
Our finding that MACs serve as a direct sub-
strate for methanogens may not be limited to
coal-bed environments. In the deep subsurface,
MACs are contained in sedimentary organic
matter derived from lignin in higher plants, namely
kerogen, with quantitative variation depending
on the maturity (24). In fact, alkyl-methoxy-
phenols with a short C1-C3 chain have been de-
tected in the pyrolysates of immature kerogen
extracted from a Cretaceous (Cenomanian) black
shale (25). Kerogen is ubiquitous in sediments
and accounts for most of the organic matter in
subsurface environments (26). Microorganisms
from the genusMethermicoccus and related clones
have often been detected in deep subsurface en-
vironmentsworldwide (fig. S5).Methoxydotrophic
methanogenesis may therefore play an important
role in the biogeochemical carbon cycle inEarth as
well as in the formation of biogenic gas, which
accounts for more than 20% of natural gas re-
sources, including CBM (27).
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GLOBAL CLIMATE CHANGE

Impact ejecta at the
Paleocene-Eocene boundary
Morgan F. Schaller,1* Megan K. Fung,1 James D. Wright,2

Miriam E. Katz,1 Dennis V. Kent2,3

Extraterrestrial impacts have left a substantial imprint on the climate and evolutionary history of
Earth. A rapid carbon cycle perturbation and global warming event about 56 million years
ago at the Paleocene-Eocene (P-E) boundary (the Paleocene-Eocene Thermal Maximum) was
accompanied by rapid expansions of mammals and terrestrial plants and extinctions of deep-sea
benthic organisms. Here, we report the discovery of silicate glass spherules in a discrete
stratigraphic layer from three marine P-E boundary sections on the Atlantic margin. Distinct
characteristics identify the spherules as microtektites and microkrystites, indicating that an
extraterrestrial impact occurred during the carbon isotope excursion at the P-E boundary.

E
jecta fromknown impact strewn fields have
common features that provide useful crite-
ria for identifying previously undiscovered
impact ejecta in the geologic record. An ejec-
ta deposit typically results from an air-fall

event and occurs in a discrete stratigraphic layer.
If spherules are present, they generally are glasses
(microtektites) andmay contain crystallites (micro-
krystites), both of which have characteristicmor-
phologies and may be either solidified melt ejecta
or vapor condensates (1–3). Microkrystites show
distinct internal crystallite textures that indicate
rapid quenching from high temperature and, if
they formed as a vapor condensate, they can be
enriched in projectilematerial (3).Microtektites
that formasmelt droplets solidify at slightly lower
temperatures and are more likely to be vesicular;
they may contain inclusions of high-temperature
components such as lechatelierite, a quartz
glass that solidifies above 1750°C (4, 5). Shock-
metamorphosed grains can be associated with
microtektites but are not uniformly distributed
throughout a strewn field. For example, the pres-
ence and abundance of shocked grains is spatial-
ly heterogeneous in the widespread Australasian
strewn field [for which an impact crater has yet
to be identified, despite being the largest and youn-
gest Cenozoic tektite event at 0.8 million years ago
(Ma)]. The Ivory Coast strewn field (next youngest

at 1.1 Ma) that emanated from Bosumtwi crater
contains (micro)tektites but no shocked mineral
grains [see (6) for review].
We examined three marine Paleocene-Eocene

(P-E) boundary sections that encompass the on-
set of the carbon isotope excursion (CIE) that
defines the P-E boundary (7) (Fig. 1): continental
shelf sites Wilson Lake B (39.6598°N, 75.0472W°)
and Millville [Ocean Drilling Program (ODP) Leg
174AX; 39.4046°N, 75.0889°W] (8), where the on-
set of the CIE coincides with the base of the thick
Marlboro Clay unit of the Salisbury Embayment,
and pelagic sediments at ODP Hole 1051B at Blake
Nose (30.0531°N, 76.3578°W, water depth 1980.6 m)
(9). To constrain the stratigraphic level of the CIE
onset, we use detailed bulk sediment carbonate
isotope records fromWilson Lake B and Millville
(10) and Hole 1051B (11). We also report preliminary
data from an exposure of the Marlboro Clay near
Medford, New Jersey, to eliminate the possibility
of spurious drilling-induced contamination as the
source for the spherules [see (12)].
At the Wilson Lake B and Millville shelf lo-

calities, as well as Hole 1051B, peak spherule
abundance occurs close to the P-E boundary as
constrained by the d13C decrease in bulk sediment
(Fig. 1). Spherules are found over a ~20-cm inter-
val in each case, with the number of spherules
increasing sharply up-section from zero below
to a peak at or close to the P-E boundary. Max-
imum abundances in the >63-mm size fraction
are between 2.5 and 3 spherules per g at Wilson
Lake B andMillville and 4 spherules per g at Hole
1051B, followed by a gradual decline in abundance
to zero over ~10 cm. AtWilson Lake B andMillville,
the peak spherule abundance coincides with the
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basal contact of the Marlboro Clay, which is
gradational with some reworking of the under-
lying Vincentown Formation facies.
These abundances are similar to impact spherule

abundances in distal ejecta layers linked to other
extraterrestrial impact events, such as the Late
Eocene clinopyroxene (cpx)–bearing spherule
layer associated with the Popigai impact crater
(13–15). Late Eocene cpx spherules that are found
in ODP Site 738 in the southern Indian Ocean
[~2 spherules per g (>150 mm)], in ODP Site 689
in the Southern Ocean (~5 to 6 spherules per g
(>63 mm) [see (13) for review], and atMassignano,
Italy [~4 spherules per g (>150 mm) (16)] show
concentrations similar to ours.
The glassy spherules from Wilson Lake B and

Millville range from 65 to 500 mm in diameter
(average 302 mm), whereas those at Hole 1051B
average 274 mm in diameter. They have generally
spherical and rotational morphologies, as well as
other characteristics of splash-form microtektites
(1, 17) (Fig. 2), and are occasionally colorless, trans-
lucent green, or dark-brown/black. The spherules
often have surface pits (Fig. 2, A and C) and in
some cases microcraters (Fig. 2G and fig. S7), in-
dicating relative velocities high enough to frac-
ture the spherules on impact with one another
or other objects after solidification. Such micro-
craters would be an unexpected feature of volcanic
spherules. There are also occasional dumbbell
forms and smaller spherules accreted to larger
ones (Fig. 2F), often of different chemical compo-
sition (Fig. 3E), suggesting that they were sintered
to one another in a molten form and quenched

rapidly. We conclude that the stratigraphic dis-
tribution and morphologies of the spherules are
wholly consistent with the expected manifesta-
tion of an air-fall sedimentary event such as an
impact ejecta bed, modified by minor and typical
postdepositional bioturbation of marine sediments.
Major oxide chemistries of the P-E spherules

show a wide range of compositions distributed
equally among Wilson Lake B, Millville, and Hole
1051B (Fig. 4) (12). The spherules are ~33 to ~50%
SiO2 and have CaO contents between ~20 to ~35%,
which is consistent with a CaCO3-rich target rock,
with Al2O3 and FeO as the second and third most
abundant oxides, at around 15% and 10% on aver-
age, respectively. This variability is typical of tektite
strewn fields and consistent with an impact origin
of the spherules (18, 19). Impact melts have little
time for homogenization, but a population of major
oxide chemistries will generally follow broadly
linear compositional trends with SiO2 content be-
cause they were generated from the same source
rock at the site of impact (18). In contrast, ashes
or spherules from a volcanic eruption tend to ex-
hibit inter- and intraspherule compositional homo-
geneity (19). Magma is generally well mixed during
a single eruptive event, and hence volcanic spherules
from the same eruptive sequence will be compo-
sitionally homogeneous and generally have much
higher water content than impact spherules [up
to a few weight % (wt %) (20)]. The water content
of impact glasses is generally much lower than
volcanic spherules (21, 22) because water is re-
moved by vapor stripping during solidification (23).
Field transmission infrared spectroscopy (FTIR)

on representative P-E spherules reveals water
contents below 0.023 wt % (see table S5), much
lower than expected for volcanic spherules but
typical of impact-generated microtektites.
In cross section, the internal texture of most of

the P-E spherules is glassy and relatively feature-
less (Fig. 3); exceptions are the less commonmicro-
krystites (discussed below). The glassy spherules
also occasionally have microlites just inside the
rims and are mildly vesicular. This vesicular na-
ture, and the composition discussed above, are
inconsistent with iron or stony micrometeorites
and other cosmic spherules, which are generally
either chondritic or differentiated and do not
show evidence of volatile degassing (24).
A key observation is the presence of amorphous,

occasionally vesicular, nearly pure SiO2 glass (le-
chatelierite) inclusions within the microtektites
(Fig. 3). Lechatelierite occurrence is confirmed by
energy-dispersive x-ray spectroscopy (EDS) and
micro-Raman spectroscopy in cross sections of
spherules from Wilson Lake B, Millville, and
Hole 1051B (see fig. S18). EDS was used to iden-
tify inclusions that are >98% SiO2, and Raman
spectra from several of these are consistent with
that of fulgurite (lightning-induced lechatelierite).
Lechatelierite forms from melting of quartz and
quenching to quartz glass, which generally occurs
at temperatures >1750°C (4, 5). This indicates that
the P-E spherules formed at temperatures at least
this high, which excludes any known terrestrial
volcanism as their origin. Melting of crustal sili-
cates by impact sufficient to produce lechatelier-
ite occurs at shock pressures of ~30 to 50 GPa
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Fig. 1. Stratigraphic distribution of P-E
spherules. (A to C) Stratigraphic distribution
of P-E spherules from Millville (A), Wilson
Lake B (B), and ODP Hole 1051B (C). Millville
and Wilson Lake B core depths are in drilling
units (du) of decimal feet; core depth in
Hole 1051B is in meters below seafloor
(mbsf). The carbon isotope composition of
bulk carbonate from Millville and Wilson Lake B
is from Wright and Schaller (10), and Hole
1051B is from Katz et al. (11). (D) Map showing
location of the New Jersey (NJ) margin
locations, including exposure in Medford, NJ,
compared to that of Site 1051, Blake Nose. At
both Wilson Lake B and Millville, the spherules
are found in the basal Marlboro Clay Formation.
Because the CIE has not been defined strati-
graphically at the equivalent exposure of the
Marlboro Clay at Medford, the stratigraphic
placement of the spherules recovered there
is only qualitative with respect to the P-E
boundary (12).
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(25, 26). This observation implies that the target
rock, although not necessarily silica-rich, at least
had silt-sized or larger quartz grains that were
melted on impact.
We have identified a quartz inclusion in a

microtektite from Millville that has Raman spec-
tral characteristics indicative of shocked quartz
(Fig. 3D and fig. S21). In particular, the relax-
ation of the spectral peak corresponding to SiO2

bond-bending vibration from 464 to 460 cm−1

wave numbers observed in the Millville inclusion
is consistent with observations from synthetic
quartz experimentally shocked to peak pressures
of 25.8 GPa (27) (fig. S21) and is considered diag-
nostic. Other characteristic spectral shifts unique
to shocked quartz also match the Millville grain.
An extensive search for individual shocked quartz
among the abundant shelf quartz grains will be
the subject of future investigation.
Asubsetof spherulesshowsquench-crystallization

textures of clinopyroxene (Raman spectra most
closely matching augite or diopside; see fig. S20),
in an otherwise glassy matrix (Fig. 3), typical of
microkrystites (3, 28). The feathered, dendritic,
and chainlike textures of the P-E microkrystites
are classic rapid-crystallization high-temperature
quench features of impact glasseswith lower silica
content from other strewn fields (12). Examples
are clinopyroxene (cpx) microkrystites of the up-
per Eocene spherule layer (17, 29, 30), attributed
to the Popigai impact event (13, 15, 31), and the
Cretaceous-Paleogene (K-Pg) spherules (also dis-
cussed below) (32). Among P-E microkrystites,
vesicles are present but less common. Iron-rich
inclusions are found in a fewof themicrokrystites
and microtektites (fig. S16). These inclusions are
generally noncrystalline and round or stringy. The
presence of vesicles and lack of Ni-rich spinels
in the P-E microkrystites are consistent with
melt ejecta.
Within a given P-E spherule, the crystallite

chemistry is close to the surrounding matrix
glass. The distribution of major oxide chemistries
is also similar to, but distinct from, the Late Eocene
cpx spherules, which, like the P-E spherules, have
high CaO contents (averaging only about 10 wt %,
which is substantially lower than the P-E spherules).
However, unlike the P-E spherules, the Late Eocene
spherules have compositions much higher in SiO2

and Na2O, and lower in Al2O3 and FeO (18, 30, 33).
The P-Emicrotektites andmicrokrystites are rough-
ly equally represented at each of the three sites
(Wilson Lake B, Millville, and Hole 1051B).
Impact ejecta, including spherules, are asso-

ciated with the 66-Ma K-Pg boundary on the
New Jersey coastal plain, such as in the Bass
River core (34). For the following reasons, we
find it implausible that the K-Pg spherules were
reworked and redeposited at the P-E boundary.
First, the chemistry of the P-E spherules differs
significantly from those found at K-Pg boundary
sections, with the latter being much higher in sil-
ica content (45 to68%) (35).Newlydiscovereddepos-
its of unaltered microtektites and microkrystites
at aK-Pgejecta layer inGorgonilla Island,Colombia
(32), have much higher SiO2 and slightly lower
Al2O3 than the P-E spherules, and Al2O3 generally
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Fig. 2. Electron backscatter (15 kV) images of representative P-E spherules from Hole 1051B,
Wilson Lake B, and Millville cores and the Medford exposure. Selected color micrographs are shown
as insets. (A) Microtektite with a surface pit from ODP Hole 1051B (512.75 mbsf). (B) Microkrystite from
ODP Hole 1051B (512.75 mbsf). Round features on surface of microkrystite are vesicles and small
accretionary material. (C) Teardrop-shaped glass spherule from Millville 898.8 drilling units (du); inset is
photomicrograph of same object. (D) Microkrystite with surface pit (spallation or microcrater?) from Millville
(898.8 du). Dark round surface features are exposed vesicles. (E) Broken drop-form or dumbbell fromWilson
Lake B (366.2 du). (F) Microtektite from Wilson Lake B (365.9 du), with a smaller spherule accreted to the
side.This nature of deformation is typical of accretion occurring in partially molten state (compare to Fig. 3, E
and F). (G) Microtektite with surface microcrater from the Medford, NJ Exposures. Inset shows several other
forms found at Medford, which allows us to exclude drilling contamination as a source of the spherules. See
table S4 for abundances. (H) Typical microkrystite from Wilson Lake B (366.2 du).
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increases with increasing silica content. These
K-Pg spherules are also several timesmore enriched
in Na2O (average ~3%) compared with the P-E
spherules (0.2%) and have about half as much
FeO (5.5% in the K-Pg versus 10% in the P-E). The
presence of conchoidal fracture patterns in the P-E
spherule glass is also inconsistent with surficial
exposure and chemical weathering (e.g., Fig. 2
and fig. S2, E and F). The K-Pg ejecta are not
preserved as glassy spherules on the coastal plain
and are usually diagenetically altered; further-
more, theywere buried by 20 to 30mof sediment
by the time of the P-E boundary (36) and would
have been unlikely to survive unaltered on the
terrestrial surface for 10 million years before a
redeposition event at the P-E boundary. Indeed,
the occurrence of the P-E microtektites in a dis-
crete time-correlative stratigraphic layer at three
separate locations separated by >1000 km, two
from the New Jersey shelf and one in the open
ocean (Blake Nose) (Fig. 1), makes a required fo-
cused reworking of relatively rareK/Pg spherules
highly improbable. In addition, if the spherules
were reworked, they would be accompanied by
other material of the same age, such as K-Pg mi-
crofossils, which would have been much more
abundant than spherules. Also, the discovery of
spherules at theMedford outcrop section (Fig. 2)
(12) that are identical in morphology and chem-
istry to those at Millville, Wilson Lake B, and
Hole 1051B confirms that they are not an artifact
of drilling disturbance.
We conclude that the spherule layer at Wilson

Lake B, Millville, and ODP Site 1051 is best ex-
plained as air-fall ejecta (microtektites andmicro-
krystites) generated by an impact close to the
time of the P-E boundary. Ejecta fallout occurs
over hours or days, implying that the spherule
layer provides the most precise time-correlative
feature for the P-E boundary among the three
sites. The unprecedented high stratigraphic reso-
lution of the Wilson Lake B and Millville sites,
where the onset of the CIE is recorded overmeters
of section, compared with only a few centimeters
in open ocean sections [e.g., ODP Sites 1051 and
690 (37)], provides the potential for temporal
resolution that has not been heretofore possible
and will surely be the target of important future
work. Importantly, the virtually instantaneous
time line provided by the microtektite horizon
provides an opportunity to delineate the detailed
sequencing of sedimentation and carbon cycling
at a critical juncture in Earth’s climate history.
For example, the apparent variable offsets between
the microtektite horizon and inflections in the
bulk sediment d13C curves at Wilson Lake B and
Millville, compared to the step function in foram-
iniferal d13C (fig. S22), must be viewed in this un-
familiar level of ultrahigh resolution and inspire
greater scrutiny of the source(s) of the bulk car-
bon isotope excursion and its relation to the ac-
tual sequence of events at the P-E boundary.
It is worth noting that an Ir anomaly has been

identified at a P-E boundary section at Zumaya,
Spain (38), although it has been interpreted as
volcanic in origin (39), and in flysch deposits from
Slovenia (40); however, a large iridium anomaly is
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Fig. 3. Electron backscatter (15 kV) images of microtektites and microkrystites from polished cross
sections.Scale in micrometers noted by white bars (L, lechatelierite inclusions; cpx, clinopyroxene microlites;
V, vesicle). (A) Typical internal structure of a glassy microtektite fromWilson Lake B (365.5 du). (B) Teardrop
microkrystite from Millville (898.5 du). Note quartz and lechatelierite inclusion at edge. (C) Quench-form
crystallite morphologies in a microkrystite from Millville (898.5 du). Note “chain form” and dendritic struc-
tures of cpx crystals, typical of rapid quenching from high temperatures. (D) Enlargement of grain inclusion
in (B) showing lechatelierite around a quartz grain. Raman spectra from this quartz grain show charac-
teristic vibrational shifts associated with shocked quartz (see fig. S21). Also note fine-grained dendritic cpx
microlites at edges of droplet. (E) Vesicular lechatelierite accretion/inclusion surrounded by clinopyroxene
microlites fromMillville (898.8 du). Light-colored inclusions are iron-rich crystallites (see fig. S16 for details).
(F) Microtektite showing accretion of a grain or an exposed inclusion with lechatelierite around it, from
Millville (898.8 du). (G) Close-up of microkrystite showing dendritic and feather-form crystallites of
clinopyroxene from Hole 1051B (512.75 mbsf). (H) Typical microtektite with small lechatelierite inclu-
sion from Hole 1051B (512.75 mbsf).
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not necessarily associated with all major impacts
[e.g., the Chesapeake impact (41)]. These findings
will motivate a search for impact ejecta at other
sites to define the geographic footprint of the P-E
strewn field, which will ultimately constrain the
currently unknown location of an impact crater.
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PROTEIN EVOLUTION

Evolution of protein phosphorylation
across 18 fungal species
Romain A. Studer,1* Ricard A. Rodriguez-Mias,2* Kelsey M. Haas,2* Joanne I. Hsu,2

Cristina Viéitez,3,4 Carme Solé,3 Danielle L. Swaney,2 Lindsay B. Stanford,2

Ivan Liachko,2 René Böttcher,3 Maitreya J. Dunham,2 Eulàlia de Nadal,3

Francesc Posas,3 Pedro Beltrao,1,4† Judit Villén2†

Living organisms have evolved protein phosphorylation, a rapid and versatile mechanism that
drives signaling and regulates protein function.We report the phosphoproteomes of 18 fungal
species and a phylogenetic-based approach to study phosphosite evolution.We observe rapid
divergence, with only a small fraction of phosphosites conserved over hundreds of millions of years.
Relative to recently acquired phosphosites, ancient sites are enriched at protein interfaces and are
more likely tobe functionally important, asweshow forsitesonH2A1andeIF4E.Wealsoobservea
change in phosphorylation motif frequencies and kinase activities that coincides with the whole-
genome duplication event. Our results provide an evolutionary history for phosphosites and
suggest that rapid evolution of phosphorylation can contribute strongly to phenotypic diversity.

D
ivergence in transcriptional regulation and
gene expression is often considered the
main driver of phenotypic variation across
species (1). Comparative gene expression
and chromatin immunoprecipitation se-

quencing studies show that transcriptional reg-
ulation has diverged very quickly (2). Similar
analysis of protein posttranslational regulation
has lagged due to methodological limitations.
Now,mass spectrometry (MS) allows comprehensive
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Fig. 4. Microtektite andmicrokrystite major oxide chemistry fromWilson Lake B, Millville, Medford, and
Hole 1051B. Elemental abundances are corrected from EDS spectra and normalized to oxygen, assuming
stoichiometry (see tableS5).Closedsymbols representmicrotektites, andopensymbolsdenotemicrokrystites.
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