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correlation of seismic sequences and Milankovitch cyclicity was proposed for 
the tectonically active Eel River Basin offshore California, using lower-reso -
lution multichannel seismic (MCS) data, but the chronology needed to verify 
this correlation was poor (Burger et al., 2002; Mountain et al., 2007). In the 
Eel River Basin, as in most margins, individual Milankovitch-scale Pleisto -
cene MIS eustatic cycles have not been dated. Questions therefore remain 
about whether Pleistocene seismic sequences de!ned on MCS data, com -
monly used in sequence stratigraphic interpretations, have any direct link to 
Milankovitch-scale cyclicity and, therefore, to eustasy and hence whether it 
is meaningful to correlate such sequences globally in both tectonically active 
and passive margins (Watkins and Mountain, 1990).

Passive margins along the South Island of New Zealand and the mid-At -
lantic region off New Jersey were selected at a community workshop in 1988 
as places where ocean drilling could determine links between glacio-eustasy 
and sea-level change (Watkins and Mountain, 1990). Since then, a series of 
experiments have been conducted at both locations to understand the in"u -
ence of eustasy on continental margin sedimentation and to test sequence 
stratigraphic models using scienti!c ocean drilling. Eocene to Holocene si -
liciclastic sediments of the Canterbury Basin, offshore eastern South Island, 
New Zealand were drilled by Integrated Ocean Drilling Program (IODP) Expe -
dition 317 (Fulthorpe et al., 2011). Siliciclastic sediments of nearly the same 
age offshore New Jersey were drilled during Ocean Drilling Program (ODP) 
Legs 150 (Mountain, 1994), 150X (Miller et al., 1994), 174A (Austin et al., 1998), 
174AX (Miller et al., 1998), and IODP Expedition 313 (Mountain et al., 2010). 
These two settings are similar in that both are passive margins with similar 
tectonic and subsidence histories and both are mid-latitude margins where 
siliciclastic sedimentation has been affected by glacio-eustasy ( Fig. 1). How-
ever, the settings are also different in signi!cant ways. Rifting is younger 
(Cretaceous) in New Zealand than at the New Jersey margin (Late TriassicÐ
Early Jurassic). In New Zealand, sediment supply was in"uenced by uplift 
of the Southern Alps, beginning in the Early Miocene, and also by oceanic 
currents, whereas the New Jersey margin received drainage from an eroded 
metamorphic terrain, and its sedimentation has been in"uenced by its prox -
imity to the Laurentide Ice Sheet, particularly by glacial isostatic adjustment 
(e.g., Peltier, 1998).

The main objective of this study is to assess the correlation between the 
sedimentary record and seismic stratigraphic sequences resolvable on rela -
tively high-resolution MCS pro!les for both the Canterbury Basin and New 
Jersey margins, focusing on Pleistocene glacio-eustatic "uctuations. For 
this purpose, the lithostratigraphy from Canterbury Basin slope Site U1352 
(340 m water depth) is correlated to interpreted seismic sequences and to 
an age model derived from a benthic foraminiferal ! 18O record at Site U1352 
(Fulthorpe et al., 2011; Hoyanagi et al., 2014). We compared the Canterbury 
Basin with a similar slope site on the New Jersey margin (ODP Leg 174A Site 
1073 at 640 m water depth (McHugh and Olson, 2002; Mountain et al., 2007). 
Prior studies of Site 1073, based on benthic foraminiferal ! 18O records and 
seismic sequences, revealed variability in sedimentation patterns and that 

the correlation between seismic sequences and glacio-eustasy is complex 
for the Middle to Late Pleistocene (McHugh and Olson, 2002; Mountain et 
al., 2007).

GEOLOGIC BACKGROUND

Canterbury Basin

The eastern margin of the South Island of New Zealand, including the 
Canterbury Basin, rifted from Antarctica during the Late Cretaceous (Weaver 
et al., 1994). It acted as a simple passive margin until the Late Eocene when 
convergence between the Australasian and Paci!c plates began to in"uence 
the region, leading to the formation of the Alpine fault at ca. 23 Ma (King, 
2000; Fig. 1). The basin has since experienced high rates of Neogene sedi -
ment input from the uplifting Southern Alps, and has consequently preserved 
a high-frequency (0.1Ð0.5 m.y. periods), seismically resolvable record of dep -
ositional sequences (Fulthorpe and Carter, 1989; Browne and Naish, 2003; Lu 
and Fulthorpe, 2004). At present, water depths shallower than 300 m are in -
"uenced by the northward-"owing Southland Current and deeper than 900 m 
by the southward-"owing Antarctic Circumpolar Current (Morris et al., 2001; 
Fig. 1A). Similar currents likely in"uenced the formation of sediment drifts 
throughout much of the Neogene (Fulthorpe and Carter, 1991; Lu et al., 2003). 
Termination of drift development (ca. 3.25 Ma; Carter et al., 2004a, 2004b) may 
have been related to initiation of Late Pliocene to Pleistocene high-amplitude 
eustasy, which could have enhanced downslope processes relative to sedi -
ment re-distribution by along-strike transport, by bringing "uvial sources and/
or paleoshorelines closer to the shelf edge (Fulthorpe and Carter, 1991; Lu et 
al., 2003; Carter et al., 2004a, 2004b). Alternatively, the climatic transition may 
have directly caused changes in regional oceanographic circulation.

High-resolution MCS pro!les were used to interpret 19 Middle Miocene 
to Recent clinoformal seismic sequence boundaries (U1Ð19; Fig. 2) (Lu and 
Fulthorpe, 2004). Two larger (1Ð2 m.y. duration) seismic sequences are de!ned 
based on seismic architecture and facies (Fulthorpe et al., 2011). Upper Mio -
ceneÐLower Pliocene seismic sequence boundaries (~U10 and below) feature 
smooth, onlapped paleoshelves and rounded rollovers, or clinoform breaks. In 
contrast, Middle Pliocene to Pleistocene seismic sequence boundaries (above 
U10, ca 3.6 Ma) display eroded and incised, downlapped paleoshelves and 
more pronounced rollovers with oblique re"ection geometries. We interpret 
this contrast was the result of larger eustatic amplitudes in the Plio-Pleistocene 
compared to earlier times.

New Jersey Margin

The U.S. middle Atlantic margin (New JerseyÐDelaware-Maryland) is a 
classic passive margin studied through extensive seismic imaging and on -
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Figure 1. The two study areas with overview maps on left and close-up maps with seismic line tracks and drill sites on right. (A) The Canterbury Basin is offshore from the South Island, 
New Zealand and in"uenced by both the Southland Front and a gyre related to the Subantarctic Front. The Alpine fault, a transform boundary that accommodates motion between 
the Australasian and Paci!c plates is 200 km from the drill sites in Canterbury Basin. Sediments shed from the rising Alps have contributed signi!cantly to the offshore sedimentation 
(left). Multichannel seismic (MCS) grid that formed the basis for IODP Expedition 317, showing location of drill sites (right). Modi!ed after Fulthorpe et al. (2011). (B) The New Jersey 
margin has been extensively surveyed for sea-level studies (left, right). Modi!ed after Mountain et al. (2010).





















!"#"$%&'()$*"%

!CMcHugh et al.  | Sediments, Pleistocene glacio-eustasy, oxygen isotopes, and seismic sequencesGEOSPHERE | Volume 13 | Number 5

!"
#$

%
&

'()
*+

,,
(-

.,/
0%

1-
,2

,(
6,

34
,5

(

tively. But this scenario is less likely for the upper-slope Site U1352, given that 
benthic foraminifers of upper bathyal depths (over 200 m) were documented 
in the sediments and the fact that the site was drilled at 340 m of water depth.

Facies B is composed of sediment that !nes upward from sand to silt. In 
contrast to facies A, facies B has rare shell fragments. The sediments show a 
gradual decrease in Ca/Sr and CaCO 3 content. We interpret this muddy sedi -
ment as a time of maximum water depths, equivalent to the maximum "ood -
ing surface (MFS) in shelf successions. Within a sequence stratigraphic deposi -
tional environment framework, facies B is interpreted as a condensed interval 
(Loutit et al., 1988).

Facies C is in the top of the lithofacies successions. Facies C is composed 
of mud with increasing Ti, K, and Fe, interpreted as an increasing proportion 
of sediment derived from terrigenous sources. The Ca/Sr ratios, as well as 
calcium carbonate, are lower in facies C than in facies B. Facies C is interpreted 

as an early lowstand system tract (eLST) that accumulated at the start of the 
next relative sea-level fall as de!ned by Posamentier and Allen (1999). Because 
for the most part the lithofacies succession lacks deposits of the uppermost re -
gressive phase, facies C is also truncated, and the lithofacies succession !nes 
upwards. The truncation could be due to frequent erosive episodes that are 
common in upper-slope settings (e.g., McHugh and Olson, 2002; McHugh et 
al., 2002).

Coarser-grained amalgamated, thinly bedded sand-mud sequences of fa -
cies D are interpreted as stacked turbidites deposited as regressive, coarsen -
ing-upward sediments of the lowstand system tracts (LST) that were preserved 
on the slope. Facies D is mainly preserved in the upper 50 m of Site U1352 and 
is characterized by the lowest Ca/Ti and Ca/Sr ratios and calcium carbonate 
measured at Site U1352. Above facies D, there is 1 m of green Holocene sand 
of facies A.

Finally, facies E is equivalent to facies A, but due to the downhole depth at 
which it occurs (deeper than 450 m), has been cemented and lacks the shell 
and shell fragments typical of facies A.

The upper and basal contacts of the lithofacies successions that cor -
relate with seismic sequence boundaries likely represent multiple erosional 
intervals and an unconformable surface and are interpreted as having been 
formed during lowstands of sea level. This !rm ground surface as previously 
described is commonly associated with burrowing and subsequent marine 
"ooding events (Svarda et al., 2001; Droser et al., 2002).

Lithofacies Succession Correlation to the Oxygen-Isotope Record and 
Seismic Sequence Boundaries

Hoyanagi et al. (2014) derived a chronology from ! 18O record generated for 
Site U1352. The ! 18O record was calibrated to marine isotope stages of Lisiecki 
and Raymo (2005) by nannoplankton biostratigraphy and paleomagnetics (Fig. 

TABLE 2. SEDIMENTATION RATES BASED ON DEPTH 
AND AGE OBTAINED FROM THE ! 18O RECORD 

Depth 
(m)

Age
(Ma)

Sed rate 
(m/m.y.)

Sed rate 
(cm/k.y.)

Marine isotope stage 
(MIS)

0 0.00
64 0.13 492 49.20 5/6
98 0.24 274 27.40 7/8
112 0.34 181 18.10 9/10
148 0.42 434 43.40 11/12
160 0.53 106 10.60 13/14
200 0.62 460 46.00 15/16
210 0.71 109 10.90 17/18
250 0.86 270 27.00 21/22
428 1.56 254 25.40 53/54
453 1.64 313 31.30 57/58
482 1.73 322 32.20 63/64

TABLE 3. SEQUENCE BOUNDARY (SB) CORRELATION ACROSS MARGINS

Integrated Ocean Drilling Program Expedition 317, Site U1352 Ocean Drilling Program Leg 174A, Site 1073

SB depth 
(m)

SB Marine isotope stage 
contained in sequence

SB age*
(Ma)

SB depth
(m)

SB Marine isotope stage 
contained in sequence

SB age 

(Ma)

64 U19 1Ð5 0.130 79 p1 1Ð5 (partial) 0.120
N.A. N.A. N.A. N.A. Large unconformity from 0.128 to 0.248
N.A. N.A. N.A. N.A. 145 p2 8 0.313
148 U18 6Ð11 0.424 325 p3 9Ð11 0.450
200 U17 12Ð15 0.621 520 p4 12Ð19 0.755
250 U16 16Ð21 0.866 N.D. N.D. N.D. N.D.
428 U15 22Ð53 1.570 N.D. N.D. N.D. N.D.
453 U14 54Ð55 1.608 N.D. N.D. N.D. N.D.
482 U13 56Ð63 1.782 N.D. N.D. N.D. N.D.

References: *Hoyanagi et al., 2014;   McHugh and Olson, 2002.
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