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[1] On the mid-Atlantic Coastal Plain of the United States, Paleocene sands and silts are replaced during the
Paleocene-Eocene Thermal Maximum (PETM) by the kaolinite-rich Marlboro Clay. The clay preserves
abundant magnetite produced by magnetotactic bacteria and novel, presumptively eukaryotic, iron-
biomineralizing microorganisms. Using ferromagnetic resonance spectroscopy and electron microscopy, we
map the magnetofossil distribution in the context of stratigraphy and carbon isotope data and identify three
magnetic facies in the clay: one characterized by a mix of detrital particles and magnetofossils, a second with a
higher magnetofossil-to-detrital ratio, and a third with only transient magnetofossils. The distribution of these
facies suggests that suboxic conditions promoting magnetofossil production and preservation occurred
throughout inner middle neritic sediments of the Salisbury Embayment but extended only transiently to outer
neritic sediments and the flanks of the embayment. Such a distribution is consistent with the development of a
system resembling a modern tropical river-dominated shelf.
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1. Introduction

[2] About 55.6 Ma [Storey et al., 2007], Earth experi-
enced a �5–9�C increase in mean global temperature
coincident with a �3 to �5% shift in inorganic carbon
isotopes. This warming event, the Paleocene-Eocene Ther-
mal Maximum (PETM), began in less than 10 ky and
persisted for about 100–170 ky [Farley and Eltgroth,
2003; Röhl et al., 2007]. It is linked to a large injection of
isotopically light CO2 into the global carbon cycle [Bowen
et al., 2006], the source of which remains enigmatic; viable
hypotheses include thermogenic methane associated with

the rifting of Greenland and Scandinavia [Svensen et al.,
2004; Storey et al., 2007], sudden exposure and weathering
of organic-rich marine sediments [Higgins and Schrag,
2006], rapid burning of terrestrial organic carbon [Kurtz et
al., 2003] and destabilization of methane clathrates [Dickens
et al., 1995]. The warming may have commenced a few ky
before the carbon isotope excursion, which would support
the hypothesis that methane clathrate destabilization or
organic carbon oxidation acted as a feedback that amplified
a prior warming [Sluijs et al., 2007].
[3] These and other hypotheses about the cause of the

PETM are based primarily on examining carbon isotopic
and proxy temperature profiles and identifying potential
mechanisms for the observed globally averaged changes.
Testing these hypotheses in detail requires understanding
the changes in regional environments associated with global
climate change. Along the mid-Atlantic Coastal Plain of the
United States, for instance, the PETM is accompanied by a
radical shift in sedimentation patterns [Gibson et al., 2000].
The sands and silts of the late Paleocene, which biostrati-
graphic age constraints indicate were deposited at a fairly
slow rate [Van Sickel et al., 2004], are replaced by a more
rapidly deposited kaolinitic PETM clay. Post-PETM sedi-
ments more closely resemble those of the late Paleocene
than the PETM clay.
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[4] Lanci et al. [2002] and Kent et al. [2003] identified an
unusual change in rock magnetic properties in the PETM
clay in three sediment cores transecting the Coastal Plain in
southern New Jersey: Clayton, Ancora, and Bass River
(Figure 1a). Late Paleocene and early Eocene sands have
low ratios of remanent magnetization (Mr) to saturation
magnetization (Ms), consistent with a magnetic mineralogy
dominated by multidomain detrital particles. In the PETM
clay, the total amount of magnetic material as reflected by
Ms is an order of magnitude larger than in underlying and
overlying sediments. The PETM clay also exhibits sus-
tained high Mr/Ms values of �0.3–0.4, indicating a dom-
inant fraction of fine, single-domain magnetite particles.
Indeed, the PETM clay is the thickest single-domain
magnetite-dominated sedimentary unit yet reported in the
literature.
[5] To explain the magnetic anomaly, Kent et al. [2003]

suggested that either the single-domain particles could have
been produced as impact ejecta condensate, analogous to

the magnetic nanophase associated with the Cretaceous-
Paleogene boundary [Wdowiak et al., 2001], or they could
be magnetofossils, the preserved magnetite crystals pro-
duced intracellularly by magnetotactic bacteria. As their
transmission electron microscopy (TEM) investigation
[Kent et al., 2003] did not reveal particles with the distinc-
tive morphologies and chain arrangements associated with
magnetofossils [Kopp and Kirschvink, 2008], Kent et al.
[2003] dismissed the magnetofossil hypothesis in favor of
the impact hypothesis [Cramer and Kent, 2005]. Other
authors [e.g., Dickens and Francis, 2004] still preferred a
magnetofossil interpretation based on sedimentological
arguments.
[6] Reevaluating the magnetofossil alternative, Kopp et

al. [2007] examined the PETM clay from Ancora with a
combination of electron microscopy and ferromagnetic
resonance spectroscopy (FMR), a microwave spectroscopy
technique that is sensitive to the shapes, arrangements, and
homogeneity characteristic of magnetofossils [Weiss et al.,

Figure 1. (a) Map of sites discussed in the text, superimposed upon the distribution (lightly shaded
where not preserved) and basal structure contours (blue lines, altitude in meters below sea level; dashed
lines inferred in the absence of direct constraints) of the Marlboro Clay as compiled from Powars and
Bruce [1999], initial reports for ODP legs 150X and 174AX, and D. S. Powars (unpublished data, 2009).
The red line marks the Fall Line. Circles represent core sites included in our analysis; squares represent
other sites discussed. The triangle represents the location of the Upper Marlboro outcrop (A, Ancora; BG,
Busch Gardens; BR, Bass River; C, Clayton; J, Jackson Landing; L, Loretto; M, Millville; OG, Oak
Grove; P, Putneys Mill; R, Randall’s Farm; SD, South Dover Bridge; SG, Sea Girt; SH, Surprise Hill;
WF, Waldorf; WL, Wilson Lake). (b) Isopachs (red lines, thickness in meters; dashed lines inferred in the
absence of direct constraints) of the Marlboro Clay. Crosses mark cores that provide constraints but are
not discussed in the text; constraints are also provided by auger cores (not shown). Approximate
Paleogene positions of the paleo-Potomac and paleo-Susquehanna rivers based upon Poag and Sevon
[1989] are indicated. Truncation or thinning of the Marlboro Clay on the uplifted side of faults and
thickening in down-dropped areas [Mixon and Powars, 1984] produce the irregularities in the isopachs in
Virginia and Maryland. The dashed black line around the Chesapeake Bay Impact Structure represents
the preserved limit of Paleogene sediments around the crater. While the impact has removed the Marlboro
Clay across a large area of southeastern Virginia [Powars and Bruce, 1999], the clay is preserved to the
south to about the Virginia–North Carolina state line.
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2004; Kopp et al., 2006a]. These observations, which were
supplemented by first-order reversal curve and remanence
rock magnetism measurements, showed that the magnetic
properties of the PETM clay were produced not by impact
ejecta condensate but by an unusual abundance of magneto-
fossils. Lippert and Zachos [2007] came to a similar
conclusion using magnetic hysteresis and TEM to investi-
gate the PETM clay at Wilson Lake, a New Jersey drill core
site near Clayton.
[7] In modern environments, magnetotactic bacteria live

predominantly in the high iron, low oxygen, low sulfide
conditions of the oxic/anoxic transition zone, which in
different settings can occur either within sediments or
within the column [Kopp and Kirschvink, 2008]. Similar
suboxic conditions foster the preservation of magnetofos-
sils; more strongly reducing conditions promote reductive
dissolution of magnetite, while more strongly oxidizing
conditions promote its alteration via maghemite to ferric
oxides such as goethite and hematite [Kopp and Kirschvink,
2008]. Kopp et al. [2007] therefore interpreted the high
abundance of bacterial magnetofossils in Ancora as reflect-
ing the development of an expanded zone of sedimentary
suboxia but could not assess whether the abundance of
bacterial magnetofossils was due to syndepositional
changes in growth or to postdepositional changes in
preservation.
[8] Subsequent scanning electron microscopy (SEM) and

TEM investigations of Ancora sediments resolved the issue
of whether the abundance of magnetofossils was solely a
preservational effect by identifying ‘‘gigantic’’ multi-
micrometer magnetite magnetofossils previously unknown
from any modern or ancient environment [Schumann et al.,
2008]. These ‘‘gigantic’’ forms include elongated hexaocta-
hedral, ‘‘spindle-shaped,’’ and ‘‘spearhead’’ crystals. Like
conventional bacterial magnetofossils, the ‘‘gigantic’’ forms
are chemically pure and crystallographically perfect single
crystals. Their oxygen isotopic composition is consistent
with a low-temperature origin, and the spearheads, in
particular, have morphologies and dimensional population
statistics that lend themselves to no interpretation other than
a biogenic origin. Because of their large size, as well as the
observation of a stellate assemblage of spearheads sugges-
tive of an armored protist, these particles are presumed to be
eukaryotic rather than bacterial in origin. The discovery of
these unique biogenic particles indicates that the abundance
of magnetofossils reflected a syndepositional ecological
change, likely linked to a change in the abundance of
bioavailable iron.
[9] In the modern world, some of the thickest sedimentary

suboxic zones occur in tropical river-dominated continental
shelves like the Amazon Shelf [Aller, 1998] and the Gulf of
Papua [Aller et al., 2004a]. Schumann et al. [2008] therefore
suggested that analogous depositional conditions developed
on the Atlantic Coastal Plain during the PETM. This
depositional environment would have fostered a thick sub-
oxic zone conducive to the growth and preservation of
magnetotactic bacteria and iron-biomineralizing eukaryotes.
To test the hypothesis that a tropical, river-dominated shelf
could have produced the observed magnetofossil Lager-
stätte, we use FMR and electron microscopy (EM) to map

the distribution of PETM magnetofossils across the Coastal
Plain of the mid-Atlantic United States. We then compare
the geographic distribution of magnetofossils to observa-
tions of sediments from the modern Amazon Shelf.

2. Geological Setting

[10] The Salisbury Embayment is a deep crystalline
basement trough beneath the Coastal Plain of the mid-
Atlantic United States [Richards, 1948; Poag and Sevon,
1989]. The embayment is structurally bounded to the south
by the Norfolk Arch [Gibson, 1967] and the associated
James River structural zone [Cederstrom, 1945; Powars,
2000] and to the north by the South Jersey High [Gibson
and Bybell, 1994]. Its western margin is defined by the Fall
Line, where the relatively gently dipping Cretaceous and
Cenozoic sediments of the Coastal Plain onlap the folded
rocks of the Piedmont province.
[11] After a period of rapid postrift thermal subsidence in

the early middle Jurassic, the Salisbury Embayment has
experienced slow subsidence due to cooling and sediment
loading [Kominz et al., 2008], possibly combined with
epeirogenic subsidence driven by the subduction of the
Farallon slab [Moucha et al., 2008; Müller et al., 2008].
The distribution of sediments offshore from the embayment
indicates that, since the Jurassic, river systems have flowed
into it in positions somewhat similar to those at which the
modern Potomac and Susquehanna rivers cross the Fall Line
[Poag and Sevon, 1989] (Figure 1b).
[12] The paleolatitude of the Salisbury Embayment during

the late Paleocene and early Eocene is uncertain. A recon-
struction based on seafloor isochrons [Müller et al., 2008]
indicates a paleolatitude of �35–40�. In contrast, the
translation of a high-quality paleopole with a date close to
that of the PETM from the Faroe-Rockall Plateau [Riisager
et al., 2002] to North America yields a paleolatitude of
�25–28� [Kopp et al., 2007]. The discrepancy is currently
unexplained [Ganerød et al., 2008]. Hypothesized �7� true
polar wander [Moreau et al., 2007], though insufficient to
explain the mismatch fully, merits further investigation.
[13] The Salisbury Embayment is divided stratigraphi-

cally into a southern domain, spanning the coastal plain of
Maryland, Virginia, and Delaware, and a northern domain
in New Jersey. In the southern domain, upper Paleocene
sediments of the Aquia Formation are predominantly shelly,
glauconitic quartz sand and silt. The Aquia Formation is
overlain by the Marlboro Clay, a typically massive, 0.1–
16 m thick, pink or grey kaolinite-dominated clay layer with
occasional thin laminations and thicker beds of silt [Gibson
and Bybell, 1994]. Although the Aquia/Marlboro contact
has been reported as varying between gradational and
disconformable [Gibson and Bybell, 1994], the contact is
always highly burrowed and is interpreted to represent a
disconformity across the basin. The Marlboro Clay is in turn
disconformably overlain by the Nanjemoy Formation, a
glauconitic, sometimes silt-rich or clay-rich quartz sand.
[14] The units in the northern domain are lithologically

similar, though typically finer grained. The upper Paleocene
Vincentown Formation, a clay-rich and silt-rich glauconitic
fine sand, is overlain by a kaolinite-rich clay unit that has
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been alternatively described as a member of the Vincentown
Formation [e.g., Miller et al., 1998], as a member of the
Manasquan Formation [e.g., Gibson and Bybell, 1994], or
as ‘‘the unnamed clay’’ [e.g., Miller et al., 2006]. This clay,
punctuated by rare silt laminations, is overlain by the lower
Eocene Manasquan Formation, which in its lower units is
characteristically a glauconitic silty clay. Because the Marl-
boro Clay can be extended from its type area northward on
the basis of consistency in lithic characteristics and strati-
graphic position, as well as the isotopic and magnetic
properties described below, we apply the name ‘‘Marlboro
Clay’’ to the initial Eocene clay throughout the Salisbury
Embayment.
[15] The Marlboro Clay was deposited across the embay-

ment at inner neritic to outer neritic depths. Based on
foraminiferal assemblages, Gibson and Bybell [1994] inter-
preted the Marlboro Clay at Waldorf, MD, and Putneys
Mill, VA, as having been deposited under inner neritic
depths and inner to middle neritic depths, respectively.
Van Sickel et al. [2004] estimated that the clay was
deposited at about 45–70 m depth at Ancora, NJ, and about
105–135 m depth at Bass River, NJ. Based upon forami-
niferal biofacies, Millville, NJ, is estimated to have been
deposited at 90–120 m and Sea Girt, NJ, at 80–110 m (A.
Harris, unpublished data, 2009).
[16] Microfossil evidence from dinocysts at Bass River,

NJ [Sluijs et al., 2007], and from dinocysts, foraminifera
and freshwater algae (Pseudoschizaea) at Oak Grove, VA
[Gibson et al., 1980], indicate a significant freshwater flux
onto the continental shelf during the PETM. These fresh-
water indicators are not present before or after the PETM.
Fern spores at Oak Grove indicate a moist climate [Fred-
eriksen, 1979], while the rapid introduction of seven new
sporomorph types in the uppermost Aquia Formation and
five more new ones in the lowermost Marlboro Clay
[Frederiksen, 1979] suggests plant migration driven by
climatic changes and/or a shift in sediment source driven
by hydrological changes.

3. Methods

3.1. Sampling

3.1.1. Salisbury Embayment
[17] We sampled the late Paleocene through early Eocene

sediments of the Salisbury Embayment in ten cores span-
ning from Busch Gardens in southern Virginia to Sea Girt in
central New Jersey (Figure 1a). Except for Busch Gardens,
which was drilled by private contractors, cores from Mary-
land and Virginia were drilled by the U.S. Geological
Survey. The four cores from New Jersey were drilled as
part of Ocean Drilling Program Leg 174AX. To avoid
magnetic contamination, we sampled the cores using non-
magnetic tools and scraped outer layers away with plastic
implements.
[18] The three most proximal cores are Jackson Landing

(J), Randall’s Farm (R), and Loretto (L). The present-day
altitude of the bottom of the Marlboro Clay at these three
sites are respectively 33 m above mean sea level and 16 and
41 m below mean sea level. In contrast to the other
localities, at these three sites the Marlboro Clay is predom-

inantly pink in color, although it grades to grey toward the
top and sometimes the bottom of the unit. At farther down-
basin sites, the Marlboro Clay is almost uniformly grey
throughout.
[19] Bass River (BR) is our deepest and most distal

locality. The present altitude of the basal Marlboro Clay at
BR is 349 m below sea level, compared to 140 to 247 m
below sea level for Ancora (A), South Dover Bridge (SD),
Surprise Hill (SH), and Millville (M). The present altitudes
of basal Marlboro Clay in Sea Girt (SG) and Busch Gardens
(BG) are considerably higher, respectively 114 m and 96 m
below sea level. These two sites are distinct in that they sit
on the basement highs that bound the Salisbury Embay-
ment; SG is located on the South Jersey High and BG on the
Norfolk Arch.
[20] We also collected samples from a section of the

Marlboro Clay exposed in outcrop in an artificial ditch in
Upper Marlboro, MD, 3 km from R and 9 km from J. The
ditch has been subject to surface weathering conditions
since at least 2004 and possibly earlier (M. Scott, personal
communication, 2008). It exposes 0.9 m of upper Aquia
Formation sands and 3.1 m of the Marlboro, predominantly
as a massive pink clay that weathers to deep red.
3.1.2. Amazon Shelf
[21] Piston cores of Amazon Shelf sediments were col-

lected in October 1991 as part of the AmasSeds Project
[Nittrouer and DeMaster, 1996], as described by Aller et al.
[1996]. The time of sampling was a period of low river flow
and low wind stress, and thus near the seasonal maximum of
seabed stability. These samples were originally centrifuged
for pore water removal and frozen immediately at �20�C in
polyethylene bottles. They were kept frozen for sixteen
years until analysis. Core RMT-1 comes from a region near
the river mouth with sediments composed of thick mud
layers interbedded with thin sandy intervals. Cores OST-1
and OST-2 come from a region of the open shelf and consist
of more uniform mud.

3.2. Organic Carbon

[22] We performed organic carbon isotope analyses on
samples from R, L, M, SG and BG. The samples were
ground in an agate mortar and pestle and weighed into silver
capsules. They then had carbonate removed by adding
excess 25% HCl after which they were dried in an oven
overnight at 60�C. The carbon isotopic composition of
organic matter and organic C concentrations were measured
concurrently using a GVI Isoprime CF-IRMS linked to a
Eurovector elemental analyzer. (All uses of trade, product,
or firm names in this paper are for descriptive purposes only
and do not imply endorsement by the U.S. government.)
Isotope ratios were corrected against NBS 22 using the
accepted value of �30.03% [Coplen et al., 2006]. Organic
C concentrations were measured using acetanilide and the
intensity of masses 44 and 28. Isotope and concentration
standards were run following eight sample unknowns.

3.3. Ferromagnetic Resonance Spectroscopy

[23] Ferromagnetic resonance (FMR) spectra of sediment
samples were measured at room temperature using an X-
band Bruker EMX spectrometer, following the protocol
described by Kopp et al. [2006a]. To prepare the samples,
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approximately 100–400 mg of sediment were lightly
crushed in a ceramic mortar.
[24] The shapes of FMR spectra are insensitive to the

strength of magnetization so long as samples are neither so
weakly magnetized that their spectra are comparable to
background noise nor so strongly magnetized such that
they saturate the detector; none of the samples we measured
fit into either of these two categories. We characterize the
spectral shape using two parameters: the asymmetry ratio A
and the empirical parameter a [Kopp et al., 2006a]. Spectral
asymmetry is sensitive by way of magnetic anisotropy to the
shape and arrangements of magnetic particles; A < 1 reflects
the positive magnetic anisotropy produced by particle
elongation or arrangement in chains, while A > 1 reflects
the negative magnetic anisotropy of a clump of particles. In
the absence of magnetocrystalline anisotropy, isolated par-
ticles would have A = 1.
[25] The parameter a combines A with the width of a

FMR spectrum to produce a proxy for sample homogeneity
[Kopp et al., 2006a]. Particles with homogeneous size and
shape distributions, such as the characteristic biologically
controlled distributions of magnetofossils, have low a
values, while more heterogeneous samples have higher a.
Previous observations indicate that a < 0.25 characterizes
cultures of magnetotactic bacteria and that a < �0.3 is
characteristic of sediments with magnetic properties domi-
nated by magnetofossils. Sediments with a magnetic min-
eralogy dominated by detrital particles typically have a >
�0.4. Mixtures can give rise to intermediate values. All
values of a measured to date are between 0.18 and 0.52; see
Kopp et al. [2006a, 2006b] for theoretical discussion.
[26] Although the ‘gigantic’ magnetofossils of Schumann

et al. [2008] have never been measured in isolation, their
elongation and homogeneous size distributions leads us to
believe that they would, like other magnetofossils, produce
low values of A and a. In any case, the FMR spectra of the
Marlboro Clay at Ancora, which contains both ‘gigantic’
magnetofossils and abundant bacterial magnetofossils, have
parameter values expected for magnetofossil-bearing sedi-
ments (A = 0.67–0.75 and a = 0.28–0.30 in the main body
of the clay) [Kopp et al., 2007].

3.4. Electron Microscopy

[27] For electron microscopy investigations, the sediment
samples were dispersed in distilled water and the magnetic
particles extracted using a modified version of the procedure
from Petersen et al. [1986]. After the sediment samples
were gently dispersed in distilled water, they were placed in
Petri dishes. The magnetic material was extracted by mov-
ing a magnetic finger through the sediment suspension. The
magnetic separates were cleaned twice with distilled water
and transferred onto 300 mesh Cu TEM grids with carbon
support film. SEM observations were then conducted using
a Hitachi S-4700 FE-STEM at an accelerating voltage of
5 kV and an emission current of 15 mA. TEM observations

were made with a Philips CM200 TEM at 200 kV equipped
with an AMT CCD camera.
[28] Magnetic extraction is a necessary step in the micro-

scopic examination of magnetofossils due to their low
abundance. For example, in the Marlboro Clay at Ancora,
which has Ms of about 10

�2 Am2/kg, the concentration of
magnetite is about 100 ppm, roughly 10�4 times that in a
magnetic extract. Our investigations have involved imaging
thousands of magnetite particles; it is therefore unsurprising
that previous efforts to search for magnetic particles in the
clay without an extraction step proved less fruitful [Kent et
al., 2003].
[29] The sample preparation procedure, which has been

used for over two decades in magnetofossil investigations,
is not expected to affect the morphology or chemical
composition of individual magnetite particles. At most,
dispersion in oxic water might produce a thin, maghemi-
tized oxidation rim, but the timescale for maghemitization at
room temperature is slow compared to the duration of the
procedure and would not in any case affect morphology or
chemical purity.
[30] The formation of linear ‘‘strings’’ of particles [Kopp

et al., 2006a] that might be mistaken for biogenic chains is
of greater concern and led Kopp and Kirschvink [2008] to
distinguish between short chain-like structures of ambigu-
ous origins and longer chains composed of particles from a
single size and shape distribution. Kopp and Kirschvink
[2008] also urged that TEM observations of chain-like
structures be complemented by techniques, such as FMR,
that can provide evidence for their occurrence in uncon-
centrated samples. The chains reported by Kopp et al.
[2007] are composed of particles from a single distribution,
but their length (up to five particles) places them in an
ambiguous position between the two categories. The low A
values of the corresponding FMR spectra provides evidence
supporting their primary nature.

4. Results

4.1. Organic Carbon

[31] All five cores analyzed for bulk organic carbon
isotopes exhibit a negative carbon isotope excursion (CIE)
within the Marlboro Clay (Figures 2 and 3). The magnitude
of the excursion ranges from �1 to �2% at R to up to
�4.5% at M and SG. The excursion at L (about �2%) and
BG (about �3.5%) are intermediate in magnitude. At all
sites except R, the excursion takes a form close to that of a
step function. The form of the excursion at R is more
complicated: a ��0.7% excursion at the base of the Marl-
boro, followed by a reversion to upper Aquia values, then a
gradual decline over the course of the Marlboro Clay to
about �2.1%. At all sites, the upper contact of the Marlboro
Clay is associated with a sharp but partial return to less
negative values.

Figure 2. Stratigraphic logs, d13Corg, Corg concentrations, and FMR parameters A and a for the Marlboro Clay and
bounding sediments in the ten cores analyzed. Site codes are as in Figure 1. For BR, dinocyst organic carbon and low
salinity dinocyst fraction data from Sluijs et al. [2007] are also shown. For A and BR, magnetic hysteresis data from Kent et
al. [2003] are also shown.
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Figure 2
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Figure 2. (continued)
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[32] The concentration of organic carbon (Corg) in M and
SG increases during the onset of the CIE then returns to pre-
CIE concentrations within the remainder of the event. Corg

in R and L is either unaffected (R) or slightly decreases (L)
during the CIE. Corg in BG increases stepwise at the start of
the CIE. All cores, to a greater (BG) or lesser (SG) extent,
exhibit an increase in Corg either at or immediately follow-
ing the end of the CIE (Figure 2). In absolute terms, Corg is
quite low in late Paleocene sediments and the Marlboro
Clay, generally below 0.4 wt%.

4.2. Ferromagnetic Resonance

4.2.1. Salisbury Embayment
[33] Above and below the Marlboro Clay, FMR measure-

ments are consistent with a magnetic mineralogy dominated
by detrital particles (Figure 2). The mean values of a
measured in the late Paleocene and early Eocene units range
from 0.40 to 0.43, while mean A values range from 0.90 to
1.05. There is no consistent geographic pattern in the

variability of this parameter. In contrast, there are strong
geographic patterns in the FMR properties of the Marlboro
Clay. On the basis of these properties, we divide the sites
into three magnetic facies and two subfacies (Figures 3 and
4).
[34] Magnetic facies 1 (R, J, and L): At these sites, the

magnetic properties shift at about 10–80 cm above the basal
contact of the Marlboro Clay. The shift persists throughout
the entire clay layer, although a partial recovery begins 15–
150 cm below the upper contact, at similar depths to the
shift in color from pink to grey and the first indications of
silt-filled burrows. This facies is characterized by a mean a
in the Marlboro Clay of 0.34–0.35 and a minimum a of
0.32. Mean A values range from 0.84 to 0.91. These values
are consistent with a mixture of magnetofossils and detrital
magnetic particles.
[35] Magnetic facies 2 (A, M, SH, and SD): At these sites,

the magnetic properties shift in a similar way over the �1 m
above the basal contact of the Marlboro Clay, and the shift

Figure 3. Profiles of a in each measured core, plotted alongside bulk organic carbon isotopes from
several cores and a generalized stratigraphic column. Depths are normalized to the lithological thickness
of the Marlboro.
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persists until the first appearance of burrows associated with
the overlying unconformity. This facies is characterized by
mean a values of 0.30–0.32 and minimum a values of
0.28–0.29. Mean A values range from 0.71 to 0.77. These
properties are consistent with a magnetic phase with a
stronger dominance by biogenic material relative to detrital
magnetic particles than in facies 1. As discussed by Kopp et
al. [2007], the zone of highMr/Ms and highMs in A [Kent et
al., 2003] coincides with the zone of low a values.
[36] Magnetic facies 3 (BR, BG, and SG): At these sites,

the shift in FMR properties is not coextensive with the
Marlboro Clay; it is, instead, a transient phenomenon within
the clay. As a consequence, mean a values for the Marlboro
Clay are high, while the minimum a values are more similar
to those of facies 1 and 2. BR (magnetic facies 3a) is
characterized by a mean a of 0.36 and a minimum a of
0.29. These values are consistent with the transient occur-
rence of conditions similar to those in facies 2. BG and SG
(magnetic facies 3b) are characterized by mean a values of
0.37–0.38 and a minimum a of 0.31. Mean A values in
facies 3 are 0.83–0.85. These values suggest that, during
the transient low-a interval, the sediments at these sites
contain a greater fraction of detrital particles than facies 2
but less than facies 1. High Mr/Ms and Ms values from the
magnetic hysteresis data for BR [Kent et al., 2003] roughly
coincide with low a values, though this is challenging to
assess both because of variability in the hysteresis and FMR
data and because the hysteresis data was not measured
through the entire Marlboro Clay.
[37] Although the Upper Marlboro outcrop is located near

R and J and is geographically within magnetic facies 1, a
values within the Marlboro Clay there are consistently high,

with a mean value of 0.40 and a minimum value of 0.36.
The magnetofossils of facies 1 thus do not appear to be
preserved well in the outcrop. Additional remanence mag-
netization experiments (see auxiliary material) indicate that
the magnetization of the Marlboro Clay in outcrop material
is an order of magnitude weaker than in core material and
that the dominant magnetic phase is not magnetite but a
high-coercivity ferric oxide such as goethite.1

[38] In many cores in facies 1 and 2, the Marlboro Clay
exhibits thin (<1 m thick) intervals with gradational a
values associated with the lower and upper contacts of the
unit, as can be seen most clearly in both contacts of R and A
and the lower contact of SH. These intervals might reflect
either mixing associated with burrowing at the contacts or
transitional environmental conditions.
4.2.2. Amazon Shelf
[39] FMR measurements of Amazon Shelf sediment cores

are consistent with a magnetic mineralogy consisting of a
mixture of detrital grains and conventional bacterial mag-
netofossils (Figure 6). Sediments from RMT-1 have a
values of 0.35–0.39, which are fairly high for samples with
significant biogenic magnetite fractions but lower than
purely detrital sediments we have previously measured. A
values in RMT-1 of 0.80–1.05 also suggest varying
biogenic contributions. The two open shelf cores (OST-1
and OST-2) have a values of 0.32–0.34 and A of 0.73–
0.85, which indicate a larger and more consistent biogenic
fraction.

Figure 4. (a) Map of the minimum value of the FMR parameter a attained within the Marlboro Clay.
The colored markers vary in size according to the mean value of a in the clay (see scale in legend) and in
shape by facies, as in Figure 3. Dashed black lines demarcate the magnetic facies. The red line marks the
Fall Line. (b) Positions and thicknesses of the Marlboro Clay at each site with respect to mean sea level
(shown with relation to the left vertical axis). The thin gray profile marks the surface elevation. Red
circles mark mean a in the Marlboro Clay, and red stars mark the minimum a (shown with relation to the
right vertical axis). Different facies are separated by vertical lines and identified at the top of the plot.

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/pa/
2009pa001783. Other auxiliary material files are in the HTML.
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4.3. Electron Microscopy

4.3.1. Salisbury Embayment
[40] Consistent with our previous work on A [Kopp et al.,

2007; Schumann et al., 2008], electron microscopy of
magnetic extracts from R, SH, SG, and BG confirms that
the low values of a observed in the Marlboro Clay reflect a
mixture of detrital and biogenic particles (Figure 5 and see
also auxiliary material). In no sample outside the Marlboro
Clay did we observe putative eukaryotic magnetofossils or
large concentrations of conventional magnetofossils. Simi-

larly, we observed no biogenic magnetite in some of the
high-a samples we examined from the Marlboro Clay
within magnetic facies 3b (BG-380.30 (depth 115.9 m)
and SG-382.45 (depth 116.6 m)).
[41] However, other high-a facies 3b samples we exam-

ined did contain putative eukaryotic magnetofossils (BG-
400.30 (depth 122.0 m) and SG-366.55 (depth 111.7 m)).
These samples are associated with the Aquia/Marlboro
contact at BG and the Marlboro/Manasquan contact at
SG. The BG sample comes from a gradational contact

Figure 5. Electron micrographs of magnetic extracts from the Marlboro Clay. SEM images from
Surprise Hill: (a) spearhead magnetite particles, (b) spindle-shaped magnetite particle, (c) group of
elongated hexaoctahedra surrounded by conventional bacterial magnetofossils, and (d) elongated
hexaoctahedra and conventional bacterial magnetofossils in a chain-like arrangement. SEM images from
Sea Girt: (e) spearhead particle, (f) spindle-shaped particle, and (g) conventional bacterial magnetofossils.
SEM image from Randall’s Farm: (h) spearhead particle. SEM image from Busch Gardens (sample BF-
400.30, �95.8 m altitude): (i) spearhead and spindle-shaped magnetite particles with surface dissolution
patterns. TEM images from Sea Girt: (j and k) conventional bacterial magnetofossils and (l) conventional
bacterial magnetofossils attached to a small spearhead crystal (large particle).
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between the Aquia and the Marlboro Clay and includes a
medium-coarse glauconitic sand fraction, while the SG
sample comes from an interval with burrows filled by
Manasquan sands. In BG-400.30, the high a value is
accompanied by apparent dissolution features on the
putatively eukaryotic magnetofossils (Figure 5i) and the
absence under TEM of conventional magnetofossils. While
alteration of the eukaryotic magnetofossils is less severe in
SG-366.55, this sample also seems to lack conventional
magnetofossils. The presence or absence of conventional
magnetofossils thus appears to dominate the FMR proper-
ties of the Marlboro Clay. We suggest that the absence of
conventional magnetofossils in these two sites is due to the
reductive dissolution of magnetite, perhaps facilitated by a
preceding period of oxidation associated with burrowing
near the contacts.
4.3.2. Amazon Shelf
[42] None of the Amazon Shelf sediment cores contain

magnetofossils resembling the ‘‘giants’’ of the Marlboro
Clay, but EM reveals a magnetic mineralogy consisting of a
mixture of detrital grains and conventional bacterial mag-
netofossils (Figure 6).

5. Discussion

5.1. Organic Carbon

[43] The amplitude of the organic CIE on the mid-Atlantic
Coastal Plain is between �2 and �5%. The higher ampli-
tude values are similar to those previously reported from
dinocysts at Bass River [Sluijs et al., 2007] and from bulk
organic matter in coastal California [John et al., 2008]. The
cores exhibiting the lowest amplitude changes are the
proximal sites of R and L, where the influence of terrestrial

organic carbon is likely strongest. A similarly dampened
organic CIE was previously observed in a continental slope
section at Tawanui, New Zealand, where the dampening
was also attributed to increased terrestrial organic carbon
flux [Crouch et al., 2003].
[44] Two terrestrial organic carbon sources may be im-

portant contributors to the bulk organic carbon: eroded
sedimentary and soil organic matter and land plants. Erosion
of sedimentary and soil organic matter formed before the
PETM would mask the signal of the CIE. In addition, the C
isotopic signature of higher land plants reflects a complex
interaction between pCO2, humidity, and plant species
composition. At some localities, these effects combine to
dampen the amplitude of changes in d13C across the
Paleocene-Eocene boundary [Schouten et al., 2007]; this
may be the case in the Salisbury Embayment. Regardless of
which factor dominates, the gradient in d13C is likely related
to distance from the mouth of a hypothesized river carrying
terrigenous input.

5.2. Distribution of Clay, Detrital Magnetic Particles,
and Magnetofossils

[45] The FMR results can be usefully compared to the
distribution of Marlboro Clay thicknesses by considering
three fields: the thickness of the Marlboro Clay, the con-
centration of detrital magnetic particles, and the concentra-
tion of magnetofossils. The first we observe directly, while
FMR provides a measure of the ratio of the latter two.
[46] In general, the Marlboro Clay thins toward the

margins of the Salisbury Embayment, as defined by the
Fall Line, the Norfolk Arch, and the South Jersey High,
though as Gibson and Bybell [1994] note, there are also
considerable rapid lateral variations in thickness associated

Figure 6. FMR and EM analysis of shallow neritic cores from the Amazon shelf. (a) Map of localities.
Contour lines [from Aller et al., 1996] show bathymetry in meters. (b) Profiles of the FMR parameter a.
(c and d) SEM and TEM images of the magnetic extracts. A large proportion of the magnetic extracts are
composed of detrital magnetic materials (Figure 6c; from OST-1 at 35 cm). However, besides detrital
magnetic grains these samples also contain conventional bacterial magnetofossils with various known
morphologies (Figure 6d), as in the collapsed chain of elongated hexaoctahedra (from OST-2 at 35 cm).
Additional SEM and TEM images are included in the auxiliary material.
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with bounding disconformities. The thickest Marlboro Clay
interval we measured, at SD, is 15.5 m thick; the thinnest, at
L, is 2.7 m thick. The depocenter of the Salisbury Embay-
ment during the PETM is thus in the vicinity of SD
(Figure 1b).
[47] As reflected by the FMR measurements, the ratio of

detrital magnetic particles to magnetofossils is higher in
magnetic facies 1 than in magnetic facies 2. In magnetic
facies 3, this ratio exhibits considerable variability over the
course of the PETM, with the minimum value being similar
to that of magnetic facies 2 in the case of magnetic facies 3a
and intermediate between magnetic facies 1 and 2 in the
case of magnetic facies 3b. Throughout the PETM, the
mean detrital-to-magnetofossil ratios of magnetic facies 3
exceeds the values in facies 1 and 2.
[48] We interpret the transition from magnetic facies 1 to

magnetic facies 2 as being dominated by a change in the
concentration of detrital magnetic particles. Due to sorting
by grain size and density, the depocenter of detrital mag-
netic particles would lie closer to the hypothesized river
mouth than the depocenter of the clay. Conversely, we
interpret the transition from magnetic facies 2 to magnetic
facies 3 as being dominated by a change in the concentra-
tion of magnetofossils. Magnetic facies 3 is more distal
from the hypothesized river mouth than facies 1 or 2, being
located either on the outer shelf (facies 3a) or on the
flanking highs of the Salisbury Embayment (facies 3b).
We suggest that only when conditions were particularly
favorable, perhaps during a period of especially strong
freshwater flux or perhaps associated with some other
transient environmental change, did the expanded suboxia
conducive to the production of biogenic magnetite develop
in facies 3. Further supporting the freshwater flux interpre-
tation is evidence from low salinity dinocysts in the Bass
River core for an elevated freshwater flux that extends to the
outer shelf and peaks in the lower half of the clay interval
[Sluijs et al., 2007], much like the magnetofossil anomaly at
Bass River (Figure 2).
[49] We note that the broad lateral variability within the

three fields discussed here highlights the importance of
basinwide analysis in paleoenvironmental reconstruction.
Most recent geochemical work and all previous magnetic
work on the PETM of the eastern United States has focused
on the northern domain of the Salisbury Embayment in New
Jersey. This narrow focus has excluded from study all of
magnetic facies 1, as well as the depocenter of the Marlboro
Clay.

5.3. Meaning of the Magnetite

[50] Kopp and Kirschvink [2008] presented a scheme for
evaluating putative magnetofossil identifications based upon
six categories of criteria: sedimentary context, the presence
of a single-domain magnetic phase, particle size and shape,
the robustness of evidence for chains, the chemical purity of
particles, and the crystallographic perfection of particles.
The ranking of the Marlboro Clay bacterial magnetofossils
along these axes is discussed in the auxiliary material.
Previous work [Lanci et al., 2002; Kent et al., 2003; Kopp
et al., 2007; Lippert and Zachos, 2007] has established the
identification of the Marlboro magnetofossils as the second-

most robust of all identifications reported in the literature
[Kopp and Kirschvink, 2008]. Their origin is thus firmly
established. Given the absence of modern analogs, the
origin of the putatively eukaryotic ‘‘gigantic’’ magneto-
fossils is harder to establish, but their peculiar shapes,
chemical purity, crystallographic perfection, and oxygen
isotopic composition compatible with a low-temperature
origin all support a biogenic interpretation [Schumann et
al., 2008].
[51] The presence of abundant magnetofossils in the

Marlboro Clay requires explanations for both their produc-
tion and their preservation. Magnetotactic bacteria, and
presumably other organisms that thrive upon high concen-
trations of bioavailable Fe, live predominantly within the
oxic/anoxic transition zone of sediments and water columns.
We have previously interpreted the Marlboro Clay magneto-
fossils as reflecting expanded sedimentary suboxia [Kopp et
al., 2007; Schumann et al., 2008], while Lippert and Zachos
[2007] preferred to interpret this abundance as an indicator
of extensive water column suboxia. Either hypothesis could
explain high rates of magnetofossil production.
[52] Although magnetofossil taphonomy is a field with

many open questions and only a handful of empirical
studies in modern environments [e.g., Snowball, 1994;
Kodama, 2006; Housen and Moskowitz, 2006; Maloof et
al., 2007], magnetofossil preservation is readily explained
in the case of sedimentary suboxia. If electron donor
limitation occurs within the suboxic, iron-reducing zone
of sediments, magnetite will not be efficiently reduced to
Fe(II) and thus will be preserved.
[53] Preservation is harder to explain in the case of

expanded water column suboxia. Organic carbon fluxes
sufficient to drive the development of suboxic conditions
within the water column will tend to produce fully anoxic
conditions within the sediments. Such conditions are not
conducive to the preservation of fine-grained magnetite, the
dissolution of which has been observed in anoxic freshwater
[Snowball, 1994; Kodama, 2006] and marine [Maloof et al.,
2007] sediments with a timescale of a few centuries.
Dickens [2008] suggested that nonsteady state redox con-
ditions might have allowed high-Fe, high-C, nonsulfidic
sediments deposited during the PETM to overlay late
Paleocene sediments with low-Fe, low-C, oxic-to-suboxic
pore waters and thus isolate the magnetofossils from sulfidic
conditions. Such isolation is, however, insufficient to pro-
tect magnetofossils from dissolution; in the absence of
sulfide but the presence of sufficient electron donors (i.e.,
organic carbon), iron-reducing bacteria will catalyze the
reductive dissolution of fine-grained magnetite, as has been
observed both in laboratory cultures [Kostka and Nealson,
1995; Dong et al., 2000] and in sedimentary profiles of
magnetofossil abundance [Tarduno, 1994; Housen and
Moskowitz, 2006]. The balance of evidence thus currently
favors interpreting abundant ancient magnetofossils as indi-
cators of expanded sedimentary suboxia.

5.4. Tropical River-Dominated Shelf Analog

[54] The hypothesis that the bloom of iron biomineraliz-
ing organisms on the Atlantic Coastal Plain was caused by
the development of conditions similar to a tropical river-
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dominated shelf is based upon the observation of extremely
thick sedimentary suboxic zones in these modern analog
environments. For example, in one piston core from the
Amazon Shelf (RMT-2; Figure 6), located at �20 m water
depth and a bit over 100 km offshore from the river mouth,
an oxygen-free zone of high and increasing Fe2+ concen-
tration extends through the top �4 m of sediment [Aller et
al., 1996]. In the upper 2 m, SO4

2� concentrations are nearly
constant, indicating that Fe3+ is the main electron acceptor;
and even at lower depths, the degree of pyritization is
extremely low, never exceeding 0.05 [Aller and Blair,
1996]. The thick suboxic zone is due to a combination of
factors including moderately high concentrations of reactive
Fe [Aller et al., 2004b] and a high-energy environment
produced by tides, frontal zone currents, and surface waves
[Nittrouer and DeMaster, 1996]. These latter processes
promote the regular physical reworking of the top �1 m
of sediments, which allows the reoxidation of reduced Fe,
thereby increasing the availability of Fe as an electron
acceptor.
[55] Like the Marlboro Clay, Amazon Shelf sediments are

dominated by fine particles; 85–95% of the sediment dis-
charged by the Amazon River is clay sized or silt sized
[Kuehl et al., 1986]. The dominant clay minerals on the
Amazon Shelf are kaolinite and montmorillonite [Gibbs,
1967]. Modern deposition of clay and silt occurs laterally
across the inner shelf, while sand deposition, driven by
outflow turbulence, is confined to a corridor of interbedded
sand and mud extending from the river mouth [Nittrouer et
al., 1983].
[56] During the PETM, the paleo-Potomac River or the

paleo-Susquehanna River [Poag and Sevon, 1989]
(Figure 1b) may have played a role analogous to that of the
Amazon River and would have promoted a similarly thick
suboxic zone. In general, the distribution of sediments
offshore from the Salisbury Embayment indicates that the
paleo-Potomac was active during the late Cretaceous but
relatively quiescent from the Paleocene and early Eocene,
while the paleo-Susquehanna was particularly active in the
Paleocene [Poag and Sevon, 1989]. However, these results
represent only averages of deposition over geological epochs.
Moreover, a sand bank complex in the Aquia Formation
appears to have been deposited by the paleo-Potomac in the
late Paleocene, which indicates some degree of continued
activity [Hansen, 1974]. The temperature and precipitation
changes associated with the PETM would have altered the
hydrological cycle and could have reintensified the flow of
the paleo-Potomac. Consistent with the paleo-Potomac
model is the stronger dilution of the biogenic signal by
detrital input in magnetic facies 1. However, our cores do
not include similarly shallow sediments in the northern
Salisbury Embayment, where the influence of the paleo-
Susquehanna might be recorded.
[57] High delivery of Fe to the continental shelf during

the PETM may have been promoted by increased temper-
atures and more acidic rainwater. Warm, humid conditions
like those of modern tropical environments promote the
leaching of Fe during soil formation processes, as do rain
and groundwater acidity. These conditions also promote the
formation of clay minerals, particularly cation-depleted ones

like kaolinite. A high energy shelf environment, capable of
driving the physical reworking that helps maintain suboxia,
may have developed as a result of changes in ocean or
atmospheric circulation. Though unchanged during the
PETM, the structure of the embayment might also have
contributed to maintaining a high energy environment by
resonant amplification of tidal energy.
[58] One possible objection to the Amazon analogy

involves deposition rate. Assuming the Marlboro Clay at
each locality preserves a complete record of the �70–
�90 ky duration of the main CIE [Farley and Eltgroth,
2003; Röhl et al., 2007] and decompacting the sediments
using the porosity v. depth curves of Van Sickel et al.
[2004], then the deposition rate of the clay ranges from
�3.9–4.1 cm/ky at L to �25.6–29.6 cm/ky at SD. These
rates reflect a significant increase above the rather slow
background Paleocene–Eocene deposition rate. At A, for
instance, the deposition rate of �9.1–10.3 cm/ky is an order
of magnitude larger than the background rate of �0.5–
1.0 cm/ky, estimated from biostratigraphy and magneto-
stratigraphy [Van Sickel et al., 2004]. However, even the
elevated PETM rates are not exceptionally high. By con-
trast, deposition rates on the modern Amazon shelf can
exceed �104 cm/ky [Kuehl et al., 1986].
[59] Such rates, however, reflect only short-term processes.

Long-term accumulation rates are controlled by subsidence
rates, which on the Amazon Shelf have averaged about 15–
22 cm/ky since the Miocene [Kumar et al., 1977]. Over
shorter periods of time, different localities on the shelf
alternate between multicentury intervals of net accretion
and multicentury intervals of net erosion [Nittrouer et al.,
1996]. Similarly, there is no reason to expect the Marlboro
Clay at any locality to preserve a complete record of the
PETM. Though at some localities the basal contact of the
Marlboro Clay appears gradational and might reflect con-
tinuous deposition (but also might instead reflect extensive
bioturbation), the top of the Marlboro Clay is always
characterized by an erosional unconformity [Gibson and
Bybell, 1994]. The apparent gradual termination of the
carbon isotope excursion at some localities could be a
product of mixing driven by bioturbation. Our depositional
model further suggests that the Marlboro Clay should
contain numerous disconformities, and the physical mixing
predicted by our model is consistent with the unit’s gener-
ally massive appearance.

5.5. Comparison to the Modern Amazon Shelf

[60] As in the Marlboro Clay, magnetic particles on the
Amazon shelf are a mixture of detrital and biogenic par-
ticles. Near the river mouth, the detrital-to-magnetofossil
ratio is higher than at the open shelf sites, which have a
values similar to those of Marlboro magnetic facies 1. The
two open shelf cores are, however, located farther laterally
from the river mouth than the facies 1 cores are from the
paleo-Potomac. These results suggest a lower detrital-to-
magnetofossil ratio in the Marlboro Clay than on the
Amazon Shelf, perhaps reflecting a lower riverine sediment
flux and potentially a higher flux and/or concentration of
dissolved Fe (Figure 6).
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[61] The scale of the Salisbury Embayment compared to
the Amazon Shelf is consistent with a lower riverine
sediment flux from the paleo-Potomac than from the mod-
ern Amazon. The region of clay deposition on the Amazon
Shelf, which extends roughly from the mouth of the Para
River in the south to Cabo Orange in the north, is about
650 km in width [Nittrouer et al., 1983]. By comparison, the
Salisbury Embayment is about 400 km in width. Volume
scaling suggests that environmental conditions similar to
those of the Amazon Shelf might therefore have been
maintained in the Salisbury Embayment with about one-
quarter the riverine input. Also compatible with a smaller
sediment flux, Millville, which is about 50 km from the Fall
Line, has an estimated paleodepth of 90–120 m. On the
Amazon Shelf north of the river mouth, a comparable
distance offshore yields a water depth between 10 and
60 m [Aller et al., 1996].
[62] A sediment flux into the Salisbury Embayment equal

to about one quarter of that of the Amazon could have been
produced by a few flood events each year similar in scale to
those produced by hurricanes today. (See the auxiliary
material for an order-of-magnitude calculation.) Hurricane
exposure of this frequency is consistent with the hypothesis
that increased tropical cyclone activity was responsible for a
reduced pole-to-equator gradient during the PETM [Korty et
al., 2008; Sluijs et al., 2007]. Alternatively, these flood
events might have been of lesser magnitude but more
protracted duration, consistent with suggestions of mon-
soonal precipitation patterns [Zachos et al., 2006].
[63] The lower detrital-to-magnetofossil ratio in the sedi-

ments in the Salisbury Embayment as compared to the
Amazon Shelf could reflect a higher ratio of reactive Fe
flux to total sediment flux. This high ratio could have
resulted from more intense chemical weathering, perhaps
a product of high CO2 concentrations and consequently
more acidic rainwater. Alternatively, the erosion of Creta-
ceous age Coastal Plain deposits that had undergone
millions of years of chemical weathering, such as the
kaolinite-rich deltaic clays of the Raritan Formation [Groot
and Glass, 1960], could have enhanced reactive iron fluxes.
Ocean acidification could also have increased iron concen-
trations [Breitbarth et al., 2009].
[64] Although we did not find ‘‘gigantic’’ magnetofossils

in the three Amazon Shelf piston cores we examined, the
‘‘giants’’ could still exist the modern world. Aside from our
limited analysis, we are unaware of any other electron
microscopy study of the magnetic mineralogy of the sub-
oxic zones of tropical river shelf sediments. The problem
thus suffers from undersampling. However, it is also possi-
ble that these magnetofossils were produced by extinct
organisms, in which case the best hope for understanding
them lies in more thorough development of the magneto-
fossil record.

5.6. Uniqueness of the Marlboro Clay Within the
Salisbury Embayment

[65] During the Early Eocene Climatic Optimum (EECO)
at 51–53 Ma, global temperatures were comparable to those
of the PETM [Zachos et al., 2008]. As EECO came only
about 4 My after the PETM, the paleogeographic location of

the Salisbury Embayment would have been quite similar.
Yet, despite the extended duration of the climatic optimum,
no sedimentologically and magnetically anomalous clay
layer akin to the Marlboro Clay is associated with it [Gibson
and Bybell, 1994; Lanci et al., 2002]. This absence suggests
that the rate of warming, not simply the degree of warming,
was instrumental in the formation of the Marlboro Clay.
Perhaps the more protracted EECO warming affected oce-
anic and atmospheric circulation in a different fashion; or
perhaps a similar layer did form briefly during EECO but
was then eroded away, and the shorter duration of the
PETM was necessary for the preservations of the clay.
Alternatively, if the availability of Cretaceous clay for
weathering played an important role in the formation of
the Marlboro Clay, then the removal of the Cretaceous clay
during the PETM may have prevented the later reestablish-
ment of a similar sedimentary system.
[66] In addition to the long-lived EECO, short-lived

hyperthermal events similar in duration to but smaller in
magnitude than the PETM also occurred during the early
Eocene [Nicolo et al., 2007]. Although no magnetofossil
anomaly associated with these events has been found in the
Salisbury Embayment, much of the early Eocene Mana-
squan Formation is clay dominated, and it is possible that
the magnetic susceptibility survey of Lanci et al. [2002]
could have missed a magnetic anomaly of smaller magni-
tude than that of the Marlboro Clay.

5.7. Global Implications

[67] Because of their high deposition rates, river-
dominated continental shelves play an important role in
the modern global carbon cycle and collectively account for
about 45% of all marine organic carbon burial [Hedges and
Keil, 1995; Aller and Blair, 2006]. Yet because of the same
processes that give rise to thick suboxic zones, they are also
highly effective at remineralizing organic carbon; they
constitute a ‘‘global incineration zone’’ with low ratios of
organic carbon concentration to sediment surface area
[Aller and Blair, 2006]. Processes that alter biogeochemical
cycling in these areas can therefore have strong positive or
negative effects on global carbon burial. The biogeochem-
ical shift reflected in the Marlboro Clay might therefore
have been part of a global carbon cycle feedback [John et
al., 2008]. The sign of such a feedback is ambiguous: high
deposition rates could have driven a negative feedback,
while the high efficiency of organic carbon oxidation could
have driven a positive feedback. The potential magnitude of
this feedback depends in part upon whether the changes
observed on the Atlantic Coastal Plain during the PETM are
solely regional or are one example of many such environ-
ments that developed during the PETM.
[68] Some of the factors we suggest contribute to the

development of the Marlboro biogeomagnetic anomaly are
global in nature, such as increased temperatures and more
acidic rain. The hydrological changes resulting in increased
sediment flux to continental shelves are similarly observed
in other regions during the PETM [e.g., Schmitz and
Pujalte, 2003; Giusberti et al., 2007], as is elevated kao-
linite deposition [e.g., Robert and Kennett, 1994; Bolle et
al., 2000]. In contrast, the effects of changes in sediment
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source and in atmospheric and oceanic circulation will
exhibit regional variation. To determine whether the
changes in the iron cycle observed in the Marlboro reflect
an event unique to the Atlantic Coastal Plain or a global
trend requires comparable investigations of neritic PETM
sediments in other parts of the world, such as the Spanish
Pyrenees [Schmitz and Pujalte, 2007] and Tanzania
[Nicholas et al., 2006].
[69] To direct these investigations, it is useful to know the

conditions under which a biogeomagnetic anomaly like that
of the Marlboro Clay can be preserved. In the Upper
Marlboro outcrop, which is located within ten kilometers
of both R and J, the magnetofossil signal has been lost to
oxidation. This oxidation could have resulted either from
surface weathering in the years since the excavation of the
ditch or from millennia sitting within meters of the surface
and associated soil formation processes. In either case, this
result suggests that a feature like the Marlboro anomaly is
much more easily identified using samples from drill cores
or locations that have never been exposed to oxidative
surface weathering or soil formation. Such samples should
therefore be the focus of future investigations into iron cycle
changes during the PETM.

6. Conclusions

[70] Like the Marlboro Clay, the conditions of expand-
ed sedimentary suboxia that promoted the growth of
magnetotactic bacteria and more unusual, likely eukary-
otic, iron-biomineralizing organisms, as well as the preser-
vation of the magnetite they produced, spanned the
Salisbury Embayment during the PETM. However, in some
locations the magnetic anomaly persists for only a portion
of the thickness of the clay. The partial independence of the
anomaly from sedimentary lithology provides further evi-
dence that the biogeomagnetic anomaly was in large part a
syndepositional growth phenomenon, rather than purely a
preservational phenomenon linked to the lithologic change.
[71] Coincident with the global carbon isotope excursion,

regional changes in hydrology and weathering conditions

initiated deposition of the Marlboro Clay. The onset of
suboxic conditions promoting iron biomineralization may
have slightly lagged the depositional change, but these
conditions persisted for most of the PETM in the inner
and middle neritic sediments of the Salisbury Embayment.
They extended only transiently to the outer neritic region
and onto the flanks of the Norfolk Arch and the South
Jersey High.
[72] Combined with the distribution of detrital magnetic

minerals and independent evidence for a strong freshwater
flux onto the shelf, the distribution of suboxia supports the
hypothesis that conditions akin to those of a modern tropical
river-dominated shelf developed on the Atlantic Coastal
Plain. The high sediment flux associated with these con-
ditions might be linked to intensified precipitation, perhaps
tied either to monsoonal precipitation patterns or more
frequent tropical cyclones. A high flux of reactive iron
could have resulted from enhanced chemical weathering
under hot, high-CO2 conditions. The mid-Atlantic United
States thus provides one example of the severe regional
environmental changes associated with global climate
change during the PETM. Both modeling studies and
further geological work across the region can improve
understanding of the forces driving these changes, as well
as the successes and limitations of the tropical river-
dominated shelf analog.
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