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Abstract

Huon Peninsula, Papua New Guinea, is a tectonically unstable, uplifting shoreline ringed by emergent coral terraces.
The terraces were formed during episodes of rapid sea-level rise when corals constructed large, discrete coral platforms
that were subsequently uplifted. Uranium series ages of four prominent Huon Peninsula last glacial (OIS 3) coral
terraces coincide with the timing of major North Atlantic climate reversals at intervals of 60007000 yr between 30 000
yr and 60000 yr ago. Terrace elevations, when combined with uplift, indicate 10—15-m high sea-level excursions at these
times. We attribute the growth of the terraces directly to sea-level rises arising from ice-calving episodes from major
North Atlantic ice-sheets and the Antarctic ice-sheet that precipitated extremes of cold climate called Heinrich events.
These periods are associated with major discharges of land-based ice and enhanced concentrations of ice-rafted debris

in deep-sea cores. Sea-levels at this time were 60-90 m lower than present. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Huon Peninsula (Fig. 1) is a tectonically uplift-
ing site with an uplift rate that varies from 0.5 m/
kyr in the northwest to nearly 4 m/kyr to the
southeast along a coastline over 80 km long
[1,2]. At a given location the uplift rate, when
averaged over periods of 1000 yr or longer, ap-
pears to have been uniform for the past 130000 yr
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[3,4]. The high uplift rates have exposed a record
of Late Quaternary interglacial and interstadial
sea-level high stands. In particular, terraces corre-
sponding to oxygen isotope stage 3 (OIS 3), older
than about 30 ka, are exposed above the present
sea-level. Well developed monolithic terrace struc-
tures dated approximately as 80 ka, 100 ka, and
130 ka old (OIS 5) are situated above the OIS 3
terraces. There is a clear, visual distinction be-
tween these older terraces and OIS 3 terraces.
The latter are not as well developed, they are
more numerous, and have complex sub-structures
corresponding to relatively shallow sea-level ex-
cursions. Some of these sub-terraces have been
identified as regressive configurations, that may

0012-821X/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0012-821X(01)00515-5



580 Y. Yokoyama et al. | Earth and Planetary Science Letters 193 (2001) 579-587

be due to meter-scale discrete uplift events or pos-
sibly due to rapid falls in sea-level [4,5]. The qual-
itative visual difference between the OIS 3 and
OIS 5 terraces mirrors the oxygen isotope climate
and sea-level curve from deep-sea cores and the
climate signature from oxygen isotope ice core
records, where the former period is associated
with numerous fluctuations in climate in contrast
to the major interstadials of the OIS 5 period.

Coral terraces at tectonically active sites are
constructed when rising sea-levels overtake uplift
and encourage corals to grow upward, forming
keep-up reefs. In this sense, terraces at Huon Pen-
insula can be directly related to past episodes of
sea-level high-stands. A prominent feature of OIS
3 climate is the evidence from ice cores and deep-
ocean cores that indicate rapid and severe climate
fluctuations over time scales ranging from millen-
nial to decadal [6,7]. Relatively minor Dansgard-
Oeschger (D-0O) and major Heinrich events that
correspond to periodic partial break-up of North-
ern Hemisphere ice-sheets, alternate in cyclic peri-
ods of intense cold and warm interstadials [§8]. An
unanswered question of this ice age period con-
cerns the exact timing of the Heinrich ice-rafting
events and the magnitude of the resultant sea-lev-
el changes.

Periodic iceberg discharges in the North Atlan-
tic, during the last glacial, are likely accompanied
by rapid rises in sea-levels [9,10]. Therefore, ages
of major reefs of this period at Huon Peninsula
and timing of iceberg discharges should be corre-
lated. Of course, coral growth also occurs during
stable periods of sea-level, when at uplifting sites,
the relative sea-level is falling. However, growth
during these times tends to be patchy, not as well
preserved, and does not result in the formation of
terraces [4]. In particular, OIS 3 terraces at Huon
Peninsula, labelled as terrace complexes II and
III, each of which include a number of sub-reefs,
can be associated with discrete periods of prolific
coral growth and sea-level high stands. Major in-
dividual reefs consist of 5-10-m high vertical ris-
ers and 10-20-m wide steps at the top, which then
merge into the preceding reef riser. Persistence of
such structures over tens of kilometers provides
an indication of the magnitude of coral produc-
tivity, at favorable locations, during times of ma-
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Fig. 1. Location of Kanzarua and Bobongara reef sections at
Huon Peninsula, Papua New Guinea. Uplift rates for both
Kanzarua (2.8 m/kyr) and Bobongara (3.3m/kyr) were deter-
mined previously [4,11].

jor sea-level rise. At Bobongara, terrace com-
plexes II and IIT are over 110 m in vertical
extent, and at Kanzarua they are over 80 m in
size (Figs. 1 and 2), reflecting the spatially varia-
ble uplift rates along the Huon Peninsula coast
[11]. Corals forming a terrace are in general paced
by the rate of sea-level rise. Alternatively, if sea-
level rose rapidly and then stabilized, coral
growth may have lagged in time, and will not
accurately reflect the rate of sea-level rise, but
rather, the rate of coral growth. The latter scenar-
io may better reflect the circumstances corre-
sponding to an ice-discharge event. Regardless
of such complicating factors, the prominent OIS
IIT terraces at Huon Peninsula represent succes-
sive episodes of sea-level rise.

2. Samples and methods

We have U-Th-dated 23 coral samples collected
from terrace complexes II and III at Bobongara
and Kanzarua (Table 1; Fig. 2). These ages, when
combined with sample locations and mean uplift
rates, provide a record of relative sea-levels during
OIS 3. Absolute or ice-equivalent sea-levels can
then be derived through calculations that take
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Fig. 2. Bobongara and Kanzarua reef profiles [11] and sam-
ple locations relative to major reefs I, II and III including
sub-reef sections labelled as ‘a’ and ‘b’. B and K refer to
Bobo and Kanz as listed in Table 1. Ages of samples K1,
K3 and K34 were reported previously [11].

account of isostatic effects [12,13]. Detailed con-
sideration of the present data leads to an identi-
fication of the origin of OIS 3 Huon Peninsula
terraces: in particular, that these terraces were
built in response to sea-level rises initiated by pe-
riodic discharges of icebergs into the North and
South Atlantic [14].

Diagenetic alteration in corals can influence U—
Th ages. A quantitative test of reliability involves
the comparison of the 2*U/?*®U ratio, at the time
of coral growth [15-21], with that found in mod-
ern corals (*Unmodern =149 %1 %0 [15,17,19]) as-
suming that past seawater uranium values were
similar to present. Existing coral data show an
approximate correlation between &3*U, that
ranges from 149 %o to higher values, and older
U-Th ages independent of local conditions and
climate [16-21]. Such a correlation can only result
from continuous addition of both 24U and 23°Th,
at a uniform rate [17], but without addition of
significant amounts of >>Th as most samples
have less than 0.5 ppb of this isotope. The present
data represent the first systematic analysis of a
significant number of corals that grew during gla-
cial times. In contrast, most previous work in-

volved corals that grew during interglacials, major
interstadials, or during glacial to interglacial tran-
sitions with only a few isolated analyses of glacial
era corals. The present samples have &**U values
that are systematically lower than 149 %o (Table
1). The possibility that the low &*U values rep-
resent variations between interglacial and glacial
ocean 2#U/>BU isotope ratios will be discussed
elsewhere. However, it is possible to estimate the
maximum magnitude of diagenetic alteration in
typical 35000-yr-old corals in comparison with
130 000-yr-old interglacial corals from Huon Pen-
insula [18] by adopting the continuous U-Th ad-
dition model [17]. Data from 130 000-yr-old Last
Interglacial Huon corals show a maximal spread
in U that are within about +55%o of the stan-
dard 149 %o value [18]. Assuming a similar inten-
sity of diagenetic alteration over the past 30 000 yr
as for the last 130000 yr, the corresponding
spread in 30000-yr-old corals would be 10 %o
and is equivalent to an age uncertainty of about
2000 yr. We adopt these extreme values for
screening the present data set, almost all of which
are within the 149+ 10% band. Other studies
have adopted values ranging from *4%o [15]
to £8%o [21]. Narrowing the range of acceptabil-
ity from *10% to £8% does not alter the
conclusions inferred from the present data. A
tighter band, within *4 %o, would exclude about
half of the samples but the timing of the sea-level
rises and the mean ages of the terraces would not
be significantly altered. On this basis, we have
retained the analytical error estimates in ages
shown in Table 1. Other methods of sample selec-
tion were also applied, including textural investi-
gation of thin sections under a petrographic
microscope and X-ray diffraction analysis for cal-
cite [22]. Detrital >Th concentrations were re-
quired to be below 0.5 ppb and U concentrations
were between 2 and 4 ppm. Samples that passed
all these tests are considered to be reliable.

3. Last ice age climate and Heinrich events
Periodic groupings of several D-O cycles fol-

lowed by a Heinrich event are called Bond cycles
[7,8]. Here we define the relative sequence of
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Table 1
U/Th results and relative sea-levels
Sample? U/Th age FHU(nP Reef® Height RSL{ Calcite®
(k cal yr BP) (%o0) (m) (m) (%)
Kanzarua
Kanz 17T 61.410.6 139+2 1I1a 105 —67 0.9
Kanz 3*P 51.8£0.8 1369 IIla 96 —49 0.9
Kanz 4 51.5%£1.6 137£1.7 1Ila 86 —60 0
Kanz 4* 51.2%0.8
Kanz 9 53.4%0.3 139+1.4 Illa 78 -T2 1.0
Kanz 97 54.6%0.7
Kanz 11°P 51.3%20.3 139+1.1 1IIa 78 —65 33,1.5
Kanz 13°P 38.3%0.5 132£12.9 IIIb 48 —59.2 0.9
Kanz 34%F 44.51£0.7 13219 111b 56 —69 0.9
Kanz 15P 42.0£0.6 143+2.4 1IIc 39 —-79 0
Kanz U8P 37.0£0.6 144141 Ila 27 =71 1.9
Kanz U9 42.310.2 141£1.1 Ila 28 -91 4.5,1.8
Kanz U9 41.8+0.6
Kanz U9T 422+0.3
Kanz U10P 43.71£0.3 137£1.4 IIIc 49 -73 2.2
Kanz Ull 37.94£0.3 142+3.3 1la 27 —-79 0
Kanz UI12 37.5£0.7 136+3.4 1la 26 —-79 0.5
Kanz U13 358%0.4 142+9.1 Ila 26 —74 0.9
Kanz U147 34.8%+0.8 139+£2.0 1la 26 —=72 2.5
Kanz U15 33.4%0.2 132+£1.3 11 23 —=71 0.1
Kanz U16P 30404 142£3.5 I 29 —56 32
Kanz A 37.5£0.2 138+ 1.5 1I 25 —80 1.0
Bobongara
Bobo U10 37.2%£0.2 142+1.3 1la 49 -79 0
Bobo Ull 37.9%£0.3 143+£19 1la 49 —76 7529
Bobo U17 32.0%0.2 141£2.8 Ilc 20 —86 5.1,2.4
Bobo UIS8 42.410.2 143119 11b 37 —103 0
Bobo U20 37.6%0.2 141+£1.3 1Ib 40 —84 0
Bobo U21 29.7+0.2 140£2.6 Ilc 30 —68 1.0
Bobo U21¢ 33.4%0.6
Bobo U24 322%0.2 144+14 1Ic 30 —76 1.0
Bobo U24* 33.0%£0.5
Bobo U28 32.3%0.5 140+ 1.8 1lc 22 —84 1.0
Bobo U30 31.5£0.2 143+£1.3 1Ic 27 =71 1.0

4 Except where indicated, all samples are from the Faviidae family; the superscript p denotes Porites corals. Analyses of Faviidae
corals are for wall fractions only. The superscripts oo and T indicate previously reported analyses by o-counting and TIMS, re-
spectively [11].

b 5234U={[(234U/238U)/(234U/238U)eq]—l}><103. (234U/238U)eq is the atomic ratio at secular equilibrium and is equal to Ays/
234 =5.472X 107> where Aygand A4 are the decay constants for 22U and 2*U, respectively. &#U(0) is the measured value, the
initial value is given by &*U(T)= &*U(0)e***7, where T is the age in yr. Twenty runs of the secular equilibrium standard HU-
1, measured in-between sample runs, gave &*U=0.6%1%0.

¢ Reef numbering is described in [11].

d Relative sea-level obtained using the height of corals asl and uplift rates for Kanzarua (2.8 m/kyr) and Bobongara (3.3 m/kyr)
sections reported by [11].

¢ XRD analyses for bulk samples. Where two entries are given the second corresponds to wall fractions following mechanical
cleaning [22].
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events in a Bond cycle to help identify the likely
timing of sea-level rises due to iceberg-calving epi-
sodes in the North Atlantic. Evidence for rapid
climate change around the North Atlantic region
over the past 60000 yr are present in various rec-
ords, for example, in oxygen isotopes in Green-
land ice [23] and in foraminifera in North Atlantic
deep-sea cores [24,25]. The abundance of a species
of foraminifera (pachyderma) is sensitive to ambi-
ent sea temperatures and their relative numbers
closely match variations in oxygen isotopes.
Cold periods in the North Atlantic correlate
with layers of debris in deep-sea cores deposited
by melting icebergs. A variety of locations have
been identified as the source regions of ice-rafted
debris (IRD), however, the thickets and most rap-
idly deposited layers are close to Hudson Bay,
pointing to the Laurentide ice-sheet as a major
source [26]. Two distinct long and short period
cycles appear to link rapid climate changes and
surges of North Atlantic ice-sheets to oscillations
in North Atlantic Deep Water (NADW) forma-
tion. High frequency D-O cycles of 1000-1500 yr
duration alternate between periods of cold dry
climate and abrupt warm transitions that occur
within decades, or shorter time intervals, with
magnitude over half of that between the last gla-
cial maximum and the Holocene [8]. The cold
climate is associated with fresh North Atlantic
waters presumably diluted by melt water and
weakening or shutdown of the NADW formation.
Progressively cooler stadials over several D-O
cycles lead to a particularly cold stadial, termed
a Heinrich event marked by IRD-rich layers in
deep-sea cores. The following interstadial is un-
usually warm and presumably corresponds to
the resumption of the NADW formation. A
Bond cycle repeats at intervals of 6000-7000 yr.
These climate oscillations are not only restricted
to the North Atlantic region but appear to have
global reach, influencing regions in the Pacific and
as far south as Antarctica [14].

There is no established direct link between ice-
berg-calving in the North Atlantic and sea-level
rises, although there are estimates of sea-level ris-
es of up to a few meters for the very large dis-
charge events [§8-10]. Icebergs released into the
ocean need not melt rapidly, however, their effect

on sea-level, once they are no longer land bound
or grounded, is immediate. It is likely that both
D-0O cycles and Heinrich events lead to sea-level
oscillations. In the above scenario, a Heinrich
event provides the largest perturbation in which
sea-level rises at the start of each Heinrich event.
After about a 1000 yr, the ensuing warm intersta-
dial appears as a peak in the oxygen isotope rec-
ord that indicates a warming in climate, rather
than a significant change in sea-level as is usually
assumed for major glacial-interglacial transitions
with a similar oxygen isotope signature. The
warming also leads to increased precipitation at
northern latitudes and to a re-growth of the ice-
sheets and a fall in sea-level. This is the frame-
work we will use to interpret the present results.

4. Coupled climate and sea-level changes

Variations in sea-level during the OIS 3 from
about 30 ka to 55 ka are shown in Fig. 3 plotted
together with the reef profile at Kanzarua [3,4,11]
where reef elevations are displayed along the time
axis after re-scaling to convert the horizontal dis-
tance scale using the measured ages of corals (Fig.
3A). We have included data obtained by Bond et
al. [7] on the abundance of Neogloboquadrina pa-
chyderma (s) from the North Atlantic core V23-
81, which provides a good example of the timing
and signature of Heinrich events and for which
radiocarbon ages have been converted to calendar
ages [25]. Peaks in the abundance of foraminifera
correspond to cold stadials and coincide with epi-
sodes of IRD deposits in the North Atlantic (Fig.
3B). Variations in IRD abundances in two South
Atlantic cores are in excellent agreement with the
North Atlantic events except for the additional
IRD peak at about 37.5 ka in the South Atlantic
record which matches the age of the prominent
Huon Peninsula terrace riser Ila (Fig. 3C). This
South Atlantic IRD-rich layer has not been la-
belled as a Heinrich event in the Northern Hemi-
sphere records, but there is a sharp enhancement
in pachyderma abundances in core V23-81 at this
time (Fig. 3B). Although there are some uncer-
tainties in the radiocarbon age of the various
Heinrich episodes, an assessment of data from
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Fig. 3. Sea-level reconstruction for OIS 3 from uplifted coral reefs at Huon Peninsula, Papua New Guinea (A). The coral height
data were corrected for glacio-hydro-isostatic effects using rigorous modeling. Uncertainties in the sea-level are dominated by the
possible range in coral growth habitat which may range up to 15 m of water depth. Age uncertainties are 26 mean. Mean sea-
levels during this period were =80 m lower than present. Superimposed on the mean level, there are four distinct sea-level high
stands of 10-15 m in magnitude spaced by 7000-10000-yr intervals. The heavy dashed line is drawn to guide the eye. Since uplift
is uniform, the horizontal distance axis of the reef profile can be re-scaled to linearly match the measured ages of various terra-
ces. Scaling points are marked by (*). Terrace III has two major sections labelled as (a) and (b). Sub-terrace a is further divided
into three components u (upper), m (middle) and 1 (lower). There is a good correlation between specific terraces and sea-level
high stands. The abundance of N. pachyderma (sinistral) from the North Atlantic core V23-81 [25], plotted across a common
time scale (B). The timeline for V23-81 was established by '“C dating at points shown by (+) and then converted to calendar
ages [7,25]. The major cold periods are identified with Heinrich events HI-HS and the Younger Dryas, shown within shaded
bands, other prominent cold periods are unlabelled. The =38-ka band has not been labelled as a Heinrich event although there
is a sharp increase in pachyderma abundances at this time. The arrows on the upper time axis point to mean ages for Heinrich
events as determined by Chapman et al. [27]. IRD from South Atlantic deep-sea cores [14], (C). Each peak matches one of the
shaded bands indicating an excellent correlation between North and South Atlantic debris horizons in deep-sea cores. The South
Atlantic IRD is probably related to periodic iceberg discharges from Antarctica. The correlation between Northern and Southern
Hemisphere events suggest periodic partial break-up of major Northern Hemisphere ice-sheets that result in sea-level rises of suffi-
cient magnitude to destabilize the Antarctic ice-sheet. Removal of ice-shelves pinned below the sea-level presumably lead to an
outflow of inland ice.
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deep-sea core SU90-03, and several others from
mid- to high-latitude North Atlantic by Chapman
et al., [27] indicate a consistent and synchronous
timing among the various North Atlantic IRD
records. The positions of these are indicated by
arrows along the time axis in Fig. 3 and fall with-
in the shaded bands that represent periods of in-
tense cold. There is a good correlation between all
of the records, both from North and South At-
lantic. Dated sea-level high stands, synonymous
with major terrace steps at Huon Peninsula, ap-
pear to be directly correlated with enhanced con-
centrations of IRD and hence Heinrich episodes.
Our sample collection is not extensive enough to
cover all of the terrace risers shown in Fig. 3A.
There is a break in data from about 39 ka to 42
ka with a hint of a sea-level peak that coincides
with H4 and with terrace IIIb. Another break
occurs from 45 ka to 50 ka and coincides with
terrace IIla-lower, including an increase in pachy-
derma abundance at about 46 ka between H4 and
HS5.
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Fig. 4. IVE sea-level curve derived by glacio-hydro-isostatic
modeling [13] using relative sea-level data obtained from the
heights of dated coral samples and uplift rate. This correc-
tion amounts to about —10 m; it has not been included in
previous studies [4,11,30]. Error estimates include an allow-
ance for uncertainty in the range of habitable water depth
for various coral species (0-8 m; [11,31]), uncertainty in up-
lift rate (£0.2 m/kyr), and in glacio-hydro-isostatic modeling
(£2 m). The dashed line has been drawn to guide the eye.
The solid line is the sea-level curve from oxygen isotope
analysis of benthic and planktonic foraminifera [28].

In Fig. 4 we compare the ice-volume-equivalent
(IVE) sea-levels [12,13] with a sea-level curve de-
rived from benthic and planktic deep-sea core
oxygen isotope data [28,29]. The IVE sea-level
curve was derived from glacio-hydro-isostatic
modeling using relative sea-levels calculated
from the heights of dated coral samples and the
mean uplift rates at specified HP locations. The
error bars are mainly due to the variable depth
range that corals can grow in, and may range up
to —15 meters. There is a good agreement be-
tween the two curves, in particular, where there
are prominent peaks in sea-level.

5. Conclusions

The presence of last glacial age, discrete coral
terraces at Huon Peninsula necessarily imply re-
peat episodes of sea-level high stands. The present
coral dates place the timing and interval of these
events synchronous with major North Atlantic
glacial age climate reversals. Sea-levels at this
time were 60-90 m lower than present. At tectoni-
cally stable locations, similar coral terraces are
currently below present sea-levels. They occur
above present sea-levels only in exceptional cir-
cumstances, when at tectonically unstable loca-
tions the mean uplift rate is greater than about
2.5 m/1000 yr. At Huon Peninsula Kanzarua and
Bobongara sections they reach total elevations up
to 100-130 m respectively. Prolific coral growth at
uplifting sites is stimulated by sea-level rise and
results in terrace-shaped coral assemblies. The pe-
riodic nature of sea-level rise during OSI 3 is evi-
dent from the regular structure of terraces within
Huon reef sections II and III. The most promi-
nent of these terraces have ages that correspond
to periods of severe climate shifts in the North
Atlantic and specifically correlate with the timing
of Heinrich events. It appears that Huon Penin-
sula OIS 3 coral terraces were constructed in re-
sponse to sea-level high stands initiated by partial
collapse of North Atlantic ice-sheets followed by
iceberg discharges from Antarctica. Magnitude of
the sea-level rises, within uncertainties in the
range of coral growth habitat, is of the order of
10-15 m. Therefore, Heinrich events can be asso-
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ciated with very major discharge events of land-
based ice. Assuming that the Laurentide Ice-Sheet
is the major source, each surge amounts to 10—
15% of its total volume. The present U-Th dates
provide the most accurate timing for Heinrich
events. We have labelled the previously unidenti-
fied Heinrich event at ~ 38 ka as Heinrich event
H3.5. The timing of the major sea-level high
stands and the corresponding Heinrich event des-
ignations are as follows: H3 (30.4 ka); H3.5 (38.3
ka); H4 (43.7); H5 (51.5 ka).
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