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ABSTRACT

Integrated Ocean Drilling Program Expe-
dition 313 recovered Miocene sequences 
at Holes M0027A and M0029A on the New 
Jersey shallow shelf that contain a character-
istic acid-resistant organic component. The 
palynofacies within each sequence refl ects 
variations in terrigenous versus authigenic 
fl ux through the Miocene that are associated 
with sea-level change. Very high ratios of ter-
rigenous versus marine palynomorphs and of 
oxidation-resistant versus susceptible dino-
cysts are associated with seismic sequence 
boundaries, consistent with their interpreta-
tion as sequence-bounding unconformities 
generated at times of low sea level. Compari-
son of palynological distance from shoreline 
estimates with paleodepth estimates derived 
from foraminiferal data allows relative sea 
level to be reconstructed at both sites. Ages 
assigned using dinocyst biostratigraphy are 
consistent with other chronostratigraphic 
indicators allowing sequence boundaries 
to be correlated with Miocene oxygen iso-
tope (Mi) events. Paleoclimatic evidence 
from the pollen record supports the global 
climate changes seen in the oxygen isotope 
data. Although chronological control is rela-
tively crude, Milankovitch-scale periodic-
ity is suggested for parasequences visible in 
thick sequences deposited in relatively deep 
water where substantial accommodation 
existed, such as during the early Langhian 
at Site 29 (Middle Miocene Climatic Opti-
mum). Palyno logical analysis thus supports 

the long-held hypothesis that glacioeustasy is 
a dominant process controlling the architec-
ture of continental margins.

INTRODUCTION

Integrated Ocean Drilling Program 
Expedition 313 to the New Jersey 
Shallow Shelf

The New Jersey margin is ideally suited to 
study the response of continental margin archi-
tecture to Oligocene–Miocene icehouse sea-level 
fl uctuations (Mountain et al., 2010). Integrated 
Ocean Drilling Program (IODP) Expedition 313 
provided an opportunity to apply a multiproxy 
approach to refi ning the application of palynol-
ogy to sequence stratigraphic studies. In 1998, 
Ocean Drilling Program (ODP) Leg 174A 
attempted to core the outer New Jersey (USA) 
shelf, but recovery (particularly of the sand-rich 
Miocene section) was patchy, so the shipboard 
party (Austin et al., 1998) was forced to focus on 
the Quaternary of the uppermost slope. Drilling 
by onshore ODP Legs 150X and 174AX suc-
cessfully recovered Late Cretaceous to Holocene 
sequences from sites on the Atlantic coastal plain 
(summaries in Miller, 2002; Miller et al., 2005) 
that provide the material to reconstruct sea level 
on the New Jersey margin and relate the fl uc-
tuations to global sea-level change (e.g., Miller 
et al., 2005). There remained a gap between the 
coastal plain and the outer shelf, making correla-
tion diffi cult until the New Jersey shallow shelf 
was fi nally drilled between 30 April and 17 July 
2009 by IODP Expedition 313, fi lling the criti-

cal gap in the transect of coreholes between the 
New Jersey coastal plain (ODP Legs 150X and 
174AX) and the continental slope (ODP Legs 
150 and 174A) (Fig. 1).

There were 15 unconformity-bounded 
sequences identifi ed within the Miocene during 
Expedition 313 (Mountain et al., 2010). Seis-
mic sequence boundaries were identifi ed based 
on refl ector terminations (onlap, downlap, ero-
sional truncation, and toplap) on multichannel 
seismic profi les obtained on R/V Ewing cruise 
Ew9009, R/V Oceanus cruise Oc270, and R/V 
Cape Hatteras cruise Ch0698 (Fig. 1; Monte-
verde et al., 2008; Monteverde, 2008; Mountain 
et al., 2010). Sequence boundaries were identi-
fi ed in the Expedition 313 cores on the basis of 
physical stratigraphy and age breaks (Mountain 
et al., 2010; Browning et al., 2013; Miller et al., 
2013a) based on the following criteria: (1) irreg-
ular contacts, with as much as 5 cm of relief on a 
6.2-cm-diameter core; (2) reworking, including 
rip-up clasts found above the contact; (3) intense 
bioturbation, including burrows fi lled with 
overlying material; (4) major lithofacies shifts 
and changes in stacking pattern; (5) gamma-
ray increases associated with changes from 
low radioactivity sands below to “hotter” (high 
radioactivity) clays above, glauconite imme-
diately above sequence boundaries, and/or 
marine omission surfaces (e.g., with high U/Th 
scavenging); (6) shell lags above the contact; 
and (7) age breaks indicated by Sr isotope stra-
tigraphy or biostratigraphy. A velocity versus 
depth function was used to make initial seismic-
core correlations of seismic sequence bound-
aries to core surfaces identifi ed from visual 
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evidence (core descriptions and photographs) 
and log data (Mountain et al., 2010; Mountain 
and Monteverde, 2012; Miller et al., 2013a). 
Synthetic seismograms from Sites M27A and 
M29A (Mountain and Monteverde, 2012) pro-
vide a check on seismic-core correlations and 
predicted depths of seismic sequence bound aries. 
The resultant seismic-core-log correlations 
(summarized in Miller et al., 2013a) were used 
to place the sequence boundaries in this study. 
A chronology was developed based on cal-
careous nannofossil, diatom, dinofl agellate cyst, 
and planktonic forami niferal data together with 
Sr isotope analyses of mollusc shells and fora-
minifers that allowed correlation with the global 
record of eustasy (see Browning et al., 2013).

Sea-Level–Sensitive Palynological Proxies

Several studies have used palynomorphs in 
sequence stratigraphic studies, recognizing their 
signifi cance as sedimentary particles having 
provenance and history that can be much more 
comprehensively identifi ed than those of the 
siliciclastic particles with which they are depos-
ited (Eshet et al., 1988; Habib and Miller, 1989; 
Gregory and Hart, 1992; Wood and Gorin, 1998; 
McCarthy and Gostlin, 2000; McCarthy et al., 
2003; Oboh-Ikuenobe et al., 2005). All of these 
studies demonstrated that the palynological sig-
nature of a continental margin is the product of 
the initial environmental conditions at the depo-
sitional setting together with taphonomic skew-

ing of that record due to differential transport 
and preservation of palynomorphs (in addition 
to the biostratigraphically useful evolution and 
extinction events). The basic concept is that acid-
resistant organic material from land (e.g., phyto-
clasts, fungal spores, pollen, and embryophyte 
spores) is progressively sorted and degraded 
with increasing distance from the shoreline 
because of a progressively decreasing energy 
gradient. In contrast, autochthonous marine 
material is preferentially degraded in the higher 
energy proximal settings, but is preserved well 
in deeper water settings as long as the burial rate 
is relatively high (Traverse, 1994; Tyson 1995).

In this paper sea-level–dependent aspects of 
the palynological record of Holes M0027A and 
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Figure 1. Generalized bathymetric and location map of the New Jersey/Mid Atlantic Margin transect showing three generations of multi-
channel seismic (MCS) data (R/V Ewing cruise Ew9009, R/V Oceanus cruise Oc270, and R/V Cape Hatteras cruise Ch0698) acquired before 
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M0029A (herein 27A and 29A) are examined in 
light of one of the main goals of IODP Expedi-
tion 313, i.e., to assess the role of sea level on 
continental margin architecture (Mountain et al., 
2010). Estimates of the proximity to the shore-
line inferred from the palynological record are 
compared with estimates of paleo–water depth 
derived from benthic foraminiferal data, which 
have long been the basis for sea-level recon-
struction (e.g., Miller et al., 1997; Katz et al., 
2003). Previous comparisons of palynologically 
derived distance to shoreline estimates and ben-
thic foraminiferal biofacies-based paleobathym-
etry in Pleistocene sediments from ODP Hole 
1072A proved successful (Katz et al., 2003; 
McCarthy et al., 2003).

Comparison of the palynological record 
(which represents the allochthonous pollen 
fl ux together with the in situ planktonic algal 
record, thus providing a proxy of terrigenous 
fl ux to marine environments) with the benthic 
foraminiferal record (which provides esti-
mates of paleobathymetry) allows some of the 
complexity associated with the palynological 
response to sea-level change to be resolved, 
and a robust signal is obtained when all of the 
proxies are integrated and interpreted to record 
the same paleoenvironmental parameters. This 
multiproxy approach also highlights different 
aspects of variations in relative sea level that are 
recorded by the different microfossil groups. A 
shelf with a steep gradient, for example, could 
have proximal conditions (recorded by a strong 
dominance of terrestrial microfossils) together 
with outer neritic water depths (inferred from 
foraminiferal assemblages), whereas a shelf 
with a very gentle gradient could have distal set-
tings, resulting in a lower ratio of terrestrial ver-
sus marine microfossils in sediments containing 
a benthic foraminiferal assemblage, refl ecting 
inner neritic water depths. In addition, beyond 
the shelf break, downslope mass wasting (which 
is most pronounced at times of lowered sea 
level; cf. McCarthy et al., 2003, 2004a) can 
produce palynomorph assemblages very rich in 
pollen and embryophyte spores in relative deep 
water. The multiproxy data and the very good 
age resolution available from IODP Expedition 
313 allow us to assess existing models and to 
infer the relationship between sea level and the 
sedimentation of organic particles on the New 
Jersey margin during the early Aquitanian to 
early Serravallian.

METHODS

Samples (5 cm3) were processed for palyno-
logical analysis at Brock University (St. Cath-
arines, Canada) using standard techniques, 
including disaggregation using warm, dilute 

(0.02%) sodium hexametaphosphate, and disso-
lution of carbonate and silicate minerals using 
weak (10%) HCl and concentrated HF, respec-
tively. Samples were centrifuged and rinsed with 
distilled water between each ~1 h step. Samples 
were sieved twice through Nitex mesh to retain 
the >15 μm fraction, once after the weak sodium 
hexametaphosphate treatment to get rid of the 
majority of the resistant clays, and more thor-
oughly following the HF treatment to get rid of 
any remaining clays as well as fi ne organic mat-
ter that can obstruct palynomorph identifi cation. 
A tablet containing 10,850 ± 200 Lycopodium 
clavatum spores was introduced during HCl 
treatment in order to allow estimates of marine 
and terrestrial palynomorph concentration rela-
tive to the exotic spores (as described by Stock-
marr, 1971). Samples were mounted on glass 
slides using glycerine jelly and palynomorphs 
were counted at 400× magnifi cation, with speci-
mens examined under oil immersion at 1000× 
for verifi cation where necessary. The identifi ca-
tion of palynomorphs was hampered in many 
samples by the growth of pyrite, indicating 
that reducing conditions prevailed in the depo-
sitional environment. The abundance of dino-
fl agellate cysts and amorphous organic matter 
(AOM) in these pyrite-rich samples records that 
reducing conditions were associated with distal/
outer neritic conditions. In some samples, AOM 
was so common that it obscured some palyno-
morphs, preventing identifi cation. In Serraval-
lian sediments at the more neritic Site 27, and 
in most samples at sequence boundaries, marine 
palynomorphs were vastly outnumbered by ter-
restrial palynomorphs and terrigenous organic 
matter, so that several slides had to be exam-
ined. Nonetheless, nearly all Miocene samples 
processed contained suffi cient reasonably well 
preserved palynomorphs to allow assessment 
of age and paleoenvironment; the exception 
was sandy sediments that make up the upper 
part of sequence m5.8 and sequence m5.47 in 
Hole 27A.

Photographs of common and age-diagnostic 
dinocyst taxa were taken at 1000× using oil 
immersion. The dinocyst data (raw counts in Sup-
plemental Tables 11 and 22) are presented semi-
quantitatively as relative abundances (rare < 5%, 

common 5%–20%, abundant > 20%) based on 
minimum counts of 35 cysts, although counts 
normally exceed 60 cysts. Ages were assigned to 
samples using the dinofl agellate (DN) zones of 
de Verteuil and Norris (1996) (Fig. 2), although 
more recent dinocyst studies, most notably the 
North Sea zonations of Dybkjær and Piasecki 
(2008, 2010) were also useful in assigning ages 
and characterizing sequences according to their 
palynological content. Useful datums calibrated 
to the Gradstein et al. (2004) time scale (as dis-
cussed in Browning et al., 2013) in Holes 27A 
and 29A are listed in Tables 1 and 2.

The degree of terrigenous versus marine fl ux 
is illustrated by the ratio of terrestrial palyno-
morphs (T, pollen + embryophyte spores) 
versus marine palynomorphs (M, dinocysts + 
acritarchs), i.e., T:M (referred to as P:D [pol-
len versus dinocysts] in McCarthy and Mudie 
[1998] and McCarthy et al. [2003, 2004a, 
2004b]). Minimum counts of 200 palynomorphs 
were employed to generate ratios of terrestrial 
versus marine palynomorphs (Tables 3 and 4). 
Foraminiferal linings were not included in the 
total marine palynomorph sum because coastal 
and inner neritic benthics are as likely to pro-
duce acid-resistant linings as are middle to outer 
neritic taxa, and we are attempting to gauge sea 
level and terrigenous fl ux.

The T:M ratio illustrates the degree of terrig-
enous fl ux to the marine environment, represent-
ing the rapid settling of most pollen grains from 
the atmosphere and within the water column 
against an irregular pattern of algal productiv-
ity in surface waters (Mudie and McCarthy, 
1994; McCarthy et al., 2003). A similar index 
is given by the ratio of two major end members 
of palyno facies classifi cation: the allochthonous 
terrestrially derived phytoclasts (Ph) and authi-
genic marine AOM , i.e., Ph:AOM. Palyno facies 
identifi cation follows Batten (1996), and the 
data are provided as a robust ratio of the ter-
rigenous and marine end members (Figs. 3–5; 
Table 5). The Ph:AOM ratio primarily refl ects 
taphonomic effects, e.g., the transportation of 
terrigenous organic matter relative to sea-surface 
productivity, and the ultimate preservation of 
that organic matter in the sediment. Distance 
from the shoreline is also refl ected by the ratio 
of nonsaccate (primarily angiosperm/hardwood 
tree) versus bisaccate (conifer) pollen grains 
(nonsac:bisac; Figs. 3 and 4; Table 6), refl ecting 
the gradual settling of heavier, less aerodynamic 
and hydrodynamic angiosperm grains (Mudie 
and McCarthy , 1994, McCarthy et al., 2003). 
Distal pollen assemblages thus tend to be greatly 
enriched in bisaccate conifer pollen with sacs 
adapted to fl oat long distances in air or water.

The ratio of cysts of primarily coastal to inner 
neritic dinofl agellate taxa relative to those of 

1Supplemental Table 1. Relative abundance and 
raw counts, Hole 27A. If you are viewing the PDF 
of this paper or reading it offl ine, please visit http://
dx.doi.org/10.1130/GES00853.S1 or the full-text 
article on www.gsapubs.org to view Supplemental 
Table 1.

2Supplemental Table 2. Relative abundance and 
raw counts, Hole 29A. If you are viewing the PDF 
of this paper or reading it offl ine, please visit http://
dx.doi.org/10.1130/GES00853.S2 or the full-text 
article on www.gsapubs.org to view Supplemental 
Table 2.
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primarily outer neritic and oceanic taxa is an 
additional indicator of distance to shoreline. The 
long-ranging so-called “round brown” Brigan-
tedinium spp., associated with coastal to inner 
neritic environments or upwelling regions, i.e., 
regions with high nutrient availability (Rochon 
et al., 1999), are common to abundant in most 
samples from the New Jersey shallow shelf 
sites. These protoperidinioid cysts typically 
have a strong effect on the ratio of gonyaula-
coid cysts (G; produced by auto trophic dino-
fl agellates and generally more abundant sea-
ward of the inner shelf; see McCarthy et al., 
2003) versus protoperidinioid cysts (P; pro-
duced by heterotrophic dinofl agellates and gen-
erally more abundant in coastal and inner neritic 
environments). G:P ratios (Figs. 3 and 4; Tables 
3 and 4) thus provide another, relatively crude 
measure of the offshore environmental gradi-

ent; however, G:P is also high in distal settings 
where bottom waters are well oxygenated and 
the rate of burial is low, because postdeposi-
tional degradation selectively affects protoperi-
dinioid cysts (Zonneveld et al., 1997; Hopkins 
and McCarthy, 2002; McCarthy et al., 2004a, 
2004b; Versteegh and Zonneveld, 2002). The 
labile Brigantedinium-type cysts are especially 
vulnerable to early diagenetic aerobic degrada-
tion, while most gonyaulacoid taxa are highly 
resistant (Zonneveld et al., 2001, 2008; Ver-
steegh and Zonneveld, 2002), so the G:P ratio 
referred to here also retains a taphonomic signa-
ture in addition to refl ecting ecology. Sequence-
bounding unconformities were found to be typi-
cally characterized by very high G:P, interpreted 
to be a taphonomic signal (e.g., McCarthy et al., 
2003). The G:P ratio was also found to be very 
high in highstand systems tracts and maximum 

fl ooding surfaces where sediment accumulation 
rates are very low (McCarthy et al., 2003).

Paleobathymetric reconstructions are based 
on foraminifera, including benthic foraminif-
eral assemblages, key depth-indicator species, 
and percentage of planktonic foraminifera 
(for details, see Katz et al., 2013). Paleodepth 
constraints use the Miller et al. (1997) general 
paleobathymetric model, which was established 
using coeval New Jersey coastal plain sections 
drilled onshore (as modifi ed by Katz et al., 
2013). Hanzawaia hughesi–dominated biofa-
cies indicate mid-inner neritic depth (10–25 m), 
Pseudononion pizarrensis–dominated biofacies 
indicate lower inner neritic to upper middle 
neritic depth (25–50 m), Bulimina gracilis/
Bolivina paula–dominated biofacies indicate 
middle-middle neritic depth (50–80 m), and 
Uvigerina spp./Bolivina fl oridana–dominated 
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is the zonation of Dybkjær and Piasecki 
(2010) for the onshore sequences in Den-
mark, as well as the calcareous nanno fossil 
zonation of Martini (1971). All are calibrated 
against the Gradstein et al. (2004) time scale, 
as discussed in Browning et al. (2013). The 
ages of sequence bound aries are constrained 
by the multiple chrono stratigraphic prox-
ies discussed in Browning et al. (2013). The 
thinner lines indicate the preferred and/or 
more constrained ages based on the dinocyst 
assemblages. A. anda lousiense—Achomo-
sphaera andalou siense; E. insigne—Exocho-
sphaeridium insigne; S. dionaeacysta—
Seleno pemphix dionaeacysta.
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biofacies indicate outer middle neritic depth 
(>75–100 m). Key taxa (e.g., Cibicidoides 
pachyderma, Cibicidoides primulus, Hanza-
waia mantaensis, Oridorsalis umbonatus) often 
found in high-diversity, low-dominance assem-
blages indicate outer neritic paleodepths (100–
200 m) (for details, see Katz et al., 2013).

Sea level was qualitatively reconstructed, 
interpreted as high sea level wherever multiple 
palynological proxies recorded a distal setting 
and where middle to outer neritic water depths 
were suggested by the foraminiferal assemblage. 
These interpretations were at times confounded 
by barren samples, however, which may indi-

cate either deposition in very shallow water, 
dissolution, or mass transport of shallow-water 
sediments into deeper water environments. 
Sedimentological data proved valuable in veri-
fying our sea-level interpretations, particularly 
in sediments barren of microfossils and in cases 
where palynomorphs and foraminifera indicate 
unrealistic shallow-water environments, likely 
indicating downslope transport.

Good multiproxy geochronological control 
is available along the Expedition 313 transect, 
based on a variety of chronological tools in 
addition to dinocysts, including Sr isotope age 
estimates and nannofossil and diatom zonations 
(Browning et al., 2013). As a result, we were 
able to assess the infl uence of changing sea level 
and climate from the Aquitanian to earliest Ser-
ravallian on sedimentation on the New Jersey 
margin by correlating our sea-level record with 
Miocene oxygen isotope (Mi) events.

PALYNOLOGY OF HOLES 27A AND 29A

Palynological Signature and Age of 
Miocene Sequences

Each sequence on the New Jersey shallow 
shelf has a distinct palynological character, not 
only in assemblages of marine and terrestrial 
palynomorph species, but in the entire palyno-
facies present in each slide, including the palyno-
debris. Sequences identifi ed using seismic and 
sedimentological criteria have distinct signa-
tures of T:M, Ph:AOM, G:P, and nonsac:bisac 
pollen, refl ecting the distance from the shoreline 
and sea surface and depositional conditions at 
each site (Figs. 3–5). Evolution and extinction 
within dinofl agellate lineages allow biostrati-
graphic zonation of the uppermost Chattian to 
lowermost Serravallian, while semiquantita-
tive variations in abundance refl ect ecological 
change (Figs. 6 and 7).

Lithologic Unit VII: Sequence O6
The dinocyst assemblage in sequence O6, 

above the refl ector at 538.68 mcd (meters com-
posite depth) in Hole 27A (Fig. 3), is rich in 
Apteodinium tectatum, Operculodinium centro-
carpum, Lingulodinium multivirgatum, Spi-
niferites spp., Lejeunecysta sp., Brigantedinium 
sp., Membranophoridium aspinatum, Cleisto-
sphaeridium placacanthum and Dapsilidin-
ium pseudocolligerum (Supplemental Table 1 
[see footnote 1]). The highest occurrence 
(HO) of Defl andrea phosphoritica in sample 
27A-190R-2 (147–148 cm, 525.73 mcd) and of 
Chiropteridium galea in sample 27A-186R-1 
(95–96 cm, 523.66 mcd), together with 
Stovero cysta conerae in samples 27A-187R-3 
(140–141 cm, 526.08 mcd) through 186R-1 

TABLE 1. USEFUL DINOCYST DATUMS IN INTEGRATED OCEAN 
DRILLING PROGRAM EXPEDITION 313 HOLE M0027A

Taxon
LO

(sample/depth mcd)
HO

(sample/depth mcd)
Range 

(DN zone)
Trinovantedinium papulum –5ND11.122/2-R77-A72
Habibacysta tectata –5NDreppu11.122/2-R77-A72
Invertocysta lacrymosa –enecoiMelddiM11.122/2-R77-A72
Trinovantedinium harpagonium –5ND82.622/1-R08-A72
Unipontedinium aquaeductum 27A-83R-3/237.62 27A-70X-1/207.56 DN5
Imagidinum arachnion 9ND–4NDpot62.052/1-R88-A72
Apteodinium tectatum 27A-70X-1/207.56 –DN5
Cleistosphaeridium placacanthum 27A-73X-1/212.00 –top DN5
Apteodinium spiridoides 4NDpot–61.252/2-R88-A72
Labyrinthodinium truncatum truncatum –4NDesab62.052/1-R88-A72
Labyrinthodinium truncatum modicum –4NDesab61.252/2-R88-A72
Cerobrocysta poulsenii 8ND–3NDpot13.092/1-R101-A72
Sumatradinium druggii 8ND–3NDesab70.492/2-R201-A72
Sumatradinium hamulatum 27A-177R-1/503.41 27A- 161R-2/460.51 base DN2–top DN3
Sumatradinium soucouyantiae 8ND–2NDesab66.325/1-R681-A72
Cousteadinium aubryae 27A-186R-1/523.66 27A-83R-3/237.63 DN2–top DN4
Lingulodinium multivirgatum 27A-85R-3/242.72 (–top DN3)
Operculodinium longispinigerum 27A-189R-1/531.08 27A-127R-1/359.71 DN2–DN4

DN2–DN4Distatodinium paradoxum 27A-156R-1/445.14
Exochosphaeridium insigne 27A-156R-1/445.14 27A-152R-2/434.26 DN2b–DN2c
Cordosphaeridium cantharellus 27A-148R-3/423.66 –DN2b
Cribroperidinium tenuitabulatum 27A-148R-3/423.66 –DN2
Cerebrocysta satchelliae 27A-149R-2/425.56 –DN2
Dinopterigium cladoides 27A-149R-2/425.56 –DN2
Caligodinium amiculum 27A-164R-2/470.46 –DN2a
Membranophoridium aspinatum 27A-176R-1/500.63 –base DN2
Stoverocysta conerae 27A-187R-3/526.08 27A-186R-1/523.66 base DN1–DN2
Chiropterdium galea 27A-186R-1/523.66 –top DN1
Defl andrea phosphoritica 27A-190R-2/525.73 –DN1

Note: LO—lowest occurrence; HO—highest occurrence; DN—dinoflagellate zone; mcd—meters composite depth.

TABLE 2. USEFUL DINOCYST DATUMS IN INTEGRATED OCEAN 
DRILLING PROGRAM EXPEDITION 313 HOLE M0029A

Taxon
LO

(Sample/depth mcd)
HO

(Sample/depth mcd)
Range

(DN zone)
Ataxodium zevenboomi –naillavarreS69.023/1-R46-A92
Selenopemphix dionaeacysta –6ND31.933/1-R07-A92
Trinoventedinium harpagonium –5ND11.524/2-R99-A92
Trinoventedinium papulum –5ND01.074/1-R021-A92
Habibacysta tectata –b5ND37.184/1-R221-A92
Unipontedinium aquaeductum 29A-128R-3/ 508.79 29A-75R-1/ 353.72 DN5
Cleistosphaeridium placacanthum 29A-85R-2/ 383.25 – top DN5
Cerebrocysta poulsenii 8ND–3NDpot72.186/2-R191-A92
Sumatradinium soucouyantiae 8ND–2NDesab

8ND–3NDesab

53.937/2-R112-A92
Apteodinium tectatum 29A-101R-1/ 430.84 – DN5
Apteodinium spiridoides 4NDpot–72.665/3-R841-A92
Labyrinthodinium truncatum truncatum –4NDesab28.346/1-R671-A92
Labyrinthodinium truncatum modicum –4NDesab28.346/1-R671-A92
Sumatradinium druggii 29A-194R-2/690.55
Cousteaudinium aubryae 29A-212R-1/ 741.04 29A-139R-1/ 536.58 DN2– top DN4
Operculodinium longispinigerum 29A-212R-2/ 742.56 29A-154R-2/ 581.45 DN2– top DN4
Distatodinium paradoxum 29A-148R-3/ 566.27 – top DN4
Exochosphaeridium insigne 29A-204R-1/ 717.71 m 29A-191R-2/ 681.27 DN2b – DN2c
Sumatradinium hamulatum 3NDpot–2ND83.756/2-R081-A92
Cerebrocysta satchelliae 29A-195R-2/ 693.59 –top DN2
Cordosphaeridium cantharellus 29A-196R-2/ 696.93 –DN2b
Stoverocysta conerae 29A-211R-2/ 739.35 m 29A-211R-2/ 739.35 DN1 – DN2
Cribroperidinium tenuitabulatum 29A-212R-1/ 741.04 – top DN2
Dinopterygium cladoides 29A-212R-2/ 742.56 – DN2
Caligodinium amiculum 29A-208R-2/ 730.40
Membranophoridium aspinatum 29A-217R-1/ 753.87 m 29A-215R-1/ 749.93 m – base DN2

Note: LO—lowest occurrence; HO—highest occurrence; DN—dinoflagellate zone; mcd—meters composite depth.
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(95–96 cm, 523.66 mcd; Fig. 6; Table 1) allow 
this sequence to be assigned to dinocyst zone 
DN1 (late Chattian–early Aquitanian, ca. 24.4–
22.36 Ma). The existence of the Oligocene-
Miocene boundary within this sequence is con-
sistent with the assignment of the lower part of 
this sequence to nannofossil zone NP25 and the 
upper part to zone NN1 (Browning et al., 2013).

The AOM-dominated sediments in this 
sequence (palynofacies type 3 of Batten, 1996; 
Table 5) are characterized by relatively low ter-
restrial versus marine palynomorph ratios (mean 
T:M = 3.11, range 1.24–11.40, n = 11). A strong 
peak in T:M (11.4) in sample 27A-187R-CC 

(8–10 cm, 527.68 mcd) is succeeded by some-
what elevated T:M (3.34) in the overlying sam-
ple. The abundance of Homotryblium spp. in all 
of the samples above the strong T:M peak (Figs. 
3 and 6) suggests equivalence with the Homo-
tryblium spp. zone of Dybkjær and Piasecki 
(2010) that they correlated with the lower part of 
the calcareous nannoplankton zone NN2 of Mar-
tini (1971), 22.36–21.6(?) Ma. The presence of 
Apteodininium spiridoides, Hystrichokolpoma 
rigaudiae, and Thalassiphora pelagica also dif-
ferentiates the upper part of sequence O6.

Protoperidinioid cysts are not abundant in this 
sequence (mean G:P = 6.12, range 2.21–10.25, 

n = 8); Brigantedinium spp. is the most consis-
tently present. Most low-diversity pollen assem-
blages in sequence O6 are dominated by bisac-
cate conifer pollen (mean nonsac:bisac = 1.00, 
range 0.5–1.87, n = 5) until the peak in T:M at 
the base of core 187 (~528 mcd), above which 
angiosperm pollen become more abundant 
(mean nonsac:bisac = 2.37, range 1.22–3.56, n = 
5; Fig. 3; Table 6). The dominance of gonyaulac-
oid cysts in marine palynomorph-rich sediments 
in which the pollen assemblage is characterized 
by bisaccate grains adapted to long-distance 
transport is consistent with a distal setting for 
Site 27 during the early Aquitanian (Fig. 3).

TABLE 3. RAW PALYNOMORPH COUNTS FROM INTEGRATED OCEAN DRILLING PROGRAM EXPEDITION 313 HOLE M0027A WITH CALCULATIONS OF 
THE TERRESTRIAL VERSUS MARINE PALYNOMORPH RATIO AND INTERPRETATIONS OF DEPOSITIONAL ENVIRONMENT AND SYSTEMS TRACTS

Core Section

Depth in 
section

(cm)

Depth 
downhole 

(m)

Terrestrial 
palynomorphs

(grains)

Marine 
palynomorphs 

(cysts)
Spike

(grains) T:M G:P
Environment/
systems tract Age

63 1 36.0–37.0 189.12 255 27 58 9.44 0.40 OFF
65 2 24.0–25.0 193.85 175 10 22 17.50 0.50
66 1 70.0–71.0 195.56 238 30 23 7.93 1.61
67 2 68.0–70.0 196.01 326.5 18 37 8.82 0.55
67 2 100.0–102.0 197.37 220 27 25 8.15 0.13
69 1 40.0–41.0 207.44 217 42 31 5.17 0.15
70 1 49.0–50.0 207.56 166 63 58 2.63 0.44

2.3128.082.521041125.8020.8–0.7207
m4.1 209
71 1 17.0–18.0 209.6 175 50 25 3.50 2.54 SOT
72 1 14.0–16.0 210.58 94 66 47 1.42 1.20
72 1 22.0–24.0 210.7 144 103 52 1.39 2.20
73 1 57.0–58.0 211.45 133 51 7 2.61 1.47
75 1 50.0–52.0 216.72 137 88 2 1.56 1.15 TST
75 1 111.0–112.0 217.32 98 77 2 1.27 2.48
m4.5 218.39
75 2 82.0–83.0 218.53 131 24 6 5.46 2.78 SF 14.8
77 2 40.0–41.0 221.11 155 42 25 3.69 1.41
m5 225.45
80 1 98.0–99.0 226.28 113 71 9 1.59 3.9 OFF HST MFS
82 2 24.0–25.0 233.21 89 60 25 1.48 10.8 TST
m5.2 236.15
83 3 11.0–12.0 237.62 127 52 11 2.44 0.87 SF 15.6

68.060.185875.2874.9320.24–0.14248
85 3 27.0–28.0 242.72 71 54 28 1.31 1.89 OFF
88 1 50.0–51.0 250.26 112 51 5 2.19 2.08
88 2 110.0–111.0 252.86 246 39 6 6.31 12.00 SOT 15.8
m5.3 256.19
91 CC(3) 9.0–10.0 262.05 146 40 12 3.65 1.24 HST 16.8
94 2 100.0–101.0 270.56 320 52 21 6.15 6.14 SF

TST44.109.14046760.1720.3–0.2349
m5.3.3 271.23 TS
95 1 109.0–111.0 272.21 170 72 13 2.36 1.83 SOT
98 1 58.0–60.0 280.08 143 46 11 3.11 2.38 LST
101 1 90.0–92.0 290.31 171 37 5 4.62 1.12
101 CC(4) 10.0–11.0 292.8 135 9 3 15.0
102 2 11.0–13.0 294.07 174 83 74 2.09 2.76

0.7137.077.866282244.4920.94–0.742201
m5.4 295.01

7.7151.198.1239896110.6920.15–0.051301
103 1 140.0–141.0 296.91 110 50 22 2.20 2.62
104 3 36.0–38.0 301.86 173 4 8 43.25

SFTSH83.34628859.4030.11–0.01)4(CC501
109 1 110.0–111.0 314.91 229 40 10 5.73 0.67
114 2 116.0–117.0 331.72 186 57 37 3.26 1.30 FS MFS
115 1 125.0–126.0 333.36 114 51 28 2.24 1.14 OFF TST 18.0
m5.45 336.06
116 2 38.0–39.0 337.04 175 33 71 5.30 1.29

filennahcNERRAB49.7430.06–0.852221  ll
m5.47 355.53
126 1 3.0–4.0 358.36 147 14 32 10.50 5.00
127 1 15.0–16.0 359.71 283 18 38 15.72 2.80 SF
m5.7 361.28

(continued)
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Lithologic Unit VII: Sequence m6
The boundary between sequences O6 and 

m6 is characterized by high terrestrial versus 
marine palynomorph ratio (T:M = 15 in sample 
27A-177R-CC, 506.36 mcd), a characteristic 
signature of erosional unconformities (Figs. 
3 and 5; Table 3). The dinocyst assemblage 
in sequence m6 is relatively rich in Cleisto-
sphaeridium placacanthum, Apteodinium tec-
tatum, Dapsilidinium pseudocolligerum, Oper-
culodinium longispinigerum, Selenopemphix 
nephroides, Lejeunecysta spp., and Brigante-
dinium spp. (Figs. 6 and 7). In addition to these 
common cysts, the presence of Sumatradinium 

hamulatum together with Caligodinium amicu-
lum (Figs. 6 and 7; Tables 1 and 2) constrains the 
age of this sequence to DN2a (22.36–19.4 Ma). 
The HO of Membranophoridium aspinatum 
(27A-176R-1, 500.63 mcd and 29A-215R-1, 
749.93 mcd) occurs far below the HO of Caligo-
dinium amiculum that marks the subzone DN2a-
DN2b boundary. We use this datum to charac-
terize the base of DN2 as older than 20 Ma.

T:M values remain relatively high in this 
sequence in Hole 27A (mean T:M = 6.21, n = 
5), although terrestrial palynomorphs decline 
somewhat in relative abundance upcore within 
the thin sequence m6 to T:M = 4.81 in sample 

27A-175R-CC (13–16 cm, 500.23 mcd) from a 
peak value of 15 just above the sequence bound-
ary. Lower T:M values were measured in the 
three samples analyzed from this thin sequence 
in the more distal Hole 29A (mean T:M = 3.04, 
range 1.20–4.26). Angiosperm pollen outnumber 
bisaccate conifer pollen in this sequence at both 
sites (Figs. 3 and 4; Table 6). This taphonomic 
signature records increased terrigenous fl ux to 
the New Jersey margin during the Aquitanian.

No other microfossil groups were biostrati-
graphically useful, but Sr ages of 20.7–19.0 at 
the top of this sequence are consistent with the 
dinocyst zonation (Browning et al., 2013).

TABLE 3. RAW PALYNOMORPH COUNTS FROM INTEGRATED OCEAN DRILLING PROGRAM EXPEDITION 313 HOLE M0027A WITH CALCULATIONS OF 
THE TERRESTRIAL VERSUS MARINE PALYNOMORPH RATIO AND INTERPRETATIONS OF DEPOSITIONAL ENVIRONMENT AND SYSTEMS TRACTS (continued)

Core Section

Depth in 
section

(cm)

Depth 
downhole 

(m)

Terrestrial 
palynomorphs

(grains)

Marine 
palynomorphs 

(cysts)
Spike

(grains) T:M G:P
Environment/
systems tract Age

2.9150.649151155.7140.01–0.8)3(CC641
148 3 10.0–12.0 423.66 124 74 5 1.68 4.83
149 2 45.0–46.0 425.56 219 46 2 4.76 1.20 river–
150 2 50.0–51.0 428.66 210 54 8 3.89 1.64 infl uenced
151 1 49.0–50.0 430.21 172 32 8 5.38 2.02 SOT
151 2 145.0–147.0 432.76 141 11 312.82 1.64
152 2 20.0–21.0 434.26 209 10 6 20.90 2.78
152 2 104–105 435.10 317.5 34 9 9.34
154 1 90.0–92.0 440.00 154 32 11 4.81 3.91
154 CC(3) 0.0–1.0 441.13 223 26 6 8.58
155 CC(4) 0.0–1.0 445.00 177 84 7 2.11
156 1 18.0–19.0 445.14 352 58 4 6.07 3.50
156 2 8.0–10.0 448.09 208 40 3 5.20 3.45
157 2 122.0–123.0 450.74 123 35 1 3.51 5.80
159 CC(4) 13.0–15.0 457.54 225 62 6 3.63
160 2 124.0–126.0 459.88 142 18 7 7.89
161 2 30.0–31.0 462.01 124 21 5 5.90 0.67
161 2 89.0–90.0 462.51 227 89 3 2.55 4.20 MFS
161 CC(4) 8.0–10.0 463.61 172 30 6 5.73
162 1 89.0–90.0 464.00 121 60 2 2.02 2.29
162 2 30.0–32.0 464.69 181 91 9 1.99 1.74 TST
163 1 115.0–116.0 467.46 277 60 12 4.62 0.94
164 1 110.0–111.0 468.96 226 24 2 9.42 1.00
164 2 110.0–111.0 470.46 219 36 6 6.44 7.50
165 1 115.0–116.0 473.16 210 46 12 4.56 2.21

foeoT47.6017228118.5740.7–0.5)4(CC561
166 1 15.0–16.0 475.62 136 30 9 4.69 2.63 slope
169 2 129.0–131.0 487.68 312 95 11 3.28 7.33 apron
170 1 15.5–16.5 488.17 209 44 13 4.75 0.63
171 2 120.0–121.0 492.09 178 21 5 8.48 0.75 LST
171 CC(3) 11.0–13.0 492.46 108 42 5 2.57

1.0200.8473.18951877.494201–1011471
m5.8 494.87
175 1 28.0–29.0 497.09 128 51 14 2.51 0.85

4.02foeoT18.457387132.0050.61–0.31)4(CC571
176 1 77.0–78.0 500.63 120 41 42 2.93 1.73
177 1 50.0–52.0 503.41 232 40 10 5.80 12.33 slope

6.02norpa00.5181156163.6050.61–0.41)4(CC771
m6 509

0.3206.522.260511169.0250.71–0.51)2(CC581
186 1 95.0–96.0 522.66 214 67 27 3.19 3.33
187 1 87–88 523.57 193 129 43 1.49 9.00
187 3 140–141 526.08 213.5 64 36 3.34 8.33
187 CC(4) 8.0–10.0 527.68 171 15 5 11.40
188 2 60.0–61.0 529.21 129 45 17 2.87 2.21 apron
188 CC(3) 8.0–9.0 530.17 130 82 2 1.59

00.587.2131524180.1350.37–0.271981
189 CC(4) 6.0–8.0 533.58 198 75 9 2.64

52.0142.1049801137.5350.021–0.9112091
02.554.16182158145.6350.51–0.313091

O6 538.68
Note: T:M—terrestrial vs. marine palynomorph ratio; G:P—gonyaulacoid versus protoperidinioidcyst ratio; SF—shoreface (0–10 m); OFF—offshore; SOT—shoreface-

offshore transition (10–30 m); TST—transgressive systems tract; FS—flooding surface; LST—lowstand systems tract; HST—highstand systems tract; MFS—maximum 
flooding surface; TS—transgressive surface.
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TABLE 4. RAW PALYNOMORPH COUNTS FROM INTEGRATED OCEAN DRILLING PROGRAM EXPEDITION 313 HOLE M0029A WITH 
CALCULATIONS OF THE T:M PALYOMORPH RATIO AND INTERPRETATIONS OF DEPOSITIONAL ENVIRONMENT AND SYSTEMS TRACT 

Core Section

Depth in 
section 

(cm)

Depth 
downhole

(m)

Terrestrial 
palynomorphs

(grains)

Marine 
palynomorphs

(cysts)
Spike

(grains) T:M G:P

Environment or 
systems tract

(Miller et al., 2013a)

Age (Ma)
(Browning 

et al., 2013)
51 1 115.0–116.0 284.31 131 20 35 6.55
53 1 91.0–92.0 293.11 149 30 24 4.97
62 1 116.0–117.0 314.81 163 53 16 3.07 0.92
63 2 14.0–15.0 318.11 157 51 16 2.20 1.75
64 1 120.0–121.0 320.96 572 146 38 3.92 1.71

FS42.01337147105.4230.91–0.81256
66 1 25.0–26.0 326.11 162 24 8 6.75 0.25
69 1 44.5–46.0 335.46 620 129 38 4.81 0.35
70 1 107.0–108.0 339.13 186 42 17 4.43 2.88 OFF 12.9
m4.1 342.81

9.21BS27.6715286102.5430.04–0.93227
5.356.35206912CC37

74 2 57.0–58.0 352.32 246 77 11 3.19 1.69 FS
0.3197.054.23048927.3530.24–0.14157

77 1 119.0–120.0 357.55 366 161 51 2.27 3.52 LST 13.0
78 1 110.0–111.0 360.51 143 32 5 4.47 3.11
m4.2 364.86
80 1 109.0–110.0 366.60 194 79 6 2.45 1.00

1.3164.024.3113848267.4730.11–0.01138
m4.3 377.15

1.3165.140.268693184.0830.321–0.221248
85 2 99.0–100.0 383.25 312 123 8 2.54 3.86

74.125.294811257.583CC58
88 1 102.0–103.0 390.93 296 123 14 2.41 1.56
90 2 81.0–82.0 398.31 98 66 9 1.48 1.44
92 1 100.0–101.0 403.11 115.5 89 5 1.30 1.87

2.3171.465364127.7040.421–0.321239
m4.4 408.65

2.3176.143.376548118.0140.111–0.011249
95 1 41.0–42.0 411.67 111 65 6 1.71 2.61 OFF
98 2 70.0–71.0 421.26 179 29 4 6.17
99 2 14.0–15.0 425.11 159 22 2 7.23 0.89
101 1 128.0–129.0 430.84 393 54 11 7.28 0.75 HST
104 1 98.0–99.0 439.69 183 17 2 10.76 1.54
106 2 36.0–37.0 443.62 211 27 5 5.31 0.44
107 3 40.0–41.0 447.81 83 59 6 1.41 2.67 MFS
109 2 20.0–21.0 452.61 269 43 7 6.26 13.00
110 2 21.0–22.0 455.39 204 43 12 4.74
111 1 92.0–93.0 457.93 268 24 5 11.17 7.17
113 1 102.0–103.0 464.13 254 77 22 3.30 2.15
114 1 35.0–37.0 466.51 123 37 12 3.32 3.11
116 1 120.0–121.0 473.46 59 106 14 0.56 3.04 TS 13.6
 m4.5 478.61

6.3100.305.350350137.1840.33–0.231021
121 2 113.0–114.0 487.10 103 34 6 3.03 4.50 apron
122 1 150.0–151.0 489.01 136 49 5 2.78 0.50 lobe

7.3145.182.2116869168.9940.61–0.511621
m5 502.01

6.4109.238586153.5050.23–0.133721
128 3 73.0–74.0 508.79 105 82 12 1.28 2.35
129 1 89.0–90.0 509.75 162 68 2 2.38
130 2 32.0–33.0 513.73 122 56 7 2.18 1.56
131 1 28.0–29.0 515.24 118 70 6 1.69 1.09
132 2 30.0–31.0 519.81 127 50 2 2.54
133 1 48.0–49.0 521.54 137 55 6 2.49 2.6
136 1 73.0–74.0 528.48 321 89 19 3.61 0.74
137 1 90.0–91.0 531.11 212 64 8 3.31 0.63 HST
138 2 49.0–50.0 535.27 85 59 15 1.44 1.81
139 1 27.0–28.0 536.58 115 56 6 2.05 2.73
140 2 119.0–120.0 541.1 151 70 8 2.16
141 1 84.0–85.0 543.25 162 36 7 4.50
142 2 76.0–77.0 547.72 307 110 12 2.79 2.71
143 1 33.0–34.0 548.84 142 24 1 5.92
144 1 29.0–30.0 551.85 102 43 15 2.37 2.10
146 1 8.0–9.0 555.14 118 38 2 3.11
147 1 14.0–15.0 557.8 114 31 1 3.68
148 3 30.0–31.0 563.25 188 44 9 4.27 3.44

(continued)
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TABLE 4. RAW PALYNOMORPH COUNTS FROM INTEGRATED OCEAN DRILLING PROGRAM EXPEDITION 313 HOLE M0029A WITH 
CALCULATIONS OF THE T:M PALYOMORPH RATIO AND INTERPRETATIONS OF DEPOSITIONAL ENVIRONMENT AND SYSTEMS TRACT (continued)

Core Section

Depth in 
section 

(cm)

Depth 
downhole

(m)

Terrestrial 
palynomorphs

(grains)

Marine 
palynomorphs

(cysts)
Spike

(grains) T:M G:P

Environment or 
systems tract

(Miller et al., 2013a)

Age (Ma)
(Browning 

et al., 2013)
149 3 10.0–11.0 566.27 106 36 8 2.94 3.00
151 3 17.0–18.0 572.43 174 31 5 5.61 0.83
152 2 27.0–28.0 574.68 164 28 5 5.86
153 2 50.0–51.0 577.99 133 43 1 3.09
154 2 90.0–91.0 581.45 102 35 13 2.91 2.89
155 2 99.0–100.0 584.55 104 54 3 1.93
156 1 20.0–21.0 585.31 135 64 3 2.04 1.17 TST
158 2 5.0–6.0 591.96 222 45 16 4.93 1.93
160 1 28.0–29.0 597.59 140 47 4 2.98 3.60

6.5128.25745.23112.2060.43–0.332161
m5.2 602.25

8.5124.100.847369291.7060.47–0.371361
165 2 154.0–156.0 615.64 132 84 10 1.57 6.27
167 2 151.0–153.0 621.68 107 31 3 3.45 0.82
168 1 21.0–22.0 621.92 131 47 5 2.79 toe-of-slope
168 2 96.0–97.0 624.17 102 55 31 1.85 3.78 apron
170 2 150.0–152.0 630.82 136 49 15 2.78 15.33
173 1 154.0–156.0 636.76 117 67 10 1.75 8.14

1.6193.281.2903138226.2460.111–0.0112571
m5.3 643.19
176 1 76.0–77.0 643.82 119 45 7 2.64 3.89 OFF 17.6
179 2 5.0–6.0 650.99 345 100 6 3.45 2.00
180 1 38.0–39.0 652.59 166 39 7 4.26 4.51 Toe of slope apron
181 2 62.0–63.0 657.38 108 33 4 3.27 1.23
182 2 38.0–39.0 660.13 103 63 8 1.63

7.7167.2181286218.0660.001–0.992281
m5.4 662.37

7.7171.347.2121994218.3660.111–0.0111381
184 1 113.0–114.0 665.54 158 49 11 3.22 2.77 Toe of slope apron
185 1 9.0–10.0 666.85 141 20 4 7.05

8.7134.6323284152.2760.82–0.722781
m5.45 673.71

9.7151.58742425.576CC981
190 1 130.0 -131.0 677.84 94 51 12 1.84 1.32
190 2 34.0–35.0 678.45 222 147 13 1.59 1.73
191 2 22.0–23.0 681.27 254 121 12 2.10 1.71
192 1 88.0–89.0 683.59 97 30 8 3.23 1.78

0.8139.25766912.5860.99–0.892291
1.8113.208.2116814255.0960.42–0.322491

195 1 50.0–51.0 692.36 178 57 5 3.12
195 2 33.0–35.0 693.59 198 93 28 2.13 8.33
195 2 124.0–125.0 694.60 128.5 49 1 2.62 4.88
m5.47 696
196 2 50.0–52.0 696.93 248 96 16 2.58 3.92
197 2 119.0–120.0 700.65 162 37 9 4.38

3.8198.627.12172181220.6070.74–0.642991
m5.6 706.66–710

6.8124.333474122.0170.7–0.61102
202 1 9.0–10.0 711.87 152 39 4 3.90
202 2 6.0–7.0 712.96 113 52 2 2.17 2.07
203 1 22.0–23.0 713.43 142 70 2 2.03 2.67
204 1 145.0–147.0 717.71 202 126 16 1.60 7.89 OFF

8.8151.471407101.327CC502
0.0293.4614439115.8270.03–0.823702

m5.7 728.56
208 2 44.0–45.0 730.40 126 52 25 2.42 1.83
209 1 111.0–112.0 732.62 152 65 59 2.34 1.56
210 2 30.0–31.0 736.36 158 47 20 3.36 dysoxic
211 1 31.0–32.0 737.92 130 11 26 11.82 4.50 prodelta
211 2 24.0–25.0 739.35 113 98 82 1.15 2.27
212 1 38.0–39.0 741.04 105 22 42 4.77 1.92

2.0268.215.10321196165.2470.58–0.482212
m5.8 746

5.0267.202.1975939.9470.6–0.52512
217 1 101.0–102.0 753.87 216 29 4 3.67 3.92
217 2 103.0–104.0 755.35 145 34 6 4.26

Note: T:M—terrestrial vs. marine palynomorph ratio; G:P—gonyaulacoid versus protoperidinioid cyst ratio; SF—shoreface (0–10 mP; OFF—offshore (>30 m); SB—
sequence boundary; FS—flooding surface; LST—lowstand systems tract; HST—highstand systems tract; MFS—maximum flooding surface; TS—transgressive surface.
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TABLE 5. PHYTOCLAST VERSUS AMORPHOUS ORGANIC MATTER AND PALYNOFACIES TYPE IN 
INTEGRATED OCEAN DRILLING PROGRAM EXPEDITION 313 HOLES M0027A AND M0029A

Hole Core Section Depth in core Depth mcd Phytoclasts AOM Ph:AOM Palynofacies type
1901190121.9810.73–0.63136A72
177245158.3910.52–0.42256A72

1421142122.591CC56A72
11333965.5910.17–0.07166A72
1301130110.6910.07–0.86276A72
19619673.7910.201–0.001276A72

15615650.102CC76A72
113.3626801.702CC96A72

12712765.7020.05–0.94107A72
m4.1 209.00

207.0458385.0120.61–0.41127A72
229.0056407.0120.42–0.22127A72
150.3227627.6120.25–0.05157A72
266.0858323.7120.211–0.111157A72

m4.5 218.39
100.0810835.8120.38–0.28257A72
200.1737312.3220.19–0.09177A72

m5 225.45
105.4429812.3320.52–0.42228A72

m5.2 236.15
153.47316126.7320.21–0.11338A72
259.062102162.0520.15–0.05188A72

m5.3 256.19
196.42479150.262CC19A72

204.04615665.0720.101–0.001249A72
m5.3.3 271.23

105.79259112.2720.111–0.901159A72
106.90229180.0820.06–0.85189A72

27A 101 1 90.0–92.0 290.31 233 2 116.50 1
27A 102 2 11.0–13.0 294.07 42 168 0.25 2
m5.4 295.01
27A 103 1 50.0–51.0 296.01 54 1 54.00 1

100.20120159.403CC501A72
27A 109 1 110.0–111.0 314.91 20 54 0.37 2
27A 114 1 33–34 329.39 176 37 4.76 1
27A 114 1 71–73 329.77 145 53 2.74 1
27A 115 1 125.0–126.0 333.36 180 23 7.83 1
m5.45 336.06
27A 116 2 38.0–39.0 337.04 69 135 0.51 2
27A 122 2 58.0–60.0 347.94 10 85 0.11 2
27A 125 1 47–48 354.59 23 167 0.14 2
m5.47 355.53
27A 127 1 15.0–16.0 359.71 226 23 9.83 1
m5.7 361.28
27A 148 3 10.0–12.0 423.66 208 10 20.80 1
27A 149 2 45.0–46.0 425.56 144 50 2.88 1
27A 150 1 55–56 427.21 178 51 3.49 1
27A 151 2 110.0–111.0 432.31 163 50 3.26 1
27A 157 2 122.0–123.0 450.74 178 22 8.09 1
27A 163 1 115.0–116.0 467.46 98 128 0.77 2
27A 164 2 110.0–111.0 470.46 176 34 5.18 2

374.28534139.4841961A72
27A 170 1 15.5–16.5 488.17 36 187 0.19 2
27A 174 1 101–102 494.77 88 11 0.80 2
m5.8 494.87
27A 176 1 77.0–78.0 500.63 63 156 0.40 2
m6 509
27A 186 1 95.0 –96.0 522.66 39 164 0.24 3
O6 538.68

133.37302213.482611–511115A92
100.241124117.492CC45A92
182.46345118.413711–611126A92
157.54438111.81351–41236A92

146.75219103.423CC46A92
211.06719194.42391–81256A92

138.30351149.333CC76A92
104.92574199.933CC96A92

m4.1 342.81
226.04313812.54304–93227A92

176.1435218.153CC37A92
(continued)
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TABLE 5. PHYTOCLAST VERSUS AMORPHOUS ORGANIC MATTER AND PALYNOFACIES TYPE IN 
INTEGRATED OCEAN DRILLING PROGRAM EXPEDITION 313 HOLES M0027A AND M0029A (continued)

Hole Core Section Depth in core Depth mcd Phytoclasts AOM Ph:AOM Palynofacies type
152.04416114.953CC77A92
207.23534128.063CC87A92

m4.2 364.86
100.932193206.663011–901108A92
108.44542201.863111–901118A92

m4.3 377.15
192.91259134.083321–221248A92

100.502150257.583CC58A92
218.22564139.093301–201188A92

190.911101260.993CC19A92
100.83248111.304101–001129A92
251.22633127.704421–321239A92

m4.4 408.65
134.82799118.014.111–011249A92
152.72881276.11424–14159A92
104.04520262.12417–07289A92
139.514132211.52451–41299A92

29A 101 1 128–129 430.84 233 12 19.42 1
29A 104 1 98–99 439.69 196 17 11.53 1
29A 106 2 36–37 443.62 191 16 11.94 1
29A 107 3 40–41 447.81 7 224 0.03 2
29A 109 2 20–21 452.61 156 25 6.24 1
29A 110 2 21–22 455.39 180 16 11.25 1
29A 111 1 92–93 457.93 176 45 3.91 1
29A 114 1 35–37 466.51 103 93 1.11 2
29A 114 CC 467.16 94 132 0.71 2
m4.5 478.61
29A 119 CC 479.50 184 11 16.73 1
29A 120 1 32–33 481.73 66 126 0.53 2
29A 124 2 32–33 495.11 74 127 0.58 2
m5 502.01
29A 127 3 31–32 505.35 76 127 0.60 2
29A 130 2 32–33 513.73 24 159 0.15 3
29A 131 CC 514.96 136 80 1.70 2
29A 135 CC 527.16 80 103 0.78 2
29A 148 CC 560.71 185 11 16.82 1
29A 150 1 95–96 567.76 168 42 4.00 1
29A 157 2 20–21 589.86 192 21 9.14 1
29A 159 2 20–21 595.76 150 38 3.94 1
29A 161 2 33–34 602.21 105 110 0.95 2
m5.2 602.25
29A 165 2 154–156 615.64 82 133 0.62 2
29A 168 1 21–22 621.92 125 128 0.98 2
29A 168 2 96–97 624.17 75 92 0.82 2
29A 170 2 150–152 630.82 34 198 0.17 3
29A 175 2 110–111 642.62 37 187 0.20 2
m5.3 643.19
29A 178 2 67–68 649.62 130 93 1.40 2
29A 179 2 5–6 650.99 173 63 2.75 2
29A 181 2 62–63 657.38 55 75 0.73 2
m5.4 662.37
29A 186 2 95–96 669.91 121 77 1.57 2
29A 188 2 60–61 673.81 59 145 0.41 2
m5.45 673.71
29A 191 2 22–23 681.27 49 180 0.27 2
29A 192 1 88–89 683.59 31 166 0.19 3
29A 194 2 23–24 690.55 14 238 0.06 3
29A 195 2 124–125 694.60 8 196 0.04 3
m5.47 696
29A 196 2 50–52 696.93 15 205 0.07 3
m5.6 706.66–710
29A 202 2 6–7 712.96 37 184 0.20 2
29A 204 1 145 –147 717.71 9 195 0.05 3
m5.7 728.56
29A 208 2 44–45 730.40 142 47 3.02 1
29A 209 1 111–112 732.62 143 53 2.70 1
29A 210 2 30–31 736.36 74 66 1.12 2
m5.8 746

Note: Ph—Phytoclast (Ph); AOM—amorphous organic matter; MCD—meters composite depth.
*Palynofacies type following Batten (1996).
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Lithologic Unit VI: Sequence m5.8
G:P values are typically relatively low in 

sequence m5.8 at both sites where character-
istic dinocyst taxa in include Lejeunecysta 
spp., Brigantedinium spp., Cleistosphaeridium 
placacanthum, Batiacasphaera sphaerica, 
Dapsili dinium pseudocolligerum, Apteodinium 
tectatum, Apteodinium spiridoides, Operculo-
dinium longispinigerum, Hystrichokolpoma 

rigaudiae, Cousteaudinium aubryae, Distato-
dinium paradoxum, and Paleocystodinium sp. 
(Figs. 6, 7, and 8; Tables 1 and 2; Supplemental 
Tables 1 and 2 [see footnotes 1 and 2]). This 
assemblage is similar to that reported by de Ver-
teuil and Norris (1996) in their Sumatradinium 
soucouyantiae interval zone found in the Early 
Miocene Popes Creek Sand Member of the 
Calvert Formation of Maryland and Virginia 

(equivalent to the lower Kirkwood Formation 
of New Jersey). Several biostratigraphically 
important Early Miocene taxa have their HO 
in sequence m5.8 at both sites (Figs. 6 and 7; 
Tables 1 and 2), e.g., Caligodinium amiculum, 
Cribroperidinium tenuitabulatum, and Dinop-
terigium cladoides. This is consistent with 
other chronological indicators that bracket the 
age of this sequence between 20.2 and 19.2 Ma, 

1 2 3

4 5 6

7 8 9

10 11 12

Figure 8. Common marine 
palyno morphs in sequence 
m5.8 (lower Burdigalian, dino-
fl agellate zones DN2a, DN2b), 
including species, sample num-
ber, depth (in parentheses), and 
England Finder coordinates. 
(1) Batiaca sphaera sphaerica 
Stover 1977: 313–29A-211R1 
(31–32 cm), M54/4-N58/1. 
(2) Cordosphaeridium cantharel-
lus (Brosius) Sarjeant, 1981: 
313–29A-208R2 (44–45 cm), 
F55/0–1. (3) Cerebrocysta 
satchelliae de Verteuil and 
Norris 1996: 313–29A-208R2 
(44–45 cm), T71/2. (4) Distato-
dinium paradoxum (Brosius) 
Eaton, 1976: 313–29A-208R2 
(44–45 cm), W38/1–3. (5) Cor-
do sphaer id ium minimum : 
313–29A-208R2 (44–45 cm), 
N43/0–3. (6) Cousteaudinium 
aubryae de Verteuil and Norris  
1996: 313–29A-211R1 (31–
32 cm), P57–0. (7) Stovero cysta 
conerae Biffi  and Manum 1988: 
313–29A-208R2 (44–45 cm). 
(8) Cribroperidinium tenui-
tabulatum (Gerlach) Helenes 
1984: 313–27A-165R-CC; 10. 
(9) Cleisto sphaeridium placa-
canthum: 313–29A-211R1 (31–
32 cm). (10) Sumatradinium 
soucouyantiae de Verteuil and 
Norris 1992: 313–29A-208R2 
(44–45 cm), R67/2. (11) Hys-
t r i choko lpoma r igaud iae 
Defl andre and Cookson 1955: 
313–29A-211R1 (31–32 cm), 
P67–1. (12) Spiniferites mirabi lis 
(Rossignol) Sarjeant: 313–29A-
212R1 (38–39 cm), N36/0–3.



Palynological evidence of eustasy

 Geosphere, December 2013 21

lowermost Burdigalian , i.e., calcareous nanno-
fossils assigned to upper zone NN2 (Browning 
et al., 2013). The HO of Caligodinium amicu-
lum (in sample  27A-164R-2, 110–111 cm, 
470.46 mcd) and the lowest occurrence (LO) 
of Exochosphaeridium insigne (in sample 
27A-156R-1, 18–19 cm, 445.14 mcd) occur 
within the thick sequence m5.8 in Hole 27A, 
marking the boundary between subzones 
DN2a and DN2b, ca. 19.5 Ma (Fig. 6; Table 1) 
In contrast, Caligodinium amiculum is pres-
ent throughout the much thinner sequence in 
Hole 29A and Exochosphaeridium insigne is 
not present (Fig. 7; Table 2), suggesting that 
sequence m5.8 is truncated at Site 29.

Terrestrial palynomorphs generally domi-
nate assemblages in sequence m5.8 at both 
sites, with T:M between 1.37 and 20.90 (mean 
5.68, n = 32) in the thick sequence in Hole 
27A, and between 1.15 and 11.82 (mean 3.91, 
n = 7) in the more distal Hole 29A (Fig. 5). 
Pollen assemblages in Hole 27A are domi-
nated by Quercus (oak) and Carya (hickory), 
with highly variable concentrations of bisac-
cate pollen (nonsac:bisac ranges 0.59–20.09, 
mean = 6.85, n = 36 in Hole 27A; Fig. 3; 
Table 6). Several peaks (~3%–12%) in 
in aperturate (TCT, i.e., type cypress-cedar) 
conifer pollen in sequence m5.8 are probably 
related to development of coastal wetlands 
during the early Burdigalian. There is a peak 
in Tsuga (hemlock) in Hole 29A that is appar-
ently not represented in Hole 27A, possibly 
correlating with the barren sandy sediments at 
the top of the sequence at this neritic site. The 
palyno facies vary from rich in AOM (type 2) 
to very rich in phytoclasts (type 1) in the thick 
sequence m5.8 at Site 27 (Fig. 3; Table 5), 
with an increase in phytoclast abundance 
up sequence, particularly above ~465 mcd. It is 
in this sequence that phyto clasts fi rst become 
an abundant component of the palynofacies 
in Hole 27A, fi rst exceeding AOM in sample 
27A-169R-1 (32–33 cm, 484.93 mcd; Figs. 3 
and 5; Table 5). Phytoclasts also exceed AOM 
in the three samples quantitatively analyzed for 
palynofacies in the thin sequence m5.8 in Hole 
29A (mean Ph:AOM = 2.28, range 1.12–3.02; 
Figs. 4 and 5; Table 5), suggesting that the thin 
sequence m5.8 in Hole 29A does not correlate 
with the oldest sediments in this sequence in 
Hole 27A, which are still AOM dominated. 
These indications of increased terrigenous fl ux 
are consistent with the presence of unfossil-
iferous sands in the upper 50 m of lithologic 
unit VI in Hole 27A. Bisaccate conifer pollen 
continues to dominate the pollen assemblage in 
several samples analyzed from this sequence 
in Hole 29A, recording continued dominance 
of long-distance transport (Table 6).

Lithologic Unit V: Sequence m5.7
Common dinocyst taxa in sequence m5.7 at 

both sites include Batiacasphaera sphaerica, 
Cleistosphaeridium placacanthum, Apteo-
dinium tectatum, Dapsilidinium pseudocol-
ligerum, Operculodinium centrocarpum, 
Oper culo dinium longispinigerum, and Hystri-
chokolpoma rigaudiae (Figs. 6 and 7; Supple-
mental Tables 1 and 2 [see footnotes 1 and 2]). 
The sparse phytoclast-dominated assemblage 
very rich in terrestrial palynomorphs in the two 
samples analyzed from Hole 27A precludes a 
more defi nitive age assignment than DN2–top 
DN4. This is not surprising, given the extraor-
dinarily high abundances of fungal spores in 
the two samples analyzed from Hole 27A that 
record an exceptionally strong terrestrial infl u-
ence. In sample 29A-204R-1 (145–147 cm, 
717.71 mcd), however, Exochosphaeridium 
insigne co-occurs with Cordosphaeridium can-
tharellus (Fig. 7; Table 2), constraining these 
sediments to DN2b (ca. 19.5–18.4 Ma). This is 
consistent with a single calcareous nanno fossil 
assignment of upper zone NN2 (Browning 
et al., 2013).

G:P is high in this sequence, 2.8 and 5.0 
in the 2 samples from Hole 27A and ranging 
from 2.07 to 7.89 in Hole 29A, although proto-
peridinioid taxa are common in some samples 
(primarily the ubiquitous Lejeunecysta and 
Brigantedinium spp., but also including lower 
concentrations of Sumatradinium soucouyan-
tiae and Palaeocystodinium spp., primarily 
P. golzowense). AOM dominates the palyno-
facies in sequence 5.7 in Hole 29A where 
T:M values are relatively low, averaging ~3.09 
(range 1.60–4.39, n = 7), and palyno morphs 
are abundant (mean 149,100, range 64,500–
230,000 palynomorphs/cm3), suggesting low 
rates of sediment accumulation at the distal 
site. Samples are assigned to palyno facies 
type 2 or type 3 of Batten (1996) in Hole 29A, 
whereas sequence m5.7 samples in Hole 27A 
are very rich in phytoclasts and other terrige-
nous components and are assigned to palyno-
facies type 1 (Table 5). Bisaccate pollen is 
rare within this sequence in Hole 29A (Fig. 4; 
Table 6), however, with Quercus remaining the 
dominant pollen type, paired with particularly 
high percentages of Carya in some samples. 
This suggests that a real change in vegetation 
occurred during the early Burdigalian, with 
an expansion of broadleaf deciduous trees at 
the expense of evergreen conifers. T:M ratios 
were 15.72 and 10.50 in the 2 samples ana-
lyzed from this thin, sandy sequence in Hole 
27A (27A-127R1, 15–16 cm, 359.71 mcd), 
recording much more proximal conditions at 
Site 27, consistent with the seismic and sedi-
mentological data (Figs. 3–5).

Lithologic Unit V: Sequence m5.6
Sequence m5.6 was not resolved at Site 27, but 

Exochosphaeridium insigne is present through 
sequence m5.6 (HO in sample 29A-195R-1, 
50–51 cm, 692.36 mcd; Fig. 7; Table 2). The 
HO of Cordosphaeridium cantharellus in sam-
ple 29A-196R-2 (96.93 mcd; Fig. 7; Table 2) 
identifi es the subzone DN2b-DN2c boundary, 
which straddles the NN2-NN3 boundary, ca. 
18.4 Ma (Fig. 2). This is consistent with other 
chronological proxies that constrain the age of 
this sequence to between 18.4 and 18.1 Ma: a 
single assignment to zone NN3 and an Sr iso-
tope age of 17.9 Ma (Browning et al., 2013). 
Other common dinocysts in this sequence 
include Operculodinium centrocarpum, Apteo-
dinium tectatum, Dapsilidinium pseudocol-
ligerum, Cleistosphaeridium placacanthum, 
Batiacasphaera sphaerica, Spiniferites spp., 
Polysphaeridium zoharyi, Pentadinium laticinc-
tum, and Homotryblium spp. (Fig. 7; Supple-
mental Table 2 [see footnote 2]). Lejeunecysta 
spp. are the only common protoperidinioid cysts 
and G:P values are high (G:P ranges from 3.92 
to 6.89 in the 3 samples analyzed for dinocysts). 
T:M values remain relatively low, averaging 2.89 
(range 1.72–4.38, n = 3; Figs. 4 and 5; Table 4) 
and bisaccate pollen are relatively abundant 
(nonsac:bisac average 2.3; Fig. 4; Table 6), and 
pollen of taxa associated with wet conditions 
and/or swamps decrease in abundance relative 
to sequence m5.7. Amorphous organic matter 
dominates samples in this sequence, assigned to 
palynofacies type 3 of Batten (1996) (Table 5).

Lithologic Unit V: Sequence m5.47
In Hole 27A the thin, sandy sequence m5.47 

is barren of palynomorphs except for a single 
sample at the top of the sequence (27A-116R-2, 
38–39 cm, 337.04 mcd), although AOM is rela-
tively abundant, with most samples assigned to 
palynofacies type 2 (Table 5). Palynomorphs 
were recovered from every sample examined 
from this sequence in Hole 29A (mean 63,900, 
range 16,100–112,800 palynomorphs/cm3). 
Cousteaudinium aubryae, Lingulodinium multi-
virgatum, Operculodinium longispinigerum, 
Batiacasphaera sphaerica, Spiniferites sp., Poly-
sphaeridinium zoharyi, and Cleistosphaeridium 
placacanthum are consistently present; this is 
an assemblage similar to the Cousteadinium 
aubryae interval zone of de Verteuil and Norris 
(1996) found in the Fairhaven Member of the 
Calvert Formation. The LO of Cerebrocysta 
poulsenii in sample 29A-191R-2 (22–23 cm, 
681.27 mcd) and of Sumatradinium druggii in 
sample 29A-194R-2 (23–24 cm, 660.55 mcd) 
together with dinocyst taxa having an HO in 
the Early Miocene (e.g., Lingulodinium multi-
virgatum and Operculodinium  longispinigerum ) 
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allows us to assign these sediments to DN3 
(18.1–15.97, upper Burdigalian) (Fig. 7; 
Table 2). This assignment is younger than the 
diatom zonation suggests, but is consistent 
with the nannofossil assignment to zone NN4 
(Browning et al., 2013). T:M values remain low 
in Hole 29A (Figs. 4 and 5; Table 4), averaging 
~2.75 (range 1.59–5.15, n = 10) and bisaccate 
pollen is abundant (mean nonsac:bisac ~1.27, 
range 1.22–1.3; Fig. 4; Table 6), with Quercus 
dominating the nonsaccate pollen assemblage. 
The interpretation of high sea level is consistent 
with the continued dominance of AOM, with 
Ph:AOM ranging from 0.04 to 0.27 in Hole 29A 
where most samples were assigned to palyno-
facies type 3 (Table 5).

Lithologic Unit IV: Sequence m5.45
All of the palynological proxies record a 

sharp increase in terrigenous fl ux to the New 
Jersey margin within lithologic unit IV. The 
ratio of Ph:AOM rises sharply in the upper part 
of sequence m5.45 in Hole 27A in samples 
mostly assigned to palynofacies type 1, exceed-
ing 100:1 in sample 27A-105R-CC (304.95 
mcd), and the strongest T:M peak in all of the 
samples studied was found higher up in this 
sequence (T:M = 43.25 in sample 27A-104R-3, 
36–38 cm, 301.86 mcd) (Figs. 3 and 5; Table 3). 
Terrigenous fl ux to Hole 27A is high through 
this sequence, with mean T:M = 8.85, n = 7 
(Fig. 3). At the more distal Site 29, there is an 
increase in Ph:AOM (Fig. 4; Table 5), although 
AOM continues to dominate (palynofacies 
type 2), and the ratio of terrestrial versus marine 
palynomorphs in sequence m5.45 (mean T:M 
= 4.86, range 2.74–7.05, n = 4; Figs. 4 and 5; 
Table 4) is higher than the Miocene average for 
this site (T:M = 3.82). Increased (possibly fl u-
vial) terrigenous fl ux is also consistent with the 
diverse angiosperm-dominated assemblage that 
characterizes both holes; large heavy grains of 
Carya and Ulmus (elm) are especially abundant, 
in addition to the ubiquitous Quercus. Peak 
warmth on the New Jersey margin is recorded 
by the presence of Arecaceae/Arecipites-type 
(palm) pollen in this sequence, as well as in the 
overlying composite sequence m5.4. Palynolog-
ical evidence of a sharp increase in terrigenous 
fl ux, particularly to the more proximal Site 27, 
is consistent with the seismic profi le that shows 
that the clinoform break migrated past the site 
of corehole 27A at that time (Fig. 5; see also 
Browning et al., 2013, fi g. 2 therein).

G:P values are relatively low in sequence 
m5.45 (ranging from 0.67 to 2.62 in Hole 27A 
and 2.77 to 3.17 in Hole 29A; Figs. 3 and 4), 
recording neritic conditions and/or high produc-
tivity and/or high rates of sedimentation. Com-
mon to abundant protoperidinioid taxa include 

Brigantedinium spp., Lejeunecysta spp., Echi ni-
dinium spp. Selenopemphix nephroides, Seleno-
pemphix brevispinosa, Palaeocystodinium spp. 
and Sumatradinium soucouyantiae (Figs. 6 and 
7; Supplemental Tables 1 and 2 [see footnotes 1 
and 2]). Cousteaudinium aubryae is also consis-
tently present in this sequence, as are gonyau-
lacoid cysts Batiacasphaera sphaerica, Apteo-
dinium tectatum, Apteodinium spiridoides , 
Cleistosphaeridium placacanthum, and Lingu-
lodinium machaerophorum. This assemblage, in 
the absence of diagnostic Middle Miocene taxa, 
allows us to assign this sequence to DN3 (18.1–
15.97 Ma, upper Burdigalian), which is consis-
tent with better constrained dinocyst zonation 
of the underlying sequence m5.47 and with the 
assignment to nannofossil zone NN4 and the Sr 
age of 17.7 Ma. These ages are younger than 
the diatom zonation suggests (Browning et al., 
2013), but are consistent with oxygen isotope 
and other proxies recording warm, humid condi-
tions between ca. 18 and 16.5 Ma (Middle Mio-
cene Climatic Optimum; Zachos et al., 2001).

Lithologic Unit III: Sequence m5.4
In Miller et al. (2013b), seismic profi les, 

core data, and log stacking patterns were used 
to recognize that sequence m5.4 is a compos-
ite of three higher order (100–400 k.y. scale) 
sequences called m5.4–1 (the sequence that 
directly overlies surface m5.4), m5.34, and 
m5.33. At Hole M27A, sequences m5.34 
and m5.33 are recognized in a topset setting, 
but sequence m5.4–1 is cut out. At Site M29, 
seismic resolution did not permit the higher 
order sequences to be defi ned in this bottom-
set setting and the section there is referred to as 
m5.4 (Miller et al., 2013b).

The continued presence of Arecaceae/ 
Arecipites-type (palm) pollen in a diverse 
angiosperm pollen fl ora with relatively high 
percentages of Ulmus records continued warm, 
humid conditions in the New Jersey hinter-
land (Table 5). G:P remains relatively low in 
sequence m5.4 in Hole 27A (mean G:P = 1.76, 
range 0.73–2.76, n = 5; Fig. 3; Table 3), where 
a diverse protoperidinioid cyst assemblage 
includes Selenopemphix brevispinosa, Seleno-
pemphix nephroides, Palaeo cystodinium spp., 
Sumatradinium soucouyantiae, Echinidinium 
spp., and Lejeunecysta spp. in addition to the 
ubiquitous Brigantedinium spp. (Supplemental 
Table 1 [see footnote 1]). Higher G:P values 
characterize the more distal Hole 29A (mean 
G:P = 2.91, range 1.23–4.51, n = 4; Fig. 4; 
Table 4). T:M values are variable, but higher 
than the Miocene average at both sites, ranging 
from ~2.09 to 15.0 (mean ~5.99, n = 6) in Hole 
27A and from ~1.63 to 12.76 (mean ~4.67, n = 
6) in Hole 29A (Figs. 3 and 4; Tables 3 and 4). 

The strongest T:M peak in Hole 29A (T:M = 
12.76) is at the base of this sequence, in sample 
29A-182R-2 (99–100 cm, 660.81 mcd), and a 
very high T:M peak (15.00) was found in sample 
27A-101R-CC (292.8 mcd). The palynofacies in 
Hole 27A is dominated by phytoclasts (palyno-
facies type 1 of Batten, 1996), especially at the 
base of this sequence where T:M is very high, 
but AOM remains common in this sequence in 
Hole 29A, with Ph:AOM values similar to those 
in the underlying sequence m5.45 (Figs. 3 and 4; 
Table 5).

Sequence m5.4 contains common Batiaca-
sphaera sphaerica, Apteodinium tectatum, 
Cleisto sphaeridium placacanthum and Lingulo-
dinium machaerophorum together with Apteo-
dinium spiridoides and Cousteaudinium aubryae. 
The LO of Labyrinthodinium truncatum modi-
cum and Labyrinthodinium truncatum trunca-
tum (and thus the base of DN4, 15.97 Ma; Figs. 
6 and 7; Tables 1 and 2) occur at the top of this 
sequence in Hole 29A in sample 29A-176R-1 
(76–77 cm, 643.82 mcd), although these useful 
Middle Miocene markers are not found until the 
base of sequence m5.3 in Hole 27A (in sample 
27A-88R-2, 110–111 cm, 252.86 mcd). Most 
of sequence m5.4 in Hole 29A, and all of this 
sequence in Hole 27A, is thus assigned to DN3, 
which is consistent with all other chronostrati-
graphic proxies (Browning et al., 2013).

Lithologic Unit III: Sequence m5.33
Sequence m5.33, which forms the upper part 

of lithologic unit III Hole 27A but is not pres-
ent in Hole 29A, contains a dinocyst assemblage 
similar to that in sequence m5.4, but gonyaula-
coid cysts dominate, with G:P values averaging 
4.81 (Fig. 3; Table 3). The dinocyst assemblage 
is rich in Batiacasphaera sphaerica, Cleisto-
sphaeridium placacanthum, Lingulodinium 
machaerophorum, Apteodinium tectatum, and 
Apteodinium spiridoides (Fig. 6; Supplemental 
Table 1 [see footnote 1]). The HO of Lingulo-
dinium multivirgatum occurs in this sequence, in 
sample 313–27A-94R-2 (100–101 cm, 270.56 
mcd; Fig. 6; Table 1), allowing this sequence to 
be assigned to DN3.

A relatively diverse oak-dominated angio-
sperm pollen assemblage continues to charac-
terize this sequence (Table 5), but the presence 
of Fagus/Nyssa (beech/tupelo, or black gum) 
and the absence of Arecaceae/Arecipites-type 
(palm) pollen record climatic cooling. AOM 
is common in this sequence (Table 5), record-
ing a decrease in terrigenous fl ux. This is con-
sistent with the relatively low T:M values in 
this sequence, averaging ~3.9 (range 1.9–6.15, 
n = 3; Figs. 3 and 5; Table 3).The palynological 
assemblage thus records a distal setting around 
15.97 Ma (the Burdigalian-Langhian boundary).
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Lithologic Unit II: Sequence m5.3
Palynomorphs are relatively sparse in 

sequence m5.3 (averaging ~20,589 palyno-
morphs/cm3 in Hole 27A and ~16,593 palyno-
morphs/cm3 in Hole 29A). The palynofacies 
is generally rich in AOM (Figs. 3–5; Table 5), 
and the remains of marine protozoans (e.g., 
radiolarians and foraminifer linings) are com-
mon (palynofacies type 2 of Batten, 1996). 
T:M values are very low in Hole 27A, averag-
ing only 2.66 (range 1.06–6.31, n = 5) above 
the sequence boundary in sample 27A-88R-2 
(110–111 cm, 252.86 mcd), where T:M was 
6.31 (Figs. 3 and 5; Table 3). T:M values are 
also low in Hole 29A, averaging ~3.05 (range 
1.57–8.00, n = 8). G:P is very high in Hole 29A, 
averaging 5.45 (n = 7), reaching a peak of 15.33 
in sample 29A-170R-2 (150–152 cm, 630.82 
mcd; Figs. 4 and 5; Table 4). G:P is also very 
high in the lower part of the sequence in Hole 
27A, reaching 12.00 in sample 313–27A-88R-2 
(100–101 cm, 252.86 mcd), but protoperidini-
oids outnumber gonyaulacoid cysts in the upper 
part of this sequence (in samples 27A-84R-2, 
41–42 cm, 239.47 mcd and 27A-83R-3, 11–102 
cm, 237.52 mcd; Fig. 3; Table 3). The relatively 
low diversity pollen assemblages are generally 
dominated by Quercus (Table 5). The palyno-
logical proxies all record more distal condi-
tions during the early Langhian than existed 
in the late Burdigalian (recorded in sequences 
m5.45–m5.4).

The LO of Labyrinthodinium truncatum 
modicum in sample 27A-88R-2 (110–111 cm, 
252.86 mcd), together with the LO of Labyrin-
thodinium truncatum truncatum and Impagi-
dinium arachnion in sample 27A-88R-1 
(50–51 cm, 250.26 mcd; Fig. 6; Table 1), 
allows us to assign this sequence to DN4 
(15.97–14.8 Ma), an age consistent with all 
other chronostratigraphic proxies (Browning 
et al., 2013). As de Verteuil and Norris (1996) 
reported, the assemblage in their Distatodin-
ium paradoxum interval zone differs primarily 
from the underlying Cousteaudinium aubryae 
interval zone in containing Labyrinthodinium 
truncatum. Gonyaulacoid dinocysts such as 
Batiacasphaera sphaerica, Cleistosphaerid-
ium placacanthum, Dapsilidinium pseudocol-
ligerum, and Apteodinium tectatum generally 
dominate the assemblage together with Laby-
rinthodinium truncatum modicum. Lejeune-
cysta spp. and Brigantedinium spp. are com-
mon to abundant in several samples, and other 
protoperidinioid cysts such as Echinidinium 
spp., Palaeocystodinium spp., Selenopemphix 
brevispinosa, Selenopemphix nephroides, 
Sumatradinium druggii, and Sumatradinium 
soucouyantiae are also usually present to 
common (Figs. 6 and 7; Supplemental Tables 

1 and 2 [see footnotes 1 and 2]). This assem-
blage allows sequence m5.3 to be assigned to 
DN4, an age consistent with all other chro-
nostratigraphic proxies.

Lithologic Unit II: Sequence m5.2
Palynomorph concentrations remain low 

in sequence m5.2 in Hole 27A, averaging 
30,950 palynomorphs/cm3. Mean concentra-
tions in Hole 29A are ~125,600 palynomorphs/
cm3, exhibiting a wide range (22,900–381,900 
palyno morphs/cm3) with the concentration 
peaks generally characterized by relatively high 
T:M (>4; Figs. 3 and 4). T:M values average 
~3.10 (range 1.28–5.92, n = 29) in the thick 
sequence in Hole 29A and T:M is 1.48 and 
1.59 in the two samples analyzed from this very 
thin sequence in Hole 27A. A relatively diverse 
angiosperm pollen assemblage characterizes 
sequence 5.2 (with relatively high percentages 
of Tilia, Ulmus, and Fagus pollen compared 
to Quercus in Hole 29A), although bisaccate 
grains tend to increase in relative abundance 
upcore through this sequence, culminating in 
~30% of total pollen at the sequence m5 bound-
ary (Figs. 3 and 4; Table 6). Inaperturate conifer 
TCT pollen shows particularly high abundances 
in the lower part of this sequence, perhaps 
recording the expansion of cypress swamps 
on the Atlantic coastal plain associated with 
the Middle Miocene Climate Optimum (see 
Browning et al., 2013; Fig. 7). Labyrinthodin-
ium truncatum modicum and Labyrintho dinium 
truncatum truncatum are both consistently pres-
ent together with Batiacasphaera sphaerica, 
Apteodinium tectatum, Dapsilidinium pseudo-
colligerum, Cleistosphaeridium placacan-
thum, Lingulodinium machaerophorum, and 
Cordosphaeropsis minimum (Figs. 6, 7, and 9; 
Supplemental Tables 1 and 2 [see footnotes 1 
and 2]). Protoperidinioid cysts like Selenopem-
phix brevispinosa, Selenopemphix nephroides, 
Sumatradinium soucouyantiae, Echinidinium 
spp., and Palaeocystodinium spp. are pres-
ent in variable quantities in these sediments 
in addition to the ubiquitous Lejeunecysta and 
Brigantedinium spp. The HO of Apteodinium 
spiridoides at the base of this sequence in 
sample 27A-88R-2 (110–111 cm, 252.16 mcd; 
Fig. 6; Table 1) may represent reworking, but 
the LO of Unipontedinium aquaeductum in 
samples  27A-83R-3 (11–12 cm, 237.62 mcd) 
and 29A-128R-3 (73–74 cm, 508.79 mcd) at the 
top of this sequence at both sites (Tables 1 and 
2; Figs. 6 and 7) marks the DN4-DN5 bound-
ary. Exceptionally high abundances of the acri-
tarch Cyclopsiella granosa (typically found in 
shallow-marine and/or nearshore high-energy 
environments according to Louwye and Laga, 
2008) at the top of this sequence in Hole 29A 

appears to record a dramatic increase in fl uvial 
fl ux or substantial downslope mass wasting and 
resedimentation, consistent with the geometry 
of the margin at the time (Fig. 5).

Lithologic Unit II: Sequence m5
The palynological proxies continue to record 

distal conditions in sequence m5. In both holes, 
sequence m5 is characterized by assemblages 
rich in AOM (palynofacies type 2 of Batten, 
1996; Figs. 3–5; Table 6). Bisaccate conifer 
pollen is relatively abundant, and the lower part 
of sequence m5 is characterized by particularly 
low percentages of hickory pollen (Carya), 
refl ecting the cooling that marks the early Ser-
ravallian (event Mi3; see Browning et al., 2013, 
fi g. 7 therein). T:M values are very low in Hole 
29A (mean T:M = 2.89, range 2.28–3.50, n = 4) 
but substantially higher in the two samples ana-
lyzed from this very thin sequence in Hole 27A 
(mean T:M = 4.58, range 3.69–5.46, n = 2; Figs. 
3–5; Tables 3 and 4). The much lower palyno-
morph abundances in Hole 29A than in Hole 
27A suggest that most terrigenous fl ux is not 
reaching the bottomsets (mean palynomorph 
concentration is only ~48,600/cm3, range 
25,600–80,300 palynomorphs/cm3 in Hole 
29A whereas it is ~133,600 palynomorphs/
cm3 in Hole 27A, increasing sharply upcore 
from ~44,000 to 244,000 palynomorphs/cm3) 
(Figs. 3 and 4).

G:P values are relatively low at both sites, 
with common protoperidinioid cysts includ-
ing Lejeunecysta spp. Brigantedinium spp. 
Sumatra dinium soucouyantiae, Sumatra-
dinium druggii, Selenopemphix brevispinosa, 
Palaeocystodinium spp., and Trinovantedinium 
spp., mainly Trinovantedinium papulum (Figs. 
6 and 7; Supplemental Tables 1 and 2 [see foot-
notes 1 and 2]). The LO of Habibacysta tectata 
and the last common occurrence of Apteo-
dinium tectatum occur within this sequence 
in both holes (Tables 1 and 2; Figs. 6 and 7), 
marking the boundary between zones DN5a 
and DN5b, ca. 14.2 Ma. This is consistent with 
age estimates based on other available proxies 
(Browning et al., 2013). The most distinctive 
feature of this sequence is an acme of Pen-
tadinium laticinctum in both holes (sample 
313–29A-119R-CC, where these cysts make 
up nearly 20% of the assemblage, and sample 
27A-77R-2 [40–41 cm, 221.11 mcd], where 
they make up nearly 10% of the assemblage; 
Supplemental Tables 1 and 2 [see footnotes 1 
and 2]). Other consistently present gonyaula-
coid cysts include Batiacasphaera sphaerica, 
Lingulodinium machaerophorum, Cleisto-
sphaeridium placacanthum, Dapsilidinium 
pseudocolligerum, Hystrichosphaeropsis 
obscura, and Polysphaeridium zoharyi.
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Figure 9. Common marine palynomorphs in sequence m5.2 (upper Langhian–lower Serravallian, dinofl agellate zones DN4–DN5a) 
including species, sample number, and England Finder coordinates. Depth for each = 15–16 cm. (1) Apteodinium tectatum Piasecki 
1980: 313–29A-126R1, U53/3- V53/1. (2) Tectatodinium pellitum Wall, 1967: 313–29A-126R1, X52–1. (3) Cyclopsiella granosa /elliptica: 
313–29A-126R1, C37/2. (4) Dapsilidinium pseudocolligerum (Stover) Bujak et al. 1980: 313–29A-126R1, R61–0. (5) Lingulodinium machaero-
phorum (Defl andre and Cookson) Wall, 1967: 313–29A-126R1, v48/4-V49/3. (6) Lingulodinium multivirgatum de Verteuil and Norris , 1996: 
313–29A-126R1, N62–1. (7) Labyrinthodinium truncatum ssp. modicum de Verteuil and Norris 1996: 313–29A-126R1, R61–0. (8) Palaeo-
cystodinium golzowense Alberti, 1961: 313–29A-126R1, X60–0. (9) Trinovantedinium sp.1: 313–29A-126R1, G64–3.
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Lithologic Unit II: Sequence m4.5
Palynomorphs increase sharply in abundance 

within sequence m4.5 in Hole 29A, where they 
average 107,400 palynomorphs/cm3 (range 
39,500–217,000 palynomorphs/cm3), but paly-
nomorph concentrations in the thin sequence in 
Hole 27A average only ~67,400 palynomorphs/
cm3, declining sharply in abundance upcore. It 
is surprising that T:M values in sequence m4.5 
in Hole 27A are lower than in Hole 29A (Hole 
27A: mean ~1.96, range 1.27–3.50, n = 6; Hole 
29A: mean ~5.18, range 0.56–11.17, n = 14); this 
suggests that most terrigenous fl ux is bypassing 
the more neritic site, an interpretation consistent 
with the geometry of this sequence (Fig. 5). This 
is also consistent with the dominance of phy-
toclasts through much of this sequence in Hole 
29A, and the fi rst sample with Ph:AOM > 40 
at 421.26 mcd (sample 29A-89R-2, 70–71 cm; 
Table 5), although most samples from Hole 27A 
were assigned to palynofacies type 2 of Batten 
(1996) (Table 5). Cool early Serravallian condi-
tions are recorded by high relative abundances of 
bisaccate pollen in both holes, with nonsac:bisac 
values ranging from 2.64 to 5.06 in Hole 27A and 
from 1.01 to 4.87 in the lower part of sequence 
m4.5 in Hole 29A (Table 6).

G:P values are relatively low in sequence 
m4.5 in Hole 27A (range 1.15–2.54) and in the 
upper part of this sequence in Hole 29A above 
a silty sand, where G:P values reach a peak 
of 13.00 in sample 29A-109R-2 (20–21 cm, 
452.61 mcd; above this silty sand, G:P ranges 
from 0.44 to 2.67; Figs. 3 and 4; Tables 3 and 
4). Low G:P suggests lower than normal marine 
salinity and high nutrient fl ux (i.e., fl uvial infl u-
ence) during the latest Langhian, consistent with 
the sharp increase in phytoclasts versus AOM 
and the rapid progradation evident in Figure 5. 
In addition to Lejeunecysta spp. and Brigan-
tedinium spp., Habibacysta tectata is com-
mon to abundant, and other common dinocyst 
taxa include Spiniferites spp., Batiacasphaera 
sphaerica, Lingulodinium machaerophorum, 
Selenopemphix brevispinosa, Selenopemphix 
nephroides, Dapsilidininium pseudocolligerum, 
Labyrinthodinium truncatum modicum, and 
Sumatradinium soucouyantiae (Supplemental 
Tables 1 and 2 [see footnotes 1 and 2]). This 
assemblage is assigned to DN5b, consistent 
with ages derived from other proxies (Browning 
et al., 2013).

Lithologic Unit II: Sequences m4.4–m4.2
Sequences m4.4–m4.2 were not resolved in 

Hole 27A. In Hole 29A, T:M values are rela-
tively low but rise slowly in sequences m4.4–
m4.2: sequence m4.4 (mean ~2.35, range 1.30–
4.14, n = 7 in Hole 29A), T:M ~2.45; T:M = 3.43 
in the 2 samples analyzed from sequence m4.3; 

and mean T:M = 3.79 (range 2.27–6.72, n = 6) 
in sequence m4.2. A diverse angiosperm pollen 
assemblage characterizes these sequences that are 
rich in phytoclasts, although AOM remains com-
mon in some samples (palyno facies types 1 and 2 
of Batten, 1996) (Tables 5 and 6). Palynomorph 
concentrations in Hole 29A tend to decrease 
upcore, from a mean ~93,600 palynomorphs/
cm3 (range 6700–177,200 palyno morphs/cm3) 
in sequence m4.4, ~99,800 palynomorphs/cm3 in 
the only sample analyzed from sequence m4.3, 
and mean ~53,900 palynomorphs/cm3 (range 
15,000–99,800 palynomorphs/cm3) in sequence 
m4.2. Habibacysta tectata and Spiniferites spp. 
are usually common to abundant in sequences 
m4.4–m4.2 in Hole 29A, together with com-
mon Batiacasphaera sphaerica and Labyrin-
thodinium truncatum modicum; Lingulodinium 
machaerophorum. Labyrinthodinium truncatum 
truncatum, and Trinovantedinium papulum are 
also quite consistently present (Figs. 6, 7, and 10; 
Supplemental Tables 1 and 2 [see footnotes 1 and 
2]). The highest common occurrence of several 
dinocyst taxa occur in these sequences in Hole 
29A: Cleistosphaeridium placacanthum (sample 
29A-85R-2, 99–100 cm, 383.25 mcd), Labyrin-
thodinium truncatum modicum and Selenopem-
phix brevispinosa (sample 29A-75R-1, 41–42 
cm, 353.72 mcd), and Dapsilidinium pseudocol-
ligerum (sample 29A-74R-2, 57–58 cm, 352.32 
mcd; Supplemental Table 2 [see footnote 2]). 
Like sequence m4.5 and upper sequence m5, 
these sediments are assigned to DN5b. Acri-
tarchs, particularly the genera Cyclopsiella and 
Michrystridium can be common to abundant 
in these sequences (Supplemental Tables 1 and 
2 [see footnotes 1 and 2]), probably recording 
freshwater fl ux during the late Langhian.

Lithologic Unit II: Sequence m4.1
Palynological assemblages were very sparse 

in sequence m4.1 (mean concentration = 
29,800, range 9400–50,500 palynomorphs/cm3, 
n = 9 in Hole 29A and mean ~20,900, range 
8600–45,500 palynomorphs/cm3, n = 9 in Hole 
27A), with mean T:M ~5.06 (range 3.07–10.24, 
n = 7) in Hole 29A and mean T:M ~7.79 (range 
2.63–17.5, n = 7) in the more proximal Hole 
27A. The dinocyst assemblage was dominated 
by long-ranging, ubiquitous taxa, precluding 
precise age assignments in Hole 27A. Dino-
cyst assemblages strongly dominated by proto-
peridinioid cysts such as Lejeunecysta spp., 
Brigantedinium spp., Echinidinium spp., and 
Trinovantedinium papulum characterize the 
sediments at both sites, with Spiniferites spp., 
Batiacasphaera sphaerica, and Habibacysta 
tectata being the only consistently common 
gonyaulacoid cysts, although Hystrichosphae-
ropsis obscura is consistently present (Figs. 6 

and 7; Supplemental Tables 1 and 2 [see foot-
notes 1 and 2]). At the more distal Site 29, the 
LO of Selenopemphix dionaeacysta (in sample 
29A-70R-1, 107–108 cm, 339.13 mcd) and 
Ataxiodinium zevenboomii (in sample 29A-
64R-1, 120–121 cm, 320.96 mcd) occur within 
sequence m4.1, allowing assignment to DN6 
(Fig. 7; Table 2, Supplemental Table 2 [see 
footnote 2]). This estimate agrees with all other 
proxies (Browning et al., 2013). The abundance 
of the acritarch genus Cyclopsiella and the con-
sistent presence of Polyshaperidium zoharyi 
are similar to the observations of de Verteuil 
and Norris (1996) for their Selenopemphix dio-
naeacysta interval zone. Diverse angiosperm-
dominated pollen assemblages are character-
ized by an upsequence decrease in bisaccate 
pollen grains, paired with an increase in Carya 
(hickory) grains (particularly in Hole 27A; Figs. 
3 and 4; Table 6). This records climatic amelio-
ration and/or increasingly neritic conditions. All 
samples examined from this sequence in Hole 
27A are strongly dominated by phytoclasts 
(palynofacies type 1; mean Ph:AOM = 81.67, 
range 3.3–124, n = 8). A few samples (e.g., 29A-
65R-2, 18–19 cm, 324.50 mcd, and 29A-64R-1, 
120–121 cm, 320.96 mcd, from which many of 
the specimens illustrated in Fig. 10 were identi-
fi ed) at the more distal site were relatively rich 
in AOM and assigned to palynofacies type 2 
of Batten (1996). Ph:AOM values range from 
0.11 to 45.75 in sequence m4.1 in Hole 29A 
(Table 5).

Overall Trends through the Miocene

Terrestrial palynomorphs (pollen and embryo-
phyte spores) outnumber marine algae (dino-
fl agellates and acritarchs) in all but one sample 
analyzed in this study (29A-116R-1, 120–121 
cm, 473.46 mcd, where T:M = 0.56), refl ect-
ing strong terrigenous fl ux to the New Jersey 
margin throughout the Miocene. The average 
T:M through the Miocene in Hole 27A is ~5.4 
and ~3.6 in the more distal Hole 29A. Strong 
peaks in T:M are found sporadically throughout 
the Miocene in Holes 27A and 29A (Figs. 3–5; 
Tables 3 and 4), and are frequently in silty muds 
associated with sequence-bounding unconformi-
ties (e.g., m6, m5.7, m5.4, m5.3.3, m5.3, m4.5, 
and m4.4-m4.1 in Hole 27A, and m5.7, m5.45, 
m5.4, m4.4, m4.3, m4.2, and m4.1 in Hole 29A) 
or with palynomorph-rich silty muds within 
sequences (e.g., ~527, 469, 434, and 194 mcd 
in Hole 27A and ~575, 549, 529, 457, 440, and 
325 mcd in Hole 29A). Transgressive systems 
tracts (TSTs) (identifi ed by Miller et a., 2013a), 
in contrast, are characterized by very low T:M, 
e.g., ~465, 333, 271, 243, and 217 mcd in Hole 
27A (where T:M ranges from 1.27 to 2.24) 
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Figure 10. Common marine palynomorphs in sequences m4.5–m4.1 (lower Serravallian, dinofl agellate zones DN5b–DN6) including species, 
sample number, depth (in parentheses), and England Finder coordinates. (1) Hystrichosphaeropsis obscura Habib 1972: 313–29A- 64R-1 
(120–121 cm), B61/2. (2) Labyrinthodinium truncatum ssp. truncatum Piasecki 1980: 313–29A- 64R-1 (120–121 cm), V41/0. (3) Habibacysta 
tectata Head et al. 1989: 313–29A- 64R-1 (120–121 cm), J70/4. (4) Ataxiodinium zevenboomii: 313–29A-64R-1 (120–121 cm), X53/4. (5) Uni-
pontidinium aquaeductum (Piasecki) Wrenn 1988: 313–29A-92R1 (100–101 cm), M57/0-H33/4-V39/3. (6, 7) Selenophemphix dionaeacysta 
Head et al. 1989: 313–29A- 64R-1 (120–121 cm), J45/3-K44/2. (8) Selenophemphix brevispinosa Head et al. 1989: 313–29A- 64R-1 (120–121 
cm), B49/4. (9) Trinovantedinium harpagonium de Verteuil and Norris 1992: 313–29A-92R1 (100–101 cm), U69/3. (10) Sumatradinium 
soucouyantiae de Verteuil and Norris 1992: 313–29A-92R1 (100–101 cm), G64-3. (11) Impagidinium arachnion de Verteuil and Norris 1996: 
313–29A-92R1 (100–101 cm), N51/2-M51/4. (12) Pentadinium laticinctum Gerlach 1961: 313–29A-64R-1 (120–121 cm), L67/2.
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and ~585 mcd in Hole 29A, where T:M = 2.04 
(Tables 3 and 4). The oldest strong peak in ter-
restrial versus marine palynomorphs (T:M = 
11.4) is in sample 27A-187R-CC (8–20 cm, 
527.68 mcd; Fig. 3), in sequence O6 (earliest 
Aquitanian). The oldest peak at Site 29 (T:M = 
11.82) was in sample 29A-211R-1 (31–32 cm, 
737.92 mcd), in sequence m5.8 (Fig. 3), in sedi-
ments of Aquitanian–early Burdigalian age. The 
strongest T:M values in both holes are in sedi-
ments of late Burdigalian age (DN3, NN4, and 
East Coast Diatom Zone ECDZ2) near sequence 
boundary m5.4; T:M was 43.25 in sample 
27A-104R-3 (36–38 cm, 301.86 mcd), near the 
top of sequence m5.45, and T:M was 12.76 in 
sample 29A-182R-2 (99–100 cm, 660.81 mcd), 
~1.5 m above sequence boundary m5.4.

The ratio of phytoclasts versus AOM 
(Ph:AOM), which might be expected to record 
much the same information as T:M, shows 
much less sample to sample variability upcore 
at both sites, but shows marked increases in 
palynodebris of terrestrial origin at particu-
lar times. Phytoclasts fi rst outnumber AOM 
in sequence 5.8 in both holes, but phytoclasts 
overwhelm AOM (i.e., are assigned to palyno-
facies type 1 of Batten [1996], rather than 
type 2, which characterizes most of the earlier 
Miocene) much earlier at Site 27 than at Site 29. 
The oldest sample in which phytoclasts outnum-
ber AOM in Hole 27A is sample 27A-169R-1 
(32–33 cm, 484.93 mcd, in sequence m5.8), 
and the earliest strong dominance of phyto-
clasts (Ph:AOM > 5) is in sample 27A-164R-2 
(61–62 cm, 471.47 mcd, also in sequence m5.8). 
There is a dramatic increase (Ph:AOM > 40) in 
the Ph:AOM in sample 27A-105R-CC (301.61 
mcd), near the top of sequence m5.45 (Fig. 3). 
In Hole 29A, phytoclasts fi rst outnumber AOM 
in sample 29A-210R-3 (18–19 cm, 737.74 mcd, 
in sequence m5.8) and Ph:AOM fi rst exceeds 5 
in sample 29A-157R-2 (20–21 cm, 589.86 mcd, 
near the base of sequence m5.2; Fig. 4). The 
fi rst dramatic increase in Ph:AOM in Hole 29A 
occurs in sample 29A-98R-2 (70–71 cm, 421.26 
mcd in sequence m4.5; Fig. 3). The Ph:AOM 
signal at the two sites is nearly identical above 
sequence m4.5, suggesting that the shelf had 
prograded past Site 29 by the latest Langhian–
early Serravallian (Fig. 5).

Nonsaccate (mainly angiosperm) pollen 
outnumber bisaccate conifer pollen in nearly 
every sample analyzed from both holes (Figs. 3 
and 4; Table 6), with exceptions in Hole 27A 
in samples 190R-3 (15–16 cm, 536.54 mcd), 
190R-2 (119–120 cm), 189R-1 (72–73 cm, 
531.08 mcd), 188R-2 (60–61 cm, 529.21 mcd; 
in sequence O6), 166R-1 (15–16 cm, 475.62 
mcd), 165R-1 (115–116 cm, 473.16 mcd), 
164R-2 (110–111 cm, 470.46 mcd; in sequence 

m5.8), and 88R-2 (110–111 cm, 252.86 mcd; at 
the base of sequence m5.2), and in Hole 27A 
in samples 211R-2 (24–25 cm, 739.35 mcd), 
211R-1 (31–32 cm, 737.92 mcd), 209R-1 
(111–112 cm, 732.62 mcd; in sequence m5.8), 
190R-1 (130–131 cm; in sequence m5.47), 
and 129 R-1 (89–90 cm, 509.75 mcd; in 
sequence m5.2). Nonsac:bisac fi rst exceeds 
10:1 in sample 27A-170R-1 (51–52 cm, 
488.17 mcd, in sequence m5.8) and in sample 
29A-207R-3 (728.51 mcd, in sequence m5.7). 
The nonsac:bisac pollen ratio increases sharply 
in sequence m5.8 in Hole 27A and remains 
relatively high until sequences m5.4–m5.33. 
Following a peak in upper sequence m5.3, the 
nonsac:bisac ratio declines again in sequences 
m5.2–m4.2, then rise sharply in sequence m4.1 
(Fig. 3). In Hole 29A, nonsac:bisac pollen ratio 
peaks around sequence boundary m5.7 and is 
high in sequence m5.45, sequences m5.3–m5.2, 
and again in sequence m4.4 (Fig. 4).

Terrigenous palynomorphs tend to increase 
in relative and absolute concentrations (high 
T:M and high pollen/spore concentrations) in 
proximity to sequence boundaries. The palyno-
logical signatures near sequence boundaries are 
indicative of increased proximity to the shore-
line and/or more neritic conditions as well as the 
greater resistance of pollen and spores (evolved 
for wind pollination) to oxidation than dino-
fl agellate cysts. The ratio of more oxidation-
resistant gonyaulacoid cysts versus more sus-
ceptible protoperidinioid cysts (G:P) tends to be 
high in the lower parts of sequences where ter-
restrial palynomorph abundances are low (Figs. 
3 and 4; Tables 3 and 4), recording low rates of 
sediment accumulation in TSTs, probably due 
to higher accommodation and/or more distal 
settings in TSTs (as discussed in McCarthy 
et al., 2003; Gostlin, 1999). High concentrations 
of terrestrial palynomorphs in the upper parts of 
sequences record aggradation and progradation 
within the sequences. Protoperidinioids can also 
be very rare within dinocyst-rich sequences, 
such as in samples 27A-187R-3 (140–141 cm), 
27A-187R-1 (87–88 cm; 526.08–523.57 mcd in 
sequence O6), where G:P values were 8.33 and 
9.00, respectively, 29A-170R-2 (630.82 mcd in 
sequence m5.3), and 29A-109R-2 (20–21 cm, 
452.61 mcd in sequence m4.5), where G:P val-
ues were 15.33 and 13.00, respectively (Figs. 3 
and 4; Tables 3 and 4).

RELATIVE SEA-LEVEL 
RECONSTRUCTIONS COMPARED 
WITH GLACIOEUSTASY

The relationship between sea level and the 
palynological assemblage is more complex 
than that with the benthic foraminiferal assem-

blage, which is largely a function of paleo–
water depth due to changes in physiochemical 
parameters that vary with water depth (Katz 
et al., 2013). Most of the palynological samples 
examined from IODP Expedition 313 contain 
more allochthonous than authochthonous ele-
ments, and thus cannot refl ect the local depo-
sitional environment, as do the foraminiferal 
assemblages. In addition to variations in sea 
surface productivity, T:M refl ects variations in 
the numerous mechanisms that transport pol-
len and embryophyte spores to each offshore 
site, i.e., wind, rivers, ocean currents, and mass 
transport, most of which are related to distance 
from the shoreline. High sea surface produc-
tivity can be inferred from the abundance of 
round-brown dinofl agellate cysts, Brigante-
dinium spp. (Zonneveld et al., 2001, 2008; 
Versteegh and Zonneveld, 2002), and the abun-
dance of AOM derived from algal decomposi-
tion (Batten, 1996). The relative importance of 
wind can be estimated by examining the rela-
tive abundance of bisaccate pollen (Mudie and 
McCarthy, 1994). The infl uence of rivers can be 
identifi ed lithologically (e.g., in sequence m5.8; 
Miller et al., 2013a) as well as by large pulses of 
acritarchs. Mass transport is largely restricted 
to environments on clinoform bottomsets (e.g., 
much of the Early to Middle Miocene at Site 
M29; Mountain et al., 2010) and to continental 
slope and rise sediments (McCarthy and Mudie, 
1998). Following progradation of the clinoform 
break past a site, downslope transport would 
no longer play a signifi cant role, but until then, 
recycling and resedimentation of palynomorphs 
from the shelf would have been a major over-
print to our records. This is evident in the con-
tinental margin architecture (Fig. 5): Hole 27A 
is continuously neritic above lithologic unit VI 
(sequence m5.8), so mass wasting would have 
been far less important at this site after the early 
Burdigalian. By the middle Burdigalian, the 
overwhelming dominance of phytoclasts in the 
palynofacies and very sparse AOM (Figs. 3–7) 
record a very strong terrigenous component in 
the majority of samples analyzed in lithologi-
cal units III and II. Ph:AOM shows less vari-
ability through the Miocene at each site than 
the ratio of terrestrial versus marine palyno-
morphs. Peaks in T:M in AOM-rich sediments 
thus record pulses of terrigenous fl ux into deep-
water settings, mainly via mass wasting (e.g., in 
sequence m5.8 in Hole 27A and in sequences 
m5.3–m5.2 in Hole 29A), whereas high T:M in 
phytoclast-rich sediments records sedimenta-
tion in neritic settings.

Because the palynofacies primarily refl ects 
distance from the shoreline, and foraminiferal 
assemblages largely refl ect the paleo–water 
depth, the response of palynological and 



McCarthy et al.

28 Geosphere, December 2013

benthic  foraminiferal assemblages to sea-level 
change will differ, depending on the gradient 
of the margin and the position of the rollover. 
Whereas the resolution available with forami-
niferal estimates of sea level cannot discrimi-
nate sea-level lowerings of a few tens of meters, 
an increase in terrigenous fl ux recorded by 
high T:M can record downslope mass wast-
ing from neritic environments into relatively 
deep water environments in response to regres-
sion. Subsequent onlapping sequences (e.g., 
m5.7, m5.3, m5, m4.4–m4.2) are characterized 
high AOM except around seismic sequence 
boundaries, suggesting taphonomic effects 
associated with the generation of sequence 
boundaries (e.g., resedimentation, selective 
oxidation; cf. McCarthy et al., 2003). In addi-
tion, the much lower gradient of the margin 
once the clinoform has prograded past a site 
(past Site 27 during the late Burdigalian DN3 
[18. 1–15.97 Ma], marked by Ph:AOM = 102 
in sample 27A-105R-CC [301.61 mcd], and 
past Site 29A during the latest Langhian, ca. 
14.2–13.2 Ma, DN5b recorded by Ph:AOM = 
40.4 in sample 29A-98R-2 [70–71 cm, 421.26 
mcd; Table 5]) results in much more proxi-
mal palynological assemblages (high T:M, 
Ph:AOM, nonsac:bisac) relative to foraminifer-
ally derived paleobathymetric estimates (Figs. 
3–5; Tables 3–6).

Distal deep-water settings were thus inferred 
whenever multiple palynological proxies con-
cur, i.e., low T:M (Figs. 3–5)/ high M:T (Figs. 
11A, 11B), low nonsac:bisac pollen ratios (Figs. 
3 and 4; Table 6), low phytoclasts versus AOM 
(Ph:AOM in Figs. 3–5; Table 5), as well as 
high G:P (Figs. 3 and 4; Tables 3 and 4), and 
where upper middle neritic (50–80 m; Bulimina 
 gracilis/Bolivina paula–dominated biofacies), 
outer middle neritic (75–100 m; Uvigerina 
spp./Bolivina fl oridana–dominated biofacies), 
or outer neritic (>100 m; high-diversity, low-
dominance assemblages with key indicator taxa, 
e.g., Cibicidoides pachyderma, Hanzawaia 
mantaensis, and Oridorsalis umbonatus) water 
depths were indicated by the foraminiferal 
assemblages (Mountain et al., 2010; Katz et al., 
2013) (Figs. 11A, 11B). As previously observed 
(McCarthy et al., 2003), the primary ecologi-
cal signal is confounded by strong taphonomic 
skewing at sequence boundaries, preferentially 
degrading neritic protoperidinioid dinofl agellate 
cysts and thin-walled pollen.

Taking these caveats into consideration, 
there is generally good agreement between 
palyno logically based estimates of position 
of the shoreline (and shelf break) and forami-
niferally derived paleobathymetric estimates 
(Figs. 11A, 11B). This allowed us to qualita-
tively reconstruct relative sea level at each site 

with some degree of confi dence (Figs. 11A, 
11B). The interpretation of high terrigenous 
fl ux as typically recording low sea levels is 
consistent with the shallow paleodepths usu-
ally reconstructed based on the benthic forami-
niferal assemblages in pollen-rich sediments, 
which are Hanzawaia concentrica–dominated 
biofacies (interpreted as middle inner neritic, 
10–25 m) (Katz et al., 2013). Samples rich in 
nonsaccate pollen that tends to preferentially 
settle in coastal and inner neritic environ-
ments (Mudie and McCarthy, 1994; McCarthy  
et al., 2003) support the interpretation of a 
middle inner neritic depositional environment. 
Increased proximity to the shoreline at times of 
lower sea level would also tend to decrease the 
ratio of marine versus terrestrial palynomorphs 
(M:T in Figs. 11A, 11B) due to ecological 
stress on marine phytoplankton in inner neritic 
environments.

The sea-level reconstructions also appear 
to be consistent with other available data from 
IODP Expedition 313. Proximal low sea-level 
settings are generally suggested by very terrige-
nous samples at sequence boundaries (Figs. 
11A, 11B), and strong taphonomic alteration 
in these sediments is also recorded by high G:P 
(Figs. 3 and 4). The reconstructions of coastal 
to inner neritic paleodepths at most sequence 
boundaries correlate with times of medium 
to major sea-level lowering according to the 
compilation of Snedden and Liu (2010). The 
identifi cation of TSTs and maximum fl ooding 
surfaces (MFS) at very high relative sea level 
(Tables 3 and 4; Figs. 11A, 11B), in contrast, 
is consistent with our interpretation of distal 
deep-water environments (Miller et al., 2013a; 
Browning et al., 2013).

The combination of the two relative sea-level 
proxies provides more information than either 
in isolation. For example, the sudden deepening 
is evident in our sea-level reconstructions dur-
ing the early Langhian (in sediments assigned 
to DN4, NN4, and ECDZ2). Outer middle 
neritic (75–100 m) and outer neritic (>100 m) 
paleodepth estimates for sequences m5.3 
through m5 at Sites 27 and 29, respectively, 
are paired with quite variable reconstructions 
of terrigenous fl ux derived from the palyno-
facies, recording the rapid aggradation and 
progradation of lithologic unit II into relatively 
deep water environments. The interpretation of 
deep water is consistent with the low deep-sea 
oxygen isotope values of the Middle Miocene 
Climate Optimum (Zachos et al., 2001; see 
fi g. 7 in Browning et al., 2013). Similarly, both 
sets of proxies record a rapid sea-level fall dur-
ing the late Langhian that correlates with event 
Mi3 (in sediments assigned to DN5b, NN5, and 
ECDZ6a-b; Figs. 11A, 11B). One advantage of 

the palynological approach in reconstructing rel-
ative sea level is that palynomorphs and palyno-
debris were available in statistically signifi cant 
quantities in more samples than were benthic 
foraminifers, particularly at the more inner to 
middle neritic Site 27. This higher resolution 
record allowed the identifi cation of possible 
parasequences within thick sequences in both 
holes. The accumulation of nearly 200 m of sedi-
ment beyond the paleoclinoform break in Hole 
29A during the early–middle Langhian allows 
two high-amplitude and 11 lower amplitude sea-
level cycles to be identifi ed in sequences m5.3–
m5 (Fig. 11B). The dinocyst zonation suggests 
that these sequences were deposited between 
15.97 and 14.2 Ma (zones DN4–DN5a), which 
agrees well with the estimate of ca. 16.1–14.6 
Ma based on the compilation of all chronostrati-
graphic proxies (by Browning et al., 2013). The 
resulting periodicity estimates (~136–160 k.y.) 
in our relative sea-level curves suggest possible 
Milankovitch forcing, although the chronologi-
cal control is not suffi cient to demonstrate this 
conclusively; in Miller et al. (2013b), 8 fl ood-
ing surfaces (including the MFS) were noted 
in sequence m5.2 at Hole M29A, similar to the 
7–8 noted here (Fig. 11B) within the ~1 m.y. of 
this sequence (15.6–14.6 Ma; Browning et al., 
2013). We also note that there are 6–7 fl ooding 
events in the Hole M29A m4.5–m4.1 section, 
which represents ca. 13.6 to ca. 13.0 Ma (Fig. 
11B; Browning et al., 2013). The chronology 
is not suffi cient to establish that these are actu-
ally quasi-100-k.y.-scale events, but the general 
match is intriguing.

Given the available resolution, with chrono-
logical control provided by multiple bio-
stratigraphic proxies and by Sr isotope ages 
(Browning et al., 2013), we were able to cor-
relate all of the Mi events shown in fi gure 7 of 
Browning et al. (2013) with intervals of low-
ered sea level reconstructed from the integrated 
palynological and foraminiferal proxies. These 
observations, together with the palynologi-
cal evidence of accelerated offshore sediment 
transport at times of lowered sea level, and 
associated progradation and downslope mass 
wasting, suggest that eustasy is an important 
factor infl uencing the architecture of the New 
Jersey margin.

CONCLUSIONS

A comparison of paleo–water depth estimates 
inferred from benthic foraminifera (Katz et al., 
2013) and distance from shoreline estimates 
derived from the palynological data allowed rel-
ative sea level to be qualitatively reconstructed 
in Holes 27A and 29A on the New Jersey mar-
gin. Although qualitative, this simple estimate 
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of relative sea-level change provides a useful 
framework with which other variations at the 
IODP Expedition 313 drill sites can be com-
pared. Further, the simple estimate represents 
a good starting point for subsequent work on 
eustatic reconstructions, which require back-
stripping to account for compaction, loading 
and/or fl exure, and thermal subsidence. Our 
data-based reconstruction can be compared with 
ongoing modeling studies.

High terrigenous fl ux associated with fl uvial 
discharge and/or progradation of the New Jer-
sey shelf is recorded by peak concentrations of 
pollen rich in angiosperm taxa and phytoclasts 
in sediments deposited in very shallow water 
or redeposited downslope from coastal and/or 
upper neritic to middle inner neritic environ-
ments, based on paleodepth estimates from 
benthic foraminiferal assemblages. The low 
sea levels are interpreted where sediments are 

rich in angiosperm pollen and phytoclasts and 
foraminifer samples are either barren, almost 
completely dominated by Lenticulina spp., or 
assigned to the Hanzawaia concentrica–domi-
nated biofacies.

The dinocyst zonation of de Verteuil and 
Norris  (1996) allowed ages to be assigned to all 
Miocene sequences recovered from Holes 27A 
and 29A. Additional chronostratigraphic control 
was provided by calcareous nannofossils and 
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Figure 11 (on this and following page). Relative sea level was qualitatively reconstructed by combining paleodepth estimates derived from 
benthic foraminiferal assemblages (blue, left) and distance from shoreline estimates derived from the ratio of marine versus terrestrial 
(M:T) palynomorphs (green, left). Depth: mcd—meters composite depth. (A) Integrated Ocean Drilling Program Hole 27A. Sequence 
boundaries (m6–m4.1) are associated with very low relative sea level, whereas maximum fl ooding surfaces (MFS) and transgressive sur-
faces (TS) are associated with foraminiferal and palynological proxies recording high relative sea level. Our sea-level interpretation also 
appears to identify parasequences, such as in the thick sequence m5.8 in Hole 27A and m5.2 in Hole 29A. Age control is provided by dinocyst 
zones, together with calcareous nannofossil and diatom zone assignments and Sr isotope age estimates from Browning et al. (2013), allowing 
intervals of very low sea level to be correlated with Miocene oxygen isotope (Mi) events (see Browning et al., 2013, fi g. 7). These generally 
correlate with the sequence boundaries identifi ed across the New Jersey shallow shelf, supporting the contention that relative sea-level 
change and the architecture of the New Jersey margin are primarily responses to eustasy.
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diatoms, as well as by Sr isotope pages (Brown-
ing et al., 2013) allowing sequence boundaries 
generated at times of lowered sea level to be 
correlated with Miocene oxygen isotope events. 
In contrast, distal environments are recorded 
by low T:M (high M:T) and a dominance of 
AOM in onlapping sequences m5.7–m5.6 (early 
Burdigalian), m5.3–m5 (Langhian), and m4.4 
(latest Langhian–earliest Serravallian). High 
sea level at these times is recorded by benthic 
foraminiferal assemblages indicative of lower 
middle to outer neritic environments. This study 
illustrates the value of palynology in sequence 
stratigraphic studies, and of combining palyno-
logical and benthic foraminiferal proxies to pro-
duce robust reconstructions of relative sea level 
and relate these to sedimentation on continen-
tal margins.
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