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ABSTRACT
d18Obenthic values from Leg 194 Ocean Drilling Program Sites 1192 and 1195 (drilled
on the Marion Plateau) were combined with deep-sea values to reconstruct the magnitude
range of the late middle Miocene sea-level fall (13.6–11.4 Ma). In parallel, an estimate for
the late middle Miocene sea-level fall was calculated from the stratigraphic relationship
identified during Leg 194 and the structural relief of carbonate platforms that form the
Marion Plateau. Corrections for thermal subsidence induced by Late Cretaceous rifting,
flexural sediment loading, and sediment compaction were taken into account. The response
of the lithosphere to sediment loading was considered for a range of effective elastic thicknesses (10 , Te , 40 km). By overlapping the sea-level range of both the deep-sea isotopes
and the results from the backstripping analysis, we demonstrate that the amplitude of the
late middle Miocene sea-level fall was 45–68 m (56.5 6 11.5 m). Including an estimate for
sea-level variation using the d18Obenthic results from the subtropical Marion Plateau, the
range of sea-level fall is tightly constrained between 45 and 55 m (50.0 6 5.0 m). This
result is the first precise quantitative estimate for the amplitude of the late middle Miocene
eustatic fall that sidesteps the errors inherent in using benthic foraminifera assemblages
to predict paleo–water depth. The estimate also includes an error analysis for the flexural
response of the lithosphere to both water and sediment loads. Our result implies that the
extent of ice buildup in the Miocene was larger than previously estimated, and conversely
that the amount of cooling associated with this event was less important.
Keywords: eustasy, ice volume, oxygen stable isotopes, backstripping, middle Miocene, Ocean
Drilling Program Leg 194.
INTRODUCTION
The establishment of a precise eustatic
curve for the Cenozoic is critical in order to
understand the stratigraphic architecture of
passive continental margins and the relationship between ice volume and climate change.
Estimating the amplitude and timing of sealevel variations has been traditionally accomplished by analyzing the depositional history
and the sequence-stratigraphic architecture of
siliciclastic passive margins (Vail and Hardenbol, 1979; Haq et al., 1987; Miller et al.,
1998) and carbonate atolls and banks (Schlanger and Premoli-Silva, 1986; Eberli et al.,
2002). Alternatively, oxygen isotope ratios
can also be used to constrain eustatic changes
because they reflect the effects of water cooling and glacio-eustatic changes (Fairbanks and
Matthews, 1978; Miller et al., 1987). Although there is a general agreement regarding
the timing of major sea-level events, the amplitude of those events remains controversial:
estimates of the amplitude of the major late
middle Miocene sea-level fall (13.6–11.4 Ma,
including the major step at the N12–N14
biochron) range from 25 m (Miller et al.,
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1998) to .180 m (Pigram et al., 1992). The
late middle Miocene sea-level fall is significant because it is associated with the permanent establishment of the East Antarctic Ice
Sheet (Zachos et al., 2001) and, by extension,
to important climatic and oceanographic
changes in the Neogene (Kennett, 1985).
Pigram et al. (1992) originally recognized
that seismic geometry of the carbonate platforms of the Marion Plateau (northeastern
Australia, Fig. 11) might be used to reconstruct the magnitude of this late middle Miocene eustatic fall. The newly established geometric relationships of the Miocene carbonate
platforms (Fig. 1; see footnote 1), identified
on seismic profiles and by drilling (Ocean
Drilling Program [ODP] Leg 194; Isern et al.,
2002) showed, however, that the depositional
and stratigraphic relationships employed in
the Pigram model were more complicated than
assumed, thereby questioning their estimated
eustatic amplitude.
The newly drilled sequences on the carbonate platforms of the Marion Plateau provide
an excellent locale in which both stratigraphic
1Loose insert: Figure 1. Map of northeastern
Australia, seismic reflection profile across Marion
Plateau, and compaction characteristics, average
load density, and paleo–water depth values used in
backstripping.

and stable isotope approaches can be applied
in parallel to constrain mutually the amplitude
of sea-level variations: at Site 1194, an interval of shallow-water carbonates of middle
Miocene age overlain by deeper-water sediments was recovered (unit IIIA, Fig. 1),
whereas at Site 1193, an early middle Miocene highstand carbonate platform was drilled
(Isern et al., 2002). This paper summarizes the
most recent estimates for the amplitude of the
late middle Miocene eustatic change based on
backstripping of the Marion Plateau stratigraphic sequences and compares the results
with estimates based on oxygen isotopes. Oxygen isotope methods comprise: (1) new
glacio-eustatic estimates based on existing
d18Obenthic values from deep-sea sediments
(Zachos et al., 2001) and (2) estimates based
on new d18Obenthic values for the Marion Plateau sequences.
ANALYTICAL METHODS
A sampling resolution of 1 sample per 50
cm yielded 417 samples (140 samples from
ODP Hole 1192B and 277 samples from ODP
Hole 1195B; Fig. 1). An aliquot (10 cm3) of
the sampled material was soaked for 10–12 h
in 10% oxygenated water and subsequently
submitted to an ultrasonic bath for 10 min to
ensure good desegregation. Desegregated
samples were washed over a 63 mm sieve,
dried in an oven (60 8C), and finally dry
sieved. For each sample, ;6 pristine specimens of the epibenthic foraminifera genus
Cibicidoides were handpicked under a microscope in the 280–500 mm fraction to avoid
sampling juveniles.
Of the 417 samples, 305 were found sufficiently preserved for stable isotope analysis
(Hole 1192B, 108 samples; Hole 1195B, 197
samples). Samples were dissolved in phosphoric acid at the University of Bremen (Germany), and the resulting CO2 was measured with
a Finnigan MAT 251 mass spectrometer. An
internal standard calibrated against the international NBS 19 standard was used. Standard
deviation was 0.07‰. Oxygen isotope results
(d18Obenthic) are expressed with the standard d
notation, and a correction factor (adding
0.64‰) was systematically applied to take
into account species-specific fractionation due
to biological processes (Shackleton et al.,
1984).
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Figure 2. Oxygen isotope results for benthic foraminifers. A: Compilation of deep-sea Cibicidoides data from Zachos et al. (2001). B: d18Obenthic measured on Cibicidoides for Ocean
Drilling Program Sites 1192 and 1195. Both sites are compiled by using shipboard age model
of Isern et al. (2002). Mi3 and Mi4 events were described in Miller et al. (1991). Dds and DLeg194
are difference (in ‰) between pre-Mi3 and Mi4 oxygen isotope values for deep-sea sites and
for Marion Plateau sites, respectively. Dsl 100% is calculated sea-level fall associated with
assumed 100% of oxygen isotope decrease (no cooling). Dsl-3 corresponds to sea level calculated when considering 3 8C cooling (see text for details). PDB—Peedee belemnite.

OXYGEN ISOTOPE RESULTS
Stable isotope results from Sites 1192 and
1195 were integrated into a composite section
by using shipboard age models (Isern et al.,
2002). The d18Obenthic results for the Marion
Plateau (Fig. 2B) and for the deep sea (Zachos
et al., 2001; Fig. 2A) are plotted together, as
well as smoothed curves of the data (in gray,
Fig. 2). The smoothed curves were obtained
by applying a Stineman function to the data,
and then a geometric weight to the current
point and 610% of the data range. The general pattern of both the deep-sea and Marion
Plateau curves is similar and reflects the major
glacio-eustatic events recognized in oxygen
isotopes for the Cenozoic (‘‘Mi’’ events from
Miller et al., 1991). A small offset between
the ages of the two data sets reflects imprecision in the age models. Events Mi3 and Mi4
are clearly visible (Fig. 2). Marion Plateau
d18Obenthic values are lower than their deepsea counterparts, reflecting deposition in
warmer, shallow waters.
The amplitude of the decrease in d18O between the beginning of the Mi3 and the end
of the Mi4 events is an essential parameter
used in estimating the magnitude of sea-level
variations (Miller et al., 1991; Billups and
Schrag, 2002). In order to minimize errors introduced by short-term variations in d18O (due
mainly to temperature and salinity effects),
Dd18O was measured from the smoothed
curves. Thus, the maximum range in d18O
measured from the deep-sea curve (Dds) and
from the Leg 194 Marion Plateau curve
(DLeg194) is 0.99‰ and 0.80‰, respectively
(Figs. 2A, 2B).
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DISCUSSION
Sea-Level Estimates Using Backstripping
The geometric relationships of the Miocene
carbonate platforms (Fig. 1) offer an unparalleled opportunity to measure the late middle
Miocene eustatic fall. The relatively small
horizontal distance between Site 1193 and Site
1194 (;20 km, Isern et al., 2002), the undisturbed and consistently dipping pre–carbonate
platform strata as seen on seismic reflection
profiles, and the general lack of major faults
suggest that no significant differential subsidence has occurred between Sites 1193 and
1194 (Isern et al., 2002). Thus, the flexural
response to differential sediment loading was
associated with a relatively strong basement.
Drilling at Site 1194 penetrated an interval of
shallow-water carbonates of late middle Miocene age overlying deeper-water sediments
(unit IIIA, Fig. 1). An early middle Miocene
highstand carbonate platform was drilled at
Site 1193 (Isern et al., 2002). The present-day
relief between the top of the platform at Site
1193 and the base of a lowstand system at Site
1194, in the absence of sediments, is 145 m.
Because the sediments younger than 13.6–
11.4 Ma have loaded the underlying sediments, we need to correct for the effects of
sediment compaction. Given the compaction
characteristics obtained from physical properties (see Fig. 1 of Isern et al., 2002) and
approximating the compaction process using a
negative exponential function as a function of
depth (Athy, 1930), the sediments will rebound by 7 m and 56 m at Sites 1193 and
1194, respectively, reducing the platform relief relative to the 13.6–11.4 Ma lowstand

from 145 m to 96 m. Honoring the paleo–
water depth estimates based on benthic foraminifer assemblages for the highstand at Site
1193 (10–50 m; Isern et al., 2002) and the
subsequent lowstand at Site 1194 (30–50 m;
Isern et al., 2002) requires a eustatic fall of
56–116 m.
However, two further corrections need to be
made, one associated with the rift-induced regional thermal subsidence of the Marion Plateau and the other related to the subsidence
engendered by differential sediment and water
loading between Sites 1193 and 1194. Backstripping these two sites allows estimates of
tectonic subsidence and thus theoretical extension factors (d 5 upper-plate thinning factor;
b 5 lower-plate thinning factor; Karner and
Driscoll, 1999) to be made. For Sites 1193 and
1194, 1.6 , b , 1.8 adequately captures the
uplift and subsidence history for this region of
the Marion Plateau, which implies a regional
tectonic subsidence of 16–20 m for the period
13.6–11.4 Ma. These values need to be subtracted from the lowstand water-depth values
at Site 1194 (because the eustatic fall is in the
same direction as the basement subsidence),
which increases the eustatic fall estimate and
results in a new range of 72–136 m.
Finally, the effects of differential sediment
and water loading at Site 1193 relative to Site
1194 need to be included. Because of the finite flexural strength of the basement, sediment loads added at Site 1194 (and to the east)
will induce flexural subsidence at Site 1193.
Similarly, removal of water loads associated
with the late middle Miocene eustatic fall will
induce differential uplift between Sites 1193
and 1194. For high effective elastic thicknesses (Te), the differential flexural subsidence
will be small. However, for low Te values, the
subsidence will be commensurately larger. By
using a range of effective elastic thicknesses
(10 , Te , 40 km), considered reasonable
estimates of continental margin flexural
strength (e.g., Watts, 2001), we have calculated the differential flexural subsidence between
Sites 1193 and 1194 induced by the sediment
load imposed since 13.6–11.4 Ma. Sediment
densities range from 1.68 g/cm3 to 1.76 g/cm3.
We used the following fourth-order differential equations to estimate the differential subsidence between Sites 1193 and 1194 induced
by varying sediment and water loads:
D

d 4 w(x)
1 (rm 2 rw )gw(x)
dx 4
5 [rs (x) 2 rw ]gs(x)

(1)

and
D

d 4 w(x)
1 rm gw(x) 5 rw gb(x),
dx 4

(2)

where D is the flexural rigidity of the lithoGEOLOGY, September 2004

cooling inferred for deep waters by Billups
and Schrag (2002) on the basis of Mg/Ca ratios. To convert the 3 8C into per mil oxygen
isotope changes, we used the simple linear
equation from Bemis et al. (1998):
Figure 3. Eustatic estimates
from this study. A: Sea-level
range obtained from backstripping of Marion Plateau
considering range of effective elastic thicknesses between 10 and 40 km plotted
with glacio-eustatic estimates obtained from oxygen
isotopes measured in deepsea sediments (isotope data
compiled by Zachos et al.,
2001). Overlap is 43.5 6 24.5
m. B: Overlap obtained from
A plotted against oxygen isotope estimates from
shallow-water depositional
sequences from Marion Plateau. Final estimate of late
middle Miocene eustatic fall
is 50.0 6 5.0 m.

sphere (considered constant for this application), g is the acceleration of gravity, rm, rs(x),
and rw are the mantle, sediment and water
densities, respectively, s(x) and b(x) are the
geometries of the sediment and water loads,
respectively, and w(x) is the flexural uplift engendered by removing either the late early
Miocene sediment or water loads from the carbonate platform. Flexural rigidity is related to
Te by:
D 5 ET 3e /12(1 2 n 2),

(3)

where E is Young’s modulus and n is Poisson’s ratio. Results for a range of Te values
and a variable sediment load density produces
a differential subsidence between the two sites
of 7–16 m. Calculating the rebound of the
basement engendered by the eustatic fall is iterative, the fall in sea level being adjusted until the remaining water depth at Site 1194 honors the observed 30–50 m paleobathymetry.
As a result, the calculated sea-level fall is an
estimate of eustatic change. Calculating this
flexural correction results in a revised estimate
of the late middle Miocene eustatic fall of 45–
104 m (74.5 6 29.5 m).
Sea-Level Estimates Using Stable Isotopes
The isotopic composition of seawater (dw)
is a function of ice volume, water temperature,
and salinity. Therefore, provided that salinity
and water temperature are known, ice-volume
fluctuations can be reconstructed by measuring d18Oforaminifers. However, bottom-water
GEOLOGY, September 2004

temperatures have changed during the course
of the Miocene (Kennett, 1985; Wright et al.,
1992; Zachos et al., 2001), thus potentially
masking the glacio-eustatic signatures. Hence,
in order to calculate the glacio-eustatic component of the sea-level lowering, an estimate
of the amount of water cooling is traditionally
attempted (Fairbanks, 1989; Miller et al.,
1991). Direct calibrations of the amount of
d18O associated with sea-level lowering were
obtained by measuring coral d18O values and
by assuming that water temperature did not
change during marine isotope stage 2 (Fairbanks and Matthews, 1978). The resulting gradient is estimated to vary between 0.10‰ and
0.13‰ for a 10 m change in sea level (see
Pekar et al., 2002, and references therein).
In order to avoid making unreasonable estimates of water cooling and possible salinity
changes, we estimate the maximum change in
sea level based on a limited number of assumptions and then compare these with the
backstripping results. The upper limit of the
sea-level range is obtained by considering that
no water cooling occurred, i.e., by applying
the lowest estimate for the calibrated gradient
(0.10‰/10 m) directly to the Dds and DLeg194
values. Results are 99 m for Dds and 80 m for
DLeg194. No water cooling during the Mi3-Mi4
events is unlikely, but making this assumption
provides absolute maxima for the sea-level
range.
To obtain the lower limit of the sea-level
range, we take into consideration the 3 8C of

T 5 16.5 2 4.8(dc 2 dw),

(4)

where temperature T is in 8C and dc and dw
are the isotopic composition of the foraminifer
calcite and of the surrounding seawater, respectively. Considering DT 5 3 8C and dw to
be constant (we only deal with a temperature
change), we calculate a Ddc of 0.63‰. Minimum amplitudes of sea-level fall are obtained
by subtracting Ddc from Dds and DLeg194 and
then applying the largest estimate for the calibrated gradient (0.13‰/10 m). The result is
28 m for Dds and 13 m for DLeg194. Because
the Marion Plateau is a subtropical, warm,
shallow-water site, it is unlikely to have undergone 3 8C of water cooling, as would have
occurred in the deeper-water sites. However,
the low values obtained do not affect results
on eustatic calculations. Thus, the estimated
ranges in relative sea level are 63.5 6 35.5 m
for the deep sea and 46.5 6 33.5 m for the
Marion Plateau. Since the calibration of d18O
versus sea-level change did not take water
loading into consideration (Fairbanks, 1989;
Fairbanks and Matthews, 1978; Pekar et al.,
2002), these ranges have to be adjusted by a
water-loading factor (dividing by 1.45) in order to obtain eustatic estimates and to compare oxygen isotope results with the backstripping results (e.g., Pekar et al., 2002). The
range of eustasy is thus constrained to be 43.5
6 24.5 m for the deep-sea isotopes and 32.0
6 23.0 m for the Marion Plateau isotopes.
Constraining Late Middle Miocene
Eustasy
By overlapping the fields of the various eustatic estimates described here, the range of
uncertainties can be minimized. The overlap
between backstripping and the deep-sea oxygen isotope results constrains the amplitude of
the sea-level fall between 45 and 68 m (56.5
6 11.5 m, Fig. 3A). The particular setting of
the Marion Plateau provides an opportunity to
further constrain the amplitude of sea-level
change. Because the Marion Plateau was located in a subtropical setting, the water mass
was less prone to extensive cooling linked to
Antarctic glaciations. Thus, the water d18O
signature should more closely reflect ice volume. The thermal decoupling between deepsea and Marion Plateau waters is underlined
by the fact that the Marion Plateau waters
were significantly warmer, and therefore the
decrease in d18O is correspondingly smaller
(Fig. 2B). However, Marion Plateau waters recorded glacio-eustatic events, because every
major Mi event (Miller et al., 1991) appears
831

in the isotopic curve (Fig. 2B). The overlap
between the Marion Plateau estimates and the
overlap shown in Figure 3A constrains the
amplitude of the sea-level fall between 45 and
55 m, or 50.0 6 5.0 m. We consider the smaller amplitude more realistic because it relies on
d18Obenthic data coming from a subtropical
location.
Studies of the New Jersey margin transect
(ODP Leg 154 and 154X) have previously reconstructed Cenozoic sea-level variations by
combining oxygen isotope methods with
backstripping (Miller et al., 1998; Steckler et
al., 1999; Pekar et al., 2002). The amplitude
of the late middle Miocene fall estimated by
backstripping the New Jersey depositional sequences was 25 6 5.0 m (Miller et al., 1998),
a result smaller than our prediction for the
Marion Plateau (50.0 6 5.0 m). However, full
short-term eustatic amplitudes were not recorded on the New Jersey coastal plain because only the transgressive and highstand
portions of the Miocene sequences were preserved, and hence the Miller et al. (1998) result is considered to be a minimal estimate.
The Marion Plateau result (50 6 5.0 m) is
within the range of the middle Eocene to middle Miocene sea-level amplitudes estimated
by Miller et al. (1998) using oxygen isotopes
(30–80 m). Our study thus provides the first
well-constrained estimate of the magnitude of
the late middle Miocene eustatic fall.
A sea-level fall of 50 6 5.0 m implies that
73%–89% of the East Antarctic Ice Sheet was
formed in the course of the middle Miocene.
The thermal component of Dds can be extracted for both the maximum and minimum estimate of eustatic fall. For example, for the minimum eustatic estimate:
Dds 2 ice-volume effect 5 0.99‰
2 (45 m 3 0.011‰/m) 5 0.37‰.

(5)

Applying the equation of Bemis et al.
(1998) to the resulting thermal components
suggests between 1.8 and 2.4 8C of deep-water
cooling, which is in good agreement with the
amplitude of thermal changes proposed for
Antarctic glaciations prior to the Mi3 event by
Billups and Schrag (2002) on the basis of Mg/
Ca ratios, but is slightly less than the ;3 8C
interpreted for the Mi3 event by the same authors. Hence, the Marion Plateau results suggest that the amplitude of the late middle Miocene sea-level fall might have been larger than
previously thought, at least 45 m and up to 55
m. This amplitude of sea-level fall implies that
the Mi3 event was characterized by increased
ice buildup, but not necessarily by higher rates
of cooling.
SUMMARY
1. Our study suggests an amplitude for the
late middle Miocene sea-level fall of 50.0 6
832

5.0 m. This estimate is considered conservative as it combines backstripping results for
the Marion Plateau with oxygen isotope analyses of the deep sea and the Marion Plateau.
2. This amplitude of sea-level lowering implies that at least 73% of the East Antarctic
Ice Sheet was formed during the late middle
Miocene event and that deep water cooled a
maximum of 2.4 8C.
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