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Abstract
The widespread occurrence of lower Eocene chert and porcellanite has been viewed
as a major paleoceanographic issue since the advent of ocean drilling, and both biotic and abiotic forcings have been proposed to explain it. We present a reconstruction of indurated siliceous sediment (ISS) and preserved biosiliceous sediment (PBS)
occurrences in the Atlantic Ocean through the Paleocene and Eocene (~66 through
34 Ma). ISS and PBS distributions reveal dissimilar temporal trends, with the peak
of ISS occurrences coinciding with the Early Eocene Climatic Optimum, in line with
previous studies. PBS occurrences show a generally increasing trend culminating
between 44 and 43 Ma. The common co-occurrence of ISS and PBS, and their coherent geographic distribution lends strong support to the biogenic origin of the precursor to the widespread Paleogene ISS, and argues against an inorganic mode of
early Cenozoic chert and porcellanite precipitation. Weight per cent biogenic opal
records and trends in linear sedimentation rates indicate two plausible modes of
silicification: 1) silicification due to prolonged exposure of biogenic opal-rich sediments to corrosive bottom waters; and 2) silicification due to elevated pressures
and temperatures caused by rapid burial of biogenic opal-rich deposits. The confinement of ISS and PBS to proximal sites along continental margins points to the
reliance of siliceous sedimentation through the Paleocene and Eocene on terrestrial
supply of dissolved silicon. Consistent with this, quantitative siliceous microfossil
assemblage records from the Blake Nose in the NW Atlantic indicate that the nutrient-rich marginal rather than oligotrophic pelagic settings hosted the majority
of siliceous plankton production through the early Paleogene. The inorganic SiO2
precipitation model is unlikely to have been the dominant mechanism responsible
for ubiquitous occurrences of early Paleogene ISS. We favor the biogenic ISS precursor scenario and reconcile it with the low-productivity early Cenozoic oceans by
showing that large volumes of biogenic silica were supplied to the western North
Atlantic Ocean from the North American margin through the Paleocene and Eocene.
Dissolution of this surplus silica was facilitated by an early southwestward flow of
young, SiO2-depleted waters from the North Atlantic. All these factors contributed
to ISS and PBS focusing in the western North Atlantic through the early Paleogene.
Keywords: Diatoms, Blake Nose, Biogenic silica, Diagenesis, Paleoceanography,
Ocean drilling

1. Introduction
The lower Paleocene through upper Eocene (hereafter abbreviated
as P+E) deep-sea and onshore sedimentary record shows evidence
for widespread SiO2 deposition, including geographically extensive
marine and freshwater diatomite (e.g., Oreshkina and Aleksandrova,
2007; Mach and Dvořák, 2011), deep-sea diatom and radiolarian ooze
(e.g., Gombos, 1977; Nishimura, 1987), siliceous nannofossil ooze and
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chalk (e.g., Fourtanier, 1991), and chert and porcellanite (e.g., Hein et
al., 1990; Muttoni and Kent, 2007). This interval is also the most recent example of a global greenhouse climate, with atmospheric pCO2
levels estimated at 500–1000 ppmv (e.g., Foster et al., 2017) and surface and ocean temperatures approximately 10 °C higher than modern
(e.g., Zachos et al., 2001). In recent years there is a growing interest in
the links between the silicon and carbon cycles, and the timescales of
marine silica burial response to the extreme climate perturbations of
the early Paleogene, with most insights based on modeling and stable
isotope geochemistry (e.g., Penman, 2016; Penman et al., 2019; Fontorbe et al., 2020). Reconstructing biogenic silica (hereafter bioSiO2)
burial and diagenetic history may help unravel the interplay between
weathering regimes, primary production and ocean circulation patterns (e.g., Miskell et al., 1985; Hein and Parrish, 1987; Maliva et al.,
1989; McGowran, 1989; Yool and Tyrrell, 2005; Penman, 2016; Penman et al., 2019) through a critically important period of Earth’s climate evolution (Zachos et al., 2008; Cramer et al., 2009).
The widespread occurrence of roughly coeval indurated siliceous
sediments of early Eocene age often collectively referred to as Horizon AC (e.g., Riech and von Rad, 1979; Norris et al., 2001; Boyle et
al., 2017) was one of the key targets of early scientific deep-sea drilling (e.g., Ewing et al., 1970). Multiple hypotheses have been put forward to explain the origin of this ubiquitous silicification. Berger
(1970) pointed to basin-to-basin bioSiO2 fractionation by means of lagoonal (Atlantic) versus estuarine (Pacific) circulation. Under this
scenario, the Pacific nutrient-rich deep waters favored bioSiO2 preservation, while the Atlantic nutrient-poor deep waters facilitated bioSiO2 dissolution. Gibson and Towe (1971) postulated diagenetic alteration of pyroclastic material and speculated on its possible effects
on siliceous plankton production, whereas Weaver and Wise (1974)
argued for an entirely biogenic origin of the chert/porcellanite precursors. More complex models invoking, for instance, reprecipitation
of bioSiO2 leached by advecting hydrothermal waters (Moore, 2008a,
2008b) were also proposed. Two hypotheses that have drawn the
most interest, however, were proposed by McGowran (1989) and Muttoni and Kent (2007).
The „silica burp hypothesis” of McGowran (1989) linked the widespread early Paleogene silicification to volcanic SiO2 input, followed
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by enhanced ocean mixing driven by long-term ocean cooling through
the Eocene. Silicon cycle modeling by Yool and Tyrell (2005), however,
indicated that “silica burp” was not sufficient to explain neither the
large volumes of SiO2 making up Horizon AC, nor the temporal span
of the widespread early Paleogene silicification. Instead, Muttoni and
Kent (2007) proposed a complex model invoking clay mineral-mediated inorganic precipitation of SiO2 from seawater. One of the main
assumptions that Muttoni and Kent (2007) made was that the early
Paleogene oceans were characterized by largely oligotrophic conditions. At the same time, Muttoni and Kent (2007) hypothesized there
would be an ample supply of SiO2 from terrestrial weathering, accelerated by the extreme greenhouse warmth of the early Paleogene. In
a stratified water column, the low supply of additional limiting nutrients like Fe, N, and P would prevent siliceous phytoplankton from
blooming even in SiO2-rich waters. Hence the inorganic mode of SiO2
precipitation proposed by Muttoni and Kent (2007).
The above views on chert and porcellanite origin can be simplified to two general scenarios - biogenic versus inorganic - to explain
the ubiquitous early Paleogene silicification. The biogenic scenario,
in which bioSiO2 accumulates on the seafloor and undergoes diagenetic alteration into cristoballite and ultimately quartz, should be
viewed as more parsimonious: bioSiO2 is a common skeletal material that is known to easily undergo dissolution in transit through
the water column, at sediment-water interface, and within the sediment (e.g., Kastner et al., 1977; Kennett, 1982; Ragueneau et al.,
2000; DeMaster, 2014; Tatzel et al., 2015). Biogenic origin for the
early Paleogene chert and porcellanite precursor, however, has been
criticized on the grounds of the purported low productivity of the
early Cenozoic oceans (Muttoni and Kent, 2007). Inorganic SiO2 precipitation requires high dissolved SiO2 concentrations in seawater
(Yool and Tyrrell, 2005). Ocean waters were likely supersaturated
with respect to SiO2 in the Proterozoic, but the Phanerozoic evolution of siliceous biota has caused the oceans to become SiO2-undersaturated at all depths (Maldonado et al., 1999; Conley et al., 2017).
Thus, inorganic SiO2 precipitation from seawater would require a
prolonged period of highly unusual oceanographic conditions during the early Cenozoic. As neither the biogenic nor the inorganic scenario has received definitive support, the source of SiO2 required for
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the formation of geographically extensive bodies of indurated siliceous sediments in the early Paleogene remains a matter of debate
(e.g., Barron et al., 2015).
Previous studies suggest that the best perspective on the various aspects of SiO2 accumulation may be gained from early Paleogene sediments of the Atlantic Ocean. For much of the early Paleogene, the Atlantic was the main locus of biosiliceous sedimentation (Miskell et al.,
1985; Baldauf and Barron, 1990; Penman et al., 2019), which explains
why most records of early Cenozoic siliceous phytoplankton are preserved there (Barron et al., 2015). The Atlantic is also host to the majority of early Paleogene chert and porcellanite deposits reported in
the deep-sea drilling literature (Muttoni and Kent, 2007; updated in
Penman et al., 2019). To date, however, this coincidence has not been
subject to closer scrutiny.
The aim of the present work is to test the inorganic precipitation
scenario for the early Paleogene chert and porcellanite by exploring the links between P+E biosiliceous sedimentation, and the formation of indurated siliceous deposits within the Atlantic Ocean.
To this end, we present (1) a new compilation of P+E indurated siliceous deposit occurrences in deep-sea cores taken from the Atlantic Ocean; (2) a new compilation of biogenic siliceous deposit occurrences in these same cores; and (3) new quantitative records of
P+E siliceous microfossil abundance in the western North Atlantic.
Based on these data, and using published geochemical records, we
provide an integrated perspective on early Paleogene siliceous sedimentation in the Atlantic Ocean.

2. Materials and methods
2.1. Terminology
Despite the well-known petrographic differences (Calvert, 1977),
this study makes no distinction between chert and porcellanite, in order to correct for any inconsistencies in lithologic descriptions that
may have occurred over several decades of ocean drilling that generated the data compiled herein. Chert, porcellanite, silicified limestone
and silicified mudstone are here referred to collectively as ‘indurated
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siliceous sediments‘, abbreviated as ISS. We use the term ‘preserved
biosiliceous sediments‘ (abbreviated as PBS) for all Atlantic occurrences of P+E siliceous microfossils (radiolarians, diatoms, silicoflagellates, ebridians, synurophyte scales and siliceous dinoflagellates)
reported in the deep sea literature, and those examined here. This includes not only occurrences of well-preserved assemblages, but also
those in-situ occurrences that are reported as moderately or poorly
preserved. Occurrences reported as reworked are not considered.
2.2. Chronology
All ages reported in this paper are relative to the Gradstein et al.
(2012) timescale (hereafter referred to as GTS2012). Age control
was established only for those Atlantic Ocean sites that recovered
P+E ISS or PBS, or both. Published age models were used whenever
available. These were readjusted to GTS2012 if required. For sites
lacking published age data, new age models were compiled based
on magnetostratigraphy, and/or foraminiferal, calcareous nannofossil, and radiolarian biostratigraphic events. Wherever available,
cyclostratigraphic data were incorporated into the age models. For
some intervals, especially in early DSDP holes, age control should
be considered approximate. To account for this, in each ISS/PBS deposit dataset a median is plotted superimposed on a grey area that
denotes the difference between sites with reliable age control and
sites with approximate age control. Information on all age models
used and compiled for this study can be found in Tables S1-S15 in
the online Supplementary Materials.
2.3. Atlantic P+E ISS and PBS occurrence compilation
The compilation, designed to distinguish between those P+E sites
that recovered ISS, and those at which no such sediments were recovered, is based on a literature survey involving all DSDP, ODP and Integrated Ocean Drilling Program (IODP) sites drilled in the Atlantic
Ocean. A detailed description of the compilation is presented in the
online Supplementary Materials (Table S16 and Supplementary Text).
Data on siliceous microfossil occurrences (termed PBS) were tabulated from shipboard reports and post-cruise publications. Our
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Fig. 1. Lower Paleocene through upper Eocene indurated siliceous sediment (A)
versus preserved biosiliceous sediment (B) occurrences plotted on a 10° latitude ×
10° longitude grid.

compilations of ISS and PBS occurrences are presented in Figs. 1–3
in the main text and Fig. S1 and Tables S18-S19 in the online Supplementary Materials. An extended P+E Atlantic site dataset, including
the relevant reference lists and information on age models, can be
found in Tables S1 and S16 in the online Supplementary Materials.
All maps included in this paper were plotted on Ocean Drilling
Stratigraphic Network (www.odsn.de) base maps. For the geographic
distribution analysis of both ISS and PBS, sites were grouped into 10°
latitude × 10° longitude bins based on their present-day geographic
coordinates. A matrix of eighteen latitude bins (90°S through 90°N)
× twelve longitude bins (100°W through 20°E) was established to enable plotting the results in the form of a map.
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Fig. 2. Range charts showing the occurrences of lower Paleocene through upper
Eocene indurated siliceous sediments (ISS) versus preserved siliceous sediments
(PBS) in the Atlantic Ocean deep-sea holes in 1 million year (myr) time bins. Study
sites are grouped according to the major sub-basins: Caribbean, Gulf of Mexico, and
South Atlantic (a), NE Atlantic (b) and NW Atlantic (c).

2.4. Quantitative siliceous microfossil assemblage records
Samples from ODP Holes 1050A,C 1051A and 1053A (Blake Nose,
western North Atlantic), used for siliceous microfossil examination,
were freeze-dried and processed following the technique used in
studies by Witkowski et al. (2012, 2014). Siliceous microfossils (diatoms, radiolarians, silicoflagellates, ebridians, chrysophyte cysts,

W i t k o w s k i e t a l . i n Pa l a e o g e o , Pa l a e o c l i m , Pa l a e o e c o l 5 5 6 ( 2 0 2 0 )

9

Fig. 2. b.

synurophyte scales and siliceous dinoflagellates) were examined and
counted using light microscopy. Absolute abundances were established
following the method outlined in Witkowski et al. (2012). Due to the
large amount of micropaleontological data collected, detailed taxonomic accounts will be published separately. Here, we present only
the data relevant to this study (see Table S17 in the online Supplementary Materials).
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Fig. 2. c.

Fig. 3. Secular distribution of lower Paleocene through upper Eocene indurated siliceous sediment (ISS) (A) and preserved biosiliceous sediment (PBS) (B) occurrences in the Atlantic Ocean plotted versus published silicate weathering flux (SWF)
curve (C) and benthic foraminiferal carbon and oxygen stable isotope records (D).
Grey areas in ISS and PBS plots denote the difference between the number of sites
with reliable age control and approximate age control in each 1-myr time bin. Schematic representation of climatic trends through the early Paleogene is consistent
with Cramwinckel et al. (2018). SWF data from Caves et al. (2016). δ13C and δ18O
data from Cramer et al. (2009; readjusted to GTS2012). Approximate ranges of onshore diatom-bearing stratigraphic units provided in panel B are discussed in text.
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3. Spatial and temporal distribution of P+E Atlantic siliceous
sediments
3.1. Geographic distribution
3.1.1. Indurated siliceous sediments
Out of 190 sites in the Atlantic Ocean that recovered P+E intervals, occurrences of ISS are documented at 83 sites (Fig. 2; Fig. S1;
Table S1). These are confined to between ~65°S and ~57°N (Fig. 1A;
Fig. S1A). In the North Atlantic, P+E ISS occur in each 10° latitude ×
10° longitude bin adjacent to the South American and North American coast, including the Caribbean and the Gulf of Mexico (Fig. 1A).
Similarly, P+E ISS occur within each bin adjacent to the coasts of
West Africa and Europe from the western Gulf of Guinea in the south
to Rockall Plateau in the north (Fig. 1A; Fig. S1A). In the South Atlantic, ISS occurrences are patchy, and mostly associated with topographic highs, including the São Paulo Plateau (Site 356), Rio Grande
Rise (Site 357), Walvis Ridge (Sites 525–529, 1266), Northeast Georgia Rise (Site 698), Islas Orcadas Rise (Site 702), Agulhas Ridge (Site
1090), and Maud Rise (Site 689) (Fig. 1A; Fig. S1). Wherever present,
ISS occurrences average 2.8 per 10° latitude ×10° longitude bin. Consistent with previous studies (Muttoni and Kent, 2007), the highest
number of ISS occurrences is reported from a crescent-shaped area
encompassing the Caribbean, Gulf of Mexico, and the Western North
Atlantic (Fig. 1A; Fig. S1A), between 10° and 40°N, and between 60°
and 90°W (Figs. S1A; S2A). Peak ISS frequency is observed along the
eastern North American seaboard (Fig. 1A; Fig. S1), including Hatteras Abyssal Plain (Site 603), New Jersey continental rise and slope
(Sites 605, 612, 613, 903–904) and Blake Nose (Sites 1049–1052) areas (Fig. 1A; Fig. S1).
Although the bin resolution gives a rather coarse representation of
ISS distribution, the documented occurrences of P+E ISS are confined
to proximal sites. No ISS are reported from P+E sites located closer to
the axial zone of the Atlantic Ocean (Fig. 1A).
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3.1.2. Preserved biosiliceous sediments
P+E PBS are found at 70 sites in the Atlantic Ocean (Fig. 2; Fig. S1;
Table S1). These are confined to between ~70°S and~80°N (Fig. 1B).
As previously observed for ISS occurrences, Atlantic sites with P+E
PBS occur in settings proximal to the coasts of all continents, and are
absent from the axial part of the Atlantic Ocean (Fig. 1B). In the North
Atlantic, P+E PBS are found in each 10° latitude × 10° longitude bin
adjacent to the South American and North American coasts between
the equator and 50°N, including the Caribbean and the Gulf of Mexico
(Fig. 1B). Along the eastern margin of the Atlantic Ocean, there are two
zones of P+E PBS occurrences. The northern zone, between 40°N and
80°N, includes Vøring Plateau (Sites 338, 340, 343), East Greenland
Basin (Site 913), Bay of Biscay (Sites 400, 402), Rockall Plateau margin (Site 406), Pendragon Escarpment (Site 549), and Edoras Basin
(Sites 552, 553). The southern zone is in the equatorial and subtropical Atlantic between 0° and 20°N (Fig. 1B) and includes sites located
on Sierra Leone Rise (Sites 13, 366), and within Cape Verde Basin (Site
367) and Kane Gap (Site 660). In the South Atlantic, a belt of P+E PBS
extends along the South American coast from 10°S to 70°S, continuing as a prominent longitudinal belt between 60°S and 70°S (Fig. 1B).
The latter encompasses Sites 327, 511, 512, 698, 700, and 702. P+E
PBS in the Southeast Atlantic are confined to few sites, again associated with basement elevations, including Maud Rise (Site 689), Meteor Rise (Site 703), and Agulhas Rise (Site 1090) (Fig. 1B). Overall,
PBS occurrences average 2.0 per 10° latitude ×10° longitude bin, wherever present. The highest number of PBS occurrences is reported from
the western North Atlantic between 30° and 40°N, and 70–80°W, i.e.,
along the ISS-rich North American margin (Fig. 1A vs 1B).
Thus, Atlantic Ocean P+E ISS and PBS distribution patterns are
highly coherent. These sediment types co-occur at 46 of the investigated sites (Fig. 2; Table S1), which strongly suggests a causal link.
More importantly, however, the proximal distribution of siliceous sediments of both types points to the largely overlooked significance of
marginal settings in early Paleogene bioSiO2 production and burial.
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3.2. Secular distribution
3.2.1. Indurated siliceous sediments
Although we report ISS occurrences within P+E intervals from 83
sites, three sites (12, 138, and 140) are excluded from the following
discussion due to lack of age control. The temporal distribution of P+E
ISS in the Atlantic Ocean shows a sustained rise from the early Paleocene (Fig. 3A). A plateau is reached between 56 and 57 Ma, and persists across the Paleocene-Eocene boundary. A steep rise in ISS occurrences commences between 54 and 53 Ma. The highest number of
ISS deposits is observed in the time bin between 51 and 50 Ma, i.e.,
within the latter half of Early Eocene Climatic Optimum (EECO) (Fig.
3A). This result is consistent with the global trend reported by Muttoni and Kent (2007). A steady decline in the number of P+E ISS deposits is observed after 50 Ma. Except for a plateau between 45 and
44 Ma, this trend persists to the late Eocene (Fig. 3A). Regional trends
in ISS distribution through time are briefly discussed in the Supplementary Text (see also Fig. S2).
As previously discussed by Muttoni and Kent (2007), the secular
distribution of P+E ISS occurrences appears inversely correlated with
long-term trends in benthic foraminiferal δ18O (Cramer et al., 2009)
(Figs. 3A, D; 4A). The trends in ISS occurrences and δ18O are in reasonably good agreement especially for the Eocene (Figs. 3A; 4A). Given
the absence of extensive polar ice sheets generally assumed for the
early Paleogene (Edgar et al., 2007; Anagnostou et al., 2016), this
suggests a strong thermal control on the ISS formation in the Atlantic Ocean. However, considering the consistent geographic distribution of ISS and PBS discussed above, the good agreement between
δ18O and ISS occurrences through time also suggests enhanced bioSiO2
dissolution by warm bottom waters bathing the continental margins
(e.g., DeMaster, 2014; Frings, 2017; Wade et al., 2020). Correlation
between benthic foraminiferal δ13C (Cramer et al., 2009) and secular distribution of P+E ISS occurrences is weak (Fig. 4C), implying no
apparent links between the long-term carbon cycle trends and bioSiO2
diagenesis in the Atlantic Ocean through the early Paleogene. A comparison of temporal trends in ISS distribution to the silicate weathering flux (SWF) modelled by Caves et al. (2016) displays a contrasting
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pattern, with a moderately strong inverse correlation for the Paleocene and a moderately strong positive correlation for the Eocene (Fig.
4E). Further, the peak in ISS occurrences lags peak SWF by 1–2 million years (myrs) (Fig. 3C). We discuss this discrepancy in more detail in Section 6.1.

Fig. 4. Regression plots for indurated siliceous sediments (ISS) and preserved biosiliceous sediments (PBS) against published δ18O (A-B), δ13C (C-D) from Cramer et al.
(2009), and against silicate weathering flux (SWF) (E-F) from Caves et al. (2016).
R2 and p values are given only for statistically significant correlations.
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3.2.2. Preserved biosiliceous sediments
The number of Atlantic Ocean PBS deposits shows a steady increase
from the early Paleocene until a minor peak is reached between 58
and 57 Ma (Fig. 3B). Fewer PBS occurrences are recorded between ~57
and 53 Ma, when a prolonged increasing trend in the number of PBS
deposits is initiated (Fig. 3B). This increase is interrupted only by a
transient plateau at ~50 Ma, followed by an interval of steep rise that
culminates between 44 and 43 Ma (Fig. 3B). Following this, the number of PBS deposits decreases. A minor rise is observed only in the
late Eocene (Fig. 3B). Thus, on a basin scale, the secular distribution
of PBS shows a considerably different pattern than that observed for
ISS (Fig. 3A vs B). The most notable difference is the fact that the interval of peak ISS occurrences coincides with an interval of generally
low PBS frequency. Regional trends in PBS distribution through time
are briefly discussed in the Supplementary Text (see also Fig. S2).
Muttoni and Kent (2007) also observed a generally inverse relationship between the frequency of ISS and siliceous microfossil occurrences through time. They argued that the paucity of diatom and radiolarian occurrences in early Paleogene deep-sea sediments suggested
that abundant chert occurrences through the EECO required an inorganic mode of SiO2 precipitation. Unlike Muttoni and Kent (2007), we
interpret the overall inverse relationship between ISS and PBS occurrences through time to indicate ISS formation at the expense of PBS.
This is consistent with the view that opal-A is temporally unstable and,
under favorable pressure and temperature conditions and on long timescales, undergoes diagenetic alteration to opal-CT and subsequently
quartz (Hesse, 1983; Hein et al., 1990; DeMaster, 2014; Frings, 2017).
The comparison between P+E PBS secular distribution and published stable isotope records is less straightforward than for ISS (Fig.
3B, D). Linear correlations are either weak or inconclusive (Fig. 4B,
D). Further, through the Paleocene, PBS occurrences are strongly inversely correlated to the SWF model of Caves et al. (2016) (Fig. 3C).
For the Eocene, there is a weak negative SWF-PBS correlation (Fig.
4F). We interpret these contrasting relationships to support the diagenetic origin of the P+E ISS: the correlations are inconclusive as the
original pool of the Atlantic Ocean PBS is depleted due to diagenetic
ISS formation
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3.3. ISS and PBS co-occurrences vs wt% bioSiO2 records and linear
sedimentation rates
ISS co-occur with PBS at various levels at 46 sites, out of 70 PBS
and 83 ISS sites considered here (Fig. 2). In order to gain a closer insight into these co-occurrences, we examine several multi-myr-long
weight per cent (hereafter wt%) bioSiO2 records from western North
Atlantic sites that recovered both sediment types. Wt% bioSiO2 and linear sedimentation rate (LSR) data are from Witkowski et al. (2020b).
Site U1403 (J-Anomaly Ridge; Table S16) recovered discrete ISS
horizons within a bioSiO2-rich interval that coincides with an interval
of low LSRs (Fig. 5). Site 384, also located at J-Anomaly Ridge (Table
S16), represents an extreme case of ISS coinciding with a prolonged
period of deep-sea erosion at the Early-Middle Eocene transiton. The
two chert layers observed at the base of Core 384-5R occur within
a bioSiO2-rich interval that includes up to three tightly-spaced stratigraphic gaps (Aubry, 1995). Sediment-water interface exposure of bioSiO2 to highly SiO2-undersaturated ocean waters is a well-known factor in SiO2 dissolution (DeMaster, 2014; Frings, 2017). Seafloor bioSiO2
dissolution leads to pore water enrichment in silicic acid. Whereas
part of the pore-water dissolved SiO2 content is returned to the bottom waters as benthic flux (Van Cappellen et al., 2002), the remainder undergoes diagenetic alteration to opal-CT and, ultimately, quartz
(Kastner et al., 1977). In today’s oceans, both seafloor bioSiO2 dissolution rate and benthic flux kinetics are dependent on a number of factors, including temperature, host lithology, and particulate matter
supply (DeMaster, 2014). Given that in the early Paleogene water column temperature gradients likely differed from those of the Neogene
and the Recent (with water column dissolution rate exceeding seafloor dissolution rate), the relationship between water-column and
seafloor bioSiO2 dissolution rates may have differed from today. Also,
the benthic flux efficiency may have differed from today’s, given the
considerably warmer bottom water temperatures indicated by benthic
foraminiferal δ18O records (Zachos et al., 2001; Cramer et al., 2009).
At Site 1050 (Blake Nose), the siliceous microfossil-rich P+E section
is unusually expanded and includes seven ISS levels associated with
moderate and high bioSiO2 concentrations. Two ISS levels (at ~62.40–
62.43 Ma in Hole 1050C) fall within an interval of high LSRs (Fig. 5).
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Fig. 5. BioSiO2 concentrations (weight per cent, wt%) plotted against linear sedimentation rates (LSR), generalized lithology, and indurated siliceous sediment (ISS)
occurrences at selected western North Atlantic sites through the early Paleocene
to late Eocene period. Roman numerals refer to lithological units distinguished in
the relevant site reports (see Table S16 in the online Supplementary Materials for
a complete list of references). BioSiO2 concentrations and LSR data from Witkowski
et al. (2020b).

W i t k o w s k i e t a l . i n Pa l a e o g e o , Pa l a e o c l i m , Pa l a e o e c o l 5 5 6 ( 2 0 2 0 )

19

These could represent a different mode of silicification, i.e., resulting
from elevated pressure and temperature conditions due to rapid burial
(see Riech and von Rad, 1979). The remaining ISS occurrences at Site
1050 are correlative with lower LSRs, lending further support to the
importance of bioSiO2-rich sediment exposure to SiO2-undersaturated
bottom waters in the formation of the widespread Atlantic P+E ISS.
3.4. Recapitulation
Three major conclusions can be drawn from the above review: 1)
both ISS and PBS occur mostly in sites that are proximal to continental margins, and on basement elevations; Atlantic P+E sites located
further offshore recover other sediment types, lacking ISS and PBS
(Fig. 1, Fig. S1); 2) ISS and PBS occurrences show dissimilar distributions through time, with an overall increasing trend for PBS, and
a prominent peak in ISS occurrences between 51 and 50 Ma. ISS and
PBS co-occur at 46 sites, often over long time intervals (Fig. 2); 3) in
most cases, ISS form discrete horizons within PBS intervals; these horizons often correlate with elevated bioSiO2 levels and low LSRs (Fig.
5). These observations strongly suggest that ISS in the Atlantic Ocean
are a product of diagenesis of bioSiO2 −rich precursors. In order to set
the above observations in the context of paleoproductivity, we proceed to discuss variations in siliceous microfossil assemblages as revealed by ODP sites 1050, 1051 and 1053 (Table S16). These sites are
located on the Blake Nose, i.e., immediately adjacent to the area characterized by the highest frequencies of P-E ISS and PBS (Fig. 1A-B).
Further, the Blake Nose sites are unique on a global scale in that they
represent the most continuous available record of biosiliceous sedimentation through the early Paleogene from a single locality (Fig. 2)
(Witkowski et al., 2020a).

4. Lower Paleocene through upper Eocene biosiliceous sedimentation at Blake Nose
Siliceous microfossils are found throughout the studied successions at Blake Nose sites, except for several narrow dissolution intervals (grey bands in Fig. 6), in which siliceous sponge spicules and
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Fig. 6. Siliceous microfossil assemblage records through the early Paleocene through
late Eocene period at ODP Holes 1050A,C, 1051A, and 1053A. (A) Variations in Total
Siliceous Microfossil (TSM) abundance. (B) Diatom:radiolarian ratios. (C) Relative
abundance of neritic diatoms, based on Paralia spp. and Pseudopodosira spp. (D)
Relative abundance of pelagic diatoms, exemplified by Hemiaulus spp. (E) Relative
abundance of diatom resting spores. Schematic representation of climatic trends
through the early Paleogene is consistent with Cramwinckel et al. (2018).
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poorly preserved radiolarians are observed in the absence of siliceous phytoplankton. At each study site, diatoms represent the dominant group of siliceous microfossils, making up on average ~80.6%
of the assemblage by number of individuals. Intervals of the highest total siliceous microfossil abundance (hereafter referred to as
TSM, following Witkowski et al., 2012) appear to coincide with major periods of climatic and biotic turnovers: the final phases of the
EECO (Luciani et al., 2016; Westerhold et al., 2018), the peak of the
Middle Eocene Climatic Optimum (MECO) (Bohaty et al., 2009; Witkowski et al., 2014; Cramwinckel et al., 2019), and shortly after the
Middle-Late Eocene Turnover event (MLET) (Kamikuri and Wade,
2012). Interpreting the ~64.7 Ma peak in TSM abundance is problematic due to the missing earliest Paleocene record (Fig. 6A). Sites
that do preserve earliest Paleocene siliceous plankton, however, suggest enhanced biosiliceous sedimentation in the period after the K/
Pg event (Hollis et al., 1995).
The most notable feature of siliceous microfossil assemblages at
the study sites are the high diatom:radiolarian (D:R) ratios, which
are considered a measure of the proportion of bioSiO2 produced by diatoms versus radiolarians (Hollis et al., 1995; Renaudie et al., 2018)
(Fig. 6B). D:R ratios>200 are observed during the latest early Paleocene between ~61.2 and 62.8 Ma, an interval encompassing the Latest Danian Event and its aftermath (LDE; Dinarès-Turell et al., 2012)
(Fig. 6B). Following this, a steady, long-term decline is initiated, probably reflecting the increasingly open marine depositional setting. The
average D:R ratio value is ~25.5, and the rapid drops in the D:R ratio coincide with diatom dissolution intervals (Fig. 6B). Thus, the relative enrichment in radiolarians over these intervals is more likely
due to nonpreservation of diatoms rather than any kind of rapid environmental change.
The most abundant diatoms at the Blake Nose sites are the neritic genera Paralia Heiberg and Pseudopodosira Jousé (Fig. 6C). Together, these two genera make up on average 66.3% of the diatom
assemblage throughout the study interval (Fig. 6C). Except for the
dissolution intervals, the Paralia+Pseudopodosira percentages generally oscillate around the average level. We interpret this unusually
high proportion of neritic taxa in the open marine setting to signify
persistent, high diatom production on the North American margin
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combined with an efficient means of offshore export, as observed
today in the South Atlantic Bight region adjacent to the Blake Plateau (Lee et al., 1991).
The pelagic genus Hemiaulus Heiberg has an average abundance of
~2.8% (Fig. 6D). There are two intervals of elevated Hemiaulus percentages: from ~59 through ~56 Ma, and from ~47 through 45 Ma
(Fig. 7D). The relative abundance of Hemiaulus is above average also
from ~53.5 through ~50 Ma, which is bracketed by intervals of dissolution and silicification (Fig. 6D). It is therefore likely that the whole
period between ~59 and 45 Ma was characterized by elevated abundances of hemiauloids, but the record was subsequently truncated by
diagenetic processes. Modern hemiauloids are adapted to nutrientpoor conditions (Kemp and Villareal, 2018), and in paleoenvironmental reconstructions they are often considered as stratified water column indicators. We interpret elevated hemiauloid percentages in the
late Paleocene through the EECO, and in the early phases of the middle Eocene cooling, to signify a long-term oligotrophic regime in the
western North Atlantic surface waters (Fig. 6D).
The average abundance of diatom resting spores in the whole study
interval is ~6.4% (Fig. 6E); generally, resting spore percentages appear to be inversely correlated to hemiauloid percentages (Fig. 6D vs
E). Through the Paleocene and early Eocene, the resting spore percentage is generally below average. From ~47 Ma, however, resting spore
abundance generally increases (Fig. 6E). We interpret this trend to reflect increased seasonality, with successive periods of nutrient enrichment and depletion. This is consistent with invigorated vertical mixing
of the western North Atlantic waters from the onset of the long-term
cooling trend shortly after the termination of the EECO (Hohbein et
al., 2012; Vahlenkamp et al., 2018).
Variations in the Blake Nose siliceous microfossil assemblages suggest (1) a largely oligotrophic setting in the pelagic zone of the Western North Atlantic Ocean for the Paleocene through early Eocene period, and a post-EECO trend toward higher nutrient availability; (2)
persistent high diatom production along the North American margin,
with an efficient means of lateral transport of neritic diatoms into the
open ocean zone by surface currents. We propose that despite the lownutrient regime prevailing in the Western North Atlantic Ocean for
a prolonged period in the Paleocene and early Eocene, these neritic
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diatoms represent the source of bioSiO2 that ultimately became dissolved and reprecipitated as ISS. This helps explain why the Western
North Atlantic hosts the largest volumes of ISS, but requires an interpretation in light of ocean circulation changes, which follows below.

5. Shifts in P+E Atlantic SiO2 accumulation loci
As a final aspect in our interpretation of P+E siliceous sedimentation in the Atlantic Ocean, we use the wealth of data accumulated in
this study to plot paleogeographic maps documenting how the loci of
siliceous sediment accumulation shifted through time (Fig. 7). Most
importantly, the maps indicate the areas of most persistent siliceous
sediment accumulation through the P+E time interval, but they also
provide an integrated perspective on the links between biogenic siliceous sedimentation and the formation of indurated siliceous deposits
(Fig. 7). We include four time slices in the main text, but a complete
set of paleogeographic maps is provided in the online Supplementary
Materials (Fig. S3).
The earliest, most persistent and most geographically extensive
zone of P+E bioSiO2 accumulation in the Atlantic Ocean is found in the
western North Atlantic (Fig. S3). It was established at ~65 Ma, and
initially represented by mid-latitude sites (Sites 1051 and U1403). By
the late Paleocene, however, the belt stretched along the entire eastern coast of North America (Fig. 7A). It reached its maximum geographic range between 51 and 50 Ma. By that time it extended from
the Colombian Basin in the SW (Site 29) to the Hatton-Rockall Basin
in the NE (Site 117) (Fig. 7B). The rapid expansion of this zone suggests an early flow of a proto-Gulf Stream (Gradstein and Sheridan,
1983; Wade and Kroon, 2002) distributing nutrients along the North
American margin and sustaining bioSiO2 production in the marginal
part of the NW Altantic. As the North Atlantic broadened, the northern bioSiO2 accumulation zone diminished, and eventually split into a
NW and NE sector (Fig. S3) following ~49 Ma. The NE P+E bioSiO2 accumulation zone is represented by few sites characterized by a discontinuous record (e.g., Holes 340; 400A; 406; 549; see Table S1). The
NW zone, however, persisted until the late Eocene, albeit with a diminished geographic extent (Fig. 7C-D).
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Fig. 7. Paleogeographic shifts in siliceous sediment occurrences in the Atlantic Ocean
for the late Paleocene (A), peak ISS frequency (B), peak PBS frequency (C), and before the Eocene-Oligocene Transition (D). For a complete set of paleogeographic
maps see Fig. S3 in the online Supplementary Materials. Base maps plotted using Ocean Drilling Stratigraphic Network Advanced Plate Tectonic Reconstruction
application.
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Another prominent SiO2 accumulation zone is the South Atlantic
belt at ~60°S. The available evidence shows it was in existence from
the earliest Paleocene to ~54 Ma, from ~52 to 50 Ma, and again from
~43 Ma to 34 Ma (Fig. S3). These breaks may represent periods of
nonpreservation, but could also be due to plate tectonic reorganization associated with the Southern Ocean gateways opening (Egan et
al., 2013, Borrelli et al., 2014).
Two other P+E bioSiO2 accumulation zones are identified within the
Atlantic Ocean (Fig. S3). The more persistent zone extended along the
western coasts of Africa. By comparison to the modern realm, it was
most likely associated with the equatorial divergence and coastal upwelling (Fig. S3). It appears to have undergone an extensive diagenetic alteration, as few sites within this zone preserve biosiliceous
sediments, mostly within the middle through late Eocene time bins
(e.g., Sites 13, 366, 367, 660) (Fig. 7C-D, see also Fig. 2). The earliest
siliceous deposits along African coasts are recorded at northern and
southern midlatitude sites (e.g., Sites 530, 547) (Fig. S3). bioSiO2 accumulation at equatorial sites is not preserved until ~60 Ma, which
could result from non-preservation. From ~60 Ma on, however, the
eastern equatorial Atlantic bioSiO2 accumulation zone persisted until
the late Eocene (Fig. 7).
Southern mid-latitude bioSiO2 accumulation was mostly associated
with upwelling over topographic elevations. SiO2 accumulation at Walvis Ridge (e.g., Sites 524–530, 1266) (Fig. 7A-B, Fig. S3) commenced at
~61 Ma and ceased at ~54 Ma, with an additional brief pulse between
~52 and 50 Ma. From ~54 Ma, southern mid-latitude bioSiO2 accumulation shifted in a northwestward direction, to Brazil Basin (Site 355),
São Paulo Plateau (Site 356) and Rio Grande Rise (Site 357). These locations preserve biosiliceous sediments until ~40 Ma (Fig. 7C vs D,
Fig. S3).
Following ~30 myrs of gradual evolution, by the late Eocene, Atlantic bioSiO2 accumulation was focused in four zones: (1) NW, low- to
mid-latitude sector; (2) NE, mid- to high-latitude sector; (3) E equatorial sector; and (4) S high latitude belt (Fig. 7D). Especially the latter zone seems to have undergone further evolution through the Oligocene and Neogene (Egan et al., 2013; Renaudie, 2016), to become
one of the world’s most significant bioSiO2 and C sinks (Fig. 7, Fig. S3).
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6. Discussion
6.1. Atlantic Ocean bioSiO2 accumulation versus terrestrial silicate
weathering through the early Paleogene
Silicon is mostly supplied to the oceans from continental weathering in the form of dissolved silicic acid, and the key output flux in
the marine silicon cycle is bioSiO2 production, export and burial (Tréguer and De La Rocha, 2013). Mass balance requires that the input be
balanced by output, most likely on a ~104 year timescale (DeMaster,
1981), i.e., the residence time of Si in the oceans. Thus, the widespread
occurrence of ISS in Paleogene successions, has been interpreted by
some workers to signify elevated rates of Si supply to the oceans (e.g.,
Yool and Tyrrell, 2005). Under the extreme greenhouse climates of the
early Paleogene, however, silicate supply to the oceans may have undergone periodic acceleration, whose impact on climate and bioSiO2 accumulation in marine settings is not yet fully understood (e.g., Caves
et al., 2016; Van der Ploeg et al., 2018).
Despite the important implications of the links between C and Si
cycles (see Penman, 2016; Penman et al., 2019), quantitative reconstructions of long-term bioSiO2 burial through the early Paleogene are
sparse (e.g., Miskell et al., 1985; Moore et al., 2008) and therefore we
have a limited perspective on the quantity and rate of Si supply to the
oceans in deep time. Further, the vulnerability of bioSiO2 to dissolution,
remineralization, and diagenetic alteration, (e.g., Ragueneau et al.,
2000) all contribute to the fact that at present there is no straightforward way to relate bioSiO2 burial in deep time to variations in Si supply from continental weathering. As a consequence, our understanding of the silicate weathering thermostat operation under the extreme
greenhouse climates of the early Paleogene, and especially its expression in siliceous sediments, is far from complete.
The modelled SWF (Caves et al., 2016) shows no straightforward
correspondence to our ISS and PBS records. A peak in SWF appears to
predate the peak in ISS occurrences by 1–2 myr, and there is no distinct
feature in the SWF curve that could be confidently correlated with the
PBS occurrences other than SWF deflection at ~45 Ma. Taken at face
value, these discrepancies could be interpreted to reflect some kind of
long-term decoupling of the Si and C cycles through the early Paleogene.
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Despite rapid rates of early SiO2 diagenesis observed in laboratory experiments (e.g., Kastner et al., 1977), the present-day distribution of
chert and porcellanite (Muttoni and Kent, 2007; Tatzel et al., 2015) suggests ISS formation lags the accumulation of the precursor sediment
by several myrs. Also, as hypothesized above, early Paleogene PBS pool
is most likely partially depleted due to ISS formation. Thus, the ISS
and PBS records can only be considered a measure of geographic extent of a variety of siliceous facies and thus they do not necessarily evidence high rates of bioSiO2 burial. Blake Nose bioSiO2 concentration records (Witkowski et al., 2020b), however, are remarkably coherent with
both the SWF model (Caves et al., 2016), and the ISS and PBS records
presented here. This suggests that the discrepancies between the SWF
curve (Caves et al., 2016) and the observations on biosiliceous sediments in the Atlantic Ocean result from model imperfections, incompleteness of the record due to extensive stratigraphic gaps (Aubry, 1995;
Boyle et al., 2017; Witkowski et al., 2020a), or both.
6.2. Western North Atlantic siliceous microfossil assemblages the neritic paradox
The key finding of the present study is that P+E ISS and PBS occurrences are generally restricted to proximal sites, adjacent to continental margins (Fig. 1A-B; Fig. S1). Regardless of upwelling, which is generally linked to the eastern coasts of the oceans, continental margins
are among the areas of the highest modern diatom production due to
nutrient supply from terrestrial runoff (Malviya et al., 2016; Abrantes et al., 2016). Yet, siliceous production on continental margins, including neritic sites, is usually neglected in paleoceanographic studies.
This is due to a number of reasons, including age control uncertainties (e.g., Oreshkina and Aleksandrova, 2007) and the scarcity of geochemical data (see discussion in Witkowski, 2018). The present study
emphasizes the need to reconsider the importance of marginal settings in the Paleogene bioSiO2 production and burial. This is best represented in the Blake Nose siliceous microfossil assemblages (Fig. 6),
i.e., the only currently available single-locality record of bioSiO2 accumulation through almost the entire P+E period.
Witkowski et al. (2014) reported unusually high percentages of
neritic diatoms from a narrow interval spanning the MECO event in
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Holes 1051A and 1051B (~41.5 through 39.5 Ma). High percentages
of diatoms usually occurring in shelfal assemblages contrasted with
the hemipelagic to pelagic setting of the Blake Nose sites. Fontorbe
et al. (2016) suggested that the paleoecological assignments of Witkowski et al. (2014) may have been mistaken. Using data included in
the Neptune Database (NSB), Fontorbe et al. (2016) cited the occurrences of neritic diatom genera at unquestionably pelagic sites, arguing for a habitat change over geological timescales. Depending on the
methodology of studies incorporated into NSB (Lazarus, 1994; Renaudie et al., 2020), the database includes quantitative data only for
some sites, and the prevalent qualitative data may only indicate the
presence or absence of a taxon in a given deep-sea hole. Published diatom assemblage records testify to the contrary: since the Cretaceous,
when diatoms first proliferated in marine environments, taxa such
as Paralia and Pseudopodosira are abundant in near-shore environments (e.g., Barron et al., 1984; Witkowski et al., 2011), and sparse
or absent in the pelagic realm (e.g., Davies, 2006; Witkowski et al.,
2012). This strongly suggests that preference for habitat is a conservative trait in diatoms.
In the present study, in order to avoid interpreting diatom paleoecology based on poorly understood entirely fossil taxa, we limit our
analysis to Paralia and Pseudopodosira. High Paralia+Pseudopodosira
percentages are characteristic of the entire P+E siliceous microfossil
record at Blake Nose (Fig. 6C). Hence, we argue there is nothing unusual in sparse occurrences of neritic diatoms in pelagic sediments:
tychoplanktic diatoms such as Paralia are known to be able to survive
suspension by wave action, and even though they have a global distribution, their primary habitat is on sand grains within the littoral
zone (Round et al., 1990; Gebühr et al., 2009). At Blake Nose, however, neritic diatoms consistently make up ~66% of the diatom assemblage over the span of ~30 million years. Calcareous nannofossil
assemblages at Blake Nose sites also show high proportion of braarudosphaerids (Newsam et al., 2017), indicating that enrichment in neritic component is not confined to diatoms.
Fontorbe et al. (2016) also cited lack of evidence for large-scale reworking or downslope movement of sediments draping Blake Nose.
Although contribution from reworking and downslope transport could
not be ruled out, the interpretation of Witkowski et al. (2014) invoked
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lateral currents as the medium responsible for the transport of neritic diatoms into the open ocean zone, following observations by Martin (2003). Such lateral currents are generated by cyclonic eddies,
commonly observed in association with western boundary currents
(Roughan et al., 2017). Along today’s Blake Plateau, frontal eddies
forming on the landward side of the Gulf Stream not only supply subthermocline nutrients to the continental shelf, but also provide an efficient means for offshore export of neritic phytoplankton (Lee et al.,
1991). One alternative explanation for such high proportion of neritic
diatoms in pelagic sediments could be preferential dissolution, which
leads to selective concentration of heavily-silicified diatoms by dissolution of more fragile forms either at the sediment-water interface,
or in transit through the water column (e.g., DeMaster, 2014). Preferential dissolution should be expected to favor preservation of radiolarians over diatoms, regardless of the degree of silicification. Yet,
D:R ratios for the time period 62–61 Ma range as high as 250, showing that the majority of bioSiO2 preserved in sediments is of diatom origin (Hollis et al., 1995; Renaudie et al., 2018). Low D:R ratios should
be expected if the Blake Nose sediments were enriched in radiolarians due to preferential dissolution.
In their interpretation of trends in biosiliceous production through
the MECO event, Witkowski et al. (2014) considered diatom production to be higher in the neritic rather than in the pelagic zone of the
western North Atlantic Ocean. This is consistent not only with modern field observations, generally indicating nutrient-rich continental
margins and upwelling zones as the key loci of diatom production, but
also with fossil evidence from the eastern North American seaboard.
Unaltered Paleogene diatom-rich sediments are scarce along the Atlantic coast. However, Weaver and Wise (1974), and Laws and Thayer
(1992) presented compelling evidence for the diatomaceous origin of
opaline claystones that are widespread on the Atlantic coastal plain,
especially from the Tallahatta Fm. These sediments span calcareous
nannofossil zones NP12-NP14 (Bybell and Gibson, 1985) (i.e., ~53.7
through 46.3 Ma relative to GTS2012, see Fig. 3B), and thus are approximately correlative to peak ISS occurrence interval in the NW Atlantic. Further evidence for sustained high diatom production along
the Gulf of Mexico coast comes from Fayette County marine diatomite
exposures (Davis et al., 2016) that likely fall within nannofossil zone
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NP19–20 in the late Eocene (~37 through ~34.4 Ma in GTS2012; Fig.
3B). Finally, several holes drilled on the New Jersey rise and slope recovered shallow-water sediments that preserve late Eocene diatomrich sediments (e.g., Sites 612, 904 and 1073; see Table S1).
The Blake Nose diatom record offers insights into the composition
of biosiliceous sediments preserved along the eastern margin of North
America, and thus is an important supplement to the compilation of
geographic and temporal distribution of the Atlantic P+E ISS and PBS.
Using our siliceous microfossil data and published records from onshore and deep-sea sites, we argue that high bioSiO2 production at neritic sites is the key to understanding the ISS distribution in the Atlantic Ocean. Such scenario of neritic diatom production exceeding
diatom production rates in the pelagic zone is consistent with present-day models (Malviya et al., 2016; Abrantes et al., 2016), but also
with our current understanding of diatom evolution, with an invasion
of pelagic environments only after the establishing of a successful neritic mode of life (Sims et al., 2006).
6.3. Implications for paleocirculation
One of the key questions surrounding the occurrence of early Paleogene ISS is why siliceous sediments tend to focus in the western
North Atlantic. On one hand, the large concentration of siliceous facies could be an artifact related to the uneven geographic coverage
of deep sea sites (Fig. S1, see also Supplementary Text). On the other
hand, however, paleogeographic maps (Fig. 7 and Fig. S3), and published records (e.g., Berger, 1970; Miskell et al., 1985; Moore et al.,
2008; Fontorbe et al., 2016) suggest ocean circulation may have been
an important control.
The P+E NW Atlantic bioSiO2 accumulation belt (Fig. 7, Fig. S3) represents the most extensive and persistent zone of ISS and PBS occurrence examined here. The proto-Gulf Stream, which was likely in existence since the Jurassic (Gradstein and Sheridan, 1983; see also Pinet
et al., 1981; Wade and Kroon, 2002) would have distributed dissolved
SiO2 supplied from continental weathering (Penman, 2016; Penman
et al., 2019), along with other nutrients, thus sustaining a high bioSiO2
production zone along the eastern margin of North America. For the
deep waters bathing the eastern margin of North America, Fontorbe
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et al. (2016) postulate a probable Southern Ocean or Tethyan source.
This is consistent with our paleogeographic compilation (Fig. 7, Fig.
S3), showing that the SiO2 production and preservation zone generally propagated toward the NE, reaching a maximum extent by ~50
Ma, i.e., in the final phases of the EECO.
The NW Atlantic bioSiO2 accumulation zone started to diminish between ~50 and 49 Ma (Fig. 7B, Fig. S3). Recent evidence suggests that
at that time, subsidence of Greenland-Scotland Ridge enabled southwestward flow of young waters as a deep western boundary current
(Hohbein et al., 2012). These water masses would have been highly
SiO2-undersaturated and detrimental to bioSiO2 preservation, thus promoting bioSiO2 dissolution along their path in the western North Atlantic. This is consistent with the timing of ISS occurrences in Holes
1050A and 1051A, but also with sedimentological evidence from the
Blake Nose region. The prominent silicified interval in Hole 1051A (Fig.
5) consists of winnowed foraminiferal packstone indicative of a vigorous bottom current (Norris et al., 1998). The timing of the Northern
Component Water (NCW) export is debated (Via and Thomas, 2006;
Boyle et al., 2017; Coxall et al., 2018; Hutchinson et al., 2019), but the
spatial and temporal distributions of P+E ISS and PBS presented here
strongly support an early flow of NCW as proposed by Hohbein et al.
(2012). Thus, in a broader perspective, the widespread silicification
of deep-sea sediments through the EECO may represent one of the aspects of deep-sea erosion documented at a large number of Atlantic
deep-sea sites (Aubry, 1995), and linked by Hohbein et al. (2012) with
the onset of Judd Falls Drift deposition in the North Atlantic.
A final aspect to consider in the discussion of siliceous sediments in
the western North Atlantic is mass wasting. There is ample evidence
for slope failures in the western North Atlantic in the early Paleogene
(Norris et al., 2001). Siliceous turbidites, often associated with ISS, have
been documented at numerous sites in the Bermuda Rise region (e.g.,
Sites 6–7, Sites 384–387; see Riech and von Rad, 1979). Slope failures
would have periodically distributed the bioSiO2-rich sediments originally
draping the continental slope over a large area of the seabed underneath generally oligotrophic waters in the pelagic zone of the western
North Atlantic. Also, redeposition by gravity currents into the deep basin
would re-expose bioSiO2-rich sediments to SiO2-undersaturated bottom
waters and thus promote further dissolution and reprecipitation as ISS.
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7. Conclusions
The present study was initiated to test whether the widespread
early Paleogene chert and porcellanite could have formed via inorganic precipitation under oligotrophic conditions in the oceans. Based
on the consistent geographic patterns in ISS and PBS distribution (including numerous co-occurrences, not considered in previous work),
and the generally inverse relationship between ISS and PBS distribution through time, we argue for a biogenic origin of the P+E ISS. Depending on the depositional setting, the biogenic precursors to chert
and porcellanite underwent silicification either through exposure to
SiO2-undersaturated waters at the sediment-water interface, facilitated by the generally low sedimentation rates through the early Eocene, or – conversely – through elevated temperatures and pressures
due to rapid burial.
Biogenic origin of the ISS precursors has been difficult to reconcile with evidence for generally oligotrophic conditions prevailing in
the Atlantic Ocean through the EECO. We document persistent, high
bioSiO2 production on the North American shelf, and propose that offshore export, likely associated with Gulf Stream frontal eddies, was
responsible for displacing neritic diatoms into the pelagic zone of the
western North Atlantic Ocean. An early southward flow of nutrient depleted NCW facilitated dissolution of bioSiO2-rich sediments along the
North American continental margin. Thus, the prolonged supply of bioSiO2 from the North American margin coupled with plate tectonic reorganization that resulted in changes to circulation patterns contributed to widespread silicification in lower Eocene sediments despite the
prevailing oligotrophic surface water conditions. Even if this model
does not apply to NE and S Atlantic ISS occurrences, it does help explain why chert and porcellanite are so prolific in the Gulf of Mexico,
the Caribbean, and along the eastern North American margin.
Our study shows that the distribution of Early Cenozoic siliceous
sediments in the Atlantic Ocean was influenced by an interplay of tectonics, climate, ocean circulation, and bioSiO2 production and diagenesis. The interpretation of early Paleogene siliceous sedimentation in
the Atlantic Ocean presented here is simpler than the inorganic origin hypothesis. It is also consistent with micropaleontological evidence, well-established views on bioSiO2 diagenesis, and finally - with
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the current understanding of the ocean’s biogeochemical evolution
through the late Mesozoic and Cenozoic, which suggests that diatom
proliferation contributed to a global dissolved silicate drawdown before the K/ Pg event, making precipitation of SiO2 from seawater highly
unlikely.
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