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The presence of the Brunhes-Matuyama magnetic reversal in deep-sea core sediments makes 
possible an alternative to the usual K/Ar radioisotope method of dating the reversal as found in 
rocks. The alternative method uses correlations of Northern Hemisphere summer insolation with 
oxygen-isotope ratios from tropical cores. The latitude-dependent insolation variations are caku- 
lated from planetary mechanics and thus provide a highly accurate astronomical time scale. The 
insolation variations strongly influence glacial-ice volume fluctuations that dominate the oxygen- 
isotope ratio changes recorded in core sediments. The summer half-year insolation variations are 
identified with corresponding isotope-ratio changes in cores from the present through glacial Stage 
20. Misleading effects of discontinuities or major nonuniformities of sediment deposition are 
avoided by an analysis of the uniformity of V28-238 and V28-239, the principal cores studied, and 
by comparisons with other cores. The top section (Stages 1 to 10) of V28-238 is uniformly depos- 
ited, and for this section an isotope-ratio time scale is chosen that agrees with the thorium-uranium 
date for the high sea stand of the last interglacial extreme. Over this interval, major glacial extremes 
(strong isotope-ratio minima) coincide consistently with major insolation minima at times of low 
orbital eccentricity. In addition interstadials are directly associated with precessional insolation 
peaks, and the envelope of isotope-ratio peaks resembles the envelope of precessionally dominated 
insolation peaks. The assumption that the glacial extremes depended similarly on insolation minima 
during Stages 10 to 20 permits minor age shifts of strong isotope-ratio minima in the two cores 
(relative to ages based on uniform overall deposition) to match the ages of low-eccentricity insola- 
tion minima. The age shifts reflect residual nonuniformities of deposition. The validity of this 
matching procedure is supported by a resulting consistent identification of principal isotope-ratio 
peaks with high- and low-latitude coincident insolation maxima. The Brunhes- Matuyama reversal 
is found in interglacial Stage 19, and is dated on the astronomical time scale at 790,000 ZL 5000 
yr B.P. 

INTRODUCTION 
Radioisotope dating methods provide the 

time scale for Pleistocene events, but dates 
so obtained may have uncertainties due to 
inadequately closed isotopic decay systems 
and poor statistics caused by low levels of 
daughter products. An alternative and in- 
dependent dating method applicable to the 
marine geological record is based on the 
correlation of deep-sea-core oxygen- 
isotope ratio (WO) variations (Emiliani, 
1955) with corresponding variations in the 
incoming flux of Northern Hemisphere 
summer half-year solar radiation at the top 
of the atmosphere. The oxygen-isotope 
variations in the carbonate of planktonic 
foraminiferal microfossils from tropical 

cores are largely caused by variations in 
glacial ice volume (Dansgaard and Tauber, 
1969). The insolation variations strongly in- 
fluence glacial ice volume and are derived 
precisely from nearly cyclical changes in 
the Earth’s orbital parameters. Con- 
sequently the key insolation variations are 
calculated on a highly accurate astronomi- 
cal time scale (Berger, 1978) to which the 
isotope-ratio variations can be referred. 
This dating approach is quite applicable to 
the Brunhes-Matuyama magnetic reversal 
which is found at a prominent peak in the 
isotope ratios in longer cores. 

The potassium-argon radioisotope meth- 
od gives an age for the Brunhes bound- 
ary of 730,000 yr B.P. (Mankinen and Dal- 
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rymple, 1979). The accuracy of this date 
depends on corrections for atmospheric 
argon contamination, the accuracy of the 
abundance ratios and decay constants used, 
and the degree of retention of the argon 
daughter product in the rocks from the time 
of solidification to the present (Cox and 
Dalrymple, 1967). Although the indicated 
precision of the reversal date may be a few 
tens of thousands of years corresponding to 
minimal variation of argon retention in 
rocks from widely different locations, the 
IUAr date could be too young by more than 
this uncertainty if all rock samples near the 
reversal date have experienced a similar 
and significant argon loss. 

The astronomical method offers the pos- 
sibility of higher accuracy and precision on 
a million-year time scale and avoids the un- 
certainties of the WAr method, although in 
exchange, the effects of core imperfections 
must be recognized and corrected. In 
closely spaced sample intervals along the 
cores, the stratigraphic position of the re- 
versal can be precisely located. Similarly, 
in cores with higher deposition rates, the 
sample intervals can define the shortest pe- 
riodicity in the oxygen-isotope ratios: the 

often prominent 22,000-yr variation due to 
the orbital precession effect. The reversal 
can be located to within a fraction of this 
period. However, the precessional varia- 
tions are not always prominent or clearly 
visible and taken alone sometimes yield 
ambiguous correlations over long time 
intervals. A more promising method used in 
this paper is the identification of the 
longer-term glacial extremes with specific 
intervals of low insolation. 

The lack of sufficiently uniform deposi- 
tion in most cores makes the reliable recog- 
nition and correlation of isotope-ratio fea- 
tures from core to core and between cores 
and insolation curves difficult over long 
time intervals. The two principal cores from 
the western tropical Pacific, V28-238 and 
V28-239, used in this study (Fig. l), are 
perhaps unique in that, when compared, the 
major isotope-ratio features representing 
the glacial and interglacial stages can be un- 
ambiguously recognized in each core all the 
way to the lower Brunhes boundary. These 
cores are not ideally uniform, but this ob- 
stacle to the identification of isotope ratios 
with insolation variations is overcome by a 
detailed analysis of the two cores and by 
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FIG. 1. Oxygen-isotope ratios for Western Pacific cores V28-238 and V28-239 containing the 
Brunhes-Matuyama magnetic reversal. Even (glacial) and odd (interglacial) stages are indicated 
above each isotope-ratio plot. Reproduced, with permission, from Shackleton and Opdyke (1976). 
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supportive comparisons with other long 
cores (e.g., Fig. 2). Thus major departures 
from uniformity are identified and only the 
more uniform sections are used for dating 
purposes. 

VALIDITY OF THE METHOD OVER THE 
BRUNHES INTERVAL 

Hays ef al. (1976) have shown by fre- 
quency analysis that the dominant frequen- 
cies of Northern Hemisphere summer- 
insolation variations are found also in the 
WO patterns of cores over the last 450,000 
yr. The assumption is made in this paper 
that climate-coupling factors underlying the 
frequency-analysis results remained the 
same back to the Brunhes boundary. This 
assumption is probably satisfactory as 
suggested by al80 fluctuations of at least 
two-thirds of the late Pleistocene glacial 
amplitude that began 2.5 my ago (Shackle- 
ton and Opdyke, 1977). It is further sup- 
ported by analyses of cores from the Cen- 
tral Arctic basin that indicate that Arctic 
Ocean ice cover has remained similar to 
present from the time of the onset of the 
Brunhes (Herman, 1974) from which it can 
be inferred that high-latitude climate condi- 
tions and fluctuations have remained much 
the same. 

THE ASTRONOMICAL TIME SCALE 
AND INSOLATION VARIATIONS 

The well-known work of Milankovitch 
(1930) was the first attempt to use planetary 
mechanics to calculate the zonal insolation 
variations during the latter Pleistocene from 
changes in the Earth’s orbital parameters. 
Modern computing techniques and the pre- 
cision to which the masses and orbital pa- 
rameters of the planets are known have re- 
sulted in greatly improved calculations of 
the insolation variations for the last two mil- 
lion years. A comparison of the calculations 
of Vernekar (1972) with the later calcula- 
tions of Berger (1978) which include more 
terms of the Jupiter-Saturn resonance 
suggests that the astronomical scale is now 
highly accurate over the last million years. 
Figure 3 compares insolation deviations 
from the present calculated by Vernekar 
with those calculated by Berger for the 
Northern Hemisphere summer half-year at 
two latitudes near 800,000 yr B.P. The 
dates of the insolation maxima given by 
each author do not differ by more than 
about 1000 yr. The uncertainty in the as- 
tronomical time scale compiled by Berger 
at this point of Pleistocene time is therefore 
probably not greater than about 1000 yr. 
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FIG. 2. Oxygen isotope ratios for cores P6304-4 and P6304-7 from the Caribbean. Odd numbers on 
each plot designate interglacial stages. Reproduced, with permission, from Emiliani (1972). 
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FIG. 3. Calculated Northern Hemisphere deviations from the present for summer half-year insolation 
averages of Berger (1976) (smooth curve), compared with Vernekar (1972) (closed circles), for latitudes 
3S’N and 70”N near 800,000 yr B.P. 

In this paper summer-insolation devia- 
tions from 1950 values for two northern 
latitudes, 70”N and 35”N, are used to date 
the iY*O features. The summer high-latitude 
insolation average is most strongly influ- 
enced by polar-axis inclination variations 
having a periodicity of about 40,000 yr. The 
low-latitude variation is largely dominated 
by the 22,000-yr precession effect which 
causes summers to occur periodically 
nearer to or farther from the sun. These in- 
solation variations are strongly modulated 
by eccentricity variations with a periodicity 
of about 100,000 yr. The magnitude of 
change of the summer half-year insolation 
average between extremes of the preces- 
sional period occasionally approaches lo%, 
with a midsummer incident-radiation in- 
tensity change of as much as 20%. 

INSOLATION AND ISOTOPE-RATIO 
FEATURE-IDENTIFICATION 

CONSIDERATIONS 

The identification of tropical-core iso- 
tope-ratio features with their corresponding 
insolation variations rests on these assump- 
tions: (1) The mass balance of Northern 
ice sheets is strongly influenced by long- 
term summer insolation changes in which 
the 22,000-yr precessional variation and 
the eccentricity variation are major factors. 
(2) The deepest minima in the isotope ratios 
occur at times of low eccentricity, usually 
near the end of such intervals, and in 
association with low summer insolation at 

all Northern Hemisphere latitudes. (3) The 
glacial-ice-volume variations are well repre- 
sented by isotope-ratio changes in suitably 
uniform cores. 

The first assumption is convincingly sup- 
ported by the frequency analysis of summer 
insolation and core isotope ratios (Hays et 
al., 1976). However, their results account 
for only part of the observed variance in the 
isotope ratios. Internal climate factors must 
also contribute to the variance. The appli- 
cation of the astronomical time scale must 
be done in the context of strong feedback 
factors that may favor long periods of ice- 
volume growth as well as the occasional 
major deglaciations suggested by the 
isotope-ratio record. The lagging changes in 
thermal inputs and heat transport due to the 
changing albedo of growing or shrinking ice 
sheets and altered oceanic and atmospheric 
circulation are comparable in magnitude in 
northern zones to orbitally induced insola- 
tion changes (Johnson and Andrews, 1979). 
Consequently the total effects of a specified 
insolation change on temperatures and pre- 
cipitation will depend on the circulation 
patterns and ice-mass distribution at the 
time. In spite of these complexities, the fre- 
quency analysis clearly suggests the useful- 
ness of the modulated precessional effect in 
the isotope ratio correlation process. 

The second assumption, that deep 
isotope-ratio minima are associated with 
specific insolation minima, is suggested by 
the correlations in a uniform section of core 
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V28-238 (Fig. 4) and is consistent with 
physically plausible relations between 
Northern summer insolation and glacial 
mass balances. This association is the pri- 
mary factor used in this paper to place the 
isotope-ratio features on the astronomical 
time scale over the lower part of the 
Brunhes. These close associations are plau- 
sible because, under conditions of estab- 
lished ice sheets and unfavorable atmo- 
spheric and oceanic circulation, it may be 
difficult for the weak summer insolation 
peaks resulting from low eccentricity to ef- 
fectively remove Northern ice. Maximum 
total accumulation would then have fol- 
lowed at times of coinciding low insolation 
at 35”N and 70”N, perhaps with a short time 
lag. On the other hand, high insolation 
peaks at all latitudes caused by favorable 
precession and obliquity when the eccen- 
tricity is large did not always assure the re- 
moval of ice to the extent of the present 
interglacial extreme as can be seen by in- 
spection of Figure 4. Such major deglacia- 
tions usually occurred only after major gla- 
cial extremes. A plausible speculation to 
explain this is that as summer insolation in- 
creased during the very early part of such 

deglaciations the deep southern penetration 
of the glacial front in eastern North 
America steered many subpolar storm sys- 
tems first eastward over warm Gulf Stream 
water. Consequently unusually large masses 
of warm air would then have been trans- 
ported northeastward into the high latitudes 
by these systems along the Atlantic polar 
water fronts that are depicted by Ruddiman 
and McIntyre (1973). This effect may have 
ensured the removal of most of the ice 
sheets during the subsequent interval of 
generally high summer insolation. 

The third assumption, that ice volumes 
are reflected in the isotope ratios, is at 
times weakened by core-site factors; com- 
parisons with other cores are necessary to 
develop correct feature identifications. 
Core-site factors may modify both the am- 
plitude of the PO variations and the net 
rate of deposition of sediment. Slight tem- 
perature changes of the foraminiferal 
habitat may influence the isotope-ratio am- 
plitudes (Geitzenauer et al., 1976). A more 
serious factor is the fluctuation of the car- 
bonate dissolution rate in benthic water 
masses (Shackleton and Opdyke, 1976) that 
directly affects the net deposition rate. 

FIG. 4. Oxygen-isotope ratios (top broken line) for Stages 1 to 10 (top numbers) from core V28-238 
compared with precession-dominated summer half-year insolation deviations for 35”N latitude (smooth 
curve), and inclination-dominated summer half-year insolation deviations for 70”N latitude (dotted 
curve). The age scale is the astronomical time scale. Insolation variations are given in average 
Langleys per day (cal cmmz day-‘), deviation from year 1950. Small rectangles show dates of worldwide 
high sea stands (Bloom et al., 1974). Repetitive responses of isotope ratios to insolation changes as 
cited in the text are indicated at A-G. Eccentricity minima are denoted by M. The high peak (P) may 
be anomalous as it is found in no other core. Offset opposed arrows in Stage 10 show lack of ideal 
coincidence of isotope-ratio minimum and insolation minima. Isotope ratios after Shackleton and 
Opdyke (1973). Insolation from the Berger tabulations, Berger, (1978). 
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Major erosional gaps or large changes in net 
deposition resulting from dissolution seem 
to have occurred at some points in all cores, 
and minor changes may occur between sta- 
dials and interstadials. Such effects can be 
adequately identified only by means of 
intercore comparisons. An effective meth- 
od of comparison is a Shaw plot (Shaw, 
1964) in which the isotope-ratio features 
common to two cores are plotted as a 
function of their downcore position on 
x and y axes, respectively. Abrupt slope 
changes in the plot reveal changes in net 
relative deposition rates and thus indicate 
the need for supportive information to en- 
sure correct peak correlations. The Shaw 
plot simplifies the core analysis of this 
paper. 

UNIFORMITY ANALYSIS OF V28-238 
AND V28-239 

The oxygen-isotope ratios for these cores 
are those of Globigerina sacculifera, a 
planktonic species. The cores are located 
about 290 km apart on northern flanks of 
the Ontong-Java Plateau, a region that is 
not subject to sedimentation changes 
caused by water- or airborne particulates 
from land. The sea-surface temperature 
variation here is minimal. However some 

locations on the plateau flanks are subject 
to occasional erosion by currents or by 
sliding as shown in acoustic profiles (Berger 
and Johnson, 1976). Probably a more gen- 
erally significant factor is the influence of 
dissolution on the net deposition rate. Dis- 
solution has removed a substantial part of 
the sediment at the core depths as shown by 
reduced sediment thicknesses in the acous- 
tic profiles. Dissolution rate changes can 
alter both the deposition rates and the 
isotope ratios (Erez, 1979). An increase in 
the rate, for example, will slow the net de- 
position rate and move the measured 
oxygen-isotope ratio toward lower (more 
positive) values because dissolution selec- 
tively removes the smaller individual 
forams that lived closer to the surface in 
warmer water layers (Savin and Douglas, 
1973). 

These effects can explain the major 
nonuniformities in the Shaw plot of Figure 
5. Corresponding isotope-ratio features in 
each core, mostly precessional maxima or 
minima, are plotted as a function of 
downcore position on the two coordinate 
axes. Distinct changes in relative deposi- 
tion rates are indicated at A-D. The points 
between A and B depart very little from a 
fitted straight line, which, however, does 
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FIG. 5. A Shaw plot for selected isotope-ratio features common to cores V28-238 and V28-239. 
Interglacial stages in V28-238 are indicated by odd numbers. Departures from uniform deposition in 
one of the cores are indicated at A-D. 
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not intersect the zero point. This departure 
from zero is associated with V28-239 in 
which a rise in the interglacial-stage peaks 
toward the present suggests progressively 
reduced dissolution. The rise is climaxed by 
anomalously thick strata in Stage 1 relative 
to other cores (Figs. 1 and 2). Therefore the 
more uniform section of V28-238 from 
Stage 1 to 10 is selected for further analysis. 

At B a departure from the fitted line indi- 
cates a discontinuity, and there are fewer 
peaks in Stage 11 in V28-239 than in V28- 
238 (Fig. 1). Unpublished data indicate that 
the Stage 11 section in V28-238 was 
stretched during core recovery (N. G. 
Pisias, pers. commun., 1980). To assess the 
magnitude of this effect, the extended 
lengths of Stage 11 and Stage 9 were com- 
pared in seven additional cores in which the 
stage features were clearly identifiable. The 
length of each stage was best defined by the 
distance between the last low isotope-ratio 
points preceding the sharp glacial termina- 
tions (indicated typically by the small ar- 
rows in Fig. 2). The ratios of stage lengths 
are shown in Table 1. The average ratio of 
0.91 for the seven cores when compared 
with a ratio of 1.00 for V28-238 suggests 
that Stage 11 may be stretched by about 
10%. In V28-239 the ratio is only 0.65, sug- 
gesting a substantial sediment loss in Stage 
11 of that core. For further analysis the 

selected core section between Stages 10 
and 12 is therefore that of V28-238 uni- 
formly reduced in length by 9%. 

The discontinuity at C in Stage 12 is ap- 
parently caused by sediment loss in V28- 
238. The relatively thicker strata found in 
V28-239 (Fig. 1) between the high isotope- 
ratio peak of Stage 13 and the Stage 12 
minimum is consistent with corresponding 
thicker strata in the cores of Figure 2. The 
selected section for Stages 12 to 14 is 
therefore that of V28-239. The steeper slope 
defined by the points at D (Fig. 5) indicates 
a broad change in relative deposition rates 
between the two cores. The effect begins 
near the Brunhes boundary, Stage 19, 
reaches a climax in the upper part of Stage 
16, and returns to normal in Stage 14. The 
steeper slope may be explained by a greater 
sediment loss resulting, at least in part, 
from a more rapid dissolution rate in V28- 
238 as suggested by the relatively low major 
peak of Stage 17 and the smaller number of 
peaks visible in Stages 16- 18 (Fig. 1). The 
selected sections in this interval are there- 
fore those of V28-239. 

The selection of the most uniform core 
sections to match insolation with WO vari- 
ations is the key to the establishment of the 
isotope-ratio time scale from the present to 
the Brunhes boundary. The matching and 
the determination of sediment deposition 

TABLEl. CORES USED IN THE STUDY 

Core Location 
Depth 

(m) Ratio Reference 

P6408-9 15”N-69”W 4098 
P6304-7 15”N-69”W 3929 
P6304-4 15”N-7l”W 4136 
P6304-8 lS’N-69”W 3928 
P6304-9 15”N-69”W 4126 
RCl4-37 1”N -9O”E 2226 
E49-18 46%~9O”E 3256 

Average Stage 1 l/Stage 9 ratio: 0.91 2 0.09 

0.79 Emiliani (1978) 
0.90 Emiliani (1972) 
0.94 Emiliani (1972) 
0.82 Emiliani (1966) 
0.95 Emiliani (1966) 
0.90 Shackleton ( 1977) 
1.09 Hays et al. (1976) 

V28-238 l”N-160”E 3120 1.00 
V28-239 3”N- 159”E 3490 0.65 

Shackleton and Opdyke (1973) 
Shackleton and Opdyke (1976) 

Note. The ratio of extended core lengths (Stage 1 l/Stage 9) in the first seven cores is used to assess the prob- 
able amount of stretching of Stage 11 in V28-238. 
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rates used in the analyses are described in 
detail in the following two sections. The 
guiding criteria for the analyses can be 
summarized as follows: In Stages 1 to 10 of 
the uniform section of core V28-238 (Fig. 
4), each major WO minimum falling in the 
lowest 25% of the al80 range is assumed to 
have occurred at the astronomical time- 
scale position of the nearest pair of low- and 
high-latitude insolation minima. Probable 
time lags are neglected. Except for a minor 
adjustment of the glacial Stage 10 S180 
minimum, little or no relocation of these 
minima on the astronomical time scale is 
required. In Stages lo-20 of the less uni- 
form sections of the cores (Figs. 6-lo), 
each of the interglacial core sections iden- 
tified by Shackleton and Opdyke (1976) is 
considered sequentially. Each deepest gla- 
cial stage WO minimum before and after 
the interglacial is likewise assumed to have 
occurred at the astronomical time-scale po- 
sition of the nearest pair of low- and high- 
latitude insolation minima. After deter- 
mining the match, and before proceeding to 
the next-older section, the length of the 
section is uniformly expanded or con- 
tracted by a minor amount if necessary to 
fit each deepest isotope minimum to the 
time-scale position of the corresponding in- 
solation minima. Having established the 
time-scale positions of all major al80 
minima, the identification of major 6180 
peaks with nearest pairs of insolation 
maxima (Figs. 6- 10) is straightforward. 

UPPER CORE-SECTION ANALYSIS 

In Figure 4 the oxygen-isotope ratios 
from the upper 600 cm of core V28-238 
(broken line) are compared with 35”N and 
70”N latitude summer-insolation devia- 
tions. The time scale for the WO curve was 
set by assuming an age of 124,000 yr B.P. 
for the interglacial high point at a 210-cm 
depth in the core to yield a uniform 
sedimentation rate of 1.694 cm/l@ yr. This 
age is in agreement with the thorium- 
uranium age of 124,000 2 5000 yr B.P. of 
coral reefs given by Broecker et ul. (1968) 

for the Stage 5e high-sea stand on Bar- 
bados, and the age of 125,000 + 4000 yr 
B.P. given by Harmon et al. (1981) for the 
5e stand on Bermuda. This sedimentation 
rate provides a match of the low-latitude 
precession-dominated insolation peaks to 
the principal WO peaks and to the dated 
high sea levels younger than the last in- 
terglacial (Bloom et al., 1974). The variable 
phase relations between the two types of 
peaks may result in part from minor brief 
variations in net deposition rate. 

The close association of the isotope-ratio 
minima of glacial extremes with times of 
low insolation at all latitudes during low ec- 
centricity intervals M is evident in Figure 
4 at A-D. Only when such extremes were 
followed immediately by coincident high- 
and low-latitude peaks E-G did deglacia- 
tion to the present isotope-ratio level occur. 
It is noteworthy that weak precessional in- 
solation peaks that are accompanied by no 
high-latitude insolation excess (near A-D, 
Fig. 4) result in little or no isotope-ratio re- 
sponse. 

LOWER CORE-SECTION ANALYSES 

Identification of isotope-ratio features 
beyond 340,000 yr B.P. begins with glacial 
Stages 10 to 12 (Fig. 6). The Stage 10 glacial 
extreme is set coincident with the insolation 
minimum (opposed arrows) prior to the 
335,000-yr B.P. synchronized insolation 
peaks, and the isotope ratios of V28-238 are 
plotted back to Stage 12 using the section 
length reduced by 9% (as discussed earlier) 
and the deposition rate of 1.694 cm/l@ yr 
established for the upper 600 cm of the 
core. The Stage 12 isotope-ratio extreme is 
clearly associated with the synchronized 
insolation minima of 436,000 yr B.P., the 
opposed arrows slightly offset on the right 
suggesting a slight departure from an op- 
timum match of minima. Principal isotope- 
ratio peaks at A and B correspond to the 
two pairs of high- and low-latitude coinci- 
dent insolation peaks. This procedure is re- 
peated sequentially as follows for the lower 
core sections from V28-239 for which an 
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FIG. 6. Isotope ratios for Stages 10 to 12 in core V28-238 compared with insolation deviations from 
year 1950. Opposed arrows in Stage IO show the reset isotope-ratio minimum in coincidence with 
insolation minima. Offset opposed arrows in Stage 12 indicate lack of ideal coincidence of isotope and 
insolation minima. Isotope-ratio peaks corresponding to high- and low-latitude coincident maxima are 
indicated at A and B. Solid lower curve refers to 35”N latitude insolation; dotted curve, to 70”N latitude 
insolation. Eccentricity minima are denoted by M. 
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average upper core-section deposition rate 
of 0.920 cm/l@ yr is used. 

In Stages 12 to 14 (Fig. 7), the five 
isotope-ratio peaks rise and fall with the 
envelope of the low-latitude insolation 
peaks in a manner similar to the peak en- 
velopes of Figure 4. In Stages 14 to 16 (Fig. 
81, the principal precessional peaks A-C 
are again easily identified with their 

isotope-ratio counterparts. In Figure 9 the 
designated best Stage 18 insolation low- 
point match places the isotope-ratio peak 
A coincident with the most favorable all- 
latitude insolation peak. Other isotope- 
ratio peaks are not clearly identifiable, al- 
though the isotope-ratio profile resembles 
the precessional insolation envelope as 
usual. In Stages 18 to 20 (Fig. lo), the prom- 
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FIG. 7. Isotope ratios for Stages 12 to 14 in core V28-239 compared with insolation deviations. 
Legend as in Figure 6. 
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FIG. 8. Isotope ratios for Stages 14 to 16 in core V28-239 compared with insolation deviations 
Legend as in Figure 6. 
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FIG. 9. Isotope ratios for Stages 16 to 18 in core V28-239 compared with insolation deviations. 
Legend as in Figure 6. 
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FIG. 10. Isotope ratios for Stages 18 to 20 in core V28-239 compared with insolation deviations. 
Legend as in Figure 6. The Brunhes-Matuyama boundary is shown here at 724 cm on the isotope-ratio 
curve with a most probable time-scale position near the top of the high- and low-latitude coincident 
insolation maxima at 788,000 yr B.P. 
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TABLE 2. RESIDUALS (S - A) BETWEEN SEDIMENTARY TIME INTERVALS AND CORRESPONDING 
ASTRONOMICAL TIME-SCALE INTERVALS BETWEEN KEY INSOLATION MINIMA” 

Section Sedimentary Astronomical 
Stage length interval, S interval, A S-A 

Core interval (cm) (10” yr) ( IO3 yr) ( IO3 yr) 

V28-238 l-10 600 354 344 10 
V28-238 lo- 12 150” 89 92 -3 
V28-239 12- 14 101 110 110 0 

V28-239 14- 16 90 98 88 10 
V28-239 16- 18 94 102 90 12 
V28-239 18-20 66 72 74 -2 

” The stage intervals are from the present to the PO minimum of Stage 10, and between PO minima there- 
after. The sedimentation rate of 1.694 cm/lo3 yr for V28-238 is chosen consistent with the Stage Se radioisotope 
date and with an optimum match of 6’*0 peaks to precessionally dominated insolation peaks in Stages l- 10. 
This rate is used to calculate the age of the Stage 9 point at 580 cm in V28-238 from which the sedimenta- 
tion rate of 0.920 cm/lOs yr is calculated for the corresponding point at 315 cm in V28-239. These rates are then 
used to estimate the remaining sedimentary time intervals (S). 

’ This length is reduced by 9% from the original section length as described in the text. 

inent isotope-ratio peak C containing the 
Brunhes- Matuyama reversal is a response 
to the only nearby pair of coincident inso- 
lation peaks centered at 788,000 yr B.P. 
Table 2 summarizes the age residuals re- 
sulting from the sequential fitting of the 
isotope-ratio data to the astronomical time 
scale. 

DISCUSSION 

The Brunhes- Matuyama reversal occurs 
in Stage 19 at the 724-cm downcore position 
in core V28-239 (Opdyke, 1980), about 4000 
yr below the isotope-ratio maximum of a 
strong precessional peak (Fig. 10). In V28- 
238 it occurs at 1200 cm in an equivalent 
position on a slightly asymmetrical peak 
(Fig. 1). The isotope-ratio peak probably 
lagged the insolation peaks at 788,000 yr 
B.P. somewhat. The Holocene deglacia- 
tion, for example, lagged the lO,OOO-yr B.P. 
insolation peak by about 5000 yr (Bryson et 
al., 1969). Therefore the reversal is likely to 
have occurred very close to the insolation 
maxima, and the most probable age for the 
reversal is 790,000 yr B.P. with a probable 
uncertainty of less than 5000 yr.’ 

’ This is the age of the stratum in which the reversal 
is found in core V28-239. However, remagnetization of 
less-consolidated sediments at the surface of the two 
core locations may have occurred at the time of the 

The new isotope-ratio time scale derived 
by the method of this paper is compared in 
Figure 11 with recent time scales derived by 
Emiliani (1978) and by Kominz et al. (1979). 
The new scale is in close agreement with 
the Emiliani scale to Stage 14, and with the 
Kominz scale to Stage 16. The older loca- 
tion of the Brunhes boundary at 790,000 yr 
B.P. on the new scale depends largely on 
the assumption that Stages 12 to 13 and 
Stages 16 to 19 in V28-239 have a better 
approximation to the upper-core deposition 
rate than do the same stages in V28-238. 
This is supported by relative section lengths 
in other cores and by the argument of ex- 
cessive dissolution in V28-238. On the other 
hand the use of these stages from V28-238 
would result in glacial extremes near ec- 
centricity maxima and a gross failure of the 

reversal event, thus displacing the observed reversal 
to older, different, downcore positions on the isotope- 
ratio profiles. Close examination of the data from both 
cores indicates that, relative to the Stage 19 isotope- 
ratio peak, the reversal in V28-239 is about 3 cm below 
the position in that core that is suggested by the re- 
versal in V28-238. Assuming that the remagnetized 
layer is the same thickness in each core, and using the 
average deposition rates of this paper, the age of the 
reversal event is found to be 7000 yr younger than the 
790,000-yr age of the reversal stratum in V28-239. The 
remagnetization possibility was suggested by Charles 
Barton. 
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FIG. 11. Comparison of the new isotope-ratio time scale A with the time scales of Emiliani (1978) 
B and Kominz et al. (1979) C. 

peak-envelope match, and so would be in- factory correspondence between the en- 
consistent with the criteria established from velope of principal isotope-ratio peaks and 
the uniform section of V28-238. Thus con- the envelope of precessional insolation 
sistency with other cores and within the peaks. This correspondence strongly sup- 
two principal cores of the study supports ports the resulting age of 790,000 yr B.P. for 
the use of these critical sections from the Brunhes boundary. 
V28-239. 

CONCLUSION 
ACKNOWLEDGMENTS 
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the lack of large time-scale uniformity of additional precision for the position of the Brunhes 
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val. The duplication of the principal 
isotope-ratio glacial-stage features over this 
interval in two well-separated tropical 
cores, V28-238 and V28-239, suggests that 
these cores are of superior uniformity, al- 
though a problem of variable deposition is 
clearly present. The method of this paper 
addresses this problem (1) by core analysis 
using the Shaw plot technique and intercore 
comparisons, (2) by assuming small-scale 
uniformity in selected core sections be- 
tween glacial extremes, and (3) by sequen- 
tially matching extreme minima in the 
isotope ratios to the astronomical time scale 
at points of generally low summer insola- 
tion during times of low orbital eccentricity. 
This fitting process is accomplished easily 
and yields age residuals that are substan- 
tially smaller than those of any alternative 
matches. The process also yields a satis- 
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