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Strontium isotope dating of the New Zealand Oligocene
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Abstract One of the least well resolved portions of the New
Zealand Cenozoic time-scale is that centred on and about
the Oligocene Epoch, internationally regarded as spanning
c. 10 m.y. from 33.7 to 23.8 Ma. We have determined the
87Sr/368r ratios and derived absolute ages for 77 macrofossil
samples collected from several biostratigraphically dated
mid-Tertiary sections in the South Auckland (North Island)
and North Otago/South Canterbury (South Island) regions.
While the site-specific stratigraphic significance of our ages
remains to be assessed, we present them here to foster wider
consideration and discussion in relation to evolving absolute
age schemes for the New Zealand Oligocene biostratigraphic
stages. Initial results suggest:

(1) The approximate boundary ages for the mid-Tertiary
Stages are: Runangan/Whaingaroan, 34.8 Ma; early
Whaingaroan/late Whaingaroan, 31.0 Ma; Whaingaroan/
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Duntroonian, 28.5 Ma; Duntroonian/Waitakian, 25.5 Ma;
Waitakian/Otaian, 22.2 Ma. These values are mainly older
than ages assigned over the past decade.

(2) The early Whaingaroan Stage, traditionally held to be
entirely within the Oligocene, and to define its base, extends
back across the Eocene/Oligocene boundary at 33.7 Ma into
the late Eocene by up to 1.1 m.y., as previously suspected by
Morgans et al. (1996) on biostratigraphic grounds.

(3) There has been considerable uncertainty about
placement of the Waitakian Stage over the past two decades,
whether entirely in the Miocene, entirely in the Oligocene,
or straddling both epochs. Our Sr dating shows that the
Oligocene/Miocene boundary (23.8 Ma) lies about midway
through the Waitakian Stage, in agreement with Graham et
al. (2000).

(4) The Whaingaroan/Duntroonian boundary approxi-
mates the international early—late Oligocene one (28.5 Ma).

Comparisons with recently published Oligocene stable
oxygen isotope records suggest that §'80 maxima and
attendant sea-level lowering, with possibly significant
unconformity development, may be anticipated on three
occasions in the early Whaingaroan, two or three in the late
Whaingaroan, two in the Duntroonian, and at least two in
the Waitakian. The unconformities bounding formations
and members in the Oligocene successions may relate to
these sea-level changes, and so be regionally correlatable,
including the well publicised Marshall Paraconformity of
latest Whaingaroan (c. 29 Ma) age.

Keywords New Zealand; Oligocene; Whaingaroan Stage;
Duntroonian Stage; Waitakian Stage; absolute age; strontium
isotope dating; fossils

INTRODUCTION

Interpretation of Earth history from the sedimentary rock
record is necessarily dependent on having good age control.
The mid-Tertiary Oligocene Epoch is presently internationally
regarded as spanning a time interval of c. 10 m.y., from 33.7
to 23.8 Ma (Berggren et al. 1995). Paleoenvironmentally, the
Oligocene is extremely important because it heralded several
major global paleoclimatic and paleoceanographic changes
associated with rapid build-up of ice sheets on Antarctica
(Zachos et al. 1994), effectively marking the Cenozoic
transition from a greenhouse to the present icehouse world
(Fig. 1).

Some examples of these paleoenvironmental changes
include significant cooling of the waters of the Southern
Ocean (Wei 1991) and the establishment of strong latitudinal
temperature gradients between polar and equatorial regions
(Miller et al. 1991; Nelson & Cooke 2001). There was an
associated development of much stronger ocean circulation
patterns in both surface and bottom waters, and fluctuating ice
volumes drove some major shifts in sea level by possibly up to
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Fig. 1 Transition from late
Eocene greenhouse to Oligocene
icehouse conditions in the South—
west Pacific sector of the Southern
Ocean. Note the evolution of
a decoupled circum-Antarctic
current system in the Oligocene
as a result of plate separations and
build-up of a permanent ice sheet
on East Antarctica (modified from
Kamp et al. 1990). The question
marked arrows are possible cir-
culation routes through the West
Antarctic seaway at these times
(Nelson & Cooke 2001).
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100 m or more (Fulthorpe et al. 1996). In the early Oligocene
there was rapid faunal turnover in the world oceans (Diester-
Haass & Zahn 1996). And towards the end of the period in
the Southwest Pacific region, the propagation of a new plate
boundary through the New Zealand subcontinent marked the
birth of its present geologically dynamic setting characterised
by earthquakes, volcanism, and mountain building (Kamp
1992; King 2000).

Such globally significant events are to varying degrees
recorded by distinctive stratal features developed in New
Zealand Oligocene to earliest Miocene deposits, but in
general the absolute ages of the expression of these events in
the Southwest Pacific region remain poorly constrained. To
better constrain these ages would be an important advance,
and provide not only a basis for attempting meaningful
regional and global correlation of the mid-Tertiary deposits
and events, but also for establishing a far tighter absolute
chronology for the New Zealand biostratigraphic stages across
this time interval.

ABSOLUTE AGES FROM STRONTIUM ISOTOPES

The technique of strontium isotope stratigraphy and its use
for correlation and dating of marine sediments is firmly
established (e.g., Elderfield 1986; McArthur 1994; Veizer
et al. 1999). Measurement on a mass spectrometer of the
strontium (Sr) isotope ratio 87Sr/80Sr in marine fossil shells
can provide absolute ages for those shells (e.g., Oslick et
al. 1994). The Sr substitutes in trace amounts for Ca in the
calcareous shells, and the 87Sr/36Sr ratio reflects the value
in the sea water during growth of the shells. This ratio
is preserved in the rock record provided that diagenetic
alteration has not occurred. Consequently, it is important
to use fossils whose original mineralogy was stable low-
Mg calcite, such as foraminifera, brachiopods, pectinids,
and oysters.

The 87Sr/%6Sr ratio in marine carbonates has increased
and decreased throughout geological history in response
to shifts in source fluxes (e.g., submarine volcanism,
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submarine and continental weathering), but has increased
almost continuously over the past 40 m.y. (Fig. 2A). The
rate of change was highest during the Oligocene to early
Miocene, enabling determination of absolute ages to within
c. 0.5 Ma resolution or better during this time interval
(Fig. 2B). Recently, Howarth & McArthur (1997) and
McArthur et al. (2001) have discussed in some detail the
statistics for strontium isotope stratigraphy, and devised look-
up tables including 95% confidence limits for predicting the
absolute age from measured 37Sr/36Sr values.

NEW ZEALAND OLIGOCENE STAGES

The Cenozoic sedimentary record in New Zealand developed
in response to a major transgressive-regressive cycle which
was primarily tectonically driven (e.g., Kamp 1986, 1992;
Carter 1988; King et al. 1999). The transgressive portion
culminated in widespread temperate-latitude (cool-water)
carbonate deposition in the Oligocene to earliest Miocene
when subsidence accompanying thermal relaxation was at
a maximum (Nelson 1978; Dodd & Nelson 1998). These
mid-Tertiary facies are remarkably similar throughout New
Zealand, involving condensed sections of highly calcareous,
often glauconitic mudstone, sandstone, and skeletal
limestone. Hood & Nelson (1996) used the informal name
Te Kuiti limestone megafacies for these regionally distinctive
calcareous deposits of mainly Oligocene age.

The Oligocene in New Zealand is one of the least well
resolved portions of our Cenozoic time-scale. This is because
the Oligocene, essentially encompassing the New Zealand
Landon Series (L), includes only three biostratigraphic stages
for the c. 10 m.y. interval: a long Whaingaroan (Lwh) Stage
(informally subdivided into lower and upper); a much shorter
Duntroonian (Ld) Stage; and a comparatively short Waitakian
(Lw) Stage whose position has historically fluctuated from
being entirely within, to partly within, to wholly younger
than, the Oligocene. The problem has been compounded by
the very wide variations in suggested ages and durations of
these stages by different workers over time (Fig. 3).
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Fig. 2 A, %7Sr/36Sr fossil shell
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record versus age for the past
200 m.y. (after Howarth &
McArthur 1997). B, Calibration
curve relating 7Sr/%0Sr ratio in
marine fossil shells to absolute
age for the late Eocene to early
Miocene (after Oslick et al. 1994).
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Fig.3 Examples of historical variations in the placement and duration of mid-Tertiary New Zealand biostratigraphic stages. E, Eocene; O,
Oligocene; M, Miocene; Ab, Bortonian; Ak, Kaiatan; Ar, Runangan; Lwh, Whaingaroan; Ld, Duntroonian; Lw, Waitakian; Po, Otaian.

The biostratigraphic basis for the stages is summarised
by Hornibrook et al. (1989) and Morgans et al. (1996), and
is not elaborated upon here. Type and reference sections for
these stages and their deposits are in North Otago/South
Canterbury and South Auckland (Hoskins 1982), within rocks
of the Alma/Otiake Groups (Gage 1957; Carter 1988; Edwards
1991) and Te Kuiti Group (Kear & Schofield 1959; Nelson
1978; White & Waterhouse 1993), respectively (Fig. 4).

METHODS

Fossil collections

About 160 samples of fresh macrofossil shell material, mainly
pectinids, brachiopods, and oysters, were collected from
several previously well documented latest Eocene/Oligocene/
earliest Miocene sections within the Alma/Otiake Groups
and Te Kuiti Group, or from archived samples associated
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Fig. 4 A, Schematic and simplified stratigraphic relationships among the Te Kuiti Group formations in a north (N) to south (S) profile
through the South Auckland region (modified from White & Waterhouse 1993). Fossil material was analysed from all formations except
the Waikato Coal Measures and the Whaingaroa Formation that is here labelled B. Note that the lithostratigraphic nomenclature for the
Whaingaroan (Lwh) age deposits in the Te Kuiti Group is currently under review because of past duplication of names for strictly non-
correlatable units (e.g., Carter & Nelson 2002). B, Generalised stratigraphy for formations within parts of the Alma/Otiake Groups in the
North Otago/South Canterbury region (Gage 1957; Edwards 1991). Fossil material was analysed from all formations except the Deborah
Volcanic Formation. New Zealand (NZ) stage symbols are defined in caption to Fig. 3. Eo, Eocene; Mio, Miocene; Gp, Group; Fmn,
Formation; Mbr, Member; incl., includes; Lst, Limestone; Sst, Sandstone; Zst, Siltstone; Volc., Volcanics. Diagonal hatching indicates

especially prominent hiatuses in the local stratigraphy.

with an earlier South Auckland study by Nelson (1973). In
all cases the associated lithostratigraphic unit (formation or
member) bearing the fossils had previously been assigned
to a New Zealand biostratigraphic stage, either Runangan,
Whaingaroan, Duntroonian, Waitakian, or Otaian, but
sometimes more broadly and expressing indefiniteness, such
as Whaingaroan—Duntroonian or Duntroonian—Waitakian
(e.g., Gage 1957; Kear & Schofield 1959; Nelson 1978; Carter
1988; Hornibrook et al. 1989) (Fig. 4). In the North Otago/
South Canterbury case, it was often possible to collect similar
fossil material in stratigraphic order from the one section, but
in the South Auckland occurrences the fossils represent mainly
isolated specimens from separate localities.

Stratigraphic information for the analysed fossil
collections is summarised in Appendix 1. A spreadsheet
including more specific locality data is available on request,
and other information is recorded for those samples classified
within the New Zealand Fossil Record Data File.

Strontium isotope dating

From the original suite of fossil samples, 77 were selected for
Sr isotope analysis, 34 from North Otago/South Canterbury
sites and 43 from South Auckland localities. After careful
cleaning to remove surficial impurities or rock matrix, the
shells were powdered and small (30-50 mg) aliquots were
leached in cold 1M acetic acid (Bailey et al. 2000). Sr was

extracted from the leachates using a single pass over small
(0.1 ml) beds of EICHROM™ Sr resin. 87Sr/80Sr ratios were
determined in multi-dynamic double collection mode on an
automated Finnegan MAT262 mass spectrometer at La Trobe
University, Melbourne. Samples were run with 88Sr signals
near 3 x 107" A and mass bias was corrected by normalising
to 36Sr/88Sr=0.1194. Typical in-run precision was +0.000020
(2 SD). Twenty-three runs of the SRM987 Sr standard made
during this study varied from 0.710196 to 0.710257. The
population is near gaussian, with a mean of 0.710232 £ 32
(2 SD). Repeat runs of the same sample Sr fraction differ by
+0.000004 to £0.000041, equivalent to < =1 Ma and usually
< 0.5 Ma age uncertainty during the Oligocene. Modern
sea-water St (Hmc) measured on the same instrument yields
aratio of 0.709164 + 30 (2 SD). Age assignment (see below)
was made after adjusting our 37Sr/80Sr ratios by +0.000016
to be consistent with the SRM987 value of 0.710248
(Hmc =0.709175) used in the Howarth & McArthur (1997)
calibration.

Stable oxygen and carbon isotopes

As well as strontium isotope values, the oxygen (8'30) and
carbon (8'3C) isotope compositions of the fossil shells were
analysed, mainly to ascertain that we were dealing with
specimens typical of temperate shallow marine waters, and
that these had been unaffected by any significant diagenetic
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Fig.5 Stable oxygen versus carbon isotope cross-plot of Oligocene
fossil shells used for Sr isotope dating. The small displacement of
plots from the oval field typical of modern cool-water shelf skeletons
to slightly more negative 3'80 values is consistent with compositions
anticipated from unaltered Oligocene calcite shells because of less
ice volume in the mid-Tertiary (Nelson & Smith 1996). According
to Nelson & Smith (1996), fossil shells plotting well to the left of the
dashed line may be diagenetically altered. The more negative §'3C
values of two oyster samples (nos 35 and 36) from the Mangakotuku
Siltstone in the South Auckland region indicate their marginal marine
depositional setting (Nelson et al. 1983).

change, especially meteoric alteration (Nelson & Smith 1996).
Stable isotope analyses were performed on a PDZ Europa
Geo 20-20 mass spectrometer at Southampton Oceanography
Centre, using an individual acid-bath carbonate preparation
device, within which the dry powder samples were reacted
with orthophosphoric acid at 70°C. The isotope ratios are
expressed relative to Vienna PeeDee Belemnite (VPDB) and
have an external precision better than 0.06%o for both 8'80
and 8'3C.

ANALYTICAL RESULTS

All isotope results are presented in Appendix 1. The §'80
and 8'3C values of the Oligocene shells range between
c. —1 and +1.5%o and c. 0 and 3%o, respectively, consistent
with good quality preservation of the original low-Mg
calcite mineralogy of the shells (Fig. 5). The 87St/80Sr ages
in Appendix 1 were calculated initially using the method
of Oslick et al. (1994), and subsequently refined using the
detailed look-up tables available from Howarth & McArthur
(1997). Some modifications to their look-up table ages
appeared in McArthur et al. (2001), but these did not affect
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the mid-Tertiary portion of their compilation (J. McArthur
pers. comm. 2002).

The absolute ages of the New Zealand fossils are
summarised in Fig. 6 in relation to the previously reported
biostratigraphic stages for their contained strata. As
anticipated, there exists a broad overall trend of decreasing
absolute age from the oldest (Runangan) to youngest (Otaian)
stages.

The few apparently discrepant ages could result
from any of several causes, including undetected shell
alteration, a paleoenvironmental setting that was not fully
marine, or an originally incorrect biostratigraphic stage
assignment of the associated strata because of limited
or poor (micro)paleontological control. The last reason
is probably particularly important in some of the South
Auckland limestone formations where paleontological ages
can be poorly constrained and have been inferred mainly
from regional stratigraphic grounds (Nelson 1978). Thus,
for example, it appears from the Sr ages that several of the
South Auckland samples originally assigned Whaingaroan—
Duntroonian ages lie mainly within the Whaingaroan Stage.
It is also notable that the few fossils yielding extreme, and
clearly wrong, ages for particular stages mainly come from
deposits sitting directly upon Mesozoic basement rocks
within basal facies, suggesting they probably incorporated
a variable degree of inheritance of “old strontium” into their
shells.

ABSOLUTE AGES OF NEW ZEALAND MID-
TERTIARY STAGES

The first matter to emphasise is that relatively few absolute
age determinations exist for any of the Cenozoic sedimentary
successions in New Zealand. Thus, the absolute ages shown
against the various Cenozoic time-scales presented in the
past, including the most recent compilation by Morgans
et al. (1996), have depended heavily on attempts to first
correlate local or regional biostratigraphic events to possible
international biostratigraphic events, and then in turn to
relate these to the increasingly better chronostratigraphically
constrained global polarity time-scale (GPTS), for example as
synthesised by Berggren et al. (1995). So most of the absolute
ages have been “imported” into the New Zealand Cenozoic
Stage scheme, rather than being based on direct absolute
dating of the strata or their contained components.

In light of this paucity of independent absolute age control
for the New Zealand time-scale, Morgans et al. (1999) and
Graham et al. (2000) recently reported on 37Sr/3Sr dating
of foraminiferal concentrates and some macrofossils in two
mid-Tertiary sections (Bluecliffs and Trig Z) from North
Otago. These important studies are directly relevant to the
present one, and provided ages of c. 21.7 and 25.2 Ma for
the Waitakian/Otaian and Duntroonian/Waitakian Stage
boundaries, respectively, both a little younger than the ages
suggested here.

The best estimates of the numeric ages of the New
Zealand stage boundaries from the Runangan to Otaian
Stages based on our 87Sr/30Sr ratio data are shown in Fig. 7
against the relevant portions of the international time-scale
of Berggren et al. (1995) and the most recent New Zealand
time-scale compiled by Morgans et al. (1996). Some particular
points to note about the new 37Sr/3Sr dates reported here
(Fig. 6, 7) include:
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Fig. 6 Absolute ages of the 77 mid-Tertiary fossil shell samples analysed for their 87Sr/30Sr ratio. Samples are plotted against the
previously published New Zealand biostratigraphic stage assigned their enclosing formation. The absolute ages, determined from the
look-up tables in Howarth & McArthur (1997), are suggested to be theoretically resolvable to £200-300 k.a. for the steep mid-Tertiary
segment of the Sr sea-water curve (Fig. 2). The best age estimate from our data for the New Zealand stage boundaries is shown along the

bottom of the diagram.

(1) The boundary ages of the biostratigraphic stages appear
mainly to be a little older than currently assigned ages,
namely Runangan/Whaingaroan c. 34.8 Ma; early
Whaingaroan/late Whaingaroan c. 31.0 Ma; Whaingaroan/
Duntroonian c. 28.5 Ma; Duntroonian/Waitakian c. 25.5
Ma; and Waitakian/Otaian c. 22.2 Ma.

(2) The durations of these biostages differ considerably
(Runangan, probablyc. 1.2 m.y.; Whaingaroan, c. 6.3 m.y.;
Duntroonian, c. 3 m.y.; Waitakian, c. 3.3 m.y.).

(3) The Runangan/Whaingaroan boundary does not appear
to coincide with the international Eocene/Oligocene
boundary (33.7 Ma), the Whaingaroan Stage extending
down into the Eocene by up to 1.1 m.y. This supports the
placement suggested by Morgans et al. (1996) on the basis
of biostratigraphic evidence.

(4) The Waitakian Stage, which has over time fluctuated in
and out of the Oligocene (Fig. 3), begins in the Oligocene,
and the international Oligocene/Miocene boundary at 23.8
Ma occurs about mid-way through the stage.

(5) The Whaingaroan/Duntroonian boundary closely
approximates the international early/late Oligocene
(Rupelian/Chattian) one at 28.5 Ma.

DATING OLIGOCENE GLOBAL EVENTS IN NEW
ZEALAND

We conclude with brief comment about the relevance of our
suggested new ages in hunting for the expression of some of
the kinds of mid-Tertiary global paleoenvironmental events
mentioned in the introduction to this paper. For example, the
supposed dramatic sea-level fall of up to 200 m postulated

by Haq et al. (1987) in the mid Oligocene (c. 29-30 Ma), be
it real or not, would, depending on the publication consulted,
be anticipated to occur in any of the late Whaingaroan,
Duntroonian, or even earliest Waitakian age sections in New
Zealand (Fig. 3). Our revised age scheme suggests it should
be developed in deposits of late Whaingaroan age in New
Zealand (Fig. 7, 8), variably truncating them and possibly
older strata. This agrees with the findings of Fulthorpe et al.
(1996) who suggested the Haq et al. sea-level fall coincided
with development in the South Island of the so-called Marshall
Paraconformity, with bracketing Sr dates of c. 32.4 and 29.0
Ma, and effective removal in many localities of deposits of
late Whaingaroan or even older age.

Based on recent moderately high resolution Oligocene
stable isotope records (Abreu & Anderson 1998; Kominz &
Pekar 2001), one might anticipate the major 8'%0 maxima
events, otherwise proxies for periods of maximum lowered
sea level, to be represented in the records of New Zealand
paleoshelf sections as follows: three in the early Whaingaroan;
two or three in the late Whaingaroan; two in the Duntroonian;
and at least two in the Waitakian (Fig. 8). The possibility exists
that the bounding unconformities of some of the members
and formations within the Alma/Otiake and Te Kuiti Groups
(Fig. 4) are associated with these sea-level events (e.g., Vella
1967; Nelson 1978), a matter currently under investigation.
Nelson & James (2000) recorded marine cements at the
discontinuities separating stratigraphic units in several of
these mid-Tertiary mixed siliciclastic-carbonate temperate
deposits, and related their development to energetic sea-water
pumping during times of lowered sea level.

Finally, the Marshall Paraconformity, mentioned above,
defined originally by Carter & Landis (1972), marks the base
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of the Otiake Group in South Island and has been promoted
as a mid-Oligocene (c. 30 Ma) unconformity of international
extent (Carter 1985). However, considerable debate exists
concerning the nature, age, correlation, and significance of
the mid-Tertiary unconformities in South Island sections
(e.g., Lewis & Bellis 1984; Hornibrook 1987; Gage 1988;
Lewis 1989, 1992), and it is possible that the Marshall
Paraconformity has little more paleoceanographic significance
than several of the other unconformities developed in the

condensed Oligocene sections in New Zealand (Findlay
1980). This whole period was a time of transition from a
greenhouse to an icehouse world (Fig. 1), and the evolution
of cold and vigorous Southern Ocean circulation patterns that
directly affected the wider New Zealand region, in concert
with sea-level changes, undoubtedly became potentially
important agents of erosion, non-deposition, and condensation
on several occasions (e.g., Fulthorpe et al. 1996; Nelson &
Cooke 2001).
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stages (defined in Fig. 7) and their suggested Sr isotope ages. Black arrows highlight the approximate position of oxygen isotope (8'30)
maxima events in the late Eocene (EPi-2), Oligocene (ORi-1 to OCi-3 in the Abreu & Anderson (1998) curve; Oil to Mil in the Kominz
& Pekar (2001) curve), and early Miocene (MAi-1 to MAi-3), which correspond to times of relatively lowered sea level and potential
unconformity development in shelf sequences. Note that the Oligocene eustatic amplitudes determined by Kominz & Pekar (2001) are
mainly much less than those originally suggested by Haq et al. (1987). Also note that Kominz & Pekar (2001) placed the Mil event,
defined originally by Miller et al. (1991) to lie just inside the Miocene (c. 23.5 Ma), within the topmost Oligocene because of subsequent

small time-scale adjustments (e.g., Berggren et al. 1995).
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ADDED IN PROOF for brief discussion
and some implications of these new
time-scales.
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NOTE ADDED IN PROOF: Following final acceptance of this paper, two in
press articles very relevant to the Phanerozoic geological time-scale have
come to our attention. The first is a review and new compilation of the
New Zealand geological time-scale by Cooper et al. (in press), an early
version of which is the Morgans et al. (1996) time-scale that has been used
for comparison of the new strontium ages for the New Zealand Oligocene
stages suggested in this study (Fig. 7). Changes in the Cooper et al. (in press)
scheme compared with the Morgans et al. (1996) one for the Oligocene
interval include a small shift in the base of the Duntroonian Stage from 27.1 to
27.3 Ma, likewise for the base of the Waitakian Stage from 25.0 to 25.2 Ma,
and a more significant shift from 22.4 to 21.7 Ma for the base of the Otaian
Stage. However, these changes do not alter the conclusions made in our
strontium isotope age study of the New Zealand Oligocene.

The second relevant article is a pending revision of absolute ages for the
international time-scale to appear in Gradstein et al. (in press), and drawn
to our notice during a recent New Zealand visit by Dr Frits Agterberg from
the Geological Survey of Canada who has contributed a chapter in the
Gradstein et al. volume. Unfortunately, the compilation of the Cooper et al.
(in press) scheme for New Zealand predates this new synthesis, and may
necessitate subsequent amendments to many of their suggested New Zealand
stage boundary ages and their duration. For the Oligocene being considered
here, the Gradstein et al. (in press) international scale amends the former
base and top ages (Berggren et al. 1995) from 33.7 to 33.9 Ma and from
23.8 to 23.0 Ma, respectively, so increasing the duration of the Oligocene
from c. 9.9 to 10.9 m.y. On the basis of the strontium ages presented here
(Fig. 7), this means that the early Whaingaroan Stage extends back beyond
the Oligocene into the Eocene by c. 0.9 m.y. instead of the suggested
1.1 m.y., while the international Oligocene/Miocene boundary would lie
closer to three-quarters the way up through the Waitakian Stage instead
of about mid-way. The international early/late Oligocene boundary,
corresponding to the Rupelian/Chattian boundary, changes only from 28.5 to
28.4 Ma, and remains near-coincident with the boundary strontium age being
proposed between the early and late Whaingaroan Stages in New Zealand
(Fig. 7). A summary of the above age shifts is shown in Fig. 9.
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