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Oxygen isotopes and sea level 

I J. Chappell* & N. J. Shackletoat 

Biogeography and Geomorphology. Research Schoolof Pacific 
Studies, Australian National University, Canbern. Australia 
t Godwin Laboratory Tor Quaternary Research. University of 
Cambridge. Free School Lane. Cambridge CBZ 3RS. UK 

From the time that detailed oxygen h topc  record8 derived from 
foramlnlfera llvlng In the constant-temperature mlrwmcllt of 
the abyssal ocean becrme rvallablq there bas kca r dbacpw) .  
between the Ice volume record that these records Imply, 8.1 that 
derived from the altltude of dated w n l  t e m c a  rrollnd the world. 
Here, we re-examlne the data and conclude that the tempenhre 
of the abyssal ocean has bten an adlvefy rrrylng compooeot of 
the climate system. 

Oxygen isotope ratios in foraminifera from deep-sea sedi- 
ments have been used as indicators of past climate following 
Emiliani's pioneering work'. bl"O in foraminifera varies with 

I 6180 in the water from which their carbonate tests are deposited, 
but differs from the water value by an amount that is temperature 
dependent2. The mean bl'O of the whole ocean varies with the 
quantity of isotopically light ice stored on the continents so that 
the record from foraminifera in a particular core is a blend of 
global (ice volume) and local (temperature) components. As 
the record in planktonic foraminifera may be affected by 
differences in surface salinity' as well as by changing seasonal 
growth and depth habitat4, benthic foraminifera have recently 
been preferred as they provide a less complicated record of 
global ice volume. It has been assumed that the deep ocean, at 
least in the Pacific, is so cold that its temperature may be 
regarded as constant as well as spatially uniform. 

Differences exist between 6180 records from different cores, 
even those based on benthic foraminifera. Recent studies have 
isolated systematic differences between good quality benthic 
records from different regions which have been interpreted as 
indicating that the deep Atlantic. which at present is -2°C 
warmer than the Pacific, was significantly colder than this during 
glacial times than at presents. However, in these studies it was 
only possible to study inter-oceanic gradients; a change in the 
average temperature of the whole deep ocean could not be 
distinguished from a whole-ocean isotopic change. 

We have made a detailed comparison between a deep Pacific 
''0 record from core V19-30 (ref. 6), and a high-resolution 
sea-level record from the Huon Peninsula. New Guinea. 
Although neither can be regarded as a perfect monitor of global 
ice volume, both records must be dominated by a common 
ice-volume signal. In making this comparison. we extend earlier 
discussions which noted a discrepancy between sea-level records 
of the past 120 kyr as indicated by raised marine terraces, and 
by the marine oxygen isotope record'.? The record from core 
V19-30 has been fully documented as has the methodology on 
which it is based6. The Huon sea-level record9 is less well known 
and its derivation is reviewed to clarify the assumptions involved 
in comparing it with the "0 record. 

Sea-level changes over the past 300 kyr have been interpreted 
from a flight of raised wral terraces along the tectonically rising 
north-east coast of Huon Peninsula. Individual reef terraces 
were dated using the "C and 230Th/234~ methods, which have 
given good internal consistency within morphological units'"". 
Each reef developed when the rising sea level overtook the rising 
land; reef crests represent approximately the peaks of each 
transgression".". Terrace heights increase southeastwards along 
the coast with increasing uplift rates. The morphology and 
internal structure of each reef indicates the course of sea-level 
change relative to the rising land, so that sea level relative to 
stable ocean floor can be extracted for each section if the uplift 
rate for that section is known. 

STAMP NOTICE: 
THIS MATER!AL PROTECTED 
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Fig. 1 a, qttailed us-level curve for Huon Peninsula from ref. 
9, with small notches eliminated. b, 'b record for the past 340 kyr 
from east quatorial core V19-30, from musurmcnts of benthic 
Uvfgdna scntfwrq plotted to an orbitally-tuned timescale and 
smoothed with a thm-point running mean. 5 Deuilcd sea-ltvel 
curve for Huon Peninsula as recalculated ma detailed cornlation 

with the "0 m r d  from core V19-30. 

We have estimated uplift rates assuming that sea level at - 125 kyr BP was 6 m above the present level9-". The spread in 
radiometric analytical data for this high sea-level event bas been 
interpreted as indicating that this episode may have been 
prolonged. However, stable isotope measurements in both mol- 
lusa" and coralsI6 have confirmed that this interval of high sea 
level coincided with the rather short substage Se in Lbc marine 
oxygen isotope sequence. Reef complex VII represents the '125- 
kyr marker' in the Huon sequence, and is divided into units 
VIIa and VI I~~- '~~ ' ' .  

Sea levels associated with other Huon reefs were estimated 
as follows: given the uplift rate 4 based on the elevation of 
reef VII in section j, sea level SU = HU - U',r, where H,, ia the 
elevation of the crest of ne f  i on section j and ti is the age of 
reef i Sea levels have been estimated for the m f  sequence at 
seven surveyed sections with uplift rates ranging from 
0.9 m kyr-' (north-west end of the Bight) to 3.5 m Ityr-' (south- 
east end of the flight)". Error estimates for the sea level 8ssoci- 
ated with each m f  crest arc based on mults from all d o n s ,  
combined with the contribution of dating errors9. The Iowa w 
levels which intervene between reef crests were estimated in the 
same way, using the heights of shallow marine m d  I i a o d  
deposits in the Tewai seaionq supported by d a t a  from other 
sections"'". 

The detailed sea-level curve for the past 260 ltyr derived by 
this method is shown in Fig. 14  modified from the prcviour 
version only in that small steps of a few metres amplitude have 
been smoothed out. 'These steps were interpreted from wave-cut 
notches throughout the terrace flight; they seem to represent 
individual seismic events and thus have no global validity'. The 
case for regarding Fig. la as a global curve rests on points of 
agreement with m u l u  from elsewhen. Sea levels at 105,83 and 
60 kyr agree closely with estimates from Barbadost2 and Timor" 
as well as being supported by dates from the ~ y u k u r ' ~  md in 
Vanuatu (New Hebrides)=. Sea level was estimated in these 
other areas using the same method, with the m f  or temce of 
125 kyr being the reference surface in each case. m e n 1  
between sites which are widely separated and which hm very 
different uplift rates supports the global UK of the Huon curve. 
However, less support is available for the low points, bcause 
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Table 1 Heifits, uplift m a  and sea-level estimates for Huon T m a  redions 
- -- - - - - - - 

Huon Age ( k ~ r  Toni Mean sea 
Reef adjusted) Kani.nra Blucha Kwambu Nama Sambero level 

Vlla 124 440 330 280 220 160 150 +6 (assumed) 
Uplift 3.5 2.61 221 1.72 1.24 1.16 (from Vlll a) 
(m kyr-') 

Vla 100 338. 250 215 160 1 I5 110 
-12 -1 1 -6 -12 -9 -6 -9 i3  

Vlb % 312 
-24 

Va 81 260 190 I55 117 90 80 
-23 -21 -24 -22 - 10 -14 -19i5 

Vb 72 216 ... 
-36 

I Va 59 I78 125 70 48 
-29 -29 -3 1 -25 -28*3 

lVbt 53 156 
-30 

111. 45 112 
-46 

lllb 40 98 70 41 28 10 -41 i 4 
-42 -34 -47 -41 -40 

I1 28 52 30 18 7 
-46 -43 -44 -41 -44 2 

Height data are from ref. 9 (Tewai) and ref. 12 (oth& ::dons). Heighu of reef VIIa at all except Tewai and Kwarnbu are as given for Vllb in 
ref. 12. Uplih rate is based on VIla = 12 kyr, su level ?t +6m. 

Estimated. not surveyed, height. All other heights arc from theodolite survey. 
t Heights of 1Vb and llla based only on Tewai section. as uncertainty exists over whether llla surveyed on other sections is equivalent to 53- 

or 45-kyr isotope points. 

the low sea-level deposits are generally buried by those of the 
subsequent transgression. Low sea-level points are a good test 
of the global applicability of the curve because isostatic and 
other factors will probably have their greatest effect between 
glacial maxima and minima. 

7he low sea level at 18 kyr corresponding to the last glacial 
maximum is an important point for comparison with "0 records. 
Figure l a  shows this level at -150111 based mainly on results 
from northern Australia where lagoonal facies at -135 m (ref. 
21). intertidal beach rock at -150111 (ref. 22). and coral below 
a terrace at -165 m (ref. 23) occur at sites on the outer shelf 
margins and are dated between 14 and 18 kyr. Lesser values, 
around -90 to -110 m are reported from the west ~ t l a n t i c ~ ~  
and Texas Gulp'. Variations around the globe areto be expected 
as a result of adjustment to glacial/interglacial ,changes of ice 
and ocean volumeszbz8. although the magnitude of predicted 
variation differs from one geophysical model to another. The 
sea-level change between 18 kyr and the pment on a broad 
shelf would be expected to be larger than that recorded on a 
dipstick-type margin such as the Huon ~en insu la~ '~ ,  so that 
150 m may be an overestimate of the 18-kyr level at Huon. 
Undated evidence does occur at Huon in the form of a sub- 
merged terrace running along the submarine margin. This is 
narrow and coraline where it occurs in front of coral terraces. 
and broad and gravelly where it lies off the Bank of a broad 
deltaic plain". Correcting its level for local uplih puts the sea 
level at -130 m for each locality". In view of this consistency, 
we use this estimate of -130 m in our subsequent discussion. 

The 6180 record from core V19-30, based on Uvigerina sen- 
ricosq is shown in Fig. 16. The original sampling interval of 
3 cm corresponds to -500 yr on average althou h this value 
varies down the core as accumulation rate variest1. Figure Ib 
shows the record using a timescale that was developed by the 
SPECMAP project", and smoothed using a three-point running 
mean. This timescale was developed iteratively, the starting point 
being radiometric age determinations both in marine sediments 
and in coral terraces. The final timescale is developed by tuning 
the initial record on the basis of its relationshi to orbital P precession, obliquity and eccentricity functions3'* '. Although 

the final timescale is not dependent in detail on particular 
radiometric dates, the modifications are within the uncertainties 
of the age estimates at all pointsJzf3. In fact, the orbital theory 
does not provide sufficient constraints on the timescale within 
stage 3 (in the ringe 30-60 kyr BP) so that no significant depar- 
tuns from the chronology implied by direct radiometric dating 
have been used in this interval. 

We consider that for the part of the record older than stage 
3, the orbitally tuned timescale should be used to refine the age 
estimates for the Huon Peninsula reefs, on the grounds that 
independent lines of evidence converge in support of this 
mechanism, and that the assumption of orbital forcing places 
constraints on the timescale from 70 kyr back past the useful 
limits of U-series dating that are much tighter than those imposed 
by the analytical uncertainties on radiometric dates in this inter- 
val. Figure l c  shows the Huon sea-level record as re-estimated 
on this basis; each sea-level maximum and minimum has been 
assigned the same age as the assumed correlative in the V19-30 
record. The amplitude of some peaks differs significantly 
between Fig. l a  and c because the sea-level estimate for any 
point in the sequence depends on the assumed age for that 
point. The sea level also depends on the value of the uplih rate 
adopted in each section which depends on the age assumed for 
reef VII. It also depends on whether this age, and the 6-m 
calibration height, is assigned to terrace VIIa or Vllb. Finally 
in traverses containing a single feature for reef V11 the uplih 
rate depends on whether this feature is assumed to represent 
VIIa or VIIb. Because oxygen isotope studies clearly associate 
reef VIIa (the older) with substage 5e (ref, 17). and also associate 
the undifferentiated but dated level in Barbados".I6 and in 
Curacao with 5e, it must be assumed that VIIa is the calibration 
level to make a comparison consistent with the deep-sea "0 
record. There are various sources of data from the Huon 
Penin~ula~- '~,  so to remove confusion, Table I lists reef crest 
heights from each surveyed traverse togelher with the age that 
we have adopted for each, and the resulting sea-level estimate. 

Before 130 kyr the sea-level curve derived from marine ter- 
races is subject to larger uncertainties because both the assigned 
ages and assumed uplih rates become less secure. However. for 



NATURE VOL. 324 13 NOVEMBER 1986 
. LmERs 

0 -50 -100 -150 
HP 2 rar Iavwl (ml I 

Fig. 2 Huon sea level (recalculated age model, Fi& Ic) versus 
equivalent "0 in V19-30. from data in Table 2 Regression line 
a, ~5~%=3.96-0.0097 sea level, fined to a11 pointh from 17 to 
112 kyr, r' = 0.86. Line b is drawn parallel to the rigrcssion line 
u, but passes the area at top ien which encompasses dam for 5e 

(124 kyr) and recent (6 kyr-present). 

the past 130 kyr we regard Fig. Ic as the b a t  sea-level rewrd 
available for the New Guinea/Australian region (noting that 
the magnitude of sea-level oscillations may be smaller in other 
parts of the world as a result of isostatic factors). W~thin the 
past 130 kyr the greatest uncertainty relates to the reef IVb-IIIa 
area where the isotopic rewrd shows little structure (see Table 
2); in Fig. l c  a gap is shown over this part. Table 2 lists sea 
levels for most turning points in Fig. l q c  as well as the "0 
values for corresponding points in V19-30. 

Comparing Fig. l b  with Fig. lc, it is particularly striking that 
the sea-level peaks within the last glacial cycle, and especially 
the well controlled peaks at -106 and 81 kyr, '(an relatively 
closer to the Recent and 124-kyr levels than the equivalent "0 
values. Figure 2 plots sea level against "0 for all established 
turning points in Fig. lc A cluster of points amund zero sea 
level and +3.4% corresponds to full interglaciab stage 1 and 
substage St. A single line cannot be drawn through all data 
points: that is, there is not a simple linear relatiohship between 
sea level and "0 in benthic foraminifera Althoughthis situation 
could result in part from temporal variations in the isotopic 
composition of the stored ice, this cannot be the chief factor 
involved. If the 0.6% isotopic difference between the interglacial 
points and the two terraces at - -20 m were to be explained 
solely in terms of the removal of isotopically li ht water from f' the ocean, this would necessitate ice with an 0 content of 
-100%. The lightest ice in Antardca is --60%~". The 
average isotopic composition of the ice in an ice sheet depends 
mainly on the isotopic composition of the snow falling in the 
cold central region. which depends on the air temperature and 
hence mainly on the altitude of the central p a n  Thus the first 
ice accumulating in small Northern hemisphere ice sheets must 
have been less isotopically light than was the ice stored in the 
fully developed ice sheet. 

One possible solution to this difficulty could be that a 
significant amount of isotopically light floating ice accumu- 
~ated'~"'. This would change the ocean isotopic composition 
without having any effect on sea level. The only place where a 
sufficient quantity of floating ice can plausibly be envisaged is 
the Arctic Ocean; the detailed and continuous stratigraphic 
sequences that have recently been documented from deepsea 
cores in the Eastern Arctic  asi in'^ exclude the possibility that 
this ingenious idea is correct, at least for the 18 kyr glacial 
maximum. The data in Fig. 2 require a mechanism that operated 
during warm substages 5a and 5c as well as at glacial maximum 
time. 

A more probable explanation i s  that this isotopic shift results 

Tabk 2 Huon ra levels and V19-30 "0 vrlua 

Age Su level Age Su level 
Huon HPI HPl HP2 HP2 
Reef (k~r) (4 (Lyr) (rn) 8 ' b  

Modem 
I 
1/11 
11 
II/IIIb 
llIb 
Illb/a 
llla 
IIIa/rvb 
IVb 
IVb/a 
IVa 
IVa/Vb 
Vb 
w / a  
va 
Va/VIb 
vlb 
VIbIa 
vla  
vla/VlIb 
Vllb 
VIIb/a 
Vlla 
VlI/vlII 

from a temperature effect on the isotopic composition of the 
benthic foraminifera analysed. A best-fit line through all the 
glacial points in Fig. 2 intmepta the axis at -+3.99! (line a 
on Fig. 2). requiring a temperature difference of -2T.  The 
slope of this line is 0.9TL per 10 m (very dose to the genmlly 
adopted valuea) which corresponds to a mean "0 content for 
the abstracted water of - - 3 9 4  a reasonable value. 

Deviations from this regression arc still significant; in Fig. 3 
we examine the temporal pattern of the deviations from line b 
on Fig. 2, which parallels line a and patsg the Reant points, 
to evaluate the relative contniutions of vaying m I m l  
water temperature and ice isotopic composition to the "9% 
record. For convenience, Fig. 3 has a scale representing deep  
water potential temperature at the site of core V19-30 (refs 41, 
42). This scale would be valid only if there were no variation 
in the isotopic composition ofstored ice-sheet ice. Ifthis asntmp 
tion is wmd, Pacific deep watm cooled rapidly to --0T by 
-1lOkyr. and then cooled more slowly to --I T mound 
40kyr.wanningtoOTat 18kyrandthento 1 J T a t p r r r e n t  
Although a warming at 18 kyr seems stuprising, one model hu 
predicted such an effecto. However, an alternative rropld k 
that the stored ice (which induda  Antaruic ice) kame 
gradually more negative between 110 and 30 kyr (ref. 44). d 
that the very rapid advance of ice to Iower Iatituda bcmcca 30 
and 20 kyr involved more temperate ice that was l a r  isotopically 
negative. Further work will k needed to establish Lhc pos- 
sible contribution of temperature variability to the pattern 
in the glacial s d o n  of Fis 3; we regard the o v d  g h h l  
cooling of Pacific deep water by 1.5 T tba! is implied, u in- 
escapable. 

It would be useful to compare the older sections of the Huoa 
and V19-30 records, but this is not possible for m d  fcmonc 
(1) there is no earlier sea-level datum comparable to that at 
124kyr to use for uplift-rate calibration; (2) the enon in 

d a t a  h m e  more serious in this in-, Fig. 1 
suggests that this method may actually o v d a m t c  a g a  in the 
180-240 kyr age range; (3) only two leaions have been mmyad 
for the preJe part of the Huon record. It is r e p a a b l e  that the 
morphostratigraphy of this impo-t Upper Quucrnuy a m  
has been surveyed and described by only one geologist (LC.). 



Flg. 3 Residuals from l ine b (Fig. 2) versus es~imated age. Scale 

t o  r ight  shows calculated potent ia l  temperature a t  the sea floor at 
the site o f  core V19-30, i f  th is  l i ne  i s  interpreted as the correct 
relat ionship between sea level a n d  ocean b"0, a n d  deviations 

from the l ine ascribed t o  tempernturn. Heavy dashed l i ne  is  our 
preferred i n~e rp re ta t i on  o f  the temperature record; the light dot ted 

l ine is an alternative. 

No other area is known where the details of sea-level change 
are available for field examination. 

We conclude that deep waters in the Pacific Ocean were - 1.5 "C cooler in glacial and interstadial times than in the short 
(- 10 kyr duration) interglacials of substage 5e and the present. 
One interpretation of our analysis is that deep water was coldest 
at -40 kyr and that almost 1 'C of warming occurred by the 
glacial maximum and a further 1.5 'C of warming subsequently. 
Alternatively, part of the observed detail multed from changes 
in the isotopic composition of the ice sheets. with the deep 
Pacific remaining - 1.5 % cooler than the ~ m e n t  temrxrature 
throughout the giacial. Regardless of this d&il, massiv;cooling 
of the already cold abyssal ocean must be considered an impor- 
tant aspect of the ice age climate. 

This work was supported in Cambridge by the NERC. N.J.S. 
acknowledges stimulating discussion with many colleagues. par- 
ticularly J.-C. Duplessy. 
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Aluminium is a ptf-lcnsitive element that can cause acute toxicity 
symptoms in some orgmism at aqueous adivltia of 10pM or 
leg Scientists working on 8gdcuihrli system have long been 
concerned witb t k  delderioas effects of alaminium on aop 
roots*. More m t l y ,  mironmcotal Kicatista bave reported a 
potentially harmful bkgcacbcmial link between acidic d&sitlon 
onto f o r d  wib a d  aiuminium toxicity in for& and atmatic 
commnnitiu of rortbnrten North America a d  r o r k m  
Europeu. Beaorc of thb p m n l  iaterat in alamiainm toxleity 
as an clrironmclrtal tbmt, tbcre bave k c o  renewed etlorb to 
model the cbemirtry a d  trrmport of aqueous aluminlam in roib 
and surface mten. Hen we propose that much of tbc spatial rod 
temporal variability In aqaroos aluminium rbcmttry can be 
aecwoted for by a Wwompoacnt qailibriam model imoirlng a 
wiid-phase bumic adrorbent and an aluminium Mbydmlde 
mimnl phuc Inputs for t k  model are wlution pH, copper- 
extndable organic alamlniam a d  t k  tltntable arboxyl conteot 
of mii bumor 

Several ~ o r k e r s ~ . ' ~  have found that [~l '*]  (aquo aluminium 
ion activity) in surface waters can be predicted accurately as a 
function of pH using 'an aluminium trihydroxide solubility 
relationship. However, other reports"'" have presented data 
revealing aluminium concentrations that are much lower than 
predicte&hat is, despite pH values less than 4.5 and elevated 
wncentrations of complexing organic ligands, the solutions 
contained low concentrations of soluble aiuminium. This illus- 
trates the failure of existing geochemical models to account for 
all the major variations in [A13+] and we refer to it as the 
'paradox of aluminium undersaturation: 

Figure 1 shows [AIJi] for a variety of natural waters from 
North America and northern Europe. The expected pAIJi values 
for solutions in equilibrium with natural gibbsiteand amorphous 
AI(OH), are also shown. As illustrated, there are three major 
points where observed and predicted aqueous aluminium 
activities diverge: the upper soil rooting zone, downstream of 
wetlands and during stream peak flows. While it h u  been 
suggested that these cases of lowend [AIJi] a n  the mult of 
kinetic constraints on the dissolution of mineral a~uminium'~, 
there have been no rigorous efforu to confirm the kinetic 
hypothesis in natural systems. In this study. our objective was 
to derive a model that could account for these 'undenaturated' 


