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9. INTEGRATED AGE MODELS

FOR THE EARLY OLIGOCENE–
EARLY MIOCENE, SITES 1168
AND 1170–11721

Helen A. Pfuhl2 and I. Nicholas McCave3

ABSTRACT

The aim of this study is to assess the viability of age models based on
shipboard and postcruise bio- and magnetostratigraphic datums, as of
August 2002, using independently derived control points. The control
points are based on matching between-site trends in stable isotope
records, carbonate content, and weight percent sand. Site 1170 on the
western South Tasman Rise has a good record of magnetic reversals,
which suggests a hiatus prior to ~30 Ma (early Oligocene) relating to the
Marshall Paraconformity, followed by strongly reduced sedimentation
in the late Oligocene. Preservation of the Mi-1 event at this site is evi-
dence for continued sedimentation across the Oligocene/Miocene
boundary. Correlation of the Mi-1a event to the record at Site 1090 on
the Agulhas Ridge confirms the usefulness of the magnetostratigraphic
record at this site. However, the timing of the Mi-1 event at Site 1170
appears different from that at Site 1090, but is constrained by four mag-
netic reversals. At Site 1171 additional control points are consistent
with biostratigraphic datums. Site 1172 is marked by the lowest sedi-
mentation rates of all sites. Additional control points before 22 Ma are
more consistent with the biostratigraphy than with the magnetostratig-
raphy. At Site 1168 we suggest that the magnetic reversal record MR1
provides the best match with the biostratigraphy and additional con-
trol points, as well as changes in the biogenic and lithogenic composi-
tion of the sedimentary record.
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The late Eocene/early Oligocene Marshall Paraconformity (base = ~33
Ma at the type location) is evident at Sites 1170–1172, and low sedi-
mentation rates occur at the two eastern sites (1171 and 1172) in the
early Oligocene. A change in sedimentation just after the early–late Oli-
gocene transition appears to reduce rates at Site 1170 and strongly af-
fect the biogenic composition of sediments at Site 1168, which is less
exposed to the flow of the Antarctic Circumpolar Current. The Oli-
gocene–Miocene transition finally is marked by reduced sedimentation
at Sites 1170–1172, but a relatively stronger decrease is noticeable at
Site 1168. Above this boundary sedimentation rates are identical at Sites
1168 and 1170 above 21.5 Ma and at Sites 1171 and 1172 above 17 Ma.

APPROACH

A robust age model is essential to evaluate the changes in the hydro-
graphic and sedimentary regime across the Oligocene/Miocene bound-
ary (OMB) (Pfuhl et al., in press). Combined biostratigraphic and
magnetostratigraphic age models for Ocean Drilling Program (ODP)
Sites 1168 and 1170–1172, as of August 2002, were used in an initial
comparison between sites. However, close study of records of percent
CaCO3, weight percent sand (>63 µm), and stable oxygen and carbon
isotopes (bulk sediment and benthic foraminifers) provides additional
information that is crucial in recognizing hiatuses, especially the Mar-
shall Paraconformity in the early Oligocene (~32–29 Ma) (Fulthorpe et
al., 1996) and sedimentary sequences. A detailed lithologic description
of Sites 1168 and 1170–1172 (Fig. F1) is given in the Leg 189 Initial Re-
ports volume (Exon, Kennett, Malone, et al., 2001).

As a first step we attempt to correlate the benthic stable isotope
records from Site 1170, with special focus on the Mi-1 and Mi-1a events
(Miller et al., 1985) with those at Site 1090 (Billups et al., 2002) on the
Agulhas Ridge south of Africa. A second step is to compare the results
with the bio- and magnetostratigraphic data as of August 2002, but also
see the study of Stickley et al. (this volume) and additional informa-
tion on hiatuses/condensed sections or changes in sedimentation rate
that are indicated by the measurements obtained during postcruise
work (this study and Pfuhl et al., in press). The revised age model for
Site 1170 incorporates the best fit between additional control points
(this study) and the biomagnetostratigraphy (as of August 2002). This
age model forms the basis for paleoceanographic correlation of Sites
1170–1172 and development of individual age models using the same
overall approach as at Site 1170. In a final step we identify additional
control points for Site 1168, which differs in its location on the conti-
nental margin from the open-ocean situation of Sites 1170–1172. A
more recent version of the age models is presented by Pfuhl et al. (in
press); however, the principles outlined here remain unchanged.

METHODS

Sites 1170–1172

Carbonate Content and Stable Isotope Composition

Bulk sediments from Sites 1170–1172 were analyzed for their carbon-
ate content and stable isotope composition in an Analytical Precision

F1. Map of drill sites (Site 1169 
was abandoned), p. 10.
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AP2003 mass spectrometer. Benthic isotope measurements were per-
formed on ~10 specimens of Cibicidoides mundulus (in very rare cases on
a mix of Cibicidoides bradyi and Cibicidoides kullenbergi) from the >212-
µm size range. This genus is generally accepted as living within the sed-
iment surface (0–1 cm), although C. bradyi might prefer a slightly more
infaunal habitat. Analyses were performed using standard procedures
for Prism mass spectrometers. Precision is better than ±0.06‰ for δ13C,
±0.10‰ for δ18O, and ±2% for carbonate. All stable isotope results were
calibrated to the international standard Vienna Pedee belemnite
through standard laboratory carbonates including correction for vital
effects (Shackleton and Hall, 1997). A number of outlying measure-
ments were subjected to repeat analysis. All measurements were per-
formed at the Godwin Laboratory, Cambridge University.

Site 1168

Carbon Content

Fine-fraction carbon content (Ctotal) was measured by CHN analysis
in a Carlo Erba EA1106 at the Godwin Laboratory, Cambridge Univer-
sity, UK. Additional measurements of total carbon and inorganic car-
bon content (TIC) were performed in an Elementar VarioMAX at the
Max Planck Institute for Biogeochemistry, Jena, Germany. Samples for
inorganic carbon content were combusted at ~400°C for 16 hr, as com-
bustion of only 4 hr did not remove all nitrogen. In order to use both
measurements of Ctotal we calculated a linear regression based on 32 par-
allel measurements from various intervals at Site 1168, arriving at a re-
gression coefficient of R2 = 0.925. All CHN measurements were
subsequently converted to VarioMAX-equivalent values of Ctotal (y =
0.9229x + 0.2674), where y = VarioMAX-equivalent Ctotal and x = CHN
value of total C. Total organic carbon (TOC) was approximated by

TOC = Ctotal – TIC.

Benthic Stable Isotope Composition

Four to eight C. mundulus specimens from the >150-µm size fraction
were analyzed in VG Optima or Prism gas-source mass spectrometers at
the University of California, Santa Cruz. All values are reported in per-
mil notation relative to Vienna Peedee belemnite standard, with δ18O
measurements including a correction for vital effects (+0.5‰) (Shackle-
ton and Hall, 1997). Analytical precision for both δ13C and δ18O aver-
aged better than 0.1‰. No interlaboratory corrections were applied, as
these are usually constant and should not affect our interpretations;
however, we do concede that these offsets exist.

Faunal and Lithogenic Reconnaissance

Faunal and lithogenic reconnaissance is based on random order in-
spection of the >63-µm fraction at 75- to 300-cm resolution. We distin-
guished between

4 = common/dominant,
3 = frequent,
2 = present,
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1 = rare, and
0 = absent (0), 

the same scheme as applied in shipboard benthic foraminiferal studies
at 9-m resolution (Exon, Kennett, Malone, et al., 2001).

RESULTS

All ages given in this study are based on Cande and Kent (1992;
1995) (CK95) unless stated otherwise (i.e., the OMB is placed at 23.8
Ma). Although the astronomically tuned age of the OMB is 22.9 Ma
(Shackleton et al., 2000), the older Oligocene part of the section does
not have a revised age scale; thus, we prefer to stick with CK95 for the
time being. Data in the older parts are available only at low resolution
(identified by gray backgrounds in figures), whereas resolution in the
younger parts is 75 cm for Site 1168, 20 cm for Sites 1170 and 1171, and
10 cm for Site 1172. All biomagnetostratigraphic datums (as of August
2002) and additional control points used for our age models are listed
in Table T1 (see also Stickley et al., this volume).

Site 1170

The benthic stable isotope records of Site 1170 on the South Tasman
Rise and Site 1090 on the Agulhas Ridge, both located in the Southern
Ocean, suggest some similarities despite different paleolatitudes. The
benthic isotope record for Site 1090 was established by Billups et al.
(2002), who developed their age model by matching the excellent mag-
netic polarity stratigraphy to the geomagnetic polarity timescale of
CK95. A comparison of their results with the astronomically tuned
record of Shackleton et al. (2000) yielded a constant offset of ~900 k.y.
between the two approaches. We focus on the timing of the Mi-1 and
Mi-1a event in the benthic δ18O records, which are identifiable at both
sites despite relatively low sedimentation rates (Fig. F2A).

The Mi-1 event appears in benthic foraminiferal δ18O records as a
cold interval lasting from ~24.02 to 23.66 Ma, centering around a dou-
ble peak of extremely heavy (cold) values from 23.89 to 23.79 Ma (cf.
Billups et al., 2002). One important difference between this event at Site
1170 relative to Site 1090 (as well as 929) (Paul et al., 2000) is that the
second peak appears to be as strong, if not even slightly stronger than
the first peak. A second difference is that this double peak appears to
begin and end later at Site 1170 (Fig. F2B). At Site 1170 timing of the
Mi-1 event is constrained by four magnetostratigraphic datums across a
depth of only 3.5 m, including one at 23.8 Ma, giving evidence for a
strongly condensed section. It is this reversal at 23.8 Ma (onset of Sub-
chron C6Cn.2n at 382.90 meters below seafloor [mbsf]), which is in
conflict with an alignment of the Mi-1 double peak at both sites (23.88
Ma [383.36 mbsf] and 23.8 Ma [381.96 mbsf]). Matching the timing of
the Mi-1a event at Site 1170 with Site 1090 provides two additional
control points (Fig. F2A).

Additional information evident in the record of weight percent sand
for Site 1170 indicates a change in the pattern of sedimentation (in-
crease in the coarse fraction) between 406.69 and 405.34 mbsf (Fig. F4).
This is consistent with the correlation indicated by the magnetostratig-
raphy (Fig. F3). The weight percent sand record further suggests place-
ment of the Marshall Paraconformity (~32–29 Ma) (Fulthorpe et al.,

T1. Fossil, magnetic reversal, and 
additional datums, p. 21.

F2. Comparison of Mi-1a and 
Mi-1 events, p. 11.
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1996) somewhere between 476.66 and 463.61 mbsf (no samples) at a
drop in average values (see also “Site 1171,” p. 5, “Site 1172,” p. 6, and
“Site 1168,” p. 6). This hiatus is common in sedimentary records from
the southwest Pacific Ocean and is a logical explanation for an early
Oligocene hiatus in the Leg 189 sites. At Site 1170 this hiatus is con-
strained by three biostratigraphic markers (33 Ma [478.5–460 mbsf] and
30.62/30.24 Ma [462.3–454.61 mbsf]) and one magnetic reversal
(33.058 Ma [470 mbsf]) (Fig. F3). We use the center of the youngest da-
tum (30.24 Ma; first occurrence [FO] of Rocella vigilans) for the purpose
of interpolation downward from the last control point (Fig. F3).

These data raise an interesting conundrum in correlation, as one
would not expect to find the isotope signature of a significant glacial
event (Mi-1) with different ages at separated locations (i.e., they should
occur at the same time worldwide), but the same is also true of mag-
netic reversal ages. Closer examination is required. See also more recent
age model information in the papers by Stickley et al. (this volume)
and Pfuhl et al. (in press).

Additional records of bulk δ13C and benthic δ18O and δ13C presented in
Figure F4 will be referred to in “Site 1171” below and “Site 1172,” p. 6.

Site 1171

The biomagnetostratigraphy for Site 1171 suggests a transition from
a heavily condensed Oligocene (sedimentation rates < 0.5 cm/k.y.) to
slightly increased sedimentation rates in the Miocene (0.5–1 cm/k.y.)
(Fig. F3). Unfortunately, magnetic reversals are less frequently observed
than at Site 1170 and we fail to detect a complete Mi-1 event in the
benthic δ18O record (Fig. F5), but we do observe a number of character-
istic markers in the records obtained.

Our oldest observation is a dramatic (~60%) and instantaneous (be-
tween 273 and 272.8 mbsf [279.68 and 279.48 meters composite depth
(mcd)]) increase in CaCO3 accompanied by a drop in weight percent
sand similar to the one observed at Site 1170 (Fig. F4). We once again
suggest that this transition marks the Marshall Paraconformity. This is
in good accordance with six biostratigraphic datums (Fig. F3). We use
the same diatom datum as at Site 1170 to mark the top of the hiatus at
30.24 Ma (FO of R. vigilans) and our suggested depth of 272.9 mbsf (er-
ror of datum = 274.32–272.74 mbsf). It is followed by a rapid transition
to heavier values in both benthic and bulk δ13C (269.36–269.16 and
269.16–268.56 mbsf) (Fig. F5). The lack of variability and the transition
over 60 cm in the case of the bulk record suggests a strongly condensed
section rather than a few hiatuses. We observe similar shifts in the δ13C
records at Site 1170 at ~401 mbsf (~26.9 Ma) and 398 mbsf (~26.34 Ma)
followed by a strongly condensed interval ending at ~24.781 Ma (Fig.
F4). Three biostratigraphic control points at Site 1171 suggest the same
pattern for this site. Unfortunately, this interval is also marked by poor
recovery. However, in order to relate these observations to the age
model we decided to add control points centering on the two δ13C in-
creases and ignore the biostratigraphic datums.

The magnetic reversal at 268 mbsf, assigned an age of 24.118 Ma (on-
set of Subchron C6Cn.3n), implies a very strong increase in sedimenta-
tion rate, which appears most unlikely based on our present
understanding of the sedimentary regime at all Leg 189 sites. Consider-
ing both poor recovery and low sedimentation rates before and after
this datum, we suggest this datum also be ignored. A further control

F4. Sand, carbonate, and 
benthic and bulk δ13C, Site 
1170, p. 13.
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point, which we place at 258.56 mbsf (23.88 Ma), is based on the in-
crease in benthic δ18O, which we identify as the onset of the Mi-1 event
(Fig. F5). The remainder of this event was not recovered during drilling
of Hole 1171C (core gap at 258.80–253.84 mbsf). Connection of this
and the previous control points are consistent with the biostratigraphy
(Fig. F3).

Above this gap we observe a low in benthic δ13C and matched in-
creases in bulk δ13C and CaCO3 (251.90 and 251.06–250.86 mbsf) (Fig.
F5). Based on similarities with Site 1170, we assign ages of 23.15 and
22.8 Ma (increase at Site 1170 between samples at 377.46 and 376.50
mbsf across a core gap) (Fig. F4). The ensuing low sedimentation rates
lasting ~1 m.y. following the OMB at Site 1171 are consistent with bio-
stratigraphic datums at this site and a similar trend at Site 1170. An ad-
ditional control point is placed at 22.4 Ma (249.36 mbsf) based on
correlation with the benthic δ18O record at Site 1170. A last control
point is placed at 21.7 Ma (240.23 mbsf) based on the benthic δ13C
record.

Two more gaps in recovery in Hole 1171C are evident at 268.10–
264.88 and 248.90–247.38 mbsf.

Site 1172

Site 1172 has a greater number of magnetostratigraphic control
points than Site 1171 across the interval studied (Fig. F3). However, the
Oligocene interval is marked by very few additional biostratigraphic da-
tums. We estimate that sedimentation resumes above the Marshall
Paraconformity at 30.098 Ma (magnetic reversal onset of Subchron
C11n.2n [358.6 mbsf]), but sedimentation rates remain very low, as sug-
gested by three closely spaced magnetic reversals. As at Sites 1170 and
1171, we observe a sharp drop in weight percent sand at the Marshall
Paraconformity (i.e., between 358.66 and 358.16 mbsf) (Fig. F6). This
constrains placement of the hiatus to within 6 cm (358.66–358.60
mbsf). Our records suggest two additional control points based on cor-
relation with Sites 1170 and 1171. At Site 1172 the bulk δ13C record
shows two strong increases (347.36–347.26 and 342.96–342.76 mbsf)
(Fig. F6) that we match with the respective control points for the other
two sites. Whereas these datum levels are close to the error given for
two biostratigraphic datums, they are inconsistent with the magneto-
stratigraphy. However, in a strongly condensed section with potential
hiatuses, identification of reversals is severely compromised.

We are confident in the placement of these two δ13C datums and sug-
gest two additional points based on similarities between the benthic
δ18O (onset of the Mi-1 event) and benthic δ13C records from 344.47–
344.27 and 342.56–342.46 mbsf, respectively (Fig. F6). The second con-
trol point is more difficult to define at Site 1170 where the decrease in
benthic δ13C occurs over a number of samples from 375.56 to 375.06
mbsf (Fig. F4). However, we place our control point based on the turn-
ing point in the δ13C record. Two final control points are based on the
benthic and bulk δ13C records at 23.15 Ma (343.26 mbsf) and 21.79 Ma
(339.86 mbsf).

Site 1168

Although the general trends observed in the records at Sites 1170–
1172 reveal numerous similarities, we have difficulty in detecting
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δ13C, Site 1172, p. 15.
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matching patterns at Site 1168 (Fig. F7). In this we are also constrained
by lack of comparable data (i.e., the only stable isotopes available were
measured on benthic foraminifers at very low resolution) (Dr. S. Schel-
lenberg, pers. comm., 2002; but see also Pfuhl et al., in press). CaCO3

was measured on the fine fraction only, but a comparison with bulk val-
ues at this site (Dr. C. Kelly, unpubl. data) and between bulk and fine
values at Sites 1170–1172 suggest that the records can be overlaid (Fig.
F7).

Our data reveal a strong transitional interval from ~765 to 735 mbsf
marked by decreasing weight percent sand and organic carbon content,
as well as increasing carbonate content (Fig. F8). We suggest that this
interval marks the Eocene–Oligocene transition similar to Sites 1170–
1172, possibly without the development of the Marshall Paraconfor-
mity at this rather protected site on the continental margin of Tasma-
nia. Following this transition we note a number of changes in the
biogenic and lithogenic composition of the coarse fraction (>63 µm) at
this site (Fig. F9). The first two occur at ~699 and 538 mbsf. At ~429
mbsf we note the end of a strongly condensed interval (shipboard ob-
servation on benthic foraminifers). Between 405.22 and 404.98 mbsf
the carbonate content increases (Fig. F8) followed by an increase in dis-
solution and weight percent sand at 386.23 mbsf (Fig. F9). All these da-
tums are matched closely by changes in sedimentation suggested by the
biomagnetostratigraphy based on magnetic reversal interpretation MR1
(Fig. F3).

If we assume the timing of the Mi-1 event recognized isotopically to
be identical at all Leg 189 sites, we would have to tentatively place the
peaks of this event at 23.9 Ma (420 mbsf) and 23.75 Ma (414 mbsf).
This is consistent with the biomagnetostratigraphy (based on magnetic
reversal interpretation MR1) within the error resulting from very low
resolution (1.50 m) of measurements available at present. In compari-
son with the other three sites the changes in sedimentation rates across
the Oligocene–Miocene transition are relatively strongest at this site.
We suggest ignoring the planktonic foraminiferal datum at 22.8 Ma
(379.60 mbsf; last occurrence [LO] of Dentoglobigerina globularis) be-
cause of its proximity to an event at 22.6 Ma (373.97 mbsf; FO of Glo-
boturborotalita woodi) and place the FO of Globoquadrina dehiscens
(planktonic foraminifers) at its upper limit of error (407.64 mbsf). The
extreme increase in sedimentation rate at Site 1168 prior to the Oli-
gocene–Miocene transition is fixed by two magnetic reversals and has
to be accepted at this point.

All Sites

In Figure F10 we show the results of our measurements of lithologic
and isotopic parameters at Sites 1170–1172 against their revised ages on
the timescale of Cande and Kent (1992, 1995). Figure F11 shows a his-
togram of the sedimentation rates.

SUMMARY

The age models for the early Oligocene–early Miocene interval for
ODP Sites 1168 and 1170–1172 were independently tested on the basis
of a number of paleoceanographic data sets, including stable isotopes
and carbonate content. With the exception of Site 1172, our integrated
approach proves largely consistent with the magnetostratigraphic out-

F7. Overlap of bulk and fine-frac-
tion carbonate, p. 16. 
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line (as of August 2002, we propose to follow magnetic reversal hypoth-
esis 1 in the case of Site 1168). The development of these integrated age
models forms the basis for a study of the hydrographic system around
Tasmania. One of the questions addressed is the relationship between
the sites and their respective location on the Pacific Ocean (Sites 1171–
1172) or Indian Ocean (Sites 1168 and 1170) side of the South Tasman
Rise.

Changes in sedimentation rates (Figs. F3, F11) suggest that Site
1168’s location is rather different in character from Sites 1170–1172,
due to its continental margin location. The Marshall Paraconformity in
the early Oligocene is one of the most important hiatuses in the South-
ern Ocean region. The base of this hiatus is generally at ~33 Ma in deep-
sea sections (Shipboard Scientific Party, 1999a, 1999b) and is at 32.4 Ma
at the onland type location (Fulthorpe et al., 1996). Its duration at the
type area is 3.4 m.y. (up to 29 Ma), but at Site 1122 it lasts until ~20 Ma
(Shipboard Scientific Party, 1999a). Despite the significance of this hia-
tus for other sites, and here at Sites 1170–1172 from ~33 to 30 Ma, at
Site 1168 it is apparently represented only by an interval of reduced
sedimentation rate. Sedimentation rates return to high values through-
out the Oligocene and Miocene.

Sites 1171 on the east South Tasman Rise and 1172 in the Tasman Sea
are clearly most strongly affected by the Marshall Paraconformity. Even
though the hiatus appears to end at ~30 Ma, sedimentation rates re-
main low for most of the Oligocene. At Site 1170 on the west South Tas-
man Rise, sedimentation in the early Oligocene is relatively high.
However, this does change following the early/late Oligocene bound-
ary, when we observe a decrease similar to but more pronounced than
that at Site 1168. At Site 1168 we observe a change in the biogenic com-
ponents of the sediment. The transition from opaque and sometimes
branched spicules to clear, tiny, straight spicules with a canal might im-
ply a change in water depth or ocean circulation. The Oligocene/Mio-
cene boundary is marked by a strongly condensed section or small
hiatus/core gap in Sites 1170–1172 from just before the boundary to
~22.8 Ma, but the overall decrease in sedimentation rate across this in-
terval is greatest at Site 1168. The problem of the mismatch of the Mi-1
event (and/or the adjacent magnetic reversals) at Sites 1168 and 1170
requires closer investigation, as two key tenets of deep-sea stratigraphy
appear to be in conflict.
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Figure F1. Map of the South Tasman Rise and adjoining areas indicating the drill sites studied. Site 1169
was abandoned and is not discussed.
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Figure F2. A. Comparison of the benthic stable isotope records for Sites 1170 and 1190 (Billups et al., 2002)
across the late Oligocene–early Miocene providing the basis for matching up the Mi-1a and Mi-1 events.
B. A detailed comparison of the Mi-1 events including the magnetic reversal points at Site 1170 show that
the pattern of the characteristic double-peak of this event is different between sites. Ages are after Cande
and Kent (1995). MR = magnetic reversal.
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Figure F3. Bio- and magnetostratigraphic data for Sites 1168 and 1170–1172, as of August 2002 (errors
given based on lower and upper samples confining biostratigraphic datums) (see also Pfuhl et al., in press;
Stickley et al., this volume), for the interval from 38 to 14 Ma including additional control points for the
Oligocene and early Miocene interval based on similarities between the records (see Table T1, p. 21, and
text for details). At all four sites we follow largely the sedimentation pattern suggested by the magneto-
stratigraphy (MR = magnetic reversals). Our control points are consistent within the magnetostratigraphic
outline including a few biostratigraphic datums (NF = nannofossils, PF = planktonic foraminifers, D = dia-
toms, RD = radiolarians, and DF = dinoflagellates), with the exception of Site 1172. Here extremely low sed-
imentation rates suggest difficulties in identifying the magnetic reversals across the Oligocene/Miocene
boundary. Our age models suggest there is no hiatus at the level of the Marshall Paraconformity at Site
1168, but a relatively strong reduction in sedimentation rate across the Oligocene/Miocene boundary (see
text for discussion). Scales for all four sites are identical. Ages are after Cande and Kent (1995).
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Figure F4. A. The record of weight percent sand (>63 µm) indicates two important changes between 476.66
and 473.61 mbsf (no samples) and 406.69 and 405.34 mbsf, while the carbonate content increases across
the core gap from 377.46 to 376.50 mbsf. B. Increases in benthic and bulk δ13C occur over a number of
samples from ~401 to 398 mbsf, while a decrease in benthic δ13C from 375.56 to 375.06 mbsf appears more
gradual.
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Figure F5. A. The record of weight percent sand experiences a strong decrease matching the increase in car-
bonate content from 273 to 272.8 mbsf (279.68–279.48 mcd). A second increase in carbonate content oc-
curs at 252.06–250.86 mbsf. B. Increases in benthic and bulk δ13C occur over a number of samples from
269.36 to 269.16 and 269.16 to 268.56 mbsf. C. The strong increase in benthic δ18O at 258.65 mbsf is iden-
tified as the onset of the Mi-1 event.
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Figure F6. A. The record of weight percent sand experiences a sharp drop at ~358.60 mbsf. B. The bulk δ13C
record shows two strong increases at 347.36–347.26 and 342.96–342.76 mbsf, while the benthic δ13C record
experiences a strong decrease at 342.56–342.46 mbsf. C. A strong increase in the benthic δ18O record at
344.37–344.27 mbsf resembles the onset of the Mi-1 event at the other sites.
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Figure F7. Comparison of records of carbonate content obtained on the bulk and fine fraction of the sedi-
ment showing strong overlap.
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Figure F8. Sand, carbonate content, and organic carbon content (TOC) indicate a strong transitional inter-
val from ~765 to 735 mbsf. An increase in carbonate content at 405.33–404.98 mbsf is closely followed by
a decrease in sand at 386.23 mbsf.
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Figure F9. Biogenic and lithogenic composition of the coarse fraction (>63 µm) of the sediment suggests
two changes in sedimentation at ~699 and 538 mbsf. An increase in dissolution occurs at 386.23 mbsf.
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Figure F10. A–D. Comparison of the different records used in defining additional control points between
Sites 1170–1172 against their revised ages. The records reveal good matches at different times depending
on the parameter. Ages from Cande and Kent (1995).
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Figure F11. Histogram depicting changes in sedimentation rates based on interpolation between datums
listed in Table T1, p. 21. Ages from Cande and Kent (1995).
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Table ls for the Leg 189 sites.

Notes: F . MR = magnetic reversal. MPC = Marshall Para-
conf

Age
(Ma)

Age
(Ma) Event

1168
(mbsf)

14.076 4.000 NF-FO Triquetrorhabdulus rugosus 244.30
14.178 5.100 PF-FO Orbulina suturalis 255.26
14.380 6.300 PF- FO Praeorbulina curva 264.90

14.612 7.400 NF-FO Calcidiscus premacintyrei 280.35
14.800 8.200 NF-FO Sphenolithus heteromorphus 293.80
14.888 8.300 NF-LO Sphenolithus belemnos 299.55
15.034 9.200 NF-FO Sphenolithus belemnos 313.90
16.014 1.400 PF-LO Tenuitella munda 341.10
16.293 2.600 PF-FO Globoturborotalita woodi 373.97
16.327 3.200 PF-FO Globoquadrina dehiscens 407.64
16.488 3.750 1170-Mi1 peaks 414.00
17.615 3.900 1170-Mi1 peaks 420.00
18.781 4.730 MR-1-Termination C7n.1n 428.05
19.048 5.183 MR-1-Onset C7n.2n 462.65
21.634 5.496 MR-1-Termination C7An 472.00
21.700 7.027 MR-1-Termination C9n 509.35
21.859 7.972 MR-1-Onset C9n 546.20
22.151 8.283 MR-1-Termination C10n.1n 572.90
22.459 8.512 MR-1-Onset C10n.1n 597.80
22.493 8.578 MR-1-Termination C10n.2n 602.45
22.588 9.401 MR-1-Termination C11n.1n 706.10

9.662 MR-1-Onset C11n.1n 716.70
22.804 9.765 MR-1-Termination C11n.2n 718.48

23.535 0.098 MR-1-Onset C11n.2n 729.90
23.677 0.479 MR-1-Termination C12n 733.95
23.800 0.939 MR-1-Onset C12n 740.00
24.118
24.730
24.781
25.496
25.648
25.823
26.100
26.554
27.027
27.972
28.283
29.401
30.240
 T1. Overview of the fossil, magnetic reversal and additional datums used in developing the age mode

O = first occurrence, LO = last occurrence. D = diatom, DF = dinocyst, NF = nannofossil, PF = planktonic foraminifer, RD = radiolarian
ormity. Gap = recovery gap.

Event
1170

(mbsf)
Age
(Ma) Event

1171
(mbsf)

Age
(Ma) Event

1172 
(mbsf)

MR-Onset C5ACn 283.50 14.076 MR-Onset C5ACn 159.35 14.076 MR-Onset C5ACn 285.20 1
MR-Termination C5ADn 286.00 14.178 MR-Termination C5ADn 161.30 14.178 MR-Termination C5ADn 287.30 1
D-FO Actinocyclus ingens 

var. nodus
291.42 14.612 MR-Onset C5ADn 167.20 14.612 MR-Onset C5ADn 291.90 1

MR-Onset C5ADn 292.00 19.048 MR-Termination C6n 207.20 14.800 MR-Termination C5Bn.1n 293.30 1
MR-Termination C5Bn.1n 294.00 20.131 MR-Onset C6n 223.50 14.888 MR-Onset C5Bn.1n 293.90 1
MR-Onset C5Bn.1n 296.00 21.700 1170-benthic δ13C 240.23 15.034 MR-Termination C5Bn.2n 296.30 1
MR-Termination C5Bn.2n 297.50 Top of gap 247.38 15.155 MR-Onset C5Bn.2n 298.80 1
MR-Termination C5Cn.1n 308.00 Bottom of gap 248.90 16.014 MR-Termination C5Cn.1n 302.30 2
MR-Onset C5Cn.1n 310.50 22.400 1170-benthic δ18O 249.36 16.726 MR-Onset C5Cn.3n 314.10 2
MR-Termination C5Cn.2n 311.00 22.800 1170-bulk δ13C 251.00 17.277 MR-Termination C5Dn 316.90 2
MR-Onset C5Cn.2n 312.00 23.150 1170-benthic δ13C 251.90 18.281 MR-Termination C5En 320.20 2
MR-Onset C5Dn 323.00 Top of gap 253.84 18.781 MR-Onset C5En 324.00 2
MR-Onset C5En 338.00 Bottom of gap 258.50 19.048 MR-Termination C6n 325.80 2
MR-Termination C6n 341.00 23.880 1170-benthic δ18O 258.56 20.131 MR-Onset C6n 333.10 2
1090 Mi-1a 365.76 Top of gap 264.88 21.790 1170-bulk δ13C 339.86 2
1090 Mi-1a 366.59 Bottom of gap 268.10 22.490 1170-benthic δ13C 342.51 2
MR-Onset C6AAn 370.50 26.400 1170-bulk δ13C 268.76 22.810 1170-bulk δ13C 342.86 2
MR-Termination C6AAr.1n 372.20 26.900 1170-benthic δ13C 269.26 23.150 1170-benthic δ13C 343.26 2
MR-Termination C6AAr.2n 374.90 30.240 D-FO Rocella vigilans-~top MPC 272.90 23.950 1170-benthic δ18O 344.37 2
MR-Onset C6AAr.2n 375.40 26.340 1170-bulk δ13C 347.31 2
MR-Termination C6Bn.1n 375.80 29.401 MR-Termination C11n.1n 356.10 2
Top of gap 376.58 29.662 MR-Onset C11n.1n 356.80 2
MR-Termination C6Bn.2n-

bottom of gap
377.40 29.765 MR-Termination C11n.2n 357.30 2

MR-Onset C6Cn.1n 380.00 30.098 MR-Onset C11n.2n-~top MPC 358.60 3
MR-Termination C6Cn.2n 382.00 3
MR-Onset C6Cn.2n 382.90 3
MR-Onset C6Cn.3n 386.00
MR-Termination C7n.1n 393.40
MR-Onset C7n.1n 394.00
MR-Termination C7An 395.00
MR-Onset C7An 396.20
MR-Termination C8n.1n 397.00
NF-LO Chiasmolithus altus 397.46
MR-Onset C8n.2n 398.60
MR-Termination C9n 402.00
MR-Onset C9n 403.00
MR-Termination C10n.1n 406.50
MR-Termination C11n.1n 440.00
D-FO Rocella vigilans - ~top 

MPC
458.55
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