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A section containing the Cretaceous/Paleogene (= Cretaceous/Tertiary) boundary in Monmouth County, New Jersey, pre−
serves a record of ammonites extending from the end of the Cretaceous into possibly the beginning of the Danian. The sec−
tion includes the upper part of the Tinton Formation and lower part of the Hornerstown Formation. The top of the Tinton
Formation is represented by a richly fossiliferous unit (the Pinna Layer) that contains many bivalves in life position as well
as ammonite jaws preserved inside body chambers. Ammonites include Pachydiscus (Neodesmoceras) mokotibensis,
Sphenodiscus lobatus, Eubaculites carinatus, E. latecarinatus, Discoscaphites iris, D. sphaeroidalis, D. minardi, and D.
jerseyensis. The Pinna Layer probably represents a relatively short interval of time lasting tens to hundreds of years; it is
conformably overlain by the Burrowed Unit, which contains a single fragment of Discoscaphites sp. and several fragments
of E. latecarinatus, as well as several isolated specimens of ammonite jaws including two of Eubaculites. Examination of
the mode of preservation of the ammonites and jaws suggests that they were fossilized during deposition of the Burrowed
Unit and were not reworked from older deposits. Based on the ammonites and dinoflagellates in the Pinna Layer and the
Burrowed Unit, these strata traditionally would be assigned to the uppermost Maastrichtian, corresponding to calcareous
nannofossil Subzone CC26b. However, a weak iridium anomaly (500–600 pg/g) is present at the base of the Pinna Layer,
which presumably represents the record of the bolide impact. Correlation with the iridium layer at the Global Stratotype Sec−
tion and Point at El Kef, Tunisia, would, therefore, imply that these assemblages are actually Danian, provided that the irid−
ium anomaly is in place and the ammonites and dinoflagellates are not reworked. If the iridium anomaly is in place, or even
if it has migrated downward from the top of the Pinna Layer, the ammonites would have survived the impact at this site for a
brief interval of time lasting from a few days to hundreds of years.
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Introduction
The end−Cretaceous extinctions have convincingly been at−
tributed to an asteroid impact (Schulte et al. 2010). Ammo−
nites may have briefly survived this event based on studies of
stratigraphic sections in the Netherlands (Smit and Brinkhuis
1996; Jagt et al. 2003; Machalski et al. 2009) and Denmark
(Machalski and Heinberg 2005). While this contradicts ear−
lier suppositions about the nature of the extinctions at the

erathem boundary, it is perhaps more consistent with expec−
tations about the response of communities to catastrophic
perturbations. However, such claims need to be carefully
documented on the basis of detailed stratigraphic, paleonto−
logic, sedimentologic, taphonomic, and geochemical work
(Machalski and Heinberg 2005). It is essential to differenti−
ate ammonites that were fossilized at the time of deposition
of the surrounding sediment versus those that were reworked
from older deposits.
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Landman et al. (2007a, 2010a) investigated outcrops in
Monmouth County, New Jersey, that contain ammonites and
dinoflagellates associated with an iridium anomaly. These fos−
sils are traditionally assigned to the uppermost Maastrichtian,
but appear above the iridium anomaly, suggesting that they
may actually be Danian. The fossils occur in two layers: the
lower layer, known as the Pinna Layer, is very fossiliferous
and has been thoroughly documented by Landman et al.
(2007a, 2010a). The upper layer, known as the Burrowed Unit,
contains a depauperate assemblage of ammonites and dino−
flagellates, and has received much less attention. In this paper,

we focus on the ammonites in this unit to determine if they
were fossilized at the time of deposition of the surrounding sed−
iment, having lived and/or died during this time interval, or if
they were reworked from older deposits. The ultimate explana−
tion of the sequence of events at this site depends, however, on
whether the iridium anomaly represents the record of the bolide
impact and, if so, whether it is in place or has migrated down−
ward (Landman et al. 2007a; Miller et al. 2010).

Institutional abbreviations.—AMNH, American Museum of
Natural History, New York, USA; MAPS; Monmouth Ama−
teur Paleontological Society, Long Branch, New Jersey.
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Fig. 1. Stratigraphic section in the Manasquan River Basin, Monmouth County, New Jersey. A. The top of the Tinton Formation consists of the Pinna Layer
overlain by the Burrowed Unit, which is overlain, in turn, by the Hornerstown Formation. An enriched concentration of iridium occurs at the base of the
Pinna Layer (indicated by the stars). The position of the Cretaceous/Paleogene boundary in this figure is based on the assumption that the enriched concen−
tration of iridium is in place. B. Iridium profile from two sites (represented by the solid and dashed lines) in the Manasquan River Basin (Landman et al.
2007a). C. Map of part of New Jersey showing localities mentioned in the text: 1, Manasquan River Basin; 2, Buck’s Pit; 3, Ivanhoe Creek.



Geological setting
Sediments spanning the Cretaceous/Paleogene (= Cretaceous/
Tertiary) boundary in New Jersey crop out in a belt extending
from the Sandy Hook embayment in the northeast to the Dela−
ware embayment in the southwest. These sections have been
extensively investigated in both surface exposures and cores
(Minard et al. 1969; Gallagher 1993; Olsson et al. 1997;
Owens et al. 1998; Landman et al. 2004a, b; Miller et al.
2004). The study area of this report is in the upper Manasquan
River Basin, Monmouth County, and occupies approximately
6.5 km2 (Fig. 1). The stratigraphic section has been described
by Landman et al. (2007a), and is slightly modified in this pa−
per. The section consists of approximately 2 m of the Tinton
Formation overlain by 2 m of the Hornerstown Formation
(Fig. 1).

Material and methods
Bulk samples were extracted from the Pinna Layer, Bur−
rowed Unit, and Hornerstown Formation. Approximately 90
kg of Burrowed Unit were processed. The samples were al−
lowed to dry and were then broken down in the lab using
small chisels, picks, and a small rock crusher. In the Bur−
rowed Unit, the material forming the burrows was carefully
separated from the surrounding matrix. The location of fos−
sils in the Burrowed Unit was recorded relative to the posi−
tion of the burrows. Fossils were extracted using scalpels, ra−
zors, and pliers, and identified down to species level wher−
ever possible. Fossils are reposited at the American Museum
of Natural History (AMNH) and the Monmouth Amateur
Paleontological Society (MAPS).

The grain size distribution of the sediments was analyzed
as described in Landman et al. (2007a). It is important to em−
phasize that much of the sediment consists of large glauconitic
pellets composed of mud. Therefore, the reported grain size
distribution does not necessarily reflect the original muddy
composition of the sediment as it accumulated on the sea floor.

Description
Pinna Layer.—This unit is approximately 20 cm thick and is
laterally extensive (Fig. 1). It is grayish green on fresh expo−
sures and orange−brown on weathered exposures. It consists of
62% mud and 38% coarser sediments. It is finely bioturbated
without any evidence of bedding. Although it is homoge−
neous, it tends to break along horizontal planes. All of the fos−
sils are internal and external molds, without any calcareous
shell preserved. In general, the internal molds are composed of
glauconitic minerals and weather orange−brown. However, a
small percentage of them (approximately 10%) are composed
of sideritic clay. They are more indurated than the surrounding
sediment and weather orange−tan.

The Pinna Layer is very fossiliferous and contains approx−
imately 110 species of bivalves, gastropods, cephalopods,
echinoids, sponges, serpulids, bryozoans, crustaceans, and
dinoflagellates, as reported in Landman et al. (2007a, 2010a).
Bivalves are the most common invertebrates, both in terms of
numbers of species and numbers of individuals, especially
Cucullaea vulgaris Morton, 1830. The ammonites include
Pachydiscus (Neodesmoceras) mokotibensis Collignon, 1952,
Sphenodiscus lobatus (Tuomey, 1856), Eubaculites carinatus
(Morton, 1834), E. latecarinatus (Brunnschweiler, 1966),
Discoscaphites iris (Conrad, 1858), D. sphaeroidalis Ken−
nedy and Cobban, 2000, D. minardi Landman, Johnson, and
Edwards, 2004a, and D. jerseyensis Landman, Johnson, Garb,
Edwards, and Kyte, 2007a (Fig. 2). This assemblage of ammo−
nites is characteristic of the uppermost Maastrichtian D. iris
Zone. This zone is also present in other parts of the US Gulf
and Atlantic Coastal Plains (Stephenson 1955; Hansen et al.
1993; Kennedy and Cobban 2000; Landman et al. 2004a, b).

The dinoflagellates in the Pinna Layer are abundant and
very diverse and include Palynodinium grallator Gocht,
1970, Thalassiphora pelagica (Eisenack, 1954) Eisenack
and Gocht, 1960, Deflandrea galeata (Lejeune−Carpentier,
1942) Lentin and Williams, 1973, and Disphaerogena car−
posphaeropsis Wetzel, 1933. This assemblage of dinoflagel−
lates is characteristic of the uppermost Maastrichtian Palyno−
dinium grallator Zone, probably the Thalassiphora pelagica
Subzone of Schiøler and Wilson (1993), which correlates
with the upper part of calcareous nannofossil Subzone
CC26b (Edwards et al. 1999; Landman et al. 2004a, b). Thus,
the age of the dinoflagellates is consistent with that of the
ammonites in the same unit.

Many fossils in the Pinna Layer appear in clusters.
Cucullaea vulgaris is very abundant and occurs in large
concentrations, with most specimens articulated. Echinoids
occur in aggregations of hundreds of individuals. Surpris−
ingly, baculites and scaphites also appear as monospecific
clusters of as many as 30 specimens. Pinna laqueata
Conrad, 1858 (after which the layer is named) is almost al−
ways preserved in vertical life position. It occasionally ap−
pears in clusters, but never forms a dense framework. Jaws
of Discoscaphites occur both as isolated specimens and in−
side body chambers.

Burrowed Unit.—The Pinna Layer is conformably overlain
by the Burrowed Unit, which is 15–20 cm thick (Fig. 1). The
matrix of the Burrowed Unit is similar to that of the Pinna
Layer, and consists of glauconitic pellets and non−glauco−
nitized clay. The most distinctive feature of the Burrowed
Unit is the presence of large Thalassinoides burrows that
pipe down material from the overlying Hornerstown Forma−
tion. In fresh exposures, the matrix of the Burrowed Unit is
light grayish green and the burrows are dark grayish green. In
weathered exposures, the matrix is orange−brown and the
burrows are dark greenish black. The burrows are very large,
e.g., 10 cm long by 2.5 cm wide. They form an extensive
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anastomozing complex but rarely penetrate into the Pinna
Layer, usually turning sideways at the contact.

In contrast to Landman et al. (2007a, 2010a), we consider
the Burrowed Unit as the top of the Tinton Formation rather
than the base of the Hornerstown Formation because the li−
thology and fauna of the Burrowed Unit are more similar to
those of the Pinna Layer than to those of the Hornerstown
Formation. For example, the Burrowed Unit consists of 55%
mud, the Pinna Layer, 62% mud, and the Hornerstown For−
mation, 38% mud. In addition, the glauconitic pellets in the
Burrowed Unit are mostly light pale green or tan, as in the
Pinna Layer, whereas they are greenish black, shiny, and
botryoidal in the Hornerstown Formation.

The Burrowed Unit is much less fossiliferous than the
Pinna Layer (Fig. 3, Table 1). The fossils are internal and ex−
ternal molds without any calcareous shell. In general, the in−
ternal molds are composed of glauconitic pellets and weather
orange−brown. Occasionally, however, they are composed of
sideritic clay and are more indurated than the surrounding
sediment. The clay is the same color as that in the matrix.
Fossils also occur inside and adjacent to the burrows and are
piped down from the overlying Hornerstown Formation.

The Burrowed Unit contains approximately 20 species of
bivalves, gastropods, cephalopods, echinoids, bryozoans,
crustaceans, and dinoflagellates (Fig. 3, Table 1). The most
common fossils are Pecten venustus Morton, 1833, and
Margaritella pumila Stephenson, 1941. We have recorded
only a single specimen of Cucullaea vulgaris, in contrast to
its abundance in the Pinna Layer. None of the bivalves occur
in life position. All of them are disarticulated except for one
specimen of Granocardium sp. (Fig. 3L).

Most significantly, the Burrowed Unit differs from the
Pinna Layer in the paucity and fragmentary preservation of
the ammonites and dinoflagellates. There is only a single frag−
ment of Discoscaphites sp. (Fig. 3E) and five fragments of
Eubaculites latecarinatus (Fig. 3A–D). All of the specimens
of E. latecarinatus are small with a maximum whorl height of
18 mm and a maximum length of 47 mm. For example,
AMNH 64419 is a piece of a body chamber 32 mm long ori−
ented in a vertical position and terminating in a burrow (Fig.
3B). It is composed of glauconite, but is slightly sideritized on
the edges, and retains a faint trace of iridescent shell.

The Burrowed Unit also contains two light tan clay pods,
both of which are adjacent to burrows. The pods are more
indurated than the surrounding sediment. One pod bears a

specimen of Heteropora americana Richards, 1962, without
any sediment in its zooids (Fig. 4C), and three small frag−
ments of Eubaculites latecarinatus that are oriented parallel
to each other (Fig. 4A). One of these fragments contains a
small telescoped specimen of Eubaculites inside (Fig. 4B).
The other pod bears two hollow fragments of E. latecari−
natus (Fig. 4D, E) and a fragment of H. americana.

The most surprising finds in the Burrowed Unit are am−
monite aptychi (= lower jaws) (Fig. 5). Five aptychi are pres−
ent, all of which occur as isolated specimens. They weather
orange brown and are surrounded by the matrix of the Bur−
rowed Unit. Two of the aptychi are long, rectangular, and
nearly flat (Fig. 5A, D). The ratio of length to width in these
two specimens ranges from 2.5 to 2.6. The commissure is
long and straight and the surface is covered with fine com−
marginal lirae. Based on comparisons with aptychi in Land−
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Table 1. Invertebrate fossils in the matrix of the Burrowed Unit at the top
of the Tinton Formation, Monmouth County, New Jersey. The authors
of the species are listed in Landman et al. (2007a: table 1).

Bivalvia Anatimya lata
Crenella serica
Cucullaea vulgaris
Eriphyla decemnaria
Granocardium sp.
Ostrea tecticosta
Pecten argillensis
Pecten venustus
Pycnodonte sp.

Gastropoda Anchura sp.
Arrhoges sp.
Calliomphalus sp.
Margaritella pumila
Trachytriton holmdelense

Cephalopoda Discoscaphites sp.
Eubaculites latecarinatus
jaws of Eubaculites and Discoscaphites

Echinodermata echinoid spines

Arthropoda crab bits

Annelida Hamulus squamosus
Longitubus lineatus

Coelenterata Micrabacia sp.

Dinoflagellata Dinogymnium sp.
unidentifiable fragments

Fig. 2. Fossils in the Pinna Layer near the top of the Tinton Formation, Monmouth County, New Jersey. A. Pachydiscus (Neodesmoceras) mokotibensis
Collignon, 1952, MAPS A2051a1, in right lateral view. B–E. Discoscaphites iris (Conrad, 1858). B. MAPS A2060b1, accumulation of juvenile specimens.
C. MAPS A2058b3, cluster of adult microconchs. D. AMNH 50540, adult macroconch in right lateral view. E. MAPS A2060b9, adult microconch in right
lateral view. F. MAPS A3601g3, accumulation of echinoids. G, H. Discoscaphites sphaeroidalis Kennedy and Cobban, 2000. G. AMNH 50752, adult
macroconch in right lateral view. H. AMNH 50713, adult microconch in right lateral view. I. Discoscaphites jerseyensis Landman, Johnson, Garb, Ed−
wards, and Kyte, 2007a, AMNH 50393, adult macroconch in right lateral view. J. Discoscaphites minardi Landman, Johnson, and Edwards, 2004a, AMNH
50411, adult macroconch in right lateral view. K, L. Discoscaphites iris. K. MAPS A2060b11, lower jaw preserved inside the body chamber in right lateral
view. L. MAPS A2062a8, close−up of lower jaw inside the body chamber. M. Sphenodiscus lobatus (Tuomey, 1856), MAPS A2002g2, in left lateral view.
N. Pinna laqueata Conrad, 1858, MAPS A2402p2, in vertical life position. O, P. Eubaculites latecarinatus (Brunnschweiler, 1966). O. AMNH 51877,
?adult microconch in right lateral view. P. AMNH 51888, ?adult macroconch in right lateral. Q. Eubaculites carinatus (Morton, 1834), MAPS A2058b1,
adult macroconch in right lateral view.
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Fig. 3. Fossils in the Burrowed Unit at the top of the Tinton Formation and in the overlying Hornerstown Formation, Monmouth County, New Jersey.
A–Q. Fossils in the matrix of the Burrowed Unit, non−reworked. A–D. Eubaculites latecarinatus (Brunnschweiler, 1966). A. AMNH 72338 in dorsal (A1),
right lateral (A2), and ventral (A3) views. B. AMNH 64419 in lateral view. C. AMNH 69508 in lateral view. D. AMNH 73321 in left lateral (D1), dorsal
(D2), and ventral (D3) views. E. Discoscaphites sp., AMNH 69499 in ventral view, in matrix, adjacent to burrow. F. Anchura sp., AMNH 69506; internal
mold (F1), impression (F2). G. Margaritella pumila Stephenson, 1941, AMNH 72348. H. Trachytriton holmdelense Whitfield, 1892, AMNH 72315. �
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Fig. 4. Clay pods in the matrix of the Burrowed Unit adjacent to burrows, Monmouth County, New Jersey, probably reworked from the Pinna Layer, and
piped down into the Burrowed Unit. A–D. Single pod adjacent to a burrow. A. Overview. B. Eubaculites latecarinatus (Brunnschweiler, 1966), AMNH
66312 in left lateral view (B1); whorl cross−section at adoral end showing a specimen of Eubaculites telescoped inside (B2). C. Heteropora americana Rich−
ards, 1962, AMNH 51309; without any sediment in the zooids. D. Eubaculites sp., hollow specimen, AMNH 66313; view of hollow chambers (D1),
close−up of septum (D2). E. Eubaculites sp. in another clay pod adjacent to a burrow, AMNH 66314; septal face (E1), close−up of septal neck (E2).

I. Arrhoges sp., AMNH 69525. J. Eriphyla decemnaria (Conrad, 1869), AMNH 72310. K. Pecten venustus Morton, 1833, AMNH 72353. L. Grano−
cardium sp., AMNH 72340; in the matrix (L1), lateral (L2), and umbonal (L3) views. M. Pecten argillensis Conrad, 1869, AMNH 72316. N. Anatimya lata
(Whitfield, 1886), AMNH 72339. O. Cucullaea vulgaris Morton, 1830, AMNH 72303. P. Hamulus squamosus Gabb, 1859, AMNH 72323. Q. Unidenti−
fied microfossil, AMNH 66332. R–V. Fossils in the burrows of the Burrowed Unit representing material piped down from the basal Hornerstown Forma−
tion. R. Euspira sp., AMNH 69515, eworked. S. Turritella sp., AMNH 72322, reworked. T. Pecten venustus, AMNH 72325, non−reworked. U. Gryp−
haeostrea vomer Morton, 1828, AMNH 72349, non−reworked. V. Ostrea pulaskensis Harris, 1894, AMNH 72351, non−reworked. Scale bars 5 mm, except
indicated otherwise.



man et al. (2007b), these specimens probably belong to
Eubaculites, and, as such, are the first aptychi of Eubaculites
ever reported from North America. The other three aptychi
are more convex and nearly triangular in shape (Fig. 5B, C).
They probably belong to Discoscaphites, by comparison
with Landman et al. (2007a, 2010b).

Dinoflagellates are very rare in the Burrowed Unit. Other
than some unidentifiable fragments, we only recorded a sin−
gle specimen of Dinogymnium sp., which is generally con−

sidered to be Cretaceous. The ammonites, although scarce,
suggest that the Burrowed Unit is the same age as the Pinna
Layer. However, it is evidently younger than the Pinna Layer
inasmuch as it occurs above this unit.

Hornerstown Formation.—The contact between the matrix
of the Burrowed Unit and the overlying Hornerstown Forma−
tion is sharp. However, the contact between the burrows of
the Burrowed Unit and the overlying Hornerstown Forma−
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Fig. 5. Ammonite aptychi (= jaws) in the matrix of the Burrowed Unit. A, D. Lower jaws attributed to Eubaculites. A. AMNH 69496, right valve. D. AMNH
69492, view of right valve (D1), close−up of aptychus at the anterior end (D2). B, C. Lower jaws attributed to Discoscaphites. B. AMNH 69497, left valve.
C. AMNH 69498, left valve.



tion is difficult to pinpoint, which is part of the reason why
we initially assigned the Burrowed Unit to the base of the
Hornerstown Formation (Fig. 1). The Hornerstown Forma−
tion consists of 38% mud and 62% coarser sediments. It is
dark grayish green in fresh exposures and dark green to black
in weathered exposures.

The fossils in the Hornerstown Formation show two dif−
ferent modes of preservation. In the first mode, internal
molds are composed of whitish clay surrounded by dark
green glauconitic pellets (Fig. 3R, S). The clay is indurated
and much lighter in color than that in the Pinna Layer or
Burrowed Unit. These fossils include Cucullaea vulgaris,
Euspira sp., Turritella sp., Eubaculites latecarinatus, and
Discoscaphites iris. Many of these fossils also occur in the

burrows that extend into the Burrowed Unit. We interpret
these fossils as having been reworked from older deposits.
They are accompanied by siderite nodules, most of which
are unfossiliferous. However, some nodules contain poorly
preserved dinoflagellate cysts and Rugubivesiculites pollen
(Landman et al. 2007a: 40), supporting the interpretation
that the nodules were also reworked.

The other group of fossils weather pinkish brown, possi−
bly reflecting diagenetically altered shell (Fig. 3T–V). We
interpret these fossils as having formed during deposition of
the Hornerstown Formation. The fauna is very depauperate
consisting of only 15 species including Gryphaeostrea
vomer Morton, 1834, as well as echinoids and foraminifera.
The most abundant fossil is Ostrea pulaskensis Harris, 1894,
which first appears in the Gulf Coastal Plain in the lower
Danian (Bryan and Jones 1989; Hansen et al. 1993; Cope et
al. 2005). Dinoflagellates are scarce, consisting of members
of the Areoligera group, which are not age−diagnostic. Thus,
the basal Hornerstown Formation is lower Danian based on
the presence of O. pulaskensis, although it is difficult to be
any more precise than that.

Iridium analysis
We analyzed 37 samples of sediment for iridium across the
outcrop in the Manasquan River Basin, following the proce−
dure described in Schellenberg et al. (2004). The base of the
Pinna Layer is marked by an enriched concentration of irid−
ium, which may correlate with the iridium anomaly first re−
ported by Alvarez et al. (1980). The maximum concentration
of iridium at two sites in the basin, as reported in Landman et
al. (2007a), is 457 and 589 pg/g (Fig. 1). The iridium profile
is asymmetric with an abrupt drop off above the contact and a
more gradual decline below the contact. A very similar pat−
tern has been reported from the same site by Miller et al.
(2010).

Discussion
Environment of deposition.—The mode of occurrence of
the specimens in the Pinna Layer suggests an autochthonous
assemblage that has undergone little or no time−averaging
(see Kidwell and Bosence 1991, for a fuller description of
such assemblages). Many of the bivalves are preserved in life
position. Pinna laqueata is oriented vertically in the sedi−
ment, similar to that of modern members of the genus.
Cucullaea vulgaris, which is semi−infaunal, occurs in associ−
ations of up to 50 specimens, with both valves commonly at−
tached. Echinoids also appear in aggregations of hundreds of
individuals, suggesting gregarious feeding behavior. In addi−
tion, there are monospecific clusters of baculites and sca−
phites, some of which consist of more than 30 adult speci−
mens, which have been interpreted as reflecting post−mating
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Table 2. Fossils in the burrows of the Burrowed Unit comprising mate−
rial piped down from the Hornerstown Formation, Monmouth County,
New Jersey. The authors of the species are listed in Landman et al.
(2007a: table 1). Abbreviations: R= potentially reworked from the Pinna
Layer or an updip equivalent; NR = non−reworked.

Bivalvia Anomia sp.NR

Arca sp.NR

Cardium eufaulensis NR

Crassatella sp.NR

Cucullaea vulgaris NR, R

Cyclorisma? pumila R

Gryphaeostrea vomer NR

Ostrea pulaskensis NR

Pecten venustus R, NR

Pecten argillensis NR

Pycnodonte sp.NR

Unicardium concentricum NR

Xylophagella irregularis NR

Gastropoda Bellifusus sp.?R

Epitonium sp.R

Euspira sp. R

Margaritella pumila ?NR,R

Turritella sp. R

Cephalopoda Discoscaphites iris R

Eubaculites latecarinatus R

Bryozoa Heteropora americana ?R

unidentified bryozoan NR

Echinodermata echinoid spines NR

Porifera Cliona sp.R

Arthropoda crab bits NR,R

Annelida worm tubes NR,R

Foraminifera NR

Dinoflagellata Areoligera senonensis species complexNR,R

Areoligera sp. indet.NR,R

Diphyes sp.NR,R

Unidentifiable small fragments
(Cordosphaeridium complex)NR,R



or post−spawning fatalities (Landman et al. 2007a). Scaphite
jaws are present, both as isolated specimens and inside body
chambers. All this evidence suggests rapid deposition with
little or no post−mortem transport. The Pinna Layer may thus
represent a relatively short interval of time ranging from tens
to hundreds of years. Based on estimates of the sea level at
the time, Landman et al. (2007a) inferred that the environ−
ment of deposition of the Pinna Layer was relatively shal−
low, with estimates of 20–30 m depth.

The mode of occurrence of the specimens in the Burrowed
Unit, in contrast, suggests a mixed death assemblage that has
been modified by hydraulic processes. Almost all of the bi−
valves are disarticulated and not in life position. The ammo−
nites are fragmented pieces of larger specimens, suggesting
post−mortem transport and breakage. None of the fossils occurs
in clusters. The environment of deposition of the Burrowed
Unit was probably similar to that of the Pinna Layer, approxi−
mately 20–30 m deep. Although it is difficult to estimate the
rate of sediment deposition, the presence of ammonite jaws
suggests relatively rapid burial, based on taphonomic experi−
ments involving modern coleoid jaws (Kear et al. 1995). As
such, the Burrowed Unit may represent a relatively short inter−
val of time ranging from tens to hundreds of years or even less.

The contact between the Burrowed Unit and the Horners−
town Formation marks a hiatus, coinciding with an extensive
period of reworking. At age−equivalent sites in northeastern
Monmouth County, Landman et al. (2004b) estimated that this
hiatus may have lasted 100 000 years. The environment of de−
position of the Hornerstown Formation is inferred to be slightly
deeper than that of the Burrowed Unit or Pinna Layer, as the
result of a transgression starting in the late Maastrichtian, based
on an interpretation of the sequence stratigraphy of the Upper
Cretaceous of New Jersey (Cohen et al. 2010).

The burrows in the Burrowed Unit were produced during
the deposition of the Hornerstown Formation. The burrows
extend through a thickness of approximately 20 cm. The fact
that they do not penetrate into the Pinna Layer suggests that
this unit must have been indurated at that time. However, the
sediment of the Burrowed Unit was apparently soft enough
to allow the burrows to penetrate into it, but competent
enough to maintain a sharp boundary between the sediment
and the burrows.

Taphonomy.—The fossils in the Pinna Layer are preserved
as internal and external molds without any original shell. The
internal molds are usually composed of glauconitic minerals.
More rarely, they are composed of sideritic clay, which must
have hardened before the sediment was glauconitized, thus
preserving its original texture. All of the fossils in the Pinna
Layer are considered to have formed during deposition of
this layer.

The fossils in the Burrowed Unit are preserved in the
same way as those in the Pinna Layer. Most of the internal
molds are composed of glauconitic minerals whereas a mi−
nority are composed of sideritic clay, which matches the clay
in the matrix. We therefore conclude that these fossils also

formed during deposition of the surrounding sediment. Simi−
larly, the ammonite aptychi were probably fossilized during
deposition of the Burrowed Unit. They are fragile and pre−
sumably would not have survived the process of reworking
(for a discussion about the taphonomy of ammonite jaws see
Wani et al. 2005 and Wani 2007). Another argument against
reworking of the aptychi is the fact that jaws of Eubaculites
have never previously been reported from the Pinna Layer or
any other unit in North America.

As noted above, the Hornerstown Formation contains
both reworked and non−reworked fossils. The non−reworked
fossils are pinkish brown in color, probably representing dia−
genetically altered shell. The reworked fossils are composed
of whitish sideritic clay surrounded by dark green glauco−
nitic pellets. This clay is similar to that in the Pinna Layer
and Burrowed Unit but is much lighter in color, suggesting
that it was perhaps altered during the process of reworking.

The reworked fossils in the Hornerstown Formation are
also piped down into the Burrowed Unit. It is possible that this
is the origin of the two large clay pods containing hollow ma−
terial in the Burrowed Unit. Both of the pods are adjacent to
burrows. However, they are not as light colored as the other re−
worked fossils and clasts in the Hornerstown Formation.

The reworked material at the base of the Hornerstown
Formation was probably derived from winnowing and ero−
sion of the Pinna Layer at more updip sites during the early
Danian transgression. Because the fauna and lithology of
the reworked fossils are identical to those in the Pinna
Layer, it seems unnecessary to invoke a ghost unit that is no
longer preserved. Similarly, it is unlikely that the source of
the reworked material was the Burrowed Unit itself because
this layer is depauperate. For example, the most commonly
reworked fossil in the basal Hornerstown Formation is
Cucullaea vulgaris. This species is very abundant in the
Pinna Layer whereas it is virtually absent in the Burrowed
Unit. The Pinna Layer is still present along strike at a site 15
km to the southwest (Ivanhoe Creek; Fig. 1: number 3).
However, in a more updip site 11 km to the northwest
(Buck’s Pit; Fig. 1: number 2), the Burrowed Unit as well as
the Pinna Layer are absent (Cohen et al. 2010). Based on
our recent investigations at this site, the Hornerstown For−
mation lies directly on sediments representing the lower
part of the upper Maastrichtian (calcareous nannofossil
Subzone CC25c). This suggests that the source material for
the reworked fossils in the basal Hornerstown Formation
was probably from the Pinna Layer at more updip locations.

Sequence of events.—The interpretation of the sequence of
events represented by the Pinna Layer, the Burrowed Unit, and
the Hornerstown Formation depends on the significance and
position of the enriched concentration of iridium. The iridum
spike is very well defined and, although the concentration is
not as high as that reported at some other Cretaceous/Paleo−
gene boundary sections (Kiessling and Claeys 2002), including
the Bass River core, New Jersey (Olsson et al. 1997), it is suffi−
ciently above background level to suggest that this section re−
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cords deposition of iridium from the bolide impact. The hori−
zon with enriched iridium marks the Cretaceous/Paleogene
boundary at the Global Stratotype Section and Point at El Kef,
Tunisia (Cowie et al. 1989; Molina et al. 2009).

The crucial question is whether the iridium concentration
in the Manasquan River Basin is in place, thereby marking
the Cretaceous/Paleogene boundary (Fig. 1). Landman et al.
(2007a) and Miller et al. (2010) enumerated the evidence in
favor of and against displacement of the iridium anomaly.
This evidence involves the shape of the iridium profile, the
distribution and kind of fossils, and the presence or absence
of spherules, shocked quartz, and other platinum group ele−
ments, in comparison with other sites. We present three pos−
sible scenarios of the sequence of events, depending on the
interpretation of the original position of the iridium anomaly.

(i) The iridium was originally deposited at the base of the
Pinna Layer. The lack of any trace of iridium in the rest of the
Pinna Layer is consistent with this hypothesis. For example, at
other sites where remobilization has been invoked, secondary
peaks are still present at the original position of the iridium
(e.g., Olsson et al. 1997). In addition, Bigolski et al. (2010)
have shown high concentrations of nickel and cobalt in the
Manasquan River Basin at the same horizon as the iridium.
They argued that the nickel and cobalt were delivered to the
site by Ni−rich bolide ejecta. Such concentrations also appear
at nearby sites in New Jersey where the iridium anomaly coin−
cides with the biostratigraphic markers usually interpreted as
indicating the Cretaceous/Paleogene boundary (Denton et al.
2010).

If the iridium is in place, then the Pinna community was
already established at the moment of impact and may even
have flourished in the immediate aftermath of the bolide im−
pact, perhaps due to enhanced nutrient runoff from the conti−
nent (Kump 1991). The community would have persisted a
short interval of time, perhaps tens to hundreds of years, and
may have been buried by one or more pulses of mud−rich
sediment from overflowing rivers in the early Danian. The
Burrowed Unit with its impoverished fauna may represent a
subsequent interval, perhaps reflecting a collapse in marine
productivity (Hsü and McKenzie 1985) that lasted tens to
hundreds of years (Selpúlveda et al. 2009). In summary, the
ammonites in the Pinna Layer and in the Burrowed Unit
would have been short−term survivors of the bolide impact
and would have persisted into the Danian.

(ii) The iridium was originally deposited at the top of the
Pinna Layer and was subsequently displaced downward. In
favor of remobilization is the absence, as yet, of a specific
fallout layer containing spherules or shocked quartz at the
same horizon as the iridium. Remobilization has also been
postulated based on comparisons with other sites. In Creta−
ceous/Paleogene sections in Poland, the iridium spike occurs
10 cm below a clay layer that is interpreted as marking the
boundary (Racki et al. 2010). The authors attributed this to
remobilization due to humic acid−rich ground waters. In the
Bass River Core in New Jersey, the iridium anomaly occurs
at the base of a 6−cm−thick spherule layer (Olsson et al.

1997). The authors also attributed this to remobilization due
to post−depositional diffusion. Miller et al. (2010) docu−
mented additional sites in New Jersey where the iridium
anomaly coincides with the biostratigraphic markers usually
interpreted as indicating the boundary and, therefore, they ar−
gued, by extension, that the iridium anomaly was displaced
downward in the Manasquan River Basin. Indeed, at most
sites around the world, the iridium anomaly and the bio−
stratigraphic markers usually interpreted as indicating the
boundary coincide (e.g., the type section in Tunisia).

In this scenario, the bolide impact would have caused the
destruction of the Pinna community. If some animals were
still alive at the time, they could have translated the iridium
spike downward via bioturbation. Alternatively, the spike may
have subsequently migrated downward due to chemical re−
mobilization [see Guinasso and Schink (1975) and Rocchia
and Robin (1998) for a further discussion about the effects of
bioturbation and diffusion on the redistribution of iridium and
other elements]. The Burrowed Unit would have been depos−
ited in the immediate aftermath of the impact, still capturing
some of the same community but only in a very reduced and
modified state. The presence of ammonite jaws in the Bur−
rowed Unit would suggest that some ammonites survived the
bolide impact, although perhaps only momentarily.

(iii) The iridium was originally deposited at the top of the
Burrowed Unit and was subsequently displaced downward
by chemical remobilization through a thickness of 40 cm.
This implies that the iridium anomaly and the biostrati−
graphic markers were originally coincident. In this scenario,
the impact would have post−dated the Pinna community, but
might have contributed to the end of the much less diverse
community in the Burrowed Unit. The ammonites, at least at
this site, would not have survived the impact.

In all three scenarios, the non−reworked fossils in the basal
Hornerstown Formation probably represent the post−impact
community, although it is difficult to determine how much
time is missing at the contact between the Burrowed Unit and
the Hornerstown Formation. The fauna consists of only 15
species, including several Cretaceous holdovers (e.g., Marga−
ritella pumila and Pecten venustus) and is dominated by the
small suspension−feeding oyster Ostrea pulaskensis. The pre−
dominance of this species is reminiscent of the high abun−
dance of ferns following the collapse of the angiosperms in
the terrestrial record of the Cretaceous/Paleogene boundary
(Vajda et al. 2001).

Conclusions
This report emphasizes the importance of the Burrowed Unit
in trying to resolve the events in the Manasquan River Basin,
New Jersey, at the end of the Cretaceous. Of the scenarios
described above, Scenario 1 does not involve any remobili−
zation of the iridium. It implies that the Pinna community
persisted and perhaps even thrived in the immediate after−
math of the impact, followed by the more impoverished com−
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munity in the Burrowed Unit. Scenario 2 involves remobili−
zation of the iridium through a thickness of 20 cm. It implies
that the Pinna community was destroyed by the impact and
the ensuing environmental maelstrom, and was replaced by
the depauperate community in the Burrowed Unit. Scenario
3 involves remobilization of the iridium through a thickness
of 40 cm. It implies that the ammonites perished at approxi−
mately the same time as the bolide impact. In Scenarios 1 or
2, the ammonites would have survived the impact at this site
for a brief interval of time lasting from a few days to hun−
dreds of years. Choosing among these three scenarios re−
quires additional information about other geochemical mark−
ers in the Manasquan River Basin (spherules, shocked quartz
grains), and comparison with K/Pg sites elsewhere on the At−
lantic and Gulf Coastal Plains.

Acknowledgements
We thank Danielle Jeffrey (Brooklyn College, New York, USA), who
helped search for and prepare the fossils in the Burrowed Unit, and
Ralph Johnson (MAPS, USA), who assisted at the beginning of this
project. During the course of this research, we benefitted from discus−
sions with Marcin Machalski (Instytut Paleobiologii PAN, Warsaw,
Poland), Claus Heinberg (Roskilde Universitetscenter, Roskilde, Den−
mark), John W.M. Jagt (Natuurhistorisch Museum Maastricht, Maas−
tricht, The Netherlands), and J. Kirk Cochran (Stony Brook University,
New York, USA) with whom we collaborated on a project on ammonite
survival in Denmark. An early version of this paper was reviewed by
Peter J. Harries (University of South Florida, Tampa, USA) and Marcin
Machalski, who made many helpful suggestions that improved the
quality of the final manuscript.

References
Alvarez, L., Alvarez, W., Asaro, F., and Michel, H.V. 1980. Extraterrestrial

cause for the Cretaceous–Tertiary extinction. Science 208: 1095–1108.
Bigolski, J.N., Ebel, D.S., Hsieh, C.−T., Landman, N.H., and Bosenberg,

J.S. 2010. Ni and Co in pyrite framboids from Agony Creek, K/Pg
boundary in New Jersey Coastal Plain. Geological Society of America,
Abstracts with Programs 42 (5): 305.

Brunnschweiler, R.O.1966. Upper Cretaceous ammonites from the Carnarvon
Basin of Western Australia. I. The heteromorph Lytoceratina. Bureau of
Mineral Resources Geology and Geophysics Bulletin 58: 1–58.

Bryan, J.R. and Jones, D.S. 1989. Fabric of the Cretaceous–Tertiary marine
macrofaunal transition at Braggs, Alabama. Palaeogeography, Palaeo−
climatology, Palaeoecology 69: 279–301.

Cohen, A., Garb, M.P., Klofak, S.M., and Landman, N.H. 2010. The Creta−
ceous–Tertiary transition: A unique paleoenvironmental perspective on
the New Jersey Atlantic Coastal Plain. Geological Society of America,
Abstracts with Programs 42 (5): 256.

Collignon, M. 1952. Ammonites néocretacées du Menabe (Madagascar). II.
Les Pachydiscidae. Travaux du Bureau Géologique de Madagascar 41:
1–114.

Conrad, T.A. 1858. Observations on a group of Cretaceous fossil shells
found in Tippah County, Mississippi, with descriptions of fifty−six new
species. Journal of the Academy of Natural Sciences of Philadelphia,
Second Series 3 (4): 323–336.

Conrad, T.A. 1869. Observations on the genus Astarte, with descriptions of
three other genera of Crassatellidae. American Journal of Conchology
5: 46–48.

Cowie, J.W., Ziegler, W., and Remane, J. 1989. Stratigraphic Commission
accelerates progress, 1984 to 1989. Episodes 12 (2): 79–83.

Cope, K.H., Utgaard, J.E., Masters, J.M., and Feldmann, R.M. 2005. The
fauna of the Clayton Formation (Paleocene, Danian) of southern Illi−
nois: a case of K/P survivorship and Danian recovery. Bulletin of the
Mizunami Fossil Museum 32: 97–108.

Denton, D.S., Hsieh, C.−T., Landman, N.H., and Bosenberg, J.S. 2010. Ni
and Co in pyrites mark the K/T boundary in the Crosswicks Creek Ba−
sin, Monmouth County, New Jersey, U.S.A. Geological Society of
America, Abstracts with Programs 42 (5): 305.

Edwards, L.E., Gohn, G.S., Self−Trail, J.M., Prowell, D.C., Bybell, L.M.,
Bardot, L.P., Firth, J.V., Huber, B.T., Frederiksen, N.O., and MacLeod,
K.G. 1999. Physical stratigraphy, paleontology, and magnetostrati−
graphy of the USGS−Santee Coastal Reserve core (CHN−803), Charle−
ston County, South Carolina. United States Geological Survey, Open−
File Report 99−0308−A: 1–36.

Eisenack, A. 1954. Mikrofossilien aus Phosphoriten des samländischen Unter−
oligozäns und über Einheitlichkeit der Hystrichosphaerideen. Palaeonto−
graphica A 105: 49–95.

Eisenack, A. and Gocht, H. 1960. Neue Namen für einige Hystrichosphären
der Bernsteinformation Ostpreussens. Neues Jahrbuch für Geologie
und Paläontologie, Monatshefte 1960 (11): 511–518.

Gabb, W.M. 1859. Article IX. Descriptions of some new species of Creta−
ceous fossils. Journal of the Academy of Natural Sciences of Philadel−
phia, Second Series 3 (4): 299–305.

Gallagher, W.B. 1993. The Cretaceous/Tertiary mass extinction event in the
northern Atlantic Coastal Plain. The Mosasaur 5: 75–155.

Gocht, H. 1970. Dinoflagellaten−Zysten aus einem Geschiebefeuerstein und
ihren Erhaltungszustand. Neues Jahrbuch für Geologie und Paläonto−
logie, Monatshefte 1970 (3): 129–140.

Guinasso, N.L., Jr. and Schink, D.R. 1975. Quantitative estimates of biolog−
ical mixing rates in abyssal sediments. Journal of Geophysical Re−
search 80 (21): 3023–3043.

Hansen, T.A., Upshaw III, B., Kauffman, E.G., and Gose, W. 1993. Patterns
of molluscan extinction and recovery across the Cretaceous–Tertiary
boundary in east Texas: report on new outcrops. Cretaceous Research
14: 685–706.

Harris, G.D. 1894. The Tertiary geology of southern Arkansas. Arkansas
Geological Survey Annual Report for 1892 2: 1–207.

Hsü, K.J. and McKenzie, J.A. 1985. A “Strangelove Ocean” in the earliest
Tertiary. In: E.T. Sundquist and W. Broecker (eds.), American Geo−
physical Union Monograph 32: 487–492.

Jagt, J.W.M., Smit, J., and Schulp, A.S. 2003. ?Early Paleocene ammonites
and other molluscan taxa from the Angerpoort−Curfs quarry (Geulhem,
southern Limburg, the Netherlands). In: M.A. Lamolda (ed.), Bioevents:
Their Stratigraphical Records, Patterns and Causes, Caravaca, 3rd–8th

June 2003, 113, Ayuntamiento de Caravaca de la Cruz, Caravaca.
Kear, A.J., Briggs, D.E.G., and Donovan, D.T. 1995. Decay and fossiliza−

tion of non−mineralized tissue in coleoid cephalopods. Palaeontology
38: 105–131.

Kennedy, W.J. and Cobban, W.A. 2000. Maastrichtian (Late Cretaceous)
ammonites from the Owl Creek Formation in northeastern Mississippi,
U.S.A. Acta Geologica Polonica 50: 175–190.

Kidwell, S.M. and D.W.J. Bosence. 1991. Taphonomy and time−averaging
of marine shelly faunas. In: P.A. Allison and D.E.G. Briggs (eds.),
Taphonomy: Releasing the Data Locked in the Fossil Record, 115–209.
Plenum, New York.

Kiessling, W. and Claeys, P. 2002. A geographic database approach to the KT
Boundary. In: E. Buffetaut and C. Koeberl (eds.), Geological and Biologi−
cal Effects of Impact Events, 83–140. Springer Verlag, New York.

Kump, L.R. 1991. Interpreting carbon−isotope excursions: Strangelove
oceans. Geology 19: 299–302.

Landman, N.H., Johnson, R.O., and Edwards, L.E. 2004a. Cephalopods from
the Cretaceous/Tertiary boundary interval on the Atlantic Coastal Plain,
with a description of the highest ammonite zones in North America. Part 1.
Maryland and North Carolina. American Museum Novitates 3454: 1–64.

Landman, N.H., Johnson, R.O., and Edwards, L.E. 2004b. Cephalopods
from the Cretaceous/Tertiary boundary interval on the Atlantic Coastal

714 ACTA PALAEONTOLOGICA POLONICA 57 (4), 2012

http://dx.doi.org/10.1126/science.208.4448.1095
http://dx.doi.org/10.1016/0031-0182(89)90170-3
http://dx.doi.org/10.1029/JC080i021p03032
http://dx.doi.org/10.1006/cres.1993.1047
http://dx.doi.org/10.1130/0091-7613%281991%29019%3C0299:ICIESO%3E2.3.CO;2
http://dx.doi.org/10.1206/0003-0082%282004%29454%3C0001:CFTTBI%3E2.0.CO;2
http://dx.doi.org/10.1206/0003-0090%282004%29287%3C0001:CFTTBI%3E2.0.CO;2


Plain, with a description of the highest ammonite zones in North Amer−
ica. Part 2. Northeastern Monmouth County, New Jersey. Bulletin of the
American Museum of Natural History 287: 1–107.

Landman, N.H., Johnson, R.O., Garb, M.P., Edwards, L.E., and Kyte, F.T.
2007a. Cephalopods from the Cretaceous/Tertiary boundary interval on
the Atlantic Coastal Plain, with a description of the highest ammonite
zones in North America. Part III. Manasquan River Basin, Monmouth
County, New Jersey. Bulletin of the American Museum of Natural His−
tory 303: 1–122.

Landman, N.H., Johnson, R.O., Garb, M.P., Edwards, L.E., and Kyte, F.T.
2010a. Ammonites from the Cretaceous/Tertiary boundary, New Jersey,
USA. In: K. Tanabe, Y. Shigeta, T. Sasaki, and H. Hirano (eds.), Cephalo−
pods—Present and Past, 287–295. Tokai University Press, Tokyo.

Landman, N.H., Kennedy, W.J., Cobban, W.A., and Larson, N.L. 2010b.
Scaphites of the “nodosus group” from the Upper Cretaceous (Campa−
nian) of the Western Interior of North America. American Museum of
Natural History Bulletin 342: 1–242.

Landman, N.H., Larson, N.L., and Cobban, W.A. 2007b. Jaws and radula of
Baculites from the Upper Cretaceous (Campanian) of North America.
In: N.H. Landman, R.A. Davis, and R.H. Mapes (eds.), Cephalopods
Present and Past: New Insights and Fresh Perspectives, 257–298.
Springer Verlag, New York.

Lejeune−Carpentier, M. 1942. L’étude microscopique des silex. Péridiniens
nouveaux ou peu connnus (Dixième note). Annales de la Société
géologique de Belgique 65: B181–B192.

Lentin, J.K. and Williams, G.L. 1973. Fossil dinoflagellates; index to genera
and species. Geological Survey of Canada Paper 73−42: 1–176.

Machalski, M. and Heinberg, C. 2005. Evidence for ammonite survival into
the Danian (Paleogene) from the Cerithium Limestone at Stevns Klint,
Denmark. Bulletin of the Geological Society of Denmark 52: 97–111.

Machalski, M., Jagt, J.W.M., Heinberg, C., Landman, N.H., and Håkansson,
E. 2009. Dańskie amonity – obecny stan wiedzy i perspektywy badań.
Przegląd Geologiczny 57: 486–493.

Miller, K.G., Sugarman, P.J., Browning, J.V., Kominz, M.A, Olsson, R.K.,
Feigenson, M.D., and Hernández, J.C. 2004. Upper Cretaceous se−
quences and sea−level history, New Jersey Coastal Plain. Geological
Society of American Bulletin 116 (3/4): 368–393.

Miller, K.G., Sherrell, R.M., Browning, J.V., Field, M.P., Gallagher, W.,
Olsson, R.K., Sugarman, P.J., Tuorto, S., and Wahyudi, H. 2010. Rela−
tionship between mass extinction and iridium across the Cretaceous–
Paleogene boundary in New Jersey. Geology 38: 867–870.

Minard, J.P., Owens, P., Sohl, N.F., Gill, H.E., and Mello, J.F. 1969. Creta−
ceous–Tertiary boundary in New Jersey, Delaware, and eastern Mary−
land. United States Geological Survey Bulletin 1274−H: 1–33.

Molina, E., Alegret, L., Arenillas, I., Arz, J.A., Gallala, N., Grajales−
Nishimura, J.M., Murillo−Muñetón, G., and Zaghbib−Turki, D. 2009.
The Global Boundary Stratotype Section and Point for the base of the
Danian Stage (Paleocene, Paleogene, “Tertiary”, Cenozoic): auxiliary
sections and correlation. Episodes 32: 84–95.

Morton, S.G. 1828. Description of the fossil shells which characterize the
Atlantic Secondary Formation of New Jersey and Delaware; including
four new species. Journal of the Academy of Natural Sciences of Phila−
delphia 6: 73–76.

Morton, S.G. 1830. Synopsis of the organic remains of the Ferruginous Sand
Formation of the United States, with geographical remarks. American
Journal of Science and Arts 17: 274–295.

Morton, S.G. 1833. Article X−Supplement to the “Synopsis of the organic
remains of the Ferruginous Sand Formation of the United States,” con−
tained in Vols. XVII and XVIII of this journal. American Journal of Sci−
ence and Arts 23: 288–294.

Morton, S.G. 1834. Synopsis of the organic remains of the Cretaceous
group of the United States. Illustrated by nineteen plates, to which is
added an appendix containing a tabular view of the Tertiary fossils hith−
erto discovered in North America. 88 pp. Key and Biddle, Philadephia.

Olsson, R.K., Miller, K.G., Browning, J.V., Habib, D., and Sugarman, P.J.
1997. Ejecta layer at the Cretaceous–Tertiary boundary, Bass River, New
Jersey (Ocean Drilling Program Leg 174AX). Geology 25: 759–762.

Owens, J.P., Sugarman, P.J., Sohl, N.F., Parker, R.A., Houghton, H.F.,

Volkert, R.A., Drake, A.A., Jr, and Orndorff, R.C. 1998. Bedrock geo−
logic map of central and southern New Jersey. United States Geological
Survey, Miscellaneous Investigations Series Map I−2540−B.

Racki, G., Machalski, M., Koeberl, C., and Harasimiuk. M. 2010. The weath−
ering−modified iridium record of a new Cretaceous–Palaeogene site at
Lechówka near Chełm, SE Poland, and its palaeobiologic imprications.
Acta Palaeontologica Polonica 56: 205–215.

Richards, H.G. 1962. Appendix C. New Cretaceous invertebrate fossils from
test borings in New Jersey. In: C.W. Cooke, H.F Garner, B.F. Howell, J.A.
Jeletzky, A.K. Miller, H.W.Miller, Jr., R.C. Ramsdell, H.G. Richards, J.B.
Reeside, Jr., H.B. Roberts, and J.W. Wells (eds.), The Cretaceous Fossils
of New Jersey. New Jersey Department of Conservation and Economic
Development Bulletin 61 (2): 199–207.

Rocchia, R. and Robin, E. 1998. L’iridium à la limite Crétacé–Tertiaire du
site d’El Kef, Tunisie. Bulletin de la Société géologique de France 169
(4): 515–526.

Schellenberg, S.A., Brinkhuis, H., Stickley, C.F., Fuller, M., Kyte, F.T., and
Williams, G.L. 2004. The Cretaceous/Paleogene transition on the East
Tasman Plateau, Southwestern Pacific. In: N. Exon, J.P. Kennett, and M.
Malone (eds.), The Cenozoic Southern Ocean: Tectonics, Sedimentation,
and Climate Change Between Australia and Antarctica. Geophysical
Monograph Series 151: 93–112.

Schiøler, P. and Wilson, G.J. 1993. Maastrichtian dinoflagellate zonation in
the Dan Field, Danish North Sea. Review of Palaeobotany and Palynology
78: 321–351.

Schulte, P., Alegret, L., Arenillas, I., Arz, J.A., Barton, P.J., Bown, P.R.,
Bralower, T.J., Christeson, G.L., Claeys, P., Cockell, C.S., Collins, G.S.,
Deutsch, A., Goldin, T.J., Goto, K., Grajales−Nishimura, J.M., Grieve,
R.A.F., Gulick, S.P.S., Johnson, K.R., Kiessling, W., Koeberl, K., Kring,
D.A., MacLeod, K.G., Matsui, T., Melosh, J., Montanari, A., Morgan,
J.V., Neal, C.R., Nichols, D.J., Norris, R.D., Pierazzo, E., Ravizza, G.,
Rebolledo−Vieyra, M., Reimold, W.U., Robin, E., Salge, T., Speijer, R.P.,
Sweet, A.R., Urrutia−Fucugauchi, J., Vajda, V., Whalen, M.T., and
Willumsen, P.S. 2010. The Chicxulub asteroid impact and mass extinction
at the Cretaceous–Paleogene Boundary. Science 327: 1214–1218.

Selpúlveda , J., Wendler, J.E., Summons, R.E., and Hinrichs, K.−U. 2009.
Rapid resurgence of marine productivity after the Cretaceous–Paleo−
gene mass extinction. Science 326: 129–132.

Smit, J. and Brinkhuis, H. 1996. The Geulhemmerberg Cretaceous/Tertiary
boundary section (Maastrichtian type area, SE Netherlands): summary of
results and a scenario of events. Geologie en Mijnbouw 75: 283–293.

Stephenson, L.W. 1941. The larger invertebrates of the Navarro Group of
Texas (exclusive of corals and crustaceans and exclusive of the fauna of
the Escondido Formation). University of Texas Bulletin 4101: 1–641.

Stephenson, L.W. 1955. Owl Creek (Upper Creatceous) fossils from Crow−
ley’s Ridge, southeastern Missouri. United States Geological Survey Pro−
fessional Paper 274: 97–140.

Tuomey, M. 1856. Description of some new fossils from the Cretaceous
rocks of the southern States. Proceedings of the Academy of Natural
Sciences of Philadelphia 7 (for 1854): 167–172.

Vajda, V., Raine, J.I., and Hollis, C.J. 2001. Indication of global deforesta−
tion at the Cretaceous–Tertiary boundary by New Zealand fern spike.
Science 294: 1700–1702.

Wani, R. 2007. How to recognize in situ fossil cephalopods: evidence from
experiments with modern Nautilus. Lethaia 40: 305–311.

Wani, R., Kase, T., Shigeta, Y., and De Ocampo, R. 2005. New look at
ammonoid taphonomy, based on field experiments with modern cham−
bered nautilus. Geology 33: 849–852.

Wetzel, O. 1933. Die in organischer Substanz erhaltenen Mikrofossilien des
baltischen Kreide−Feuersteins mit einem sediment−petrographischen
und stratigraphischen Anhang. Palaeontographica A 78: 1–110.

Whitfield, R.P. 1886. Brachiopoda and Lamellibranchiata of the Raritan
Clays and Greensand Marls of New Jersey. U.S. Geological Survey
Monograph, Volume 9 (= New Jersey Geological Survey Paleonto−
logical Series, Volume 1): 1–348.

Whitfield, R.P. 1892. Gasteropoda and Cephalopoda of the Raritan Clays
and Greensand Marls of New Jersey. United States Geological Survey
Monograph 18: 1–402.

http://dx.doi.org/10.4202/app.2011.0068

LANDMAN ET AL.—POST−CRETACEOUS AMMONITES IN NEW JERSEY 715

http://dx.doi.org/10.1206/0003-0090%282004%29287%3C0001:CFTTBI%3E2.0.CO;2
http://dx.doi.org/10.1206/0003-0090(2007)303[1:CFTTBI]2.0.CO;2
http://dx.doi.org/10.1206/659.1
http://dx.doi.org/10.1130/B25279.1
http://dx.doi.org/10.1130/G31135.1
http://dx.doi.org/10.1130/0091-7613(1997)025<0759:ELATCT>2.3.CO;2
http://dx.doi.org/10.4202/app.2010.0062
http://dx.doi.org/10.1016/0034-6667(93)90070-B
http://dx.doi.org/10.1126/science.1177265
http://dx.doi.org/10.1126/science.1176233
http://dx.doi.org/10.1126/science.1064706
http://dx.doi.org/10.1111/j.1502-3931.2007.00029.x
http://dx.doi.org/10.1130/G21712.1

