block.
Facies distribution within parasequences and how parase-
quences stack can differ. The characteristic stratal swcking
patterns resulting from changes in accommodation and sedi-
ment supply are classified as (Fig. 13.2):

e “Aggradational,” when sediments of the same facies
stack broadly vertically. Here, the creation of accom-
modation and sediment supply are broadly in balance
(A=Y9). .

e ‘“Retrogradational,” when facies belts display a lar.ld-
ward movement. Here, accommodation creation
exceeds sediment supply (A > S). This can often occur
during RSL rise. : -

e “Progradational,” when facies belts display a basin-
ward movement. Here, sediment supply exceeds
accommodation creation (A <S) and can offen oceur
when RSL is stationary. “Forced prog_radatlon” is a
type of progradation related to Fhe active destruction
of accommodation (by a drop in RSL), when sedi-

ments are forced to prograde, irrespective of sediment

supply-
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Aggradation

Progradation

Retrogradation

- Non-marine facies - Offshore facies

D Shoreface facies =~ ===--- Shoreline trajectory

FIGURE 13.2 Stratal stacking patterns relating to the evolution of accommodation versus sedimentation rate over time. Modified after Van

Wagoner et al. (1988).

A systems tract (Vail, 1987) represents a series of
linked contemporaneous facies, deposited during a particu-
lar regime of accommodation creation or reduction (and
consequently very often a particular state of RSL change).
It is important to note that depositional systems will react
differently to accommodation change and will produce
and/or transport sediment in different ways. A key distinc-
tion can be made between clastic and carbonate systems
because carbonates can grow rapidly in situ (Schlager,
2005). Similarly, evaporite systems react distinctively to
variations in A/S. However, many of the basic principles
are common and can be summarized as follows (Fig. 13.3):

® Transgressive systems tract (TST). When the creation
of accommodation outpaces sediment supply, such as
during periods of rapid sea-level rise or when sediment
supply is dramatically reduced, stratal stacking patterns
display a retrogradation pattern. Sediments deposited
under these conditions are grouped into a TST. TST
deposits display a rising shoreline trajectory (the path
taken by the shoreline as it changes position in response
to accommodation change; see Fig. 13.3) as the shore-
face transgresses toward the land. The top of the TST is
marked by a maximum flooding surface (MFS) that
represents the most landward migration of the shoreline
and the maximum amount of accommodation creation,
In carbonate systems, different types of Tesponse are
possible to RSL rise (e.g., Schlager, 2005), one of
which is the development of isolated carbonate buildups
during the TST that may be drowned, if the creation of
accommodation is sufficiently rapid.

® Highstand systems tract (HST). Above the TST, sedi-
ments occur that comprise the HST, They are charac-

terized by initial aggradation, reflecting a balance

between accommodation creation and sediment sup-
ply, and later by progradation, as sediment supply out-
paces any new accommodation creation. In the marine
realm, HST sediments record the slowing of RSL rise.
HST sediments display a rising, followed by flat,
shoreline trajectory.

® Lowstand systems tract (LST) and falling stage systems
tract (FSST). The top of the HST is marked by the
sequence boundary (SB), which reflects the onset of the
active destruction of accommodation, resulting from a
drop in RSL. Sediments deposited under these condi-
tions are forced to prograde, irrespective of sediment
supply, and display a falling shoreline trajectory. They
may form part of the LST or be classified into a dis-
crete FSST. After baselevel fall has ceased, sediment
supply may outpace accommodation creation, SO that
sediments continue to prograde. Sediments deposited
under these conditions form part of the LST and display
a rising shoreline trajectory. The top of the LST 18
marked by a maximum regression surface (MRS) o
transgressive surface (TS), representing the most basin-
ward migration of the shoreline. Although the MRS oF
TS is locally erosional, it can be usually disting“iShed
from the SB by its local distribution and stacking pa-
terns; in the absence of LSTs, MRS merge with SB.

At the larger scale, when several sequences are Stﬂ‘ﬂwfi
together, the same descriptive terminology as defined prev”
ously (Fig. 13.2) can be used to describe the sequen®®
stacking pattern. This notion of scale is important because
the application of the principle of systems tracts applies &
different scales. Although the expression of changin®
accommodation versus sediment supply is well underst
the exact means of classifying the different systems tracts
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[] Transgressive systems tract

[ Nearshore carbonate facies
[ Shoreface and fluvial sediments === Maximum flooding surface
[~ offshore facies = Sequence boundary

[] Highstand systems tract

= Lowstand and falling stage
systems tract
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FIGURE 13.3 The typical response of a clastic depositional system
(A), and one of the possible responses of a carbonate depositional system
(B) to changes in accommodation. Stratal stacking patterns and shoreline
trajectory help define three systems tracts (the FSST has been grouped
into the LST) and their bounding stratal surfaces. Note the potential to
form isolated carbonate buildups during transgression. FSST, falling
stage systems tract; HS7, highstand systems tract; LST, Jowstand systems
tract; 787, transgressive systems tract.

and stratal surfaces remains a subject of preference and
debate (see Catuneanu et al., 2009; Donovan et al.,, 2010;
Catuneanu, 2017, 2019a,b; Miller et al., 2018 and discus-
sion in Simmons, 2012). For example, some authors do not
recognize an FSST, and others place the SB at the top of
the FSST. The identification of systems tracts and key stra-
tal surfaces in various data types (outcrops, seismic, well
logs) and the relationship of these features to position on a
RSL curve can vary between different schools of thought,
as recently reviewed by Neal and Abreu (2009), Milir
et al. (2018), and Catuneanu (2019a). One commonality s
the salience and pervasive nature of the MFS, which has
led some to propose defining “sequences” mot on Sfis
(unconformities) but on MFS (“genetic stratigraphy’s
Galloway, 1989). Previous studies have shown that these
approaches are useful on longer time scales and larger Spa-
ial scales for regional basin scale stratigraphy 8-
Sharland et al., 2001) but lack the resolution for reservoi
Scale interpretations (Miller et al., 2018).
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13.2.2 Synchronous sea-level change

As previously noted, eustasy is one of several factors that
control sequence stratigraphic organization of a sedimen-
tary s'ucc.:ession. The ongoing challenge is to disentangle
eustatic influences from the various local controls to dem-
on&a}e that synchronous sequence stratigraphic surfaces
exist in multiple sedimentary basins worldwide. Therefore
a key challenge to recognizing eustasy in the rock record
is the ability to confirm the synchroneity of changes in sea
lfevel through chronostratigraphically significant calibra-
tion, typically using biostratigraphy (Armentrout, 2019).
Such techniques have inherent limitations. These include:

® Do biozones offer sufficient precision to unequivocally
confirm synchroneity? For many biozonation schemes
based on planktonic fossils, individual biozones can be of
a duration of 500,000 years or less, but this is variable. In
well-studied basins, such as the Neogene Gulf of Mexico,
biostratigraphic resolution approaches that of cyclostrati-
graphy with average biozonal duration being 144,000 years
(Bergen et al., 2019). Although the recognition of biozones
defined by bioevents (typically extinctions and inceptions
of taxa) remains the default method of conducting biostra-
tigraphy, other approaches, including quantitative and
semiquantitative methods, consider the whole fossil assem-
blage present, rather than the presence or absence of
marker species. Such techniques include graphic correla-
tion (e.g., Edwards, 1989) and constrained optimization
(CONOP; Sadler, 2004). Such techniques, where applica-
ble, provide a much higher temporal resolution for correla-
tion than traditional biostratigraphy (Cooper et al., 2001).

e How well-calibrated are different biozonation schemes
and bioevents to one another and to the geologic
time scale? The correlation of RSL events in multiple
sections around the globe often requires the use of a
variety of biozonation schemes and fossil groups. For
example, nearshore successions will contain different
fossil assemblages to basinal successions; conse-
quently, the correlation between them requires the cal-
ibration of different biozonation schemes. At a global
scale, endemism may complicate calibration. Although
the calibration of biozonal schemes against one
another and the geologic time scale has progressed
greatly in recent years (see, €.g., the charts within this
book), inherent uncertainties exist (e.g., Luber et_al.,
2019 provides an example of calibration uncena_m.ty
between Cretaceous ammonites, planktonic foraminif-
era, and the subdivisions of the Aptian stage).

e Issues around reworking, caving (in well-based sam-
ples), identification of fossils, and knowledge of their

stratigraphic range.

the use of fossils for precise correlation and
ghtforward (Simmons, 2015).

Put simply, :
age calibration is not strai




—

362 PART | Il Concepts and Methods

Nonetheless, numerous examples exist in which bipstralng-
raphy can provide high-resolution correlation withmi astro-
nomically calibrated time scales in the order of 10” years
(e.g., Gale et al., 2002, 2008). e

The use of stable isotopes (e.g., $'°C and §'°0) holds
great promise for precise correlation (Saltzman and
Thomas, 2012; Grossman, 2012; Jarvis et al, 2006;
Bergstrom et al., 2008; Cramer et al., 2010a,b), but trends
in the variation of these isotopes may be nonunique and can
be subject to diagenetic alteration. As a result, they tend to
be supported by biostratigraphy and require a good under-
standing of sedimentology and diagenesis. The 86Sr/47Sr
ratios of sedimentary rocks, especially carbonates, are
another potential correlation technique (McArthur et al.,
2012). Again, the values are nonunique and, for some parts
of the geologic record, the values remain constant for peri-
ods of significant duration. In other intervals, such as the
Miocene, the *Sr/*’Sr ratio values change significantly
through time, and the methodology has been applied to
great effect for age determination and correlation
(Ehrenberg et al., 2007; van Buchem et al., 2010a).

Despite these limitations, meaningful correlations of
sections can be made with the overlap of the age range
of an event in different sections pointing toward its pre-
cise timing (Sharland et al., 2001; Armentrout, 2019).
Even in undated sequences (e.g., barren of fossils),
superposition between well-dated sequences can provide
resolution of a fraction of a biozone (e.g., Browning
et al., 2013). Error bars will always exist, but within the
current limitations of correlation techniques, many sea-
level events in the Phanerozoic appear to be synchro-
nous, being tied to a single, reasonably short-duration
biozone or isotopic excursion event (see, e.g., worked
examples from the Paleozoic in Simmons et al., 2007
and Simmons, 2012; and from the Mesozoic in Gale
et al., 2002, 2008; Simmons, 2012).

13.2.3 Challenges in recognizing sea-level
change and the eustatic signal

Interpretations of the sedimentary record in terms of
changing depositional environments (that in a marine set-
ting, we would relate to changing water depth) date back
to the early history of geoscience (e.g., Cuvier and
Brongniart, 1811). Nonetheless, the interpretation of a
succession of facies can be challenging and requires an
interpretation strategy. This strategy must be used consis-
tently if multiple successions are to be studied and com-
monality recognized. Such an approach is a prerequisite
to isolating the eustatic signal that also requires high-
resolution chronostratigraphic calibration, Differences in
interpretation strategy of facies successions and of chron-
ostratigraphic proxies can ultimately lead to different

views on the timing, frequency, and magnitude of both
the RSL and eustatic signal in the rock record (see, eg.,
the contrasting views of Johnson et al. (1985) and Brett
et al. (2011) on the interpretation of mixed siliciclastjc—
carbonate successions in the Devonian stratigraphy of
North America, and the Mesozoic of Arabia by Davies
et al., 2002, 2019b).

Simmons (2012) illustrated an aspect of this problem
with reference to the much studied Corallian (Oxfordian)
succession of the Dorset coast of southern Englang
(Fig. 13.4). This is a mixed succession of clays, sandstones,
and limestones, in which cyclicity has long been recog-
nized (Arkell, 1933), which has been interpreted in termg
of changing RSL and sequence stratigraphy by several
workers. A comparison of these interpretations shows a
great deal of variation in the placement of significant
bounding surfaces, such as MFSs, sequences boundaries,
and hence intervening systems tracts. No doubt each of the
various interpretations was based on thoughtful reasoning,
Nonetheless, this comparison demonstrates that a single
sedimentary succession can be interpreted differently, and
if each interpretation strategy is carried through multiple
sections, different views on local versus eustatic controls
on RSL will emerge, and ultimately distinct eustatic mod-
els. Such uncertainties are common in the interpretation of
geologic data because geoscientists are biased by their spe-
cialist skills and experience (Bond et al., 2007).

The recognition of RSL change in good resolution
seismic data at an appropriate scale is arguably less con-
tentious (Christie-Blick et al., 1990; Catuneanu, 2006;
Neal and Abreu, 2009; Miller et al., 2018). This is
because seismic data demonstrates the geometrical rela-
tionship of sedimentary systems within two-dimensional
transects or within three-dimensional volumes. In other
words, the progradational, aggradational, or retrograda-
tional response of sediments to changes in accommoda-
tion and sedimentation is clear from the geometries
visible within the seismic data. More importantly, the
shelf-edge and shoreface trajectories can be recognized,
providing clear insights into RSL and sediment supply-

In addition, the stratal geometries visible within seis-
mic data can be replicated in flume tank experiments,
computer models, and observed in large-scale outcrops:
allowing a straightforward interpretation of RSL change
(Miller et al., 2018). Indeed, it was the assessment of
large amounts of seismic data that first led Peter Vail and
his coworkers at EPR to develop the modern sequence
stratigraphy paradigm (Vail, 1992).

However, the timing of the changes observed can be
less easy to determine because it requires biostratigraphic
calibration from well data that intersects the seismic linés:
This may be of variable resolution depending, for examplC:
on the quality of samples (e.g., cuttings versus cores) &%
the types of microfossil used. Nonetheless, where there i
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abundant, high-quality, and precisely chronostratigraphi-
cally calibrated biostratigraphic data, as for example, the
Cenozoic sediments of the US Gulf of Mexico (Bergen
et al., 2019), then the integration of well and seismic data
can lead to the generation of high-resolution sequence
stratigraphic models and an understanding of RSL change
(e.g., Armentrout, 1996, 2019) that can form a critical input
into developing an understanding of eustasy.

13.3 Anatomy of eustatic variations

13.3.1 The magnitude, rate, and duration of
eustatic cycles

In the context of developing a geologic time scale, RSL
change (as influenced by the magnitude and rate of
eustasy) will be a controlling factor on the completeness
of the rock record at any given location. It will also con-
trol the stratal stacking pattern and lateral facies variation
within systems tracts. An understanding of the magnitude
and rate of eustatic cycles can therefore be a useful tool
for those engaged in predicting stratigraphic organization.

Consider the two simple 2D depositional models shown
in Fig. 13.5, in which eustasy is modeled as the prime con-
trol on RSL. Large, relatively slow magnitude variations

ia
3 Relative Sea Level (m) ff

(1) produce more stratigraphically incomplete sectiong over
larger areas, as compared to smaller, more rapid Variationg
(2). The distribution and organization facies are also differ-
ent. Clearly, the incompleteness of the stratigraphic record
(cf. Ager, 1981) will be more pronounced during episodeg
of high-magnitude eustasy, posing a challenge to the selec-
tion of chronostratigraphic reference sections.

Investigating the magnitude and rate of eustasy also
provides a crucial step to understanding its driving
mechanisms at various scales because different rates and
magnitudes imply different driving mechanisms (e.g,
Dickinson et al., 1994; Dewey and Pitman, 1998: Miller
et al., 2005a,b; Ray et al., 2019) (Fig. 13.6).

Eustasy operates on a variety of time scales (Rovere
et al., 2016) ranging from 10° years, mostly controlled by
long-term variations in the volume of the oceans (although
see Boulila et al., 2018 for a discussion of possible astro-
nomical controls), to those operating at 10*—10° years, most
likely controlled by climatic variations (Guillocheau, 1995),
The differing durations of eustatic cycles contribute to the
notion of a hierarchy of RSL change and the resulting
sequences. Consequently, it is common in the literature for
discussions of sequence stratigraphy to be in terms of first-
to sixth-order cycles/sequences, where first order are of the
longest duration (e.g., Vail et al., 1977; Van Wagoner et al.,
1990; Einsele et al., 1991; Catuneanu, 2019b). Short-duration

¥

Relative Sea Level (m)

FIGURE 13.5 Outputs from a simple 2D depositional model of clastic deposition
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is obviously an oversimplification from what controls the rock
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ment supply. Carter et al. (1991), Drummond and Wilkin 3
(1996), Schlager (2004, 2010), Allen (2017), and Othson
have pointed out that the sedimentary record shows the Chers
acteristics of scale invariance (i.e., is fractal), and moreo\,:_r-
that ordering i ranking sequences by duration shows signi;:
jcant inconsistency in application within the scientific
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longer term sequences on the Myr scale. Given me§e uncer-
tainties, we simplify our consideration of the magnitude and
rate of eustasy to that operating on long-term time sc?les
(10° years, largely forced by tectonics) and short-term time
scales (10°—10° years, largely controlled by astronomical
forcing) (see also Sames et al., 2016), although make men-
tion of ordering when citing from previous studies that use
that terminology.

13.3.2 Long-term eustasy

There is general consensus that processes operating on a
scale of 10% years can generate eustatic fluctuations on
the scale of c. 100—300 m. These processes include
mechanisms that change the volume of the ocean basins
and the relative elevation and lateral extent of continents,
or the volume of seawater (e.g., long-lived polar glacia-
tions) (Conrad, 2013; see also Pitman, 1978; Burgess and
Gurnis, 1995; Vérard et al., 2015) (Figs. 13.6 and 13.7).
Such long-term eustasy can interact with major tectonic
reorganizations to create tectonic megasequences or major
cratonic cycles of sedimentation (Sloss sequences) (Sloss,
1963; Burgess, 2008; Miall, 2010), where the bounding
events are tectonically driven, but the onlap pattern within
the sequences is at least partly eustatically driven, as on
the Arabian Plate (Sharland et al., 2001).

13.3.2.1 Drivers
The processes controlling long-term eustasy are (Fig. 13.7):

1. variations in the mean age of the oceanic lithosphere,
accounting for subduction;

2. variations in the rate of ocean crust production at mid-
ocean ridges;

3. the size of large igneous province (LIP) emplacement
on the seafloor;

4. the volume of sediment input into the ocean;

5. dynamic topographic considerations;
6. the long-term creation and destruction of polar ice

sheets; and
7. long-term variations in groundwater storage.

Of these, Conrad (2013) concluded that ocean ridge
spreading volume was the most important (Fig. 13.8),
Geodynamic (plate reconstruction) models can therefore he
powerful tools for determining the likely timing, rate, and
magnitude of long-term eustatic change (e.g., Cogné et al,
2006; Xu et al., 2006; Miiller et al., 2008; Kirschner et a],,
2010; Spasojevic and Gurnis, 2012; Conrad, 2013; Vérard
et al, 2015; van der Meer et al., 2017; Karlsen et al,
2019). Estimates of the magnitude of long-term eustasy
using plate reconstructions are hampered by a diminishing
record of preserved oceanic crust with time, which leads to
large uncertainties in the age distribution of the ocean floor
(Rowley, 2002; Torsvik et al., 2010; Ruban et al., 2010,
Miiller et al., 2016).

Even for relatively young periods, such as the Cretaceous,
there are disputes concerning spreading rates and volumes.
Several authors have challenged the assumptions inherent in
reconstructing fast Cretaceous seafloor spreading rates (e.g.,
half the ocean crust older than 50—60 Myr has been sub-
ducted: Heller et al., 1996; Rowley, 2002; Cogné and
Humler, 2006); however, most recent reconstructions have
affirmed at least moderately higher spreading rates and conse-
quently sea level (Miiller et al., 2008; Seton et al., 2009;
Conrad, 2013; Vérard et al., 2015). Nevertheless, the inferred
high rates during the Cretaceous, which form the basis for
scaling and extension throughout the Phanerozoic are still
unproven and remain a major unknown in interpreting long-
term (10’—10% years) sea-level variations.

As an alternative to model-based approaches to deter-
mining long-term eustasy, stratigraphic observations can be
used. Such approaches can include trends observed from
backstripping (e.g., Miller et al., 2005a) (Section 13.3.3.2.1
provides a discussion of this methodology) or more

RN T

new sea surface

increased degassing

FIGURE 13.7 Compilation of factors contributing to long-term

eustatic change and its magnitude. After Conrad (2013).
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qualitative estimates based on the extent of flooding of
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and long-term patterns of coastal onlap

& Hallam, 1992; Snedden and Liu, 2010 (after
Hardenbol et al., 1998; Haq and Al-Qahtani, 2005: Haq
and Schutter, 2008)]. Fig. 13.9 shows a compilation of
some long-term eustatic curves derived using both geody-
namic modeling and stratigraphic observations. Guillaume
et al. (2016) produced an averaged long-term eustatic curve
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eustasy. After Conrad (2013).

FIGURE 13,9 Long-term Phanerozoic eustatic fluctuations,
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:2;?‘:);::‘“;:3::10 US.ing. a variety of papers, including
» qualitative attempts at estimating long-
lerm eustatic magnitudes (Vail et al., 1977; Hallam, 1992;
Haq and Al-Qahtani, 2005; Hag and Schutter, 2008).

Papers that include the entire Phanerozoic typically

show eustatic peaks in the Late Ordovici

vician and Late
?relaceous (although precise timing and magnitude var-
les) .afld a broad low around the Paleozoic—Mesozoic
transu.lon. This long-term periodicity has been related to
tectonic supercycles of plate reorganization (Wilson
Cycles) (e.g., Worsley et al., 1986; Veevers, 1990; Algeo
and Seslavinsky, 1995; Miall, 2010; Nance and Murphy,
2013). Conceptually, during continental assembly remain-
ing oceans were likely old and therefore deep leading to
low sea-level. In comparison, times of continental
breakup lead to new ridge formation, spreading and there-
fore shallower oceans and hence higher sea-level.

Karlsen et al. (2019) suggested that an imbalance
between water fluxes from the mantle at ridges and into
the mantle at trenches may have contributed to sea-level
change since the breakup of Pangea. Thus faster slab sub-
duction during Pangea breakup transported extra water to
the mantle that may have contributed up to c. 130 m of
gradual sea-level fall since 230 Ma. Cloetingh and Haq
(2015) have suggested that water exchange with the mantle
may also play a role in creating short-term eustatic cycles.

13.3.2.2 Magnitude

As shown in Fig. 13.9, although some broad consensus
exists regarding the general timing of long-term eustatic
highs and lows, estimates of magnitudes (and rates) of

—— Conrad (2013)
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and stratigraphic interpretations (Miller et al., 20058
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change vary quite markedly; this variance occurs t')etween
model and data-driven interpretations and within each
type of approach.

The magnitude of the Late Cretaceous long-term
eustatic high appears to be a point of particular conten-
tion, with values estimated to be as much as c. 286 m
above present-day levels by Spasojevic and Gurnis (2012)
and less than 100m by Miller et al. (2005a). Conrad
(2013) argued that ridge volumes have decreased since
the mid-Cretaceous, in response to a ~50% slowdown in
seafloor spreading rate, resulting in a contribution of
~150 m to a total ~250 m of sea-level fall (Figs. 13.8
and 13.9). However, as elegantly demonstrated by
Xu et al. (2006), differences in plate models can have a
profound effect on calculations of the magnitudes of long-
term eustasy. They noted that the use of the Hall (2002)
Cenozoic plate model, which despite having only a c.
20% reduction in oceanic lithospheric production rates as
compared to the Gordon and Jurdy (1986) plate model,
resulted in halving the resultant modeled eustatic change
(i.e., a fall of 125 vs 250 m for the Cenozoic).

Studies of continental flooding suggest that a Late
Cretaceous peak occurred on the order of 135=55
(Bond, 1979) or 150 m (Harrison, 1990), although more
recent estimates have suggested only a c. 100 m peak
(Rowley, 2013). McDonough and Cross (1991) calculated
a Late Cenomanian sea-level elevation of 269 =87 m
above present sea level from a backstripped shoreline in
the Western Interior Seaway, although compensation for
glacial isostatic effects of the last ice age may signifi-
cantly reduce this estimate. Intriguingly, a sea-level rise
of c. 250m from today’s mean sea level would be
required to flood cratons to the extent mapped during
Late Cretaceous eustatic maxima, according to the maps
of Golonka (2007) and Blakey (2008) (Fig. 13.10) (see
also the synthesis of van der Meer et al., 2017).

13.3.3 Short-term eustasy

Short-term trends on the order of 10° years (=“third
order” of some authors, e.g., Einsele et al., 1991) are of
particular interest to many geologists because they
reflect the typical maximum resolution of cyclicity
that may be reasonably correlated within and between
sedimentary basins. The timing, magnitude, rate, and
drivers of such eustatic cyclicity have been much
debated, and even the ability to confidently identify it
in the geologic record has been challenged, especially
within  pre-Neogene stratigraphy  (Miall, 2010).
However, moderately high-magnitude (several tens of
meters) eustatic changes occurring at or within the pace
of orbital forcing (hundreds of thousands to millions of
years) appear to be a prevalent feature of Phanerozojc
geologic history (Miller et al., 2005a, 2011) and require

appeal to driving mechanisms that occur at Suitable
rates (Fig. 13.6).

13.3.3.1 Drivers

Tectonics (e.g., intraplate deformation, mantle upwelling)
have been viewed as an important control on short-term
RSL changes (Cloetingh et al., 1985, 2013; Vakareloy et al,,
2006; Petersen et al., 2010; Lovell, 2010; Miall, 2010),
However, the synchroneity of certain short-term sea-leve]
changes between tectonic plates and the observed cyclicity
at orbital forcing time scales suggests that, in contrast to
long-term eustatic variability, the importance of astronomi-
cally mediated climate changes is paramount (Strasser et al,,
2000; Naish et al., 2009; Matthews and Al-Husseini, 2010;
Al-Husseini, 2018; Boulila et al., 2011; Wagreich et al.,
2014; Sames et al., 2016; Wendler et al., 2014; Liu et al,,
2019). Moreover, even in some tectonically active basins,
short-term eustatic signals can still be detected (e.g., Bartek
et al., 1991; Strauss et al., 2006; Hohenegger et al., 2014).

Nonetheless, the origin of short-term eustasy in many
parts of the geologic record, especially those outside epi-
sodes of undisputed major polar ice-cap development,
remains a hotly debated topic, with support for tectonic
influences (e.g., Cloetingh and Kooi, 1990; Miall, 2010) and
climatic variations. Moreover, the mechanisms by which cli-
matic variations control short-term eustatic fluctuations at
different times in the geologic past are much debated. As an
example, the origin of Cretaceous short-term eustatic cycles
is particularly contentious with support for the role of ice
sheets (glacio-eustasy) and groundwater storage (aquifer-
eustasy) (e.g., Wagreich et al., 2014; Sames et al., 2016;
Ray et al,, 2019; Laurin et al., 2019; Davies et al., 2020)
(Fig. 13.6).

Modern and Quaternary sea-level changes provide
keys to understanding magnitudes, rates, and drivers of
ancient sea-level change. The current rate of GMSL rise
is 3.2 0.3 mm/year (from 1990 to 2019; Nerem et al.,
2010 as updated http://sealevel.colorado.edu), accelerating
since 1990 from a 20th century rate of 1.2 = 0.2 mm/year
(Hay et al., 2015). Maximum rates of GMSL rise occurred
during Late Quaternary deglaciations, with rates in excess
of 40 mm/year during Meltwater Pulse la (c. 14ka
Stanford et al., 2006; Dechamps et al., 2012; Lambeck
et al, 2014). The eustatic amplitudes of the largest
Quaternary sea-level changes are on the order of 130m
(Siddall et al., 2003; Peltier and Fairbanks, 2006) associ-
ated with the Bruhnes-age glacial terminations. Outside ,°f
the terminations paced by the quasi-100-kyr eccentricity
cycle, typical Quaternary amplitudes were on the order of
50—60 m (Lisiecki and Raymo, 2005; Miller et al., 2011)-

Throughout the Oligocene—Quaternary interval, short
term eustasy operated with large (more than 50 m) magni-
tude and often a rapid pace (over 40 mm/year = 40 m/ky)




FIGURE 13.10 (A) The effect of a global sea-level rise 100 m above p
re closely matches mode

rise of 300 m above present-day levels on coastal inundation. (B) mo!
2007; Blakey, 2008).

(Miller et al., 2020) with the c. 1.2 Myr obliquity orbital
forcing cycle determining major glacial episodes (Zachos
et al.,‘ 2001; Wade and Pilike, 2004; Pilike et al., 2006) and
Prominent eustatic cyclicity. Higher frequency orbitally
forced glacio-eustasy is also evident (Miller et al., 2020).
'Conseq.uemly' changes in sea level were driven by changes
5 continental ice volume, particularly northern hemisphere
(s Ice ages) during the Quaternary (last 2.55 Myr) and
Antarctic ice volume in the Cenozoic (Miller et al, 2005)
o .Themfm'e our understanding of the relatively recent geo-
Ciglc past demonstrates that the signature of short-term gla-
ch‘;UStaSy is relatively large magnitude (tens—200 m)
ges operating on short-term cyclicities controlled by the
astronomical forcing of climate (Miller et al. 2005a,b, 2011,
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resent-day levels on coastal inundation; (B) the effect of a global sea-level

led levels of Late Cretaceous inundation (Golonka,

2020: Naish et al, 2009). In subsequent subsections, we
review our knowledge of the magnitude and duration of
short-term eustasy for pre-Oligocene stratigraphy, but there
seems to be little dispute that, within the Phanerozoic, glacio-
eustasy ~ was operating within the Late Paleozoic
(Visean—Middle Permian) (e.g., Heckel, 1986; Dickinson
et al., 1994; Wright and Vanstone, 2001; Eros et al., 2012a,b;
Giles, 2009; Rygel et al., 2008; Fielding et al, 2008; Bishop
et al., 2009; Horton and Poulsen, 2009; Fang et al., 2015; van
Hinsbergen et al., 2015; Buso et al,, 2019; Chen et al., 2019),
and the latest Ordovician—Early Silurian (e.g., Hambrey, 1985;
Sutcliffe et al, 2000; Finnegan et al,, 2011; Ghienne, 2011;
Ghienne et al., 2014; Davies et al., 2016). For these periods,
glacio-eustasy has been regularly implicated as a major driver
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of global sea-level change, although the precise mechanisms
driving ice sheet growth and retreat are complex (Horton and
Poulsen, 2009). ]

Could glacio-eustasy have been operating during other
Phanerozoic periods, especially those that are character-
ized by warm or hot (greenhouse) climates? Or doe‘s an
explanation for short-term eustasy during these times
require other processes to dominate, such as aqunf?r-
eustasy, or tectonic drivers, such as intraplate stress varia-
tions? To answer these questions an assessment 1S
required of the magnitude and duration of short-term
Phanerozoic eustasy, which we address in the subsequent
subsections of this chapter, drawing together our conclu-
sions in Section 13.3.3.4.

13.3.3.2 Magnitudes

A contentious topic has been the estimation of the magni-
tude of short-term eustatic change. Early estimates of such
changes, often based on seismic onlap patterns and appar-
ently failing to account for subsidence (e.g., Vail et al.,
1977; Hagq et al., 1987, 1988; Ross and Ross, 1987), were
high, often in excess of 100 m per event, and quickly drew
criticism (e.g., Christie-Blick, 1990; Miall, 1992; Christie-
Blick and Driscoll, 1995; Miller and Mountain, 1996;
Dewey and Pitman, 1998). More recent estimates have
tended to revise magnitudes downward. Even so, a great
deal of uncertainty exists, as exemplified by the differences
in the Cretaceous short-term eustatic curves of Miller et al.
(2005a) and Sahagian et al. (1996), as compared to Haq
(2014) (Fig. 13.11) or the estimates of Rygel et al. (2008)
as compared to Ross and Ross (1987).

There are several methodologies by which the magni-
tude of RSL change can be estimated within any given out-
crop or subsurface sedimentary section. These methods
include simple approaches involving determining likely
water depth changes from facies juxtapositions and fossil

260 m

Hag 2014

W'vv‘w 3
Miller et al. 2004

FIGURE 13.11 A comparison of the eustatic

sea-level chan 3 . G
difference in magnitude estimates. From Ray ot a1 019, ges of Sahagian et al. (1996, Miller et al. (2004) and Haq (2014) illustrating the marked

assemblage changes (e.g., Brett et al., 1993, 2009, Banner
and Simmons, 1994), to the study of seismic £eomefrieg
and the identification of erosional and depositiong] relief
(e.g., Johnson et al., 1991; Miall, 2010; Ray et al,, 2019,
Estimating RSL magnitudes from the stratigraphic record
has inherent limitations (Burton et al., 1987; Immenhayser,
2009; Sames et al., 2016) arising from the complex effeqy
of several processes, including subsidence/uplift, sedimep
input, compaction, and isostasy, and inherent uncertaintjeg
(e.g., estimating palacowater depth). As a result, many pub-
lished eustatic curves are unscaled and show relative mag-
nitudes because of uncertainties in assigning numerica
values in terms of magnitude (e.g., Brett et al., 2011;
Nielsen, 2004, 2011; Babcock et al., 2015; see also Davies
et al., 2016 for a discussion of this issue with respect to
Silurian eustasy). Likewise, many local/regional RSL
curves are presented unscaled and are consequently diffi-
cult to incorporate into a synthesis of eustasy.

A further complication is that a sea-level estimate from
a single location or transect may not be dominated by
eustasy. The interaction of controls on sedimentation oper-
ating at a variety of frequencies and magnitudes develop
the local stratigraphic record (e.g., Guillocheau, 1995).
Although the effect of local subsidence/uplift rates has long
been acknowledged, the effects of dynamic topography (the
surface expression of mantle flow originating from the
upper thermal boundary of mantle convection) (Fig. 13.7)
have become an increasingly important consideration (e.g.
Burgess and Gurnis, 1995; Burgess, 2008; Kominz et al.,
2008, Conrad and Husson, 2009; Miall, 2010, 2016;
Spasojevic and Gurnis, 2012; Conrad, 2013; Rowley, 2013;
Guillaume et al., 2016). However, it is worth emphasizing
that dynamic topography operates on time scales typically
2 to more than 10 Myr (Moucha et al., 2008; Petersen
et al,, 2010), with its greatest impact on time scales greater
than 5 Myr (Cloetingh and Hag, 2015). Therefore, although
an important factor in considering the magnitude of long-term

i
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eustasy, it has a reduced impact on assessing the magnitude
of short-term eustatic events.

Sea-level curves produced from an assessment of local
stratigraphy will effectively reflect local water depth changes
(Holland and Patzkowsky, 1998; Loi et al, 2010). Three
approaches can be undertaken to extract the eustatic magni-
wde given such circumstances: (1) backstripping; (2) use of
the 80 record from foraminifera combined with an indepen-
dent temperature proxy (for sediments Late Cretaceous and
younger); and (3) a global synthesis of empirical estimates of
eustatic sea-level change based on different types of geologi-
cal observations, and incorporating data from (1) and (2) as
appropriate, followed by a demonstration of synchroneity.
These approaches are each discussed in turn.

13.3.3.2.1 Backstripping

Backstripping can be employed to progressively account
for the effects of sediment compaction, sediment loading,
and thermal subsidence (e.g., Miller et al., 2005a; Kominz
et al., 2008, 2016). The residual in backstripping modeling
is attributable to eustasy and nonthermal subsidence (R2 of
Kominz et al., 2008, 2016) and can provide magnitude esti-
mates for both long-term and short-term eustasy.

The sediments from the New Jersey margin of eastern
North America are ideal for backstripping because sedi-
mentation rates are well understood, and porosity-depth
data provides reliable estimates of sediment compaction.
This has enabled several workers (Miller et al., 2003a,b,
2004, 2005a; Kominz et al., 2003, 2008, 2016; Van
Sickel et al., 2004) to show that short-term eustatic
changes were in the range of 15—80 m during the Late
Cretaceous to Miocene, with Cretaceous estimates on the
low end of this range (15—40m). Similar studies by
Sahagian and Jones (1993) and Sahagian et al. (1996) on
Middle Jurassic to Late Cretaceous sediments from the
Russian Platform suggested comparable magnitudes of
sea-level change to the work of the Miller-led team, indi-
cating that estimates of short-term eustatic change as
much as 160 m for same geologic time periods of study
(Haq et al., 1987, 1988) or 400 m (Vail et al., 1977) are
unlikely. Long-term trends can also be contrasted. Miller
et al. (2005a) and Kominz et al. (2008) suggest that sea
levels have fallen by c. 75—110m from a Late
Cretaceous maximum; Hagq et al. (1987), however, have
suggested that long-term sea level has fallen by ¢. 250 m
during the same time period, although their long-term
sea-level estimates were based entirely on those derived
from the seafloor reconstructions of Pitman (1978) and
Pitman and Golovchenko (1983).

It has been argued (e.g., Miller et al, 2008; Spasojevic
€t al., 2008; Spasojevic and Gurnis, 2012; Rowley, 2013;
Haq, 2014) that the estimates of the magnitude of Late
Cretaceous—Cenozoic eustatic change at all scales by

iller and his coworkers are underestimates because they

ojevic
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:‘:g; fa;l:d to account for the influence of dynamic topog-
Amgll'}ca gwagly those related to the migration of North
e ver he subducted and negatively buoyant Fallon
o EEpue last 70 Myr. Nonetheless, the potential
elfects of dynamic topography were considered by Kominz
et E_‘l- (2008, 2016), which still produced eustatic magnitude
estimates markedly lower than those of Haq et al. (1987),
Haq (2014), and Miiller et al. (2008). Backstripping esti-
mates for eustatic changes from the Miocene of the Marion
Plateau (east Australian margin) are also on the order of
50—60 m (John et al., 2004, 2011).

Loi et al. (2010) and Dabard et al. (2015) have success-
fully applied backstripping to Ordovician sediments in ele-
gant studies from the North African Gondwana margin and
the Armorican Massif. In their study of the Late Ordovician
of the Bou Ingarf succession in Morocco, Loi et al. (2010)
demonstrated that third-order (c. 1—3 Myr) eustatic magni-
tudes were greater than 40 m, and a fall in association with
the growth of the Himantian ice sheet was estimated as
more than 70 m (Fig. 13.12). Superimposed on these third-
order magnitudes are fourth-order (400 kyr) cycles with
eustatic magnitudes in the range 10—30 m. These interpre-
tations were used to suggest that glacio-eustasy operated
throughout the Katian and Himnantian, supporting the notion
of pre-Hirnantian Gondwanan ice sheets.

Dabard et al. (2015) extended this analysis into
Darriwilian and Sandbian (Middle to Late Ordovician)
strata through study of the Crozon Peninsula succession
in Armorica, western France. Second-, third-, and fourth-
order eustatic cycles were recognized. The second- and
third-order cycles have magnitudes of more than 50 m,
occasionally more than 80 m, whereas fourth-order cycles
have magnitudes primarily in the range of 10—30 m. The
authors interpret such magnitudes/periodicities as evi-
dence for glacio-eustasy. Interestingly, the backstripping
analysis in this case study highlights the effects that high
subsidence rates can have on amplifying sea-level magni-
tudes. From the depositional model, amplitudes of fourth-
order RSL change are high (c. 60 m), but backstripping
suggests the eustatic component is only 30 m.

13.3.3.2.2 Oxygen isotope records

Oxygen isotope (8"%0) records from.bemhic foraminifera
comprise two dominant signals: ambient temperature aqd
8180 of seawater (Pearson, 2012). The latter parameter is
affected by continental ice volume and chmge§ a@butable
to fractionation from evaporation and precnpltatign often
sed as salinity (Miller, 2002). Therefore & .O mea-
can be a useful proxy for reconstructing past
(Emiliani, 1955) and ice volumes
d, in tum, the magnitude of eustatic
changes (e.g., Miller et al,,
(2014), if the Pleistocene sea

expres
surements
ocean temperatures
(Shackleton, 1967)'an
change driven by ice volume
1987, 1991). As noted by Haq
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level: 6'°0 slope can be assumed to be similar across all
geo]ogic time, .il may bg posm.ble to estimate the magnitude
of eustatic variations using this proxy (Cramer et al.,, 2011
provide a comprehensive discussion of this technique).
However, several problems limit this application (e.g.,
Wendler and Wendler, 2016). First, it is necessary to remove
temperature and the local hydrological factors through the
study of Mg:Ca ratios of the same samples to derive §'%0 of
seawater (6'°04y) (Billups and Schrag, 2002). This carries a
great deal of uncertainty for pre-Cenozoic sediments, The
organic biomarker-based TEXgs proxy, alkenones, or
clumped isotope techniques can also be used to calculate
temperature (Hollis et al., 2019). Second, ice sheets become
progressively depleted in '®0 as ice sheet elevation increases
and temperatures decrease, thereby increasing §'°Oy, by
varying amounts. Third, “vital effects,” the effect of the
organism on changing the isotopic ratio as it metabolizes
and constructs its shell, may distort values. Finally, pH var-
jations and diagenesis can influence the 8'%O signal, detract-
ing from its application in sediments older than late
Mesozoic (Haq and Schutter, 2008).

Nonetheless, several workers (e.g., Stoll and Schrag,
2000; Miller et al., 1991, 2005a, 2011) have used varia-
tions in 8'%0 to assess past ice volume and eustatic mag-
nitudes. Combining backstripped estimates of eustatic
change with those derived from §'°O records, were both
records are well age calibrated, can provide powerful
insight into the magnitude of short-term eustatic change
(e.g., Pekar et al., 2002; John et al., 2004, 2011).

Cramer et al. (2011) reconciled onshore New Jersey
backstripped sea-level estimates with those obtained from
deep-sea benthic foraminiferal 'O and Mg/Ca records.
Because of limitations in the data, this approach, as illus-
trated in Fig. 13.13, was restricted to periods longer than
2Myr and shows similar changes from both methods. It
was judged to be most reliable for sediments younger
than 45 Ma because of data limitations and uncertainties
(especially the Mg/Ca ratio of seawater), although Miller
et al. (2005a) documented specific intra—Late Cretaceous
8'%0 increases that could be used to calculate the magni-
tude of specific short-term Cretaceous eustatic falls. ;
|s Ongoing studies (Fig. 13.14) are using higher resolution
80 records to compare Cenozoic changes on the Myr
sale, calibrated by Milankovitch cyclicity (Miller et al,
2020). These results can be favorably compared to the back-
stripping results from New Jersey margin and help develop
amodel of variable Cenozoic Antarctic ice sheet gfow‘h and
decay creating short-term eustatic changes with magn.nudes
Most in the range 15—30 m in the Eocene, increasing 0
~50m in the Oligocene to Early Miocene (with a c. 60 m
fall around the Eocene/Oligocene boundary). During e
Miocene Climate Optimum (c. 17—15Ma), magnitudes
Were reduced to less than 20 m as a result of greatly dimin-
i5hed ice sheets. Short-term eustatic magnitudes retumed t0
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;1.20—30m during the Late Middle to late Miocene and
locene. Large sea-level changes with lowering of
60—120 m below present were restricted to the past
247 M).'r, linked to full-scale continental ice sheet develop-
ment in the Northern Hemisphere. Even considering the
large (=10 to +20 m) errors in magnitudes, 8'*0 records
provide a useful constraint. Moreover, the timing of eustatic
events can be constrained by this method when the 5'°0
record is linked to high-resolution biostratigraphy or other
chronostratigraphic proxies (see Section 13.2.2).

13.3.3.2.3 Geological synthesis

For any given time period a useful approach to estimating
the magnitude limits is to make a comparative synthesis of
magnitude records from local and regional studies where (1)
the sea-level change is deemed to be eustatic (because of
relatively tectonically stable location and the short duration
of the event) and (2) the magnitude estimates are derived by
clearly documented reliable means. These include, in addi-
tion to backstripping and 50 analysis, sedimentological
and paleontological observations, such as erosional and
depositional relief, facies juxtaposition, fossil assemblages,
and seismic and stratigraphic geometries. Rygel et al. (2008)
pioneered this methodology for the study of Late Paleozoic
eustasy; more recently, Ray et al. (2019) followed a similar
approach to determine Cretaceous eustatic magnitude limits,
supported by a data sensitivity analysis.

A similar but apparently more qualitative approach was
undertaken by Haq and Schutter (2008) and Haq (2014), who
derive eustatic magnitude estimates by averaging local mea-
surements from the stratigraphic sections used to build the
eustatic model (see also Hag, 2017, 2018). Haq (2014) has
acknowledged that such measurements will be approxima-
tions, but it is intriguing that the magnitudes of eustatic
change suggested by Haq and Schutter (2008) and by Haq
(2014) greatly exceed those of Rygel et al. (2008) and Ray
et al. (2019), respectively, or estimates purely from backstrip-
ping (e.g., Kominz et al., 2008). Johnson '(20.10) noted that
the largest changes suggested in the Silurian short-.term
eustatic curve of Johnson (2006) are only half the magnitude
suggested by Haq and Schutter (2008). Many of Lhe. sea-level
changes documented by Johnson (2006)‘ are determined fn_om
the extent of transgression and regression measured against
topographic relief. A simple conclugon may be that the mag-
nitude of local water depth change in the sections selected b.y
Haq and Schutter (2008) and Haq (2014) has been overest-

ing to a high-value average.
mal;t;:fd:gﬂ_ (2008) synthesized more than 100 papers
that had documented Late Paleoquc eustatic magmtudes
based mostly on physical observations (e.g., erosion and
depositional relief, facies juxtapositions, @d cy_cle thickness)
rd from specific successions with short tem-

: rock reco! :
;no::le durations (Fig. 13.15). By doing so, they sought to
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They noted that at least eight intervals co
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views of Isbell et al. (2003) and Fielding et al (;Op(;;) Lhe
Late Paleozoic Gondwana ice sheets were d')mamic at
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Permian. Eustatic fluctuations of 20—25m, and occasionzjll
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Mississippian (Tournaisian), a widely recognized glacia)ll
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10-50 m rec initi
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Ve mfero.us glacial event. The latest
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e Ao:ed and' eustatic magnitudes in the range of
iy uc't‘lion in magnitudes of less than 40 m
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g2 two methods: backstripping of New Jersey onshore
fferent initial subsidence conditions) and §'°0-Mg/Ca
assumed to be global mean sea level as a
eriods shorter than 2 Myr; it is truncated at 48 Ma because of uncer-
the uncompensated change in water volume stored
al Maximum (LGM) is set at 120 m below modern (Fairbanks, 1989).
2008). Ice volume history and figure layout modified
1S, Northern Hemisphere ice sheets.
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FIGURE 13.15 Compilation of short-term Late Paleozoic eustatic magnitudes after Rygel et al. (2008). This data forms the basis for a synthesis-

based approach to calculating maximum eustatic magnitudes.

Rygel et al. (2008) draw attention to discrepancies
between their synthesis and the widely cited Late
Paleozoic sea-level curve of Ross and Ross (1985, 1987).
First, Ross and Ross (1987) illustrate frequent eustatic
magnitudes in excess of 100m throughout the Late
Paleozoic, a conclusion not substantiated by the Rygel
et al. (2008) synthesis. Second, the timing of the highest
magnitudes on the Ross and Ross (1987) curve corre-
spond to periods of low magnitudes on the Rygel et al.
(2008) synthesis and vice versa. Consequently, long-term
highstands of eustasy on the Ross and Ross (1987) curve
correspond to times of known maximum glaciation,

Ray et al. (2019) used records of Cretaceous sea-level
change with duration of 3 Myr or less. By doing so, they
reduced the influence of local tectonics and long-term dri-
vers of eustasy (e.g., seafloor spreading and sedimentation)
in favor of a short-term, climate-driven eustatic signal linked

to orbital forcing mechanisms. Almost 800 individual esti-
mates of sea-level rise and fall were included in the synﬂlff-
sis, following a rigorous selection process using the criteria
previously described. A consensus view was extracted from
this data in a stepwise manner. First, a preliminary statistical
analysis of the entire dataset was undertaken to identify
robust temporal trends in magnitude estimates and to estat?-
lish intervals characterized by a particular range of magni-
tudes. After these intervals were established an in-depth
review was performed of the geologic setting and methods,
from which the magnitude estimates were derived in each
interval. This geologic review identified the most robust
studies, discounted anomalous data, and identified a rf)l‘JUSt
maximum short-term magnitude for each of the time inter
vals. Finally, as a means of validating these geologically
d.ei?ned maximum short-term magnitude limits, a further St&-
tistical review focused on the upper magnitude limits.
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FIGURE 13.16 Maximum magnitudes of short-term Cretaceous eustasy

Maximum magnitude estimates based on a qualitative review of the geologic
tire dataset, alongside the percentage of da!

e estimates derived from a review O

:;;de estimates are based upon the 90th percentile of the en
ta for each of the 11 intervals. The maximum magnitud

intervals are derived from magnitude trends evident in the median magnitudes.

.The initial review of the entire Cretaceous dataset,
Weighing each data point equally, gave a median value
for short-term eustatic change of 12m, with the daid
approximating a log-normal distribution with a mean of

119+235/—79m (10); consequently, the majority of

sea-level estimates are of relatively low magnitude with few
examples of large magnitude. Examining median estimates
& a stage level, following standard statistical resampling
Procedures, demonstrated that elevated magnitude values
occurred during the Valanginian, Barremian to Aptian, and

tshanmni":“ to Maastrichtian, with low magnitude values in
8 Pemasian, Hauterivian, and Albian to Coniacian. More

Specifically, maximum magnitude limits Wwere derived

Percent of data >40 m

based on a statistical analysis of a synthesis of published magnitudes.

evidence (red dotted line) are shown for comparison. Maximum magni-
ta of more than 40 m, and a count of the overall

f the geologic record is given for comparison. The 11
After Ray et al. (2019).

(Fig. 13.16), which are consistent with some estimates
(e.g. Miller et al, 2003ab,

derived from backstripping
2005a), but are in contrast with some of the greater magni-

tudes suggested by Haq (2014) (Fig. 13.11). Even though
the Cretaceous eustatic estimates suggested by Ray et al.
(2019) are relatively modest, 50% of the Cretaceous is asso-
ciated with significant (greater than 40 m) eustati? changes
that may be considered to be characteristic ‘of glamo-eustasy
(Valanginian, Aptian, Albian, and Maastncl_man). Further-
more, in the presence of significant eustatic cha.ngte, the
immediately ~older intervals of mode§t magnitudes
(1040 m) may be interpreted as representing the growth
and demise of Jand-grounded  icecaps. Based on these
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criteria, it is only within the Berriasian and the Turor}ian to
Coniacian that glacio-eustasy may be considered equivocal.
This point is further discussed in Section 13.3.34.

13.3.3.3 Rate and duration

Outside of the Late Neogene, where high-resolution chron-
ometers exist, calculating the precise rate and duration of
eustatic change is difficult. However, there are many sedimen-
tary successions where the presence of cycles controlled by
orbital forcing (see Hinnov, 2018 for a recent review) enables
a reasonably precise estimate to be made of the duration of
eustatic sea-level fall and rise. Orbitally forced cycles include
those arising from the eccentricity of the Earth’s orbit around
the Sun (each cycle c. 100 kyr, with a longer cycle of c.
405 kyr); the obliquity of the Earth’s tilt on its axis (c. 40 kyr);
and the precession of the change in the direction of the
Earth’s axis of rotation (c. 20 kyr). Although some controversy
exists regarding our understanding of the duration of these
cycles in progressively older time periods because of uncertain
changes in celestial mechanics, it is possible to make reason-
ably precise estimates of the duration of depositional
sequences in which orbital forcing cycles can be recognized.
In particular, the c. 405-kyr long eccentricity cycle is robust,
not only for the last 50 Myr, when all orbital parameters can
be estimated (Laskar et al., 2004), but also for much of the
Phanerozoic because of its stability from the Earth—Jupiter
interactions (see discussion by Kent et al., 2018).

An important feature of the variations in the Earth’s
orbital parameters is that they display modulations in ampli-
tude and frequency. The modulation terms arise through the
interference of individual cycles to produce “resultants,”
with periods ranging from hundreds of thousands to millions
of years (Boulila et al., 2011). This was first described by
Laskar (1990, 1999) and reviewed by Hinnov (2000). The
most well-known long-period modulation cycles are those of
eccentricity (c. 2.4 Myr) and obliquity (c. 1.2 Myr).

The Kimmeridge Clay succession of southern England
and northern France is one such succession in which orbital
forcing has been considered to have been a major driver of
the deposition sequences present. Huang et al. (2010) noted
that the c. 405-kyr eccentricity cycle plays a major role in
controlling the transgressive/regressive cyclicity observed in
the Kimmeridge Clay (see also Boulila et al., 2008a,b,c,
2010; Simmons, 2012).

Orbital forcing has enabled the estimation of the duration
of significant short-term transgressions and regressions with
Cenomanian successions. Voigt et al. (2006) noted that one
such transgression of a rocky shoreline in Germany, with a
magnitude of 22—28 m, occurred in the geslinianum Zone
of the Late Cenomanian with a duration of 80—180 kyr.
Gale et al. (2002, 2008) noted that significant transgressions
in the rhotomagense Zone of the Middle Cenomanian had
durations of c. 150 kyr. More recently, Laurin and Sageman

(2007), Wendler et al. (2010, 2014), and Olde et a], (2015)
noted the importance of orbital forcing on short-term
eustatic change within the Late Cretaceous. Sames et 4]
(2016) concluded that, for the Cretaceous in general, short-
term eustatic changes appear to be connected to climate
cycles triggered by the c. 405-kyr eccentricity cycle and lon-
ger periodicities of ¢. 1.0—2.4 Myr.

To test the control of orbital forcing on short-term
(third-order) eustatic sequences, Boulila et al. (2011) ygeq
the well-established patterns observed within the Late
Cretaceous to Miocene succession in borehole and seismic
transects of the New Jersey margin where integrated §'%0,
Mg/Ca and backstripping studies have established a eustatic
curve (see, e.g., Miller et al., 2005a, 2011, 2020; and exten-
sive discussion in preceding subsections), supplemented by
the inclusion of sections from a variety of locations world-
wide. For example, Pliocene—Pleistocene eustasy was con-
sidered from sections in the equatorial Atlantic, the Pacific,
and the Mediterranean (Lourens and Hilgen, 1997). In addi-
tion, Jurassic sections were evaluated from outcrops in
France (Boulila, 2008; Boulila et al., 2008a,b,c, 2010). The
Early Jurassic was separately reviewed by Boulila et al.
(2014) and Boulila and Hinnov (2017).

They noted that the major beat of sequences during
the Middle Eocene—Holocene, when polar ice sheets
were extensive, correspond to the c. 1.2-Myr obliquity
cycle; during the Mesozoic, when polar ice sheets were
less extensive and possibly periodically absent, sequences
show some relation with the 2.4 Myr eccentricity cycle.
Orbital forcing periodicities of 405 kyr, c. 100 kyr,
¢. 40 kyr, and c. 20 kyr exert control over progressively
shorter term eustatic cycles throughout the Mesozoic
and Cenozoic. The c. 1.2-Myr obliquity cycle has been
well established as the beat of major glacial episodes
in the Cenozoic (Zachos et al., 2001; Wade and Pilike,
2004; Pilike et al., 2006). Interesting, recent work by Liu
et al. (2019), examining sequences in the East China Sea,
calibrated to eustatic events worldwide, has noted that the
¢. 1.2-Myr obliquity cycle may exert strong control over
eustatic cycles in the early Paleogene, an interval not
fully studied by Boulila et al. (2011). In contrast to
Boulila et al. (2011), Wendler et al. (2014) suggested
that it is the c. 1.2-Myr obliquity cycle that provides
control on eustasy in the Cenomanian—Turonian, modu-
lated through aquifer-eustasy, rather than glacio-eustasy
(further discussed in Section 18888411

Integrated seismic, core, and log studies of the Miocene
on the New Jersey shallow shelf by IODP Expedition 31_3
(Mountain et al., 2010) provide insight into the sedi-
mentary response to icehouse conditions. The cause of
the.SBs is generally inferred to be sea-level change
attributable to waxing and waning ice sheets m
Antar?tica, although sediment input determines the pre-
servational potential of sequences.
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The most prominent sequences observed are those associ.
ated with ~ 1.2-Myr tilt cycles; however, in areas and times
when high sedimentation input and attendant rates occurred,
higher order (405 and quasi-100 kyr) sequences are preserved
(Miller et al., 2013a,b). In these cases, the 1.2-Myr scale
sequences are composites with higher order sequences
embedded. In addition, changes in the dominant forcing peri-
odicity affect preservational potential; sequences are more
likely to be preserved when strong 100-kyr eccentricity domi-
nated forcing but are more likely to be eroded away during
times the 41-kyr tilt cycle dominated (Browning et al., 2013),
These studies establish that continental margin sedimentation,
especially during intervals of large, rapid glacioeustatic
change, acts as low-pass filter, concatenating and truncating
precessional, tilt, short eccentricity, and even longer eccen-
ricity (405 kyr) cycles. It appears, though it has not been
unequivocally demonstrated because of limitations in chron-
ostratigraphic control of ~ 0.5 Myr, that SBs are associated
with the most rapid glacioeustatic falls. These studies sug-
gest that during icehouse worlds, there is a hierarchical
order (not fractal) of sequences on the tilt (1.2 Myr) and
eccentricity scales (100 and 405 kyr).

The rate of short-term eustatic sea-level change in the
Paleozoic is particularly difficult to establish in the absence
of accurate chronometric proxies and the uncertainties of
extending orbital forcing time scales further back in geologic
time. Nonetheless, the well-known eustatically driven
cyclothems (Fig. 13.17) of the Late Carboniferous (e.g.,
Eros et al., 2012a) were estimated to span 235—400 kyr for
major cycles and 40—120 kyr for minor cycles (Heckel,
1986, 1990, 2008). More recently, Davydov et al. (2010),
Falcon-Lang et al. (2011), and Schmitz and Davydov
(2012) have suggested that c. 405-kyr eccentricity cycles
exert a major control over Carboniferous cyclothem depo-
sition, whereas Elrick and Scott (2010) have noted the
importance of long-period obliquity c. 1.2 Myr on mid-

’

FIGURE 13,17 Carboniferous cyclothems in the Limeston
0d permission of the International Appalachian Trai

e Coal Formation, Spireslack open-cast m
], Newfoundland and Labrador.
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. gested an orbital forcing control on Middle
Permian eustatic sequences.

Ffor parts of the early Paleozoic an increasing number of
studies recognize orbital forcing periodicities in successions
deemed to be eustatically controlled (Cherns et al., 2013). For
example, Dabard et al. (2015) recognize 11 “third-order”
sequences in the Middle to early Late Ordovician of the
Armorican Massif in western France, calibrated by chitinozo-
an biostratigraphy. They are each typically composed of three
“forth-order” sequences with a duration of c. 405 kyr (eccen-
tricity cycles). The 1.2-Myr duration of the third-order cycles
suggests they are related to long-period obliquity cycles. Brett
et al. (2011) note a strong control exerted by the short- and
long-term eccentricity cycles of orbital forcing (c. 100 and
405 kyr, and longer modulations) on the Middle Devonian
succession and eustatic cyclicity of North America. It seems
likely that the eustatic cycles interpreted for other periods in
Paleozoic (e.g., the Silurian sea-level cycles documented by
Calner, 2008 and Johnson, 2010) will be related to orbital
forcing. Although this remains to be proven, increasing
research into orbital forcing time scales for the Paleozoic
(e.g., Radzevicius et al., 2017; http://www.geolsed.ulg.ac.be/
IGCP_652/) may provide the answers in the near future.

13.3.3.4 Determining a model for short-term

eustasy

As discussed in the preceding subsections, the magnitudes
of eustasy can be detected (with uncertainties) from back-
stripping, $'%0 records, and a synthesis of mainly strati-
graphic observations (or an integration of more than one of

ine, southern Scotland. Photograph used with
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these techniques). The rate and duration of eustasy i§ _beSl
determined from identification of Milankovitch cycl.IClthS
within the rock record, supported by age proxies in the
form of biostratigraphy and geochemical records. Bas.ed on
these interpretations of the magnitude, rate, and duration of
past eustasy, arguments exist for glacio-eustasy f)pel'{itlng
throughout much of the geologic record, even during Umes
of relatively warm (greenhouse) climates (e.g., Miller
et al., 2005a,b, 2011; Simmons, 2012; Davies et al., 2020),
especially considering that there is increasing evidence for
greater climatic instability in the geologic past than was
previously thought (e.g., Hu et al., 2012).

The Cretaceous represents an increasingly well-studied
period of the Earth’s history when rapid, moderately high-
magnitude eustatic changes were occurring (see previous sec-
tion and Immenhauser, 2005; Miller et al., 2005a,b; Voigt
et al., 2006; Ray et al., 2019) at a time when the Earth’s cli-
mate was generally regarded as warmer than today. Two
mechanisms have been proposed to explain short-term eustatic
change within the Cretaceous: (1) short glacial episodes (Stoll
and Schrag, 1996, 2000; Miller et al., 2005b, 2011; Maurer
et al., 2013) (glacio-eustasy) and (2) the alternating charge and
discharge of aquifers (Hay and Leslie, 1990; Jacobs and
Sahagian, 1993; Wendler et al., 2016; Wendler and Wendler,
2016; Follmi, 2012; Wagreich et al., 2014; Sames et al.,
2016; Laurin et al., 2019) (aquifer- or limno-eustasy).

Critical to distinguishing between these two mechanisms
are the upper magnitude limits of eustatic change they
enable. The upper limit of glacio-eustatic magnitudes is
200 m or more (Miller et al., 2005a,b); the upper limits of
aquifer-eustasy are uncertain, but significantly less than
glacio-eustasy (Fig. 13.6). Jacobs and Sahagian (1993) sug-
gested as little as 8 m as a maximum, whereas Hay and
Leslie (1990) and Wagreich et al. (2014) suggested a 50 m
upper limit, based on estimates of present-day aquifer storage
with isostatic adjustment. The 50 m limit requires the alter-
nate filling and emptying of all available aquifers, so it may
be considered to be unrealistic. However, estimates of signifi-
cantly larger aquifers during the Cretaceous (twice the size
of those today) have led some to consider 10—40 m magni-
tude changes as possible from aquifer-eustasy (Wendler and
Wendler, 2016; Wendler et al., 2016). Davies et al. (2020)
modelled aquifer-eustasy in the Cretaceous considering
palaeoclimate models and aquifer availability, and concluded
that aquifer-eustasy was unlikely to contribute more than 5 m
of eustatic change, even under the most favorable conditions,

Ray et al. (2019) and Davies et al. (2020) reviewed the
options for the drivers of short-term eustasy in the Cretaceous
that could also be applied in other geologic periods. Given
the maximum likely contributions that melmo-eustasy (c.
10 m), aquifer-eustasy (c. 5 m), and glacio-eustasy (c. 200 m)
may make to the total short-term eustatic signal, lmowledge
of the magnitude of eustasy can help define possible driving
mechanisms. Thus short-term magnitudes of no more than

10 m may be accounted for solely by memm-eustasy, or any
combination of drivers, whereas magnitudes in excess of
15 m appear to be unachievable without a contribution from
glacio-eustasy.

As magnitudes of short-term eustasy increase toward
15 m, it is more likely that glacio-eustasy makes g contri-
bution. This is because of the environmental extremes
required to drive the other two mechanisms toward thejr
maximum capacity. For example, a 9 m short-term thermy.
eustatic change requires the temperature of the oceans to
change by approximately 15°C (Sundquist, 1990), which is
comparable to the difference in temperature between the
oceans of the warmest Late Cretaceous and the most recent
major glaciation (Grossman, 2012). Clearly, repeated short-
term changes of this magnitude are inconsistent with the
mass of climate proxy data for much of the geologic record
(e.g., O'Brien et al., 2017 for the Cretaceous).

Similarly, the enhanced hydrological cycle that appears
necessary for aquifer-eustasy would require extreme epi-
sodes of aridity and humidity to operate at its maximum
capacity (Davies et al, 2020). During the Cretaceous,
humid-arid cycles are inferred (Follmi, 2012; Wendler et al.,
2016), but not at the extremes required to be the sole driver
of short-term eustasy (Davies et al., 2020). This led Follmi
(2012) to suggest that giant lakes may have played a role
but, overall, the water capacity of lakes is negligible
(Wagreich et al., 2014; Sames et al., 2016).

Ray et al. (2019) concluded that during the Cretaceous,
glacio-eustasy dominates the intervals of significant short-
term eustatic change (Valanginian, Aptian, Albian, and
Maastrichtian) and episodes of modest eustatic fluctuation
preceding and proceeding. Only during the Berriasian,
Turonian, and Coniacian is the likelihood of glacio-eustatic
influence equivocal. Wagreich et al. (2014) noted that, not-
withstanding age calibration uncertainties, Turonian eustatic
signals appear to be out of phase with lacustrine water-level
changes (as determined from the Songliao Basin, China).
Out-of-phase relationships between continental water Stor-
age and ocean water levels can be advanced as an argument
for aquifer-eustasy, although this must be tested by the
study of multiple age-calibrated lacustrine successions on
separate continents. Indeed, Davies et al. (2020) recently
demonstrated that the greatest aquifer charge is more likely
during cooler intervals, indicating that aquifer-eustasy
_rnight work in phase with both glacio- and thermo-eustasy
In contrast to the current aquifer-eustasy paradigm.

The conclusions of Ray et al, (2019) and Davies et a
(2020) support a growing view that glacio-eustasy Was &
dominant eustatic mechanism during much of the
Cretaceous, mediated by changes in volume of relatively
small polar ice sheets and episodic cold spells (Miller et als
2003ab, 2005b; Miller, 2009; Koch and Brenner, 200%
Maurer et al., 2013; Davies et al., 2020; Lin et al., 2020)
Despite ongoing perceptions in much of the geologlcal
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community that the Cretaceous was dominated by persis-
ent warm climates (e.g., Hay, 2008; Jenkyns et al., 2012;
Follmi, 2012; Wendler and Wendler, 2016), this view is
increasingly challenged by both evolving climate science
g Donnadieu et al., 2011; Hu et al., 2012; Hong and
Lee, 2012; Ludvigson et al., 2015; Tabor et al, 2016;
Ladant and Donnadieu, 2016), the gathering of sedimento-
logical and geochemical proxies for the presence of polar
ice (e.g., Price, 1999; Alley and Frakes, 2003: Macquaker
and Keller, 2005; McArthur et al., 2007; Price and Nunn,
2010; Simmons, 2012; Follmi, 2012; Hore et al., 2015;
Herrle et al., 2015; Rodriguez-Lopez et al., 2016; Grasby
et al., 2017; Rogov et al., 2017; Vickers et al, 2019; Horner
et al, 2019; Alley et al., 2019), and changes in the global
populations of microfossils that indicate episodes of marked
cooling (e.g., Mutterlose et al., 2009; McAnena et al., 2013).

Sedimentological proxies are relatively scarce in the
Late Cretaceous, but temperature proxies, such as TEXge,
§'%0, and seasonal diatom production and sediment flux,
have identified a broad middle Campanian to end-
Maastrichtian cooling and the presence of seasonal sea ice
(Davies et al., 2009; Bowman et al., 2013; Kemp et al.,
2014; O’Brien et al., 2017; Niezgodzki et al., 2019). The
balance of evidence is leading to the increasing acceptance
that within the Cretaceous there were at least episodes of
polar glaciation (e.g., Donnadieu et al., 2011; Ladant and
Donnadieu, 2016). However, this view is often in contrast
with geochemical evidence (e.g., TEXgs, 0O, Mg/Ca),
which generally implies that temperatures were t00 warm
for ice sheet growth (e.g., compare the TEXgs proxy data
of Jenkyns et al., 2004 with the diatom productivity and
sediment flux data of Davies et al., 2009). One explanation
for this may be the presence of a seasonal bias in many of
the proxy temperature estimates, especially at high lati-
tudes (e.g., Davies et al., 2019a).

The relatively high magnitudes and rapid rate of sea-
level change driven by glacio-eustasy can lead to the crea-
tion of spectacular incised valley systems and prominent
subaerial exposure surfaces. In the Aptian, for example,
such features have been documented from numerous basins
around the world (van Buchem et al., 2010b; Husinec et al
2012; Maurer et al., 2013; Peropadre et al., 2013; Millan
et al,, 2014; Bover-Amal et al., 2014; Pictet et al, 2015;
Homer et al., 2019). In the McMurray Formation of t.he
Western Canadian Foreland Basin, four distinct composit®
channel-form bodies can be documented across an area _Of
more than 14,000 km? (Horer et al,, 2019). Composit®
channel-form bodies are up to 50km wide and locally
exceed 70 m thick. Furthermore, transgressive rock unis
can be correlated over a minimum of 280 km, suggesting
that shorelines advanced and retreated more Lh?n.300 km,
Creating a distinctive stratigraphic architecture. Similar scale
Incised valley systems were described by Koch and Brennet
(2009) from Albian/Cenomanian boundary strata (Dakot2
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: zn"‘l:ztleznt) of the US \Yestem Interior Seaway, which were
d'to have a glacio-eustatic origin.
inanﬂlthd;l\?e?e?w}? likelihood that glacjoeustasy was the dom-
lghs the Of short-term eustasy during the Cretaceous high-
_possibility that it was also an important driver in
other periods previously regarded as being dominated by
warm .chmates. Evidence for glaciation and episodic cool/
cold climates is being gathered for every Phanerozoic period,
even at the end of the Triassic (Schoene et al., 2010).
Significant glaciation is envisaged for parts of the Cambrian
(Landing and MacGabhann, 2010; Chems et al, 2013;
Babeock et al., 2015); the pre-Hirnantian Ordovician (Page
et al,, 2007; Cherns et al., 2013; Dabard et al., 2015; Pohl
et al,, 2016); the post-Llandovery Silurian (Page et al., 2007;
Grahn and Caputo, 1992; Diaz-Martinez and Grahn, 2007;
Caputo, 1998; Cherns et al., 2013); and the Middle Devonian
to earliest Carboniferous (Caputo et al., 2008; Isaacson et al.,
2008; Elrick et al, 2009; Montafiez and Poulsen, 2013;
Lakin et al., 2016; Elrick and Witzke, 2016).

Cold spells in the Jurassic have been suggested by, for
example, Korte and Hesselbo (2011), Korte et al. (2015),
Rogov and Zakharov (2010), Donnadieu et al. (2011),
Dromart et al. (2003), Krencker et al. (2019), and Rogov
et al. (2019) and references therein. In the pre-Oligocene
Cenozoic continental ice sheets in both the southern and
northern hemispheres have been envisaged by, among
others, Tripati et al. (2005, 2008), and Middle to Late
Eocene ice sheets appear to be incontrovertible (Peters
et al., 2010; Gulick et al., 2017).

Thus a growing body of evidence exists to support the
presence of volumetrically significant polar ice in what are
commonly regarded as greenhouse times. What is remark-
able is that short-term (third-order) eustatic sea-level change
often seems to show a correlation with proxy records of
paleotemperature changes (e.g., sea-level falls are associ-
ated with evidence for cooling events) (Cherns et al., 2013).
Moreover, the likely (orbitally forced) pace and (at least
moderate—c. 50m or greater) magnitude of eustasy in
many parts of the stratigraphic column (e.g., Br.en et al,,
2011; Elrick and Witzke, 2016—Middle Devonian) is at
least suggestive of glacio-eustasy, -even Lhoqgh more
research is needed to firmly establish this. The increasing

evidence for orbital forcing of climate, extinction events,

and sedimentation patterns in, for example, the Devonian

(e.g., De Vleeschouwer et al, 2017) and Ordovician
(Cherns et al., 2013; Dabard et al., 2015) s'uggests a causal
link with glacio-eustasy may soon be established. .

The frequency and magnitude 9f feustanc events
appear 0 be rather different for the Tna.ssw, as c?mpared
to the rest of the geologic record (_Davxes and Simmons,
2018; Hagq, 2018). Davies and Slmmons (2018) noted
eight major sequences on the 'A‘rablan Plate that they sug-
gested may have a eustatic origin. Hagq (2018) noted mofe
eustatic events (see also Franz et al., 2014), but only six
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were major with amplitudes suggested to be in excess of
75 m. Major Triassic eustatic cycles thus appear to have
an unusually long, uneven periodicity, although smaller
scale depositional cyclicity appears to follow orbital forc-
ing periodicities of 20, 100, and occasionally 405 kyr
(e.g., Ajdanlijsky et al., 2019). That humid/arid climate
shifts were particularly dramatic in the Triassic (e.g.,
Preto et al., 2010; Stefani et al., 2010; Trotter et al., 2015)
has led some (e.g., Jacobs and Sahagian, 1993; Wagreich
et al., 2014; Li et al., 2016) to invoke aquifer-eustasy as a
control on Triassic short-term eustasy. The revised aqui-
fer-eustasy paradigm of Davies et al. (2020) is supported
by the observation that Triassic warming events appear to
correspond to eustatic highs and cooling to eustatic lows
(Davies and Simmons, 2018; Simmons and Davies, 2018;
Haq, 2018), but the magnitudes of eustatic change (e.g.
Haq, 2018), whilst needing further assessment, suggest
aquifer-eustasy is an unlikely driver. Therefore the driv-
ing mechanism for Triassic short-term eustasy remains
enigmatic, although glacio-eustasy has been cited as the
cause of end-Triassic sea-level fall (Schoene et al., 2010).

13.4 Phanerozoic eustasy: a review

Although some consensus on the timing of eustatic events is
emerging, there are still significant differences between
workers for most geologic periods (especially for the pre-
Cenozoic). Perhaps this is not surprising, given that inherent
differences exist in how eustatic change has been recognized
in the geologic record, be that from stratigraphic synthesis,
backstripping, or geochemical approaches (e.g., use of
5'%0), noting that interpretation strategy of sedimentary suc-
cessions and biostratigraphic calibration will inevitably dif-
fer between authors. It should also be noted that different
eustatic schemes should be recalibrated to a single geologic
time scale, although what is important is the position of
eustatic events within standard biozonation schemes.

Given these uncertainties, we would hesitate to recom-
mend any one particular eustatic sea-level curve over
another. Instead, we simply highlight the key interpreta-
tions that are available and encourage the stratigraphic
community to continue to gather data, which will help the
advancement of a true consensus. It is encouraging that
some stratigraphic subcommissions for the various periods
of the Phanerozoic are developing consensus views on
eustasy for their particular interval of geologic time. The
Permian Subcommission, for example, maintains a view on
transgressive and regressive cycles (http://permian.stratigra—
phy.org/per/per.asp).

13.4.1 Major syntheses

There are several publications, some much cited, that pro-
vide an analysis of short-term eustasy over multiple

geologic periods or eras, and some .of Yvhich were used ip
previous Geologic Time Scale pllbllCalI.OnS.

Haq et al. (1987, 1988)—Summarized EPR research
into Mesozoic and Cenozoic eustasy, with a sea-leye]
curve that has been widely reproduced and cited. The data
behind the eustatic model was not published, which led to
criticism from some quarters (see review in Miall, 2010).
Numerous short-term eustatic cycles were depicted, which
some have argued (Miall, 1991, 1992) go beyond the
capabilities of tools of correlation and calibration to
resolve. Others have found the timing of events to be plau-
sible, although the magnitudes to be excessive (e.g., Miller
et al., 2005a; also see Ray et al., 2019 and discussion in
Section 13.3.3.2). Nonetheless, and despite relatively
recent updates (Haq and Al-Qahtani, 2005; Haq, 2014,
2017, 2018), the model continues to be widely regarded as
the de facto statement on eustasy. The update by Haq and
Al-Qahtani (2005) integrating Arabian Plate stratigraphy
with minor modification was adopted for the Triassic por-
tion of the GTS2016 compilation of Ogg et al. (2016).

Hardenbol et al. (1998)—Intended as an update to the
Hagq et al. (1987, 1988) Mesozoic and Cenozoic synthesis
based on the study of outcrops from around Europe, synthe-
sizing the work by a large group of experts (e.g., Hesselbo
and Jenkyns, 1998). This work was adopted for the
Mesozoic and Cenozoic portions of the 2012 geologic time
scale compilation of Gradstein et al. (2012) and for the
Jurassic and Cenozoic portions of the 2016 geologic time
scale compilation of Ogg et al. (2016).

Haq and Schutter (2008)—Much cited representation of
Paleozoic eustasy based on the study of multiple sections
originally identified at EPR from regions thought tectoni-
cally stable. One hundred and seventy-two eustatic events
were listed for the Paleozoic, varying in magnitude from a
few tens of meters to ~125 m. Although commonly cited,
the eustatic curve within this paper has often been found to
contrast with more detailed studies on a period-by-period
basis, not least in the number of cycles represented and
their magnitude (see, e.g., discussion in Eros et al., 2012b
and Johnson, 2010). As with the syntheses by Haq et al.
(1987, 1988) for the Mesozoic and Cenozoic, details of
interpretation strategy and biostratigraphic calibration are
lacking, which hinders comparison and evaluation. A reca-
librated version of the Silurian portion was presented by
Melchin et al. (2012) in the 2012 geologic time scale com-
pilation. This work was adopted for the Paleozoic portion
of the 2016 geologic time scale compilation of Ogg et al
(2016) with minor modification.

Snedden and Liu (2010)—Recalibration of the Had
et al. (1987), Hardenbol et al. (1998), and Haq and
Schutter (2008) eustatic curves to the 2008 geologic time
scale. No new data appears to have been applied.

_ Ross and Ross (1985, 1988, 1992, 1995, 1996)—
Pioneering attempts to synthesize knowledge on Paleozoi¢
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ustasy, drawing on mainly North American stratigraphy,
These papers continue to be widely cited, despite strong
criticism from those who have performed more recen;
detailed studies (€.g., Eros et al., 2012a).

Sahagian and Jones (1993) and Sahagian et g
(1996)——An attempt to produce a sea-level curve for the
Jurassic, Cretaceous, and Paleocene of the Russian
Platform, by backstripping stratigraphic data from numer-
ous wells. Because of the supposed stability of the Russian
platform, the sea-level curve is thought to be eustatic in
origin. The presence of numerous unconformities within
the stratigraphy may be a limitation on the provision of a
continuous eustatic record.

Miller et al. (2005a)—Much cited review of
Phanerozoic eustasy incorporating data from various previ-
ous studies, but with a focus on the significance of the
backstripped Late  Cretaceous—Cenozoic stratigraphic
record of the New Jersey onshore that, in turn, was updated
by Kominz et al. (2008, 2016).

Simmons et al. (2007)—Argued that the latest
Precambrian—Phanerozoic Arabian Plate sequence strati-
graphic model of Sharland et al. (2001) and updated by
Davies et al. (2002) and Sharland et al. (2004) was essen-
tially a eustatic model. Davies and Simmons (2018),
Horbury (2018), and Lunn et al. (2019) have recently sug-
gested updates to the Triassic part of the model, whereas
Simmons and Davies (2018) and van Buchem et al. (2011)
have updated parts of the Jurassic and Cretaceous model,
respectively. Van Buchem et al. (2010b) and Maurer et al.
(2013) paid particular attention to the Barremian and Aptian
parts of this model, using detailed, high-resolution outcrop
and subsurface studies and global comparisons to advance a
case for glacio-eustasy, at least during the late Aptian.

There are also important syntheses for specific time
periods (see also other chapters in this book). The follow-
ing subsections describe some of the more recent and
often-cited compilations and commentaries, noting that
Some examine long-term trends, whereas others can be
focused on specific short-term events.

13.4.1.1 Cambrian

Babcock et al, (2015)—Provided a review of the state of
!mOWledge of Cambrian sea-level history in the light of
improved  chronostratigraphy with an onlap curve for the
Upper part of the Cambrian—basal Ordovician. Abrupt trans-
&ressions that led to deposition of black shales or black lime-
Slones and the evolutionary inceptions of key agnOSto{d
tilobites are suspected to be glacio-eustatic in origin- This
Paper drew upon information in the following detailed swdies:
Mille et al, (2003a, 2003b), Runkel et al. (2007), Nielsen and
Schovsbo (2011), Peng et al. (2012), and Alvaro et al (2014).

Nielsen and Schovsbo (2015—A particularlyf compre-
e1sive review of the Early—Middle Cambrian, with
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]sau;ghgestlons_ that their analysis of sea-level change in

.oscax.ldna May correspond with global patterns. The
codification of sea-leve] events (e.g., Hawkes Bay Event)
makes them particularly useful,

Lee et al. (2015)—Provided a discussion of the major
sea-level fefll immediately postdating the Cambrian Epoch
3—Fur9ng|an boundary that is recognized on both
Laurerm.a and Gondwana and is thus considered to be
eus{a.tlc in origin. This event had major effect on the com-
position of reef communities.

13.4.1.2 Ordovician

Nielsen (2004, 2011)—Presented a sea-level curve for
Bal.toscandia. Because of the tectonic quiescent nature of the
region during the Ordovician and slow depositional rates,
many parts of the curve were suspected as being eustatic in
origin. The 2011 version was recalibrated to the time scale
of Ogg et al. (2008) and included minor revisions in the
Late Ordovician. The difficulty in estimating amplitudes
was emphasized. Events were codified for ease of use. The
2004 version was used by Cooper and Sadler (2012) in the
2012 geologic time scale compilation. Note that interpreta-
tion of Ordovician sea-level change from the deeper water
facies of Baltoscandia by Dronov et al. (2011) differs sub-
stantially from that of Nielsen (2004, 2011).

Videt et al. (2010)—Recognized 16 third-order cycles
in the Ordovician stratigraphy of northern Gondwana
(North Africa), calibrated by chitinozoan biostratigraphy,
several of which they believed to be eustatic in origin
based on a comparison with sea-level events on several
other continents. Loi et al. (2010) and Dabard et al.
(2015) presented related detail.

Munnecke et al. (2010)—Presented a comprehensive
review of the challenges in recognizing eustatic changes in
Ordovician sediments. They provided a compilation of pub-
lished regional sea-level curves and, as subsequently noted by
Dronov (2017), whereas there are good matches between
some curves there are apparent mismatches, with westem
Gondwana and Avalonia especially, displaying dlffe.nences
from other continents, mostly as a result of lf)cal tectonics.

Creveling et al. (2018)—Provided a d{scu3510n of how
sea-level histories at continental margins in both the near-
and far-field of the Late Ordovician ice 'sheet can d.lffer
significantly from eustasy because of isostatic adjust-
ments. Dietrich et al. (2018) and Pohl and Austermann

(2018) provided further discussion of this topic.

13.4.1.3 Silurian .
Johnson et al. (1998) and Johnson (2006, _2010)—Usmg
comparisons Of Silurian stratigraphy on mul.nple paleocon-
i ften based on first-hand  experience, Markes
o e forefront of developing an under-

been at th ,
Jm’; l::;ssﬂurian eustasy in the manner of the pioneer
S
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Grabau (1936a,b, 1940). His sea-level curves, lh'e most
recent being the 2006 version, are much cited. Hns. 2010
paper is a comparison of the 2006 eustatic curve with tl}e
Silurian portion of the Haq and Schutter (2008) Paleozoic
synthesis. Although driven by different approaches, 8 of 10
highstands of Johnson (2006) match 8 of 15 highstands
suggested by Haq and Schutter (2008). A recalibrated ver-
sion of the 2006 curve was presented by Melchin et al.
(2012) in the 2012 geologic time scale compilation.

Loydell (1998, 2007)—Defined episodes of sea-level
rise and fall in the Early Silurian, based primarily on the
oxidation state of the strata under investigation and the
graptolite fauna contained therein. The 2007 paper
expanded this concept to include carbon isotope data. A
recalibrated version of the 1998 curve was presented by
Melchin et al. (2012) in the 2012 geologic time scale
compilation. See also Page et al. (2007).

Munnecke et al. (2010)—This was a comprehensive
review of the challenges in recognizing eustatic changes
in Silurian sediments. They provided a compilation of
published Silurian eustatic curves and, as subsequently
noted by Simmons (2012), although there is a good deal
of commonality, differences can be ascribed to differing
interpretation strategies for recognizing sea level and
eustasy and differences in biostratigraphic calibration. See
also Calner (2008).

Davies et al. (2016)—This was another comprehen-
sive review of Early Silurian sea-level change, compar-
ing the pattern observed in the type Llandovery
succession of mid-Wales with 62 other published data-
sets, including global and regional baselevel curves. The
concept of a Eustasy Index as extracted from the com-
monality in this data was used to argue that eustatic
changes can only be confidently identified for highstands
associated with ice-sheet collapse.

13.4.1.4 Devonian

Johnson et al. (1985)—Using sections in relatively stable cra-
tonic interiors and continental margins, they defined a series of
12 cycles in the Devonian portion of the Kaskaskia
Megasequence of North America (Sloss, 1963) and subdivided
them into two series of cycles (I and II) separated by the major
Taghanic unconformity. This work, and an updated version
(Johnson et al., 1996), has become entrenched as a standard
for Devonian eustatic cyclicity, as noted by Brett et al, (2011).

House and Ziegler (1997)—This was a seminal
description of Devonian eustasy in multiple worldwide
sections, building the pioneering work of House (1983)
and Johnson et al. (1985).

Ma et al. (2009)—Important comparison of sea-level
changes as expressed in the Devonian stratigraphy of
South China with other sections worldwide, leading to
insights into eustasy.

Brett et al. (2011)—Presented a sea-level curve for the
Middle Devonian of eastern North America that, becayge of
the persistence of its pattern over a wide geographic arey
and its linkage to the short- and long-term eccentricity
cycles of orbital forcing (100 and 405 kyr), was thought to
be glacio-eustatic in origin. Eight third-order cycles were
recognized within the Eifelian—Givetian.

Becker et al. (2012)—Presented a new curve for the
GTS2012 compilation (Gradstein et al., 2012), based on 3
synthesis of past global curves, although without detailed
explanation. Becker et al. (2020, Ch. 22: The Devonian
Period, this book) developed a very detailed relative sea-
level curve calibrated to ammonoid and conodont zones.

Wong et al. (2016)—Presented a revision of Frasnian
sea-level curve based on decades of sequence strati-
graphic analysis of outcrops in the Canadian Rocky
Mountains and of the adjacent, hydrocarbon-bearing, sub-
surface. This study stands out for the detail of the bio-
stratigraphic, sedimentological, and information about
depositional geometries over a large area, that assist in
the recognition of global patterns.

13.4.1.5 Carboniferous

Izart et al. (2003)—This was a near-global comparison of
Late Carboniferous and Permian sequences, leading to the
recognition of interregional stratigraphic patterns and the
timing of eustatic changes.

Heckel (2008)—Regarded the late middle through late
Pennsylvanian cyclothems of midcontinent North
America as the result of large-scale eustatic fluctuations
related to the large-scale, but short-term, waxing and wan-
ing of Gondwanan continental ice sheets, in turn moder-
ated by long eccentricity cycles of orbital forcing.

Eros et al. (2012a)—Demonstrated the correlation of
252 cyclothems across a 250 km long depositional ramp
profile of the Donets Basin, within a 33 my span of the
Mississippian—Pennsylvanian. Their occurrence on orbital
forcing time scales and correspondence to cyclicity in
other basins suggests a glacio-eustatic origin for the RSL
curve generated from this data. Ruban (2012) and Eros
et al. (2012b) provide a discussion about a comparison of
this work with the Paleozoic eustatic curve of Haq and
Schutter (2008). See also van Hinsbergen et al. (2015).

Aretz et al. (2020, Ch. 23: The Carboniferous Period,
this book) present a revised Early Carboniferous sequence
stratigraphy history calibrated to European biostrati-
graphic zones,

13.4.1.6 Permian

Izart et al. (2003)—This was a near-global comparison Of
Late Carboniferous and Permian sequences, leading t0 the
recognition of interregional stratigraphic patterns and the
timing of eustatic changes.
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Rygel et al. (2008)—Provided a comprehensiye review
of the magnitude of Late Paleozoic eustatic change, dis-
cussed in detail in the Section 13.3.3.2 on eustatic magni-
wdes. They are critical of the Ross and Ross (1985, 1987)
curves because they cannot be replicated.

Jin et al. (2006)—Related the proposed GSSP for the
base Lopingian ‘lo a major eustatic fall calibrated by a
negative carbon isotope excursion and major faunal turn-
over. This paper is a good example of the way in which
chronostratigraphy and eustasy can possibly be integrated.

13.4.1.7 Triassic

Embry (1988, 1997)—Provided seminal descriptions of the
sequence stratigraphy of the Canadian Triassic succession
with global comparisons to yield a eustatic signal that could
also be linked to chronostratigraphic subdivision (i.e., stage
and substage boundaries). See also Mgrk (1994).

Gianolla and Jacquin (1998)—Provided a description
of the Triassic stratigraphy of Western Europe with global
comparisons (incorporated in eustatic model of Hardenbol
et al., 1998).

Franz et al. (2014)—Documented evidence for eustasy
from the Carnian succession of the epicontinental Central
European Basin.

Haq (2018)—Provided a reappraisal of the Haq et al.
(1988) and Hardenbol et al. (1998) synthesis incorporating
subsequent published data from Europe, Arabia, India,
Pakistan, China, and Australia (see https://www.geosoci-
ety.org/datarepository/2018/2018390.pdf—14 key refer-
ences were cited, including previous syntheses). Twenty-two
third-order sequences were recognized, with sea-level change
amplitudes estimated as mostly varying between less than
25mand c. 75 m. Six were estimated as exceeding 75 m.

13.4.1.8 Jurassic

Hallam (2001)—This was a much cited global compila-
tion of stratigraphic data to extract a eustatic signal and
challenged the notion of major, rapid sea-level falls
within the Jurassic.

Zimmermann et al. (2015)—Reviewed the sequence
stratigraphy of the Early and Middle Jurassic of the North
German Basin, noting correspondence with the short-term
(second-order) Boreal cyclicity described by De Graciansky
e al. (1998) and Jacquin et al. (1998). The influence pf
local tectonics on deposition cyclicity in the Juras?sw ;3
lorthern Europe was emphasized (see also Underhill and
Partington, 1993; Hesselbo and Jenkyns, 1998; Besselte,
2008), although high-frequency (fourth-order) sequences
e suggested to have a glacio-eustatic origin because of
their inferreq periodicity and interregional correlation.

Haq (2017) —Provided a reappraisal of the Hag et al.
(1988) and Hardenbol et al. (1998) synthesis insagRe
g subsequent published data from Europe, Arabid
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India, and Argentina (see http://w i
datareposiony 20112017387 pd— 15 ke sefomonec
Were cited, including previous syntheses). Incorporation
of data away from these regions was thought to be hin-
der'ed t.>y uncertainties in  interregional biostratigraphic
cghbrauop. Fifty-six third-order sequences were recog-
nlzeq, with sea-level change amplitudes estimated as
varying between less than 25 m and c. 150 m.

13.4.1.9 Cretaceous

Hpedemaeker (1995)—Used variations in ammonite
diversity to recognize eustatic highs and lows in the
Berriasian—Barremian stratigraphy of southeast Spain.
Eustasy is implied because of correlation of the cyclicity
to other parts of Europe and Russia. The duration of the
cyclicity (c. 3.4 Myr, using the time scale of the publica-
tion) is intermediate between the “third-order” and “sec-
ond-order” cyclicity of Haq et al. (1987, 1988) for the
same period.

Haq (2014)—Provided a reappraisal of the Haq et al.
(1988) and Hardenbol et al. (1998) syntheses incorporat-
ing subsequent published data from a global set of loca-
tions. Fifty-eight third-order sequences were recognized,
with sea-level change amplitudes estimated as varying
between less than 20 m and c. 100 m. See also Haq and
Huber (2017). The review of Haq (2014) was adopted for
the Cretaceous portion of the 2016 geologic time scale
compilation of Ogg et al. (2016) with minor modification.

Wendler et al. (2014 —Recognized long-term oblig-
uity and long- and short-term eccentricity orbitial forcing
cycles as a primary control on mid-Cretaceous sea-level
changes on the Levant margin of the Arabian Plate. This
was interpreted as a eustatic pattern, with aquifer-eustasy
invoked as a driving mechanism (see discussion in
Section 13.3.3.1). '

Scott et al. (2018)—Placed Cenomanian—Turonian
flooding events as recognized in North Americ'a into a
precise chronostratigraphic framework that pe.rmmed cor-
relation with Tunisian sections. Commonality provided
support to the eustatic model of Haq (2014) and Haq anq
Huber (2017). See also Gale et al. (2002, 2008), Galeotti
et al. (2009), and Koch and Brenner_(2009). ’

Dujonequoy et al. (2018)—Provided a comprehensive
study of the Early Cretaceous of Oman using outcrop, 3D
seismic, and well log data to generate a _RSL curve.
Comparison of this with that from the Vocontian Basin 9f
France (Gréselle and Pittet, 2019) suggested.a eustatic

: ot ble comparison with the eustatic curve of
origin. Reasond )4 1
Snedden and Liu (2010) was also demons

13.4.1.10 Cenozoic Aoy
thed 6 °O iso-

Anderson (1998)—Used a smoo :
t‘?)t;):l;uinvz as a proxy for eustasy. Correspondence with
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other eustatic curves suggested a strong glacio-eustatic
signature from the Middle Eocene onward.

Sluijs et al. (2008)—Constructed a eustatic curve for
the Paleocene—Eocene transition using palynological and
sedimentological data from multiple sites from around the
globe.

Miller et al. (1998, 2013b)—Backstripped onshore
New Jersey data to provide a testable history of sea-level
change. Miocene portions were tested using offshore
cores collected by IODP Expedition 313 on the New
Jersey shelf, as presented in Miller et al. (2013a,b), Katz
et al. (2013), Browning et al. (2013), and McCarthy et al.
(2013). See also Van Sickel et al. (2004) and Gasson
et al. (2012).

Kominz et al. (2016)—Backstripped RSL estimates of
Middle to Late Miocene sequences from the New Jersey
coastal plain and three IODP shelf sites are generally inter-
nally consistent with respect to the timing of SBs and RSL
variations. Coastal plain sedimentation tends to predict RSL
changes that are consistent with those observed offshore.
Where onshore and offshore sedimentation corresponds, the
rising and falling portions of the RSL curve can be corre-
lated, although the magnitude of offshore and onshore esti-
mates is offset. This result requires that the New Jersey
passive margin has undergone epeirogeny and, in particular,
that the offshore shelf has subsided less than the coastal
plain. Thus it is consistent with relative epeirogeny
attributable to subduction of the Farallon Plate (Moucha
et al., 2008) and arising from glacial isostatic adjustments
effects of the last deglaciation (Raymo et al., 2011).

John et al. (2011)—The timing and magnitude of
Miocene eustasy was calculated for the succession on the
Marion Plateau, offshore northeastern Australia, as cali-
brated to other successions, notably offshore New Jersey.
Eight sea-level falls correspond to §'®0 increases that
reflect increased Antarctic ice volumes. From backstrip-
ping, ranges of individual sea falls were from 26—28 to
53—81 m. Overall sea level fell between 53 and 69 m and
between 16.5 and 13.9 Ma.

Cramer et al. (2011)—Reconciled onshore New Jersey
backstripped sea-level estimates with a different approach,
using deep-sea benthic foraminiferal "0 and Mg/Ca
records to extract changes in seawater §'%0 proportional to
ice-volume and sea-level changes. Because of limitations in
the data, this approach (as illustrated in Fig. 13.13) was
restricted to periods longer than 2 Myr and showed similar
changes from both methods. Ongoing studies use higher
resolution §'®0 records to compare changes on the Myr
scale (Miller et al., 2020).

13.5 Summary

Many challenges still exist to isolating the eustatic signal
in the rock record. The basic interpretation of water depth

changes or transgressive—regressive cycles in any given
succession can be fraught with difficulties (Brett et g,
2011; Simmons, 2012), and eminent workers can come to
differing conclusions on the interpretation of the same oyt
crop or well stratigraphy. If carried through multiple sec-
tions, there will inevitably be differing conclusions on the
timing and magnitude of eustasy. Even assuming a congjs-
tent approach to the interpretation of changing RSL, dem-
onstrating that the same changes can be seen in multiple
sections on different paleocontinents, and are synchronous
can be challenging, given the limitations of biostratigraphy
and other correlation proxies (Miall, 1991, 1992, 2010),
Nonetheless, stratigraphers have a variety of techniques a
their disposal to develop an understanding of eustasy rang-
ing from backstripping, to 6'%0 (for the Cenozoic), to syn-
thesis techniques evaluating multiple stratigraphic sections,
High-resolution biostratigraphy, carbon, and strontium iso-
tope studies and the identification of orbital forcing can
provide a robust framework in which to correlate. As a
consequence, knowledge of the timing, magnitude, and
duration of eustasy is evolving, especially for short-term
(10°—10° years) cyclicity, which clearly relates to the
orbital forcing of climate change.

Given the relatively high magnitudes (tens of meters)
of short-term eustatic change (although not as great as
suggested, e.g., by Haq et al., 1987, 1988 and Haq, 2014)
and its occurrence on astronomical forcing time scales
(Boulila et al., 2011), it seems likely that glacio-eustasy is
the primary driver of eustasy throughout much of the
Phanerozoic, even in “greenhouse” times, such as the
Cretaceous (Ray et al., 2019). Aquifer-eustasy has a
growing number of advocates (e.g., Sames et al., 2016)
but cannot explain the higher magnitudes of eustatic
change observed and the observed relationships between
eustasy and climate (Davies et al., 2020). In support of
the notion of the dominance of glacio-eustasy as a control
on short-term sea-level changes is the growing body of
direct, proxy, and circumstantial evidence that supports
glaciation for parts of all periods of the Phanerozoic with
the possible exception of the Triassic.

The magnitude and timing of long-term (107-10°
years) eustasy was often qualitatively estimated by strati-
graphic observations on the extent of continental flooding
(e.g., Hallam, 1992). Progress on geodynamic modeling
has enabled more quantitative approaches to be taken
(e.g., Conrad, 2013; Vérard et al., 2015). Spreading ridge
volume is a key factor driving long-term eustasy and this,
aJOPSSide other geodynamic features, can be modeled, 1
derive a long-term eustatic curve (Fig. 13.9). However,
the choice of plate model is key, and different plate mod-
els can derive quite different results. These different
results pose some challenges when attempting to integ{ate
long-term sea-level trends with local observations to iso-
late the true magnitude of short-term sea-level events
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Long-term trends can act to amplify or suppress short-
term trends.

An understanding of eustasy is a powerful means of
understanding the often incomplete nature of the sedimen-
tary record. Knowledge of eustatic cyclicity is useful in
determining the selection of chronostratigraphic reference
sections (GSSPs) and provides a context for the evolution
of the subdivisions of the geologic time scale. With this
in mind, it is worth recalling that when d’Orbigny (1842)
introduced the term etage (stage), he did so with a cata-
s[rophists’ view of the Earth’s history. Stages were “the
expression of the boundaries which Nature has drawn
with bold strokes across the globe.” Stage boundaries
occurred at horizons of faunal turnover, in turn caused by
dramatic paleoenvironmental change. Such changes and
major sea-level falls can easily be coincident (e.g.,
Gaskell, 1991). Thus the early definitions of stages often
related to probable time gaps in proximal depositional set-
tings caused by sea-level falls of significant magnitude
and rate. We would no longer view such locations as opti-
mal as reference sections for the boundaries of the subdi-
visions of the geologic time scale, preferring to place
these in sections of continuous stratigraphy. These may
include the distal equivalents of SBs observed in proximal
settings (Simmons, 2012).

More broadly, an understanding of eustasy provides con-
text for the subdivision of geologic time. Increasingly, the
definition of stages is related to changes in the Earth system,
of which eustasy is one component (e.g., Babcock et al.,
2015). The biostratigraphic events that typically act as prox-
ies for the definition of stage boundaries can be related to
changes in paleoclimate, geodynamics, ocean chemistry, and
eustasy.

The developments in the understanding of eustasy are
not always well known within the broader geological com-
munity, as is evidenced by the continuing reference to old-
er papers (e.g., Haq et al., 1987; Johnson et al., 1985) that
have now been superseded, not only by work by their pri-
mary authors, but also by several other independent work-
ers. Such a situation could be regarded as “chaos” (Ruban,
2016), or, more positively, as choice. The geologist inte'r-
ested in understanding eustasy within a given geologic
period can evaluate several options and choose that which
adopted a methodology they regard as robust. Moving for-
ward, we hope that the subcommissions for each geologic
Period of the International Subcommission on Stratigraphy
Will drive the attempts to arrive at consensus View, USIE
consistent and well-calibrated approaches.
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