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ABSTRACT

It is widely accepted that coarse deep-marine siliciclastic deposition is controlled by the
balance between sediment supply and shelf accommodation (e.g., Jervey, 1988). The prevailing
paradigm suggests this balance is disrupted and deposition is promoted during periods of falling
sea level when shelf accommodation is significantly reduced, and conversely, deposition is
inhibited during high sea level when accommodation is maximized (Vail et al., 1977; Catuneanu
et al., 2011). Due to high global temperatures and minimal polar ice, the early Eocene was a time
of exceptionally high global sea level (Zachos et al., 2001; Miller et al., 2005, 2020) (Fig. 1),
presenting an opportunity to test this paradigm. Here, we compile an inventory of documented
early Paleogene sand-rich deep-sea systems. If sea-level fall is indeed a prerequisite for major
deep-water turbidite deposition, lower Eocene strata should be characterized by a paucity of sandy
turbidites (except on tectonically active margins). We find 59 instances of early Eocene turbidite
systems from all continental margins except Antarctica. Sand-rich systems were widespread on
active margins (42 instances), but were also present on passive margins (17 instances) (Fig. 1 and
2). Along passive margins, 13 of 17 (~76%) turbidite systems are associated with significant
Eocene-age fluvial systems. We find that sediment from active margins and sediment delivered to
passive margins by integrated drainages and elevated hothouse denudation cause sediment supply
to exceed shelf accommodation despite globally-elevated sea level. We therefore suggest that—in
addition to the paradigm of eustasy—tectonism and climate-driven change (e.g., drainage

integration, global rainfall, denudation) may significantly influence global distribution of coarse-



grained deep-marine depositional systems, and may overwhelm eustatic control entirely,

especially during periods of high sea level.

METHODS

We reviewed existing literature to compile published examples of deep-marine sediment
deposits (especially submarine fans, sand-rich turbidite systems) of Paleocene, early Eocene, and
middle Eocene age from 114 locations (9 in Africa, 0 in Antarctica, 15 in Asia, 14 in Oceania, 17
in Europe, 6 in India, 34 in North and Central America, 19 in South America) (Fig. 1 and 2). Most
compiled examples come from onshore outcrop and offshore well and seismic data. It must be
noted that this synthesis inherently assumes the accuracy of the surveyed work, including age
dating methods (e.g., geochronology, biostratigraphy), interpreted sedimentology and lithology,
and environmental interpretations. Because our compilation relies on work that is published, it
represents a lower limit of the actual number of global turbidite systems of this age. We also
acknowledge that we likely missed examples published in non-English language sources. In
addition, there are likely numerous sand-rich systems (e.g., reservoirs encountered during
petroleum exploration) that have not been reported in the literature, as well as those not preserved

in the rock record (e.g., due to subduction or erosion).

RESULTS

Despite a prevailing early Eocene eustatic high, our survey identified 59 locations where
early Eocene deep-sea sedimentation included sand-rich turbidite systems (Fig. 1 and 2B). These
locations span all continents except Antarctica. Most systems are in active margin settings (42
examples), but 17 examples of sand-rich passive margin turbidite systems were also identified
(Fig. 1 and 2B). There are slightly more early Eocene examples than Paleocene (28 on active
margins, 14 on passive margins; Fig. 1 and 2A) or middle Eocene (39 on active margins, 16 on
passive margins; Fig. 1 and 2C) examples, although the proportion of passive vs. active margin
turbidite systems is similar.

Sand-rich lower Eocene deep-sea deposits are found in active margin settings in Asia,
Europe, India, and North and South America (Fig. 1C and 2B). In Europe and Asia, Alpine-Zagros-
Himalayan collisional tectonism resulted in widespread and abundant foreland basin turbidite

deposition. Similarly, the Pyrenean orogeny of Europe, Andean orogeny of South America, and



Cordilleran orogenesis of North America contributed to turbidite deposition. Deposition also
occurred during periods of rifting (e.g., southeast Borneo; the Tasmanian shelf; west Ireland) and
in borderlands settings (e.g., southern California; Ireland’s Porcupine Basin).

In both active and passive margin settings, deep-marine siliciclastic systems are often
associated with noteworthy early Eocene fluvial systems. Of the 59 locations with record of early
Eocene turbidite systems, 19 (~32%) locations are explicitly documented as being associated with
substantial fluvial systems. Of these examples, six are from active margin settings. Notably, 13 of
17 (~76%) locations in passive margin settings are associated with integrated ancestral fluvial

systems.

DISCUSSION
The paradigm of deep-sea siliciclastic deposition

Widespread sand-rich early Eocene turbidite systems along both active and passive
margins indicate that the falling sea-level paradigm (e.g., Vail et al., 1977; Catuneanu et al., 2011)
need not be invoked for sediment supply to overwhelm shelf accommodation at a global scale. In
other words, prevalence of such systems during a eustatic high indicates that the tenet of this
paradigm whereby deep-sea deposition is inhibited by maximized accommodation is not always
applicable.
Mechanisms of sand-rich turbidite deposition during eustatic highs

Alongside widespread evidence for active margin deposition during a eustatic high (e.g.,
as in Quaternary-age examples from California and Chile; Covault et al., 2007; Bernhardt et al.,
2015), distribution of early Eocene turbidite systems suggests that in passive margin settings
during eustatic highs, an integrated drainage system may be a prerequisite for substantial sand-rich
deep-sea deposition (e.g., Semme et al.,, 2009). Activity of such drainages may have been
magnified by intense precipitation events in the early Eocene (Held and Soden, 2006; Carmichael
et al., 2018), while sediment transport along drainages may have been magnified by intensified
weathering (Robert and Kennett, 1997; Ehrmann, 1998; Smith et al., 2008; John et al., 2012), both
of which would act to increase sediment supply. Increased sediment supply as a means to
overwhelm shelf accommodation even during a highstand is consistent with work on high-supply

and supply-dominated systems, whereby significant deep-marine turbidite deposition occurs



despite eustatic highs (e.g., modern river estimates by Burgess and Hovius, 1998; Maastrichtian
shelf of Wyoming in Carvajal and Steel, 2006; modeling work by Zhang et al., 2017).
Conceptual model linking global climate and sand-rich turbidite systems

Based on our results, we present a conceptual model linking global climate to sandy
turbidite occurrence via climatic controls on sediment supply and accommodation (Fig. 3 and 4).
Our model is compatible both with the falling sea-level paradigm for deposition (Fig. 4A) and with
deposition during eustatic highs (Fig. 4B). For simplicity, Figure 3 shows only relative changes.
We assume sediment supply is a linear function of precipitation intensity (a conceptually useful
but oversimplified assumption, e.g., Mclnerney and Wing, 2011), accommodation is a function of
sea level, and both precipitation intensity and sea level can be linked directly to global climate.
We justify these assumptions below.

As the planet warms, precipitation intensifies and becomes increasingly episodic (Held and
Soden, 2006), resulting in a direct relationship between temperature and sediment supply. Starting
from a cold climate, warming leads to a relatively rapid increase in eustatic sea level (thus, in
accommodation) due to ice sheet melt. However, after loss of large continental glaciers, additional
warming leads to smaller thermal-expansion-driven increases in sea level (Li et al., 2018).
Turbidite deposition occurs in our model when, for a given climate state, sediment supply (orange
line; Fig. 3) exceeds accommodation (blue curve; Fig. 3).

Numerous factors vary the slope and intercept of the supply and accommodation lines
without violating the basic conceptual framework. For example, greater drainage size (capturing
more sediment) or drainages with more active canyon incision can increase the y-intercept of the
sediment supply line. The slope of the supply line may decrease in very hot climates because
precipitation is theorized to decline with extreme warming (Schneider et al., 2010). Meanwhile,
the accommodation curve is sensitive to factors that modify relationships among sea level, ice
sheet, and climate. If continental water storage can drive high-amplitude sea-level variability
without ice sheets (Li et al., 2018), this will modify the slope of the accommodation curve at
warmer temperatures. The inflection point of the accommodation curve may vary depending on
whether the planet is warming or cooling because the ice-albedo feedback can cause differences
in the climate state of glaciation versus deglaciation (North et al., 1981; Dortmans et al., 2019).
Taken together, we expect that the shape and relative locations of the supply and accommodation

curves in our model vary over space and time. Therefore, under our framework it is possible to



account for future constraints on climate, erosion, and accommodation dynamics when inferring
turbidite occurrence.
Suggestions for future research

Our study invites investigation related to both deep-sea turbidite deposition during eustatic
highs and the model that we propose for linking climate and sand-rich systems. For instance, the
question arises of whether we can indeed use passive margin turbidite occurrence to predict the
nature of sediment supply and the potential for (or necessity of) drainage integration. Our results
and model invite turbidite system compilations for other hothouse and warm periods, as in the
Cretaceous (Norris et al., 2002) or Paleozoic (Frakes et al., 1992), to further query the potential
for widespread sandy, deep-sea systems during eustatic highs, as well as compilations for periods

of falling or low sea level (e.g., cooling or cold climates) to further test our conceptual model.

CONCLUSIONS

The early Eocene was a time of elevated temperatures, and represents a high global sea-
level endmember relative to present day and most of the Cenozoic. Thus, early Eocene hothouse
conditions and the associated eustatic high provide an opportunity to test the hypothesis that
eustasy (as a control on shelf accommodation) is the dominant mechanism for sand-rich passive
margin deep-sea turbidite deposition on a global scale. Accordingly, our data show that, in
considering the balance between sediment supply and accommodation as the control on deep-water
siliciclastic deposition, sediment supply is at least as important as global eustasy during high sea
level. This is consistent with high-supply or supply-dominated turbidite deposition documented by
previous authors. We suggest that, while tectonics can overwhelm eustasy on active margins, both
large integrated fluvial drainages on a local to regional scale and intensification of the hydrological
cycle on a global scale can overcome the influence of global eustasy and deliver sufficient coarse-
grained sediment to passive margins to overwhelm shelf accommodation and result in widespread
sand-rich deep-marine turbidite systems despite a eustatic high. Therefore, we suggest that, in
considering whether turbidite systems should be globally abundant, likelihood of deposition must
be thought of in terms of active margin tectonics, passive margin activity of integrated drainages,
and global rainfall and denudation in addition to the traditional paradigm of eustatic control.
Eustasy need not be the dominant control on sand-rich deep-sea turbidite deposition on a global

scale.
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Figure 1. (A) Cenozoic sea-level curves of Miller et al. (2005) in cyan and Miller et al. (2020) in
black. Bar charts with counts of (B) passive and (C) active margin sand-rich deposits for the

Paleocene (Pal.), lower Eocene (lo. Eo.), and middle Eocene (m. Eo.) by continental margin. N.

Am.—North America, S. Am.—South America.
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Figure 2. (A) Paleocene, (B) early Eocene, and (C) middle Eocene locations, including locations

with and without recorded sand-rich systems. Paleomaps after Scotese (2001).
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Figure 3. Conceptual model of passive margin sandy turbidite deposition given climate controls
on sediment supply (orange line) and accommodation (blue curve). Sediment supply increases
with global temperature via its role in intensifying precipitation. Accommodation increases rapidly
with initial warming as ice melts and sea level rises. Later warming (after ice melt) has a much
weaker effect on sea level and accommodation. Sand-rich deposition (yellow polygons) happens

when, for a given climate state, sediment supply exceeds accommodation.
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Figure 4. Schematic illustration of sand-rich passive margin deep-sea deposition under (A) falling
sea level, where a drop in shelfal accommodation drives deep-water turbidite deposition, and (B)

high sea level, where climatically enhanced sediment supply overwhelms high accommodation.
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