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a b s t r a c t
We examined iridium (Ir) anomalies at the Cretaceous/Paleogene (K/Pg) boundary in siliciclastic shallow
marine cores of the New Jersey Coastal Plain, USA, that were deposited at an intermediate distance
(∼2500 km) from the Chicxulub, Mexico crater. Although closely spaced and generally biostratigraphically
complete, the cores show heterogeneity in terms of preservation of the ejecta layers, maximum
concentration of Ir measured (∼0.1–2.4 ppb), and total thickness of the Ir-enriched interval (11–119 cm).
We analyzed the shape of the Ir proﬁles with a Lagrangian particle-tracking model of sediment mixing.
Fits between the mixing model and measured Ir proﬁles, as well as visible burrows in the cores, show
that the shape of the Ir proﬁles was determined primarily by sediment mixing via bioturbation. In
contrast, Tighe Park 1 and Bass River cores show post-depositional remobilization of Ir by geochemical
processes. There is a strong inverse relationship between the maximum concentration of Ir measured and
the thickness of the sediments over which Ir is spread. We show that the depth-integrated Ir inventory
is similar in the majority of the cores, indicating that the total Ir delivery at time of the K/Pg event
was spatially homogeneous over this region. Though delivered through a near-instantaneous source,
stratospheric dispersal, and settling, our study shows that non-uniform Ir proﬁles develop due to changes
in the regional delivery and post-depositional modiﬁcation by bioturbation and geochemical processes.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The discovery of anomalously high abundance of iridium (Ir)
and other platinum group elements (PGEs) at the Cretaceous/Paleogene (K/Pg) boundary led to the hypothesis that the Earth was
impacted by an ∼8–10 km diameter asteroid, causing severe environmental disturbance (Alvarez et al., 1980; Smit and Hertogen, 1980). The impact hypothesis was supported by the subsequent discovery of shocked minerals (Bohor et al., 1987), impact
spherules, and Ni-rich spinels (Smit and Kyte, 1984). Discovery of
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the buried Chicxulub crater, ∼180–200 km in diameter in Yucatan
Peninsula, Mexico (Hildebrand et al., 1991) also substantiated that
the source of Ir and other PGEs is extraterrestrial.
An extraterrestrial source is not the only means of yielding
high Ir concentrations at the K/Pg boundary. Deccan ﬂood basalts
in modern-day India spanning the K/Pg boundary have been suggested as a source for the Ir anomalies at the boundary (Oﬃcer
and Drake, 1985). Emplacement of Deccan basalts took ∼600 kyr
primarily during Chron C29r (Courtillot et al., 1986). Previous studies have suggested that the main pulse began ∼340 kyr prior
to the K/Pg boundary (Robinson et al., 2009), and ended at the
K/Pg boundary (Chenet et al., 2007; Keller et al., 2008), though
more recent studies suggest the largest pulse began at about the
time of the boundary (Renne et al., 2015) or 250 kyr before the
boundary (Schoene et al., 2015). The suggestion that the origin
of anomalies in Ir and other platinum group elements (PGEs) are
volcanic rather than extraterrestrial has been challenged by mea-
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Fig. 1. Geological map of the New Jersey Coastal Plain showing coreholes that sampled the K/Pg boundary. ODP Leg 174AX and ODP Leg 150X cores are shown as
red circles. Shallow cores are shown in blue circles. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

surements of sedimentary PGE ratios, showing similarity to those
of meteorites rather than terrestrial basalts (Evans and Chai, 1997;
Evans et al., 1993; Koeberl, 2002). In addition, Sawlowicz (1993)
and Shukla et al. (2001) proposed that the contribution of Deccan
basalts was too small and local to explain the global inventory of
Ir at the K/Pg boundary.
Iridium anomalies, mostly associated with ejecta layers (Smit,
1999; Schulte et al., 2010), have been recorded in more than
85 K/Pg boundary sites globally (Claeys et al., 2002; Schulte et
al., 2010). The global occurrence of an Ir anomaly suggests that
dust and vapor from the impacting bolide and target rock rich in
high-PGE meteoritic material were transported to the stratosphere
creating a homogeneous cloud encircling the Earth. Then, Ir-rich
material settled down from the atmosphere on scales of months
(Toon et al., 1982) and slowly settled through the water column
(Claeys et al., 2002).
Outside the Gulf of Mexico, i.e., in the intermediate and distal
sites from the Chicxulub crater, there is no correlation between the
peak Ir concentration and distance from the impact site (Claeys et
al., 2002). The original Ir-rich deposits can be redistributed due
to remobilization by sedimentary processes including bioturbation
and geochemical remobilization that can account for the site to
site differences in Ir concentrations (Sawlowicz, 1993; Claeys et al.,
2002), as well as the shape of the Ir anomaly proﬁles (Hull et al.,
2011). In some K/Pg boundary sites the Ir anomaly is concentrated
in a thin (∼1 cm) interval, whereas at other locations it spreads
over as much as several meters of section (Smit, 1999; Claeys et
al., 2002). Even geographically close sites show different maximum
concentrations of Ir and/or different thicknesses over which the Ir
enrichment is spread.

The New Jersey Coastal Plain (NJCP) contains a record of the
K/Pg extinction (Olsson, 1960), Ir anomaly, and spherules in both
outcrops and in cores (Olsson, 1987; Landman et al., 2007; Miller
et al., 2010; Esmeray-Senlet et al., 2015; Vellekoop et al., 2016).
Shallow cores (<25 m) drilled adjacent to outcrops of the K/Pg
boundary localities (Buck Pit 1, Tighe Park 1, Search Farm 1, Meirs
Farm 1, Inversand, and Fort Monmouth 3) and deeper cores drilled
onshore by Ocean Drilling Program (ODP) 174AX (Ancora, Double Trouble, and Bass River) provide important constraints on the
impact-related features across the K/Pg boundary (Fig. 1). Previously, a 6-cm-thick spherule layer immediately above the K/Pg
boundary was reported at Bass River with reworked clay clasts
and an Ir peak of 2.4 ppb (Olsson et al., 1997). Landman et al.
(2007) reported a ∼0.5 ppb Ir anomaly from an outcrop section
from Tighe Park, Freehold, NJ below a 20-cm thick bed containing
Cretaceous markers. Miller et al. (2010) documented Ir anomalies at Buck Pit 1, Tighe Park 1, Search Farm 1, Meirs Farm 1, and
Bass River to investigate the stratigraphic relationship between the
Ir anomalies and the extinction level. Updip sites yield lower Ir
anomaly peak concentration (∼0.5 ppb) compared to the downdip
Bass River site and each core shows a different shape of Ir proﬁle,
despite being deposited in close proximity.
We conducted additional Ir measurements in the Ancora, Double Trouble, Inversand, and Fort Monmouth 3 sites (Fig. 1) in order
to quantify Ir concentrations and investigate potential Ir mobility in the New Jersey sections. Here we address two main questions combining new data with the previous results. First, how did
vertical redistribution of Ir by sedimentary processes like bioturbation or geochemical remobilization affect the shape of Ir proﬁles in the NJCP cores, deposited in shallow marine settings at
intermediate distances (∼2500 km) from the Chicxulub crater?
Second, could the variations in peak Ir anomaly concentrations
in NJCP cores, ranging from low to moderate, be attributed to
bioturbation, geochemical remobilization, redeposition, or simply
concentrations of background values? We analyze the shape of Ir
proﬁles by modeling Ir anomalies under a range of mixing conditions with a Lagrangian advection–diffusion sediment mixing
model (Hull et al., 2011) and compare the mixing model parameters with physical observations in the cores. In order to place
these Ir proﬁles in a biostratigraphic context, we combine published planktonic foraminiferal and organic-walled dinoﬂagellate
data with additional palynological analyses on Tighe Park 1, Buck
Pit 1, and Inversand. Finally, we evaluate the similarities and differences in depth-integrated anomalies (total vertical accumulation)
among the NJCP cores, and discuss the relevance of this quantity
relative to the more-frequently-used peak Ir concentrations.
2. Analytical techniques
Concentrations of Ir were measured using Sector Field Inductively Coupled Plasma Mass Spectrometry at the Institute of Marine and Coastal Sciences, Rutgers University. Pre-concentration
and isolation of Ir from the sediment samples were carried out
using a NiS ﬁre-assay technique modiﬁed after Ravizza and Pyle
(1997). In this method, sediment samples were dried at 105 ◦ C
overnight, and ∼1 g subsample was ﬁnely ground and homogenized using an acid-cleaned agate mortar and pestle. The resulting
powder was then mixed with pure Ni powder and sublimed sulfur
(2:1 mass ratio), borax (2:1 ratio to sediment mass), and a 191 Ir enriched isotope spike prepared in 6.2N HCl and calibrated against an
independent NIST-traceable certiﬁed ICP-MS primary Ir standard
solution (High-Purity Standards). This mixture is then heated to
1000 ◦ C in a muﬄe furnace for 75 min to allow fusion. After fusion
and rapid cooling, the glassy sample was broken to release a bead
of NiS containing scavenged Ir. Beads are then dissolved in 6.2N
HCl at 190–200 ◦ C on a hot plate until H2 S evolution stops, then
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Table 1
Table showing the maximum and minimum concentration of Ir measured in each core, the total thickness of the Ir-enriched interval,
average background values, and the integrated Ir signal calculated. Uncertainties for the maximum and minimum values are deﬁned
as explained in the text, and uncertainties for the average background values represent the standard deviation of background samples.
These background concentrations were calculated for each core individually, by taking the average of the relatively constant values
measured above and below the anomalies, excluding the data points of anomalously high Ir concentrations.
Core

Maximum
concentration of
Ir-measured
(ppb)

Minimum
concentration of
Ir-measured
(ppb)

Thickness of the
Ir-enriched
interval
(cm)

Background
value
(ppb)

Integrated
Ir signal
(ppb·m)

Ancora
Double Trouble
Buck Pit 1
Tighe Park 1
Bass River
Search Farm 1
Meirs Farm 1
Inversand

0.130 ± 0.007
0.157 ± 0.008
0.432 ± 0.022
0.460 ± 0.023
2.370 ± 0.119
0.401 ± 0.020
0.494 ± 0.025
0.273 ± 0.014

0.050 ± 0.005
0.040 ± 0.004
0.090 ± 0.009
0.060 ± 0.006
0.040 ± 0.004
0.020 ± 0.002
0.040 ± 0.004
0.030 ± 0.002

79.25
70.10
33.53
30.24
11.00
13.72
10.67
28.96

0.045 ± 0.003
0.044 ± 0.003
0.112 ± 0.027
0.118 ± 0.048
0.111 ± 0.049
0.071 ± 0.042
0.103 ± 0.030
0.038 ± 0.008

0.056
0.065
0.064
0.060
0.062
0.019
0.021
0.025

are ﬁltered through cellulose 0.45 μm ﬁlters (Millipore HATF) to
remove small insoluble particles containing much of the Ir. Filters
are then digested in concentrated HNO3 in 15 mL screw-cap Teﬂon
vial (Savillex). Quantiﬁcation of Ir concentrations used the method
of isotope dilution, which provides accurate concentrations even if
Ir recovery is low or variable. Low procedural blanks (equivalent
to 7 pg/g) combined with high sensitivity mass spectrometry provide a detection limit of ∼10 pg/g = 0.01 ppb. This method yields
excellent procedural reproducibility (precision based on analysis of
replicate solid subsamples ±5%, 2σ ; Table 1) for even the lowest
Ir concentrations (40–100 pg/g) found in background samples, allowing unambiguous determination of Ir anomalies. For the lowest
background concentrations determined, we conservatively estimate
uncertainty at ±10% (2σ ; Table 1) because of the magnitude of the
procedural blank relative to the sample measurement, and propagated uncertainty in both.
For the foraminiferal and echinoid fecal pellet analyses core
samples (20 g) were disaggregated using Calgon solution (5.5 g
of sodium metaphosphate per 4 L of water) and washed with tap
water through a 63 μm sieve. After drying in an oven at 40 ◦ C,
samples were sieved through 250, 150, 125, and 63 μm sieves and
each size fraction examined separately with a reﬂected-light microscope. Echinoid fecal pellets were counted from the 63–250 μm
size fraction using a micro-splitter, and number of fecal pellets per
gram of sample was determined.
For palynological analysis ∼10 g of sample was crushed and
oven dried at 60 ◦ C. Samples were then treated with 10% HCl to remove carbonate components and 40% HF to dissolve the siliceous
components. The residue was sieved over nylon mesh sieves of
250 μm and 15 μm. From the residue of the 15–250 μm fraction,
quantitative slides are prepared on well-mixed, representative fractions. All slides are stored in the collection of the Division Geology,
Department of Earth and Environmental Sciences, KU Leuven, Belgium.
3. Vertical sediment mixing and mixing model
Bioturbation is the mixing of the upper part of the sediment
column by burrowing of benthic macrofauna, recycling the nutrients in the sediment mixed layer (Jumars et al., 1990). The
rate and extent of bioturbation have been investigated quantitatively using geologically instantaneous markers like impact ejecta
and volcanic ashes (Glass, 1969; Ruddiman and Glover, 1972;
Guinasso and Schink, 1975). Several techniques for modeling the
movement of sediment particles across the sediment–water interface and into the permanent sedimentary record have been developed, as reviewed by Meysman et al. (2003). Traditional sediment
mixing models are advection–diffusion models, where the record

of a sedimentary event is distributed within a mixed layer characterized by a mixing coeﬃcient (which can be modeled identically
to a diffusion coeﬃcient) and advected by burrows into layers of
sediments that are older than the event (Guinasso and Schink,
1975).
Hull et al. (2011) modiﬁed the one-dimensional Lagrangian
particle-tracking model with depth-dependent eddy diffusivity of
Tanaka and Franks (2008) to model Ir anomaly shapes across the
K/Pg boundary. They used the mixing model to explain the observed Ir anomaly shape at North Paciﬁc DSDP Site 577B, Shatsky
Rise (their Fig. 5). The model ﬁt the measured Ir proﬁle at Hole
577B, showing a peak concentration of 5.6 ppb in an Ir anomaly
that is spread over a ∼30-cm-thick bioturbated interval, with an
r 2 of 0.95 (Hull et al., 2011). The authors showed that the onedimensional Lagrangian particle-tracking model is successful in
explaining Ir proﬁle shapes, invoking only physical sediment mixing. In this study, we use the mixing model of Hull et al. (2011)
to determine whether the anomaly proﬁles in this shallow water
paleo-environment can be similarly explained by bioturbation, and
if so what mixing parameters best ﬁt measured iridium anomalies
in the NJCP cores.
In the one-dimensional Lagrangian particle-tracking model of
Hull et al. (2011), the material is moved based on depth-dependent
diffusivity with a non-deterministic approach (Fig. 2). In the model,
vertical diffusivity (K v ) is modeled as a decreasing hyperbolic tangent (tanh) function that generates a vertical diffusivity proﬁle
that is continuously differentiable with depth (Ross and Sharples,
2004). Vertical diffusivity decreases with depth, causing a wellmixed layer at the top underlain by increasingly poorly mixed
sediments. K v decreases with depth according to:

K v ( z) =

K0
2





1 − tanh

z − z0



z scale

where z0 is the depth of the inﬂection point in the tanh proﬁle,
delineating the bottom of the well-mixed layer of sediment; z scale
is the e-folding scale for the tanh proﬁle, determining the depth
over which mixing asymptotes to zero; and K 0 is the maximum
vertical diffusivity deﬁning the upper limit of mixing in the tanh
proﬁle (not diffusivity at the sediment–water interface) (Fig. 2).
Modeled iridium is moved vertically by vertical diffusivity as a
Markov process, where the depth zt +t of a particle at time t + t
is a function of the depth (zt ) in the previous time step (t):

zt +t



2K v ( zt + 12 ∂∂Kzv t )t 1/2
∂ K v ( zt )
= zt +
t + R
+ w s t
∂z
r

where R is a random process with a zero mean and a variance of
r, where r = 1/3. R is selected from a uniform distribution ranging from −1 to 1. Sedimentation rate (w s ) causes the sinking of
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Fig. 2. The Lagrangian sediment mixing model (Hull et al., 2011). Three mixing
curves highlight the effect of zscale on depth-dependent diffusivity (K v ). All curves
are parameterized with the same z0 , indicated on the depth axis, and the same K 0 .
Larger values for z scale (black lines) increase the depth range over which K v asymptotes to zero relative to smaller zscale values (dotted black and gray lines) (Hull et
al., 2011, their Fig. 1).

sediment out of the mixed layer continuously. We took the time
step t as 0.2 yr to account for the low sedimentation rates in the
NJCP cores.
We simulated Ir deposition by the introduction of particles into
the model at the sediment–water interface, with each particle representing an equal amount of Ir (Hull et al., 2011). At the time of
the event (K/Pg boundary), 100,000 particles were injected into the
model and mixed according to the different model parameterization. Particle counts were summed with 2 cm deep increments (di)
to obtain Ir concentrations.
Earliest Paleocene sedimentation rates were calculated using
planktonic foraminiferal and/or dinocysts ﬁrst and last appearances
calibrated to the GTS2012 time scale (Gradstein et al., 2012). Sedimentation rates calculated in the early Danian are 0.2 cm/kyr at
Bass River, Ancora, and Inversand and 0.3 cm/kyr at Meirs Farm 1
and Double Trouble. For Search Farm 1, and Tighe Park 1, we do not
have enough biostratigraphic information to calculate the sedimentation rates. Therefore, while running the model we tried a combination of possible w s values (0.1, 0.2, 0.3, 0.4, and 0.5 cm/kyr)
with a range of mixing parameters for each core. For all cores best
model ﬁt was obtained with sedimentation rates of 0.2–0.3 cm/kyr.
These slow sedimentation rates are a product of low Maastrichtian
to Danian terrigenous inﬂux (Browning et al., 2008) and a collapse
of export pelagic productivity in the region in the Danian (D’Hondt,
2005; Esmeray-Senlet et al., 2015). While food supply was limited in the early Danian on the NJCP (Esmeray-Senlet et al., 2015),
heavy bioturbation characterizes the boundary (e.g., Fig. 3 showing
the K/Pg boundary at Inversand, NJ).
The combination of mixing parameters K 0 (0.75, 1, 1.5, 5, 10,
100, 250, 1000 cm2 /kyr), z0 (2, 5, 10, 20, 50, 100, 150 cm), and
z scale (1.5, 4, 9.5 cm) were simulated over a period of 1500 yr using
MATLAB to get the best ﬁt for the measured Ir proﬁles. For each
model the coeﬃcient of determination (r 2 ) was calculated to determine how well the model ﬁts the measured Ir proﬁles. Five models
with the highest r 2 are shown in supplementary ﬁgures (Figs. S1,
S2). The best combination of parameters was selected and model

Fig. 3. Bioturbation at the K/Pg boundary in Inversand outcrop, New Jersey.

simulations were repeated 50 times to take the average, as individual model runs can vary due to the non-deterministic nature of
the approach.
Ir concentrations measured in the NJCP cores are much lower
than those of European (e.g., Stevns Klint, Denmark; Premovic et
al., 2012) and Tunisian (e.g., El Kef, Tunisia; Ben Abdelkader et al.,
1997) neritic sections. Although the model of Hull et al. (2011)
does not take background levels into account, we consider the
background level of each core, since cores with low to moderate
Ir anomalies yield low signal to noise ratios. For each core, to ﬁnd
the background level we took the average of the relatively constant values measured above and below the anomalies (n = 2 to 16
samples per core) excluding the data points of anomalously high Ir
concentrations. The background levels vary between 0.04 ppb to
0.12 ppb (Table 1). In the r 2 calculation we excluded data points
less than or equal to the background level. We matched the lowest
value of the model to the calculated background level.
4. Stratigraphy and Ir anomalies
The NJCP cores were deposited in shallow shelf settings with
paleowater depths of 20 ± 5 to 110 ± 20 m during the Late
Cretaceous–Early Paleogene transition (Esmeray-Senlet et al., 2015).
Ancora, Double Trouble, and Bass River are downdip cores with
paleowater depths of ∼70, 80, 100 m, respectively, allowing
planktonic foraminiferal habitats and thus biostratigraphy. All
other cores are shallower with no or low preservation of planktonic foraminifera. Fortunately, organic-walled dinoﬂagellate cysts
(dinocysts) are abundantly present in these records and allow
conﬁdent biostratigraphic age control across the K/Pg boundary
interval. In addition to biostratigraphy, we counted echinoid fe-
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Fig. 4. Ir in parts per billion (ppb), fecal pellets in number/gram of sediment, core photographs, lithology, formational assignments for Tighe Park 1 and Bass River coreholes.
Shocked minerals in Bass River are quartz and orthoclase feldspar (see Olsson et al., 1997 for the details of the ejecta layer). Note the lowest occurrences of dinocyst taxa at
Tighe Park 1 (after Landman et al., 2007) and Bass River (Olsson et al., 1997). S.: Senoniasphaera, D.: Damassadinium. Modiﬁed after Miller et al. (2010).

cal pellets that provide a distinct lowermost Danian stratigraphic
horizon useful for correlation (Figs. 4–6).
All cores were deposited at a distance ∼2500 km from the
Chicxulub crater and are considered intermediate sites based on
their distance from the impact crater. Intermediate sites are described as having a distance of ∼1000 to ∼5000 km from the
Chicxulub crater with a 2- to 10-cm-thick spherule layer overlain by a 0.2- to 0.5-cm-thick layer having PGE enrichments,
shocked minerals, rip-up clasts above the boundary level from
tsunamis, and Ni-rich spinels (Smit, 1999; Claeys et al., 2002;
Schulte et al., 2010). The NJCP cores show differential preservation of impact related features such as spherule layer, clay clasts,
and Ir enrichments (Figs. 4–6).
Bass River, the most complete and downdip core with a paleodepth of ∼100 m, shows a biostratigraphically complete upper Maastrichtian to lower Paleogene succession (Fig. 4). The
New Egypt Formation was assigned to Abathomphalus mayaroensis planktonic foraminifera, Palynodinium grallator dinocyst, and
Micula prinsii nannofossil Zones, representing the uppermost Maastrichtian (Olsson et al., 1997, 2002). Immediately above the
Maastrichtian, there is a 6-cm-thick spherule layer with common shocked quartz and feldspar grains and carbonate accretionary lapilli (Olsson et al., 1997, 2002; Yancey and Guillemette,
2008). Sediments above the spherule layer are assigned to Danian
planktonic foraminiferal Zones P0 (recognized in one sample, below the ﬁrst appearance datum of planktonic foraminiferal taxa
Parvularugoglobigerina eugubina) and P α , recognized by the appearance of Parvularugoglobigerina eugubina and the dinoﬂagellate
taxon Senoniasphaera inornata (Olsson et al., 1997). A ∼3-cm-thick

layer of white clay rip-up clasts containing uppermost Cretaceous
foraminifera and dinocysts overlies the spherule layer. There is a
large Ir anomaly of 2.4 ppb at the base of the spherule bed and
two modest Ir anomalies of 0.6 and 0.7 ppb straddling the top of
the spherule bed associated with the clast layer.
Ancora (Hole B) is biostratigraphically complete across the K/Pg
boundary (Fig. 5), with the presence of planktonic foraminiferal
Zones P0 and P α in the earliest Danian (Miller et al., 1999). It contains a 2.6-cm-thick spherule layer with grains of glauconite, intermixed clay, and reworked foraminifera in planktonic foraminiferal
Zone P1a (Miller et al., 1999). The presence of glauconite grains
and reworked foraminifera in this layer was interpreted as an indication of the redeposition of the original microtektites and a short
hiatus between Zones P α and P1a (Miller et al., 1999). There is
bioturbation in the 50-cm-thick sediments overlying the boundary.
At Ancora there is a low Ir anomaly with a maximum concentration of 0.13 ppb, spread over ∼107 cm across the K/Pg boundary.
At Double Trouble, bioturbated clayey glauconite sand of the
Upper Cretaceous Navesink Formation is overlain by the very
dark green, clayey glauconite sand of the Hornerstown Formation
(Fig. 5). A ∼3.5 cm-thick calcareous shell layer, assigned to P0/P1a
planktonic foraminiferal zone, is present 50 cm above the K/Pg
boundary. At Double Trouble, a low Ir anomaly of 0.16 ppb was
measured straddling the boundary and covering over ∼119 cm.
At Search Farm 1 and Meirs Farm 1, basal Danian glauconite
sands of the Hornerstown Formation overlie clayey glauconite sand
of the Upper Maastrichtian New Egypt Formation (Fig. 6). The basal
Danian is heavily burrowed at Meirs Farm 1, whereas at Search
Farm 1, the upper Maastrichtian also shows heavy bioturbation.
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Fig. 5. Ir in parts per billion (ppb), fecal pellets in number/gram of sediment, core photographs, lithology, formational assignments for Ancora, Double Trouble, and Buck Pit
1 coreholes. Planktonic foraminiferal biozones are indicated for Ancora and Double Trouble. Note the lowest occurrences of dinocyst taxa S. inornata at adjacent at Buck Pit
outcrop (E. Rudolph, 1994 personal commun.) and D. californicum at Buck Pit 1(this study). S.: Senoniasphaera, D.: Damassadinium. (For interpretation of the references to
color in this ﬁgure, the reader is referred to the web version of this article.)

Although no distinct spherule layer exists, there is a 5-cm-thick
white clay layer at Meirs Farm 1 composed of siderite (Wahyudi,
2010). Although thought to be a clast (Miller et al., 2010) studies of outcrops on adjacent creeks suggest that this is a layer and
is likely an alteration of the carbonate spherules and/or carbonate
accretionary lapilli (Yancey and Guillemette, 2008). The clay at the
K/Pg boundary is associated with a modest Ir anomaly of ∼0.5 ppb
(Miller et al., 2010) that coincides with an increase in echinoid
fecal pellets. At Meirs Farm 1, the lowest occurrence of the lowermost Danian marker taxon Senoniasphaera cf. inornata (Açıkalın
et al., 2015; Vellekoop et al., 2014) occurs at ∼5 cm above the
white clay layer, followed by a succession of marker taxa such
as Senoniasphaera inornata s.s. and Damassadinium cf. californicum
(Vellekoop et al., 2016). At Search Farm 1, Senoniasphaera cf. inornata was not encountered and the lower, but not lowermost,
marker taxa S. inornata and D. californicum occur almost directly
above the K-Pg boundary (Vellekoop et al., 2016).
The physical stratigraphy at Buck Pit 1 is slightly different from
that in the other cores (Fig. 5). At Buck Pit 1, indurated quartz
sand of the uppermost Cretaceous Tinton Formation is overlain by
a ∼40-cm-thick clay unit. The clay unit consists of a basal red clay
and an overlying green clay. The Ir anomaly is spread over the
clay unit with a peak of 0.4 ppb in the green clay. Although we
did not ﬁnd any impact spherules at Buck Pit 1 core, the adja-

cent K/Pg outcrop, Campo Pit, has numerous spherules embedded
in clay clasts in the red and green clay (Esmeray-Senlet, 2015) associated with the lowest occurrence of Senoniasphaera inornata, a
dinocyst marker for the lower Danian (Miller et al., 2010).
At Tighe Park 1, there is 20-cm-thick Pinna bed in the uppermost part of the Cretaceous Tinton Formation, directly below the
Paleogene Hornerstown Formation, containing a diverse latest Cretaceous fauna including the ammonite Discoscaphites iris and the
bivalve Pinna laqueata in the adjacent outcrop (Landman et al.,
2007). Above the Pinna bed, the K/Pg boundary is associated with
the lowest occurrence of Damassadinium californicum and a peak of
echinoid fecal pellets (Fig. 4). The Ir anomaly of ∼0.5 ppb occurs at
the base of the Pinna bed, 20 cm below the K/Pg boundary (Miller
et al., 2010) conﬁrming the relationship observed between Ir and
the Pinna bed in the adjacent outcrop in Agony Creek (Landman et
al., 2007).
The Inversand Pit at Sewell is known for its well-preserved vertebrate fauna just above the K/Pg boundary. The bone bed in the
lowermost Hornerstown Formation, the Main Fossiliferous Layer
(MFL), contains the remains of Cretaceous microfossils and macrofossils, including mosasaurs, ﬁsh, ammonites, and birds together
with Paleogene microfossils (Gallagher, 1993, 2002; Landman et al.,
2004, 2007). An Ir concentration of 0.3 ppb occurs in the middle of
the 40-cm-thick MFL that is ∼50 cm above the Navesink/Horner-
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Fig. 6. Ir in parts per billion (ppb), fecal pellets in number/gram of sediment, core photographs, lithology, formational assignments for Search Farm 1, Meirs Farm 1, Inversand, and Fort Monmouth 3 coreholes. Note the lowest occurrences of dinocyst taxa at Search Farm 1, Meirs Farm 1, and Fort Monmouth 3 (Vellekoop et al., 2016). S.:
Senoniasphaera, D.: Damassadinium.

stown Formation contact (= K/Pg boundary in other cores) (Fig. 6).
The absence of an Ir anomaly at the Navesink/Hornerstown formation contact indicates a short hiatus at the K/Pg boundary and reworking of Ir-rich sediments in the MFL that consists of reworked
Cretaceous and in situ Paleogene fauna.
The stratigraphy of Fort Monmouth 3 is similar to that of adjacent cores, having an increase in echinoid fecal pellets across the
lithological contact of New Egypt/Hornerstown Formation contact
(Fig. 6). However Ir concentrations across the boundary show only
background levels (0.04–0.08 ppb). In the Fort Monmouth 3 core,
the lowermost Danian dinocyst marker taxon Senoniasphaera cf. inornata was not encountered (Vellekoop et al., 2016). In this core,
the lowest occurrences of S. inornata s.s. and D. californicum occur
directly at the base of the Hornerstown Fm., suggesting the presence of a short hiatus.
5. Iridium proﬁle shapes
We applied the Lagrangian advection–diffusion mixing model to
the NJCP cores, where Ir is scattered across the K/Pg boundary and
bioturbation is visible (Ancora, Double Trouble, Buck Pit 1, Search
Farm 1, Meirs Farm 1). Mixing model ﬁts to the measured anomaly
shapes are very good, with an r 2 of 0.81–0.96.
There is a strong correlation between mixing parameters obtained and physical observations. In the cores in which Ir is dispersed over ∼107–119 cm (Double Trouble, Ancora) z0 (the bottom of the well-mixed layer) is 100–150 cm; cores with Ir dispersion of ∼30 cm (Buck Pit 1, Search Farm 1) show z0 values of
20–50 cm; and cores with Ir dispersion of ∼10 cm (Meirs Farm 1)
show z0 values of 20 cm (Figs. 7–8). This indicates that Ir dispersion across the K/Pg boundary can be explained by physical mixing
of sediments via bioturbation.

In the Tighe Park 1 and Bass River sections, the Ir peaks do
not occur at the same stratigraphic level as the biostratigraphic
K/Pg boundary (Fig. 4). Miller et al. (2010) discussed the relative
position of the Ir anomaly and mass extinction level in the NJCP
cores and concluded that Ir is in situ, i.e. at the same level as
the biostratigraphic K/Pg boundary, in clay-rich sections, but remobilized geochemically in sandier sections like Tighe Park 1 and
Bass River. At Bass River, the highest Ir anomaly occurs 6 cm below the appearance of Danian foraminifera and dinocysts, at the
base of the spherule layer as a narrow peak. Because the deposition of Ir takes place slowly as a result of atmospheric fallout it
should occur above the ballistic ejecta/spherule layer (Smit, 1999;
Kring, 2007). Thus, the Ir enrichment at the base of the spherule
layer at Bass River is interpreted as resulting from geochemical
remobilization of Ir down section by 6 cm (Miller et al., 2010).
Similarly, the Ir anomaly at Tighe Park 1 is a sharp peak at a redox
boundary that occurs 20 cm below the appearance of ﬁrst Danian
dinocysts at the base of the porous Pinna layer where groundwater
percolates from the outcrop (Miller et al., 2010). Both the spherule
layer at Bass River and the Pinna layer at Tighe Park 1 allowed
percolation of Ir that accumulated in a 2- to 3-cm-thick zones as
distinct and narrow peaks above these aquicludes (Miller et al.,
2010) possibly due to differences in redox potential (Colodner et
al., 1992).
At Bass River, a secondary Ir enrichment of ∼0.7 ppb straddles
the top of the spherule layer, where the original deposition of Ir
should have occurred (Fig. 4). Also at Tighe Park 1, ∼0.2 ppb Ir
is dispersed in the heavily bioturbated clayey glauconite sand of
Hornerstown Formation just above the K/Pg boundary (Fig. 4). We
applied the mixing model to these intervals, on the assumption
that they represent the redistribution of particulate Ir by sediment
mixing (Fig. 8). Model mixing parameters obtained for both Bass
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Fig. 7. Modeled Ir proﬁles for Ancora, Double Trouble, and Buck Pit 1 coreholes that provided best ﬁts to the measured Ir proﬁles. Ir-modeled is plotted with blue crosses.
Ir-measured is plotted with solid red circles; the open red circles show Ir samples that were not considered for the calculation of r 2 . The mixing parameters and r 2 values
obtained are: Ancora (r 2 : 0.88, K 0 : 1 cm2 /kyr, z scale : 4 cm, z0 : 150 cm); Double Trouble (r 2 : 0.85, K 0 : 10 cm2 /kyr, z scale : 9.5 cm, z0 : 100 cm); Buck Pit 1 (r 2 : 0.80, K 0 :
0.75 cm2 /kyr, z scale : 9.5 cm, z0 : 50 cm). Sedimentation rates (w s ) are 0.2 cm/kyr at Ancora and Buck Pit 1, and 0.3 cm/kyr at Double Trouble. Background values calculated
are 0.04 ppb for Ancora and Double Trouble, and 0.11 ppb at Buck Pit 1. mbls: meters below land surface. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

Fig. 8. Modeled Ir proﬁles for Search Farm 1, Meirs Farm 1, Tighe Park 1, and Bass River coreholes that provided best ﬁts to the measured Ir proﬁles. Ir-modeled is plotted with
blue crosses. Ir-measured is plotted with solid red circles; the open red circles show Ir samples that were not considered for the calculation of r 2 . The mixing parameters
and r 2 values obtained are: Search Farm 1 (r 2 : 0.96, K 0 : 1000 cm2 /kyr, z scale : 1.5 cm, z0 : 20 cm); Meirs Farm 1 (r 2 : 0.82, K 0 : 1000 cm2 /kyr, z scale : 1.5 cm, z0 : 20 cm);
Tighe Park 1 (r 2 : 0.95, K 0 : 10 cm2 /kyr, z scale : 4 cm, z0 : 100 cm); Bass River (r 2 : 0.68, K 0 : 100 cm2 /kyr, z scale : 1.5 cm, z0 : 10 cm). Sedimentation rates (w s ) are 0.2 cm/kyr
at Search Farm 1 and Bass River, and 0.3 cm/yr at Meirs Farm 1 and Tighe Park 1. Background values calculated are 0.07 ppb for Search Farm 1, 0.10 ppb for Meirs Farm 1,
0.11 ppb for Bass River, and 0.12 ppb for Tighe Park 1. mbls: meters below land surface. Note that depth of Bass River is shown in cm above/below the K/Pg boundary. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

River and Tighe Park 1 are in line with the physical observations.
The best model ﬁt for Tighe Park 1 shows a z0 of 100 cm, where
the dispersion of Ir is ∼30 cm; whereas as at Bass River z0 is
10 cm with an Ir dispersion of ∼11 cm.
6. Integrated iridium anomalies and total iridium delivery
The NJCP sites show different Ir proﬁles across the K/Pg boundary in terms of maximum concentration of Ir measured, total thickness of the Ir-enriched interval, and background values of Ir (Table 1). However, there is a strong inverse relationship between the

maximum concentration of Ir measured and the thickness of the Ir
diffusion zone. The maximum Ir peak measured is 2.4 ppb at Bass
River and the anomaly is concentrated within a 3-cm-thick layer
(Fig. 4). Approximately 4 cm above this major peak is a secondary
enrichment of ∼0.7 ppb that is ∼4 cm thick. Including both major and secondary peaks, the total thickness of the Ir enrichment
interval at Bass River is 11 cm. Meirs Farm 1, Search Farm 1, Buck
Pit 1, and Tighe Park 1 show moderate Ir peaks of ∼0.5 ppb that
are spread over 10–30 cm (Figs. 5, 6). At Ancora and Double Trouble, where the thickness of the Ir-enriched interval reaches up to
∼119 cm, there are much lower maximum concentrations, 0.13
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and 0.16 ppb, respectively (Fig. 5). This suggests that Ir was diluted
after the original time of deposition due to sedimentary processes
of bioturbation and/or geochemical remobilization, causing lower
peak Ir anomalies.
We evaluate the integrated Ir signal over the thickness of the
Ir-enriched interval using the data above the background levels
(Table 1). Using the trapezoidal rule, a technique for approximating the deﬁnite integral, we calculated the area of the region that
is bounded by the Ir anomalies in each core. The area under the
curve, i.e., the integrated Ir signal indicates the total Ir delivery accumulation, independent of the distance over which it was mixed
vertically in the core.
Results show that the integrated Ir anomaly at Ancora, Double
Trouble, Buck Pit 1, Tighe Park 1, and Bass River are very similar (∼0.06 ppb·m), indicating that the total Ir delivery to these
cores were comparable (Table 1). Cores having higher Ir maxima,
but narrower peak vs. lower Ir maxima and diffused peaks show
the same total Ir delivery indicating that the original Ir deposited
was spread vertically across the K/Pg boundary by sedimentary and
geochemical processes.
Search Farm 1, Meirs Farm 1, and Inversand show similar integrated Ir values to each other, but lower than that of the other
cores (∼0.02 ppb·m). At Inversand, the Ir-rich horizon is situated
in the MFL, 50 cm above the K/Pg boundary, and is interpreted
as reworked. Although the Ir peak is associated with the K/Pg
boundary at Search Farm 1 and Meirs Farm 1, short hiatuses at
the boundary are also possible, causing lower integrated Ir anomalies in these two cores. However, dinocysts studies indicate that at
Meirs Farm 1, the dinocyst marker taxon Senoniasphaera cf. inornata is present (Vellekoop et al., 2016), indicating that it is biostratigraphically complete, in contrast to the Search Farm 1 and Fort
Monmouth 3 cores.
White clasts containing Maastrichtian planktonic foraminifera
and outer neritic benthic foraminiferal assemblage were interpreted as rip-ups due to a tsunami that eroded the outer continental shelf and upper slope after a slope failure triggered by earthquakes generated by the Chicxulub impact (Norris et al., 2000;
Olsson et al., 2002). This tsunami was distinguished from the
impact-generated mega-tsunami that reworked sediments in the
Gulf of Mexico, since Florida and Bahama platforms prevented
tsunamis from spreading from the Gulf of Mexico into the western
North Atlantic (Norris et al., 2000). This can also explain the heterogeneity of the preservation of the spherules on the NJCP (Miller
et al., 2010).
7. Conclusions
The shape of the Ir proﬁles across the K/Pg boundary and the
maximum Ir concentrations measured are highly variable among
shallow shelf cores of NJCP, although they were deposited geographically very close to each other. The shape of the Ir proﬁles
and the concentrations measured seem to appear determined primarily by sedimentary and geochemical processes, especially bioturbation. Evidence supporting sediment mixing are burrows visible in the cores and good ﬁts between mixing model and measured
Ir proﬁles.
Using the Lagrangian advection–diffusion model (Hull et al.,
2011), we were able to show the extent of mixing effects on the Ir
records quantitatively across the K/Pg boundary at 7 shallow-water
cores in the NJCP. Modeling and ﬁtting the model to the measured
iridium proﬁles showed that Ir anomaly shapes could generally
be explained by sediment mixing. Hull et al. (2011) showed that
the model is successful in explaining Ir proﬁles in a distal deepsea site (Site 577B) with a less complicated mixing history. Our
modeling effort in shallow water cores at intermediate distance
from the impact site showed that the model is also applicable in
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sites with much more complicated mixing histories. However, the
mixing model should be applied carefully taking the background
values into account, where there is low signal-to-background ratio
with low to moderate Ir concentrations. Furthermore, for complex
proﬁles, the model occasionally fails to ﬁt secondary peaks.
Our evaluation showed that the integrated Ir signal in the majority of cores is indistinguishable in the NJCP, strongly suggesting
that the total Ir delivery to this region was uniform at time of K/Pg
event. Although having received comparable mass of Ir, the sites
show different maximum concentrations of Ir that are inversely
proportional to the total thickness of the Ir-enriched interval. Interregional comparison show that variations in Ir accumulations vary
regionally and locally despite a near-instantaneous source, stratospheric dispersal, and settling. Non-uniform Ir proﬁles develop due
to changes in the regional delivery and post-depositional modiﬁcation by bioturbation and migration to redox boundaries. This
provides additional evidence of mixing dilution of Ir after the original time of deposition. Additional elemental analysis is suggested
as future work in order to supply further evidence of Ir remobilization to redox boundaries.
It has been often thought that low Ir concentrations at the K/Pg
boundary shows the incompleteness of the boundary or might only
be reﬂecting the accumulation of cosmic dust due to low sedimentation rates (Sawlowicz, 1993). The ﬁndings of this study, however,
show that even modest Ir concentrations are a product of a single
global cause: the Chicxulub impact.
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