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Oxygen isotopes and sea level 

J. Chappell• & N.J. Shackletout 
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t Godwin Laboratory for Quaternary Research, Universily of 
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From the time that detailed oxygea Isotope records derl•~ from 
foraminifera living Ia the coastaat-taapentare amroaiiH'IIt of 
the abyssal ocean became aYallable, there bas beea a dlacrepaiiCJ 
between the Ice volume reconl that tbese records Imply. allll that 
derived from the altitude of dated coral terraces aroallll the world. 
Here, we re-examine the data and conclude that the temperature 
of the abyssal ocean has been an ac:tlYely nrylag compoaeat or 
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 1

• ~··o in foraminifera varies with 
l3 180 in the water from which their carbonate tests are deposited, 
but differs from the water value by an amount that is temperature 
dcpcndcnt2

• The mean ~ 180 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 salinitr 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 ~ 180 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 oc 
warmer than the Pacific, was significantly colder than this during 
glacial times than at present5

• 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 
180 record from core VJ9-30 (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 
icc volume, both records must be dominated by a common 
icc-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 record7

•
8
• The record from core 

V19-30 has been fully documented as has the methodology on 
which it is bascd6

• The Huon sea-level record9 is less well known 
and its derivation is reviewed to clarify the assumptions involved 
in comparing it with the 110 record. 

Sea-level changes over the past 300 kyr have been interpreted 
from a flight of raised coral terraces along the tectonically rising 
north-east coast of Huon Peninsula. Individual reef terraces 
were dated using the 14C and 210oyn/214U methods, which have 
given good internal consistency within morphological units 1o.t•. 
Each reef developed when the rising sea level overtook the rising 
land; reef crests represent approximately the peaks of each 
transgrcssion 11'u. 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. 
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Fl&- I a, Detailed sea-level curve for Huon Peninsula from ref. 
9, with small notches eliminated. 6, •so rec:ord for the past 340 tyr 
from eut equatorial c:ore Vl9-JO, from measurements or benthic 
Uolgmna stntlcosa, plotted to an orbitally-tuned timescale and 
smoothed with a three-point running mean. c. Delailcd sea-level 
curve for Huon Peninsula 15 recalculated ancr detailed c:orrelatioa 

with the 110 record from c:ore Vl9-JO. 

We have estimated uplift rates assuming that sea level at 
-125 kyr BP was 6 m above the present Ievel'-12

• The spread in 
radiometric analytical data for this hi&h sea-level event bas been 
interpreted as indicating that this episode may have been 
prolonged. However, stable isotope measurements in both mol­
luscs" and corals16 have confirmed that this interval of high sea 
level coincided with the rather short substage Se in the marine 
oxygen isotope sequence. Reef complex VII represents the •t:zs. 
kyr marker' in the Huon sequence, and is divided into units 
VIla and VIIb9

' 12•
17

• 

Sea levels associated with other Huon reefs were C~timated 
as follows: &iven the uplift rate ~ based on the elevation of 
reef VII in section j, sea level Sv = Hv- ~11 where H.,1 is the 
elevation of the crest of reef i on section j and t1 is the age of 
reef i. Sea levels have been estimated for the reef sequence at 
seven surveyed sections with uplift rates ranJing from 
0.9 m kyr-• (north-west end of the flight) to 3.5 m kyr-1 (south­
east end of the flight) 12

• Error estimates for the sea level associ­
ated with each reef crest are based on results from all sections. 
combined with the contribution of dating erron9

• The lower sea 
levels which intervene between reef crests were estimated in the 
same way, using the heights of shallow marine and liuoraJ 
deposits in the Tewai scction9

, supported by dates from other 
sectionsu·••. 

The detailed sea-level curve for the past 260 kyr derived by 
this method is shown in Fig. Ia, modified from the previous 
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 J)obal validity9

• The 
case for regarding Fig. Ia as a global curve rests on points of 
agreement with results from elsewhere. Sea levels at lOS, 83 and 
60 kyr agree closely with estimates from Barbados12 and nmoru 
as well as beina supported by dates from the Ryutus19 and in 
Vanuatu (New Hebrides)zo. Sea level was estimated in these 
other areas using the same method, with the reef or terrace of 
125 kyr beina the reference surface in each case. Ap'ccment 
between sites which are widely separated and which have very 
different uplift rates supports the global usc of the Huon curve. 
However, less support is available for the low points, because 
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Table I Heishts, apllf't rates and sea-level estimates for Huon Terrace sections 

Huon Age (kyr Mean sea 
Reef adjusted) Tewai Kaniarua Blucher Kwambu Nama Sambero level 

f 

VIla 124 440 330 280 220 160 ISO +6 (assumed) 
Uplift 3.5 2.61 2.21 1.72 1.24 J.J6 (from VIII a) 

(m kyr- 1) 

VIa 100 338. 250 215 160 liS 110 
-12 -II -6 -12 -9 -6 -9%) 

Vlb 96 312 
-24 

Va 81 260 190 ISS 117 90 80 
-23 -21 -24 -22 -10 -14 -l9:tS 

Vb 72 216 
-36 

IVa S9 178 12S 70 48 
-29 -29 -31 -2S -28±3 

IVbt S3 1S6 
-30 

lila 45 112 
-46 

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

II 28 S2 30 18 7 
-46 _.,3 -44 -41 -44±2 

Height data are from ref. 9 (Tewai) and ref. 12 (oth~ sections). Heights of reef VIla at all except Tewai and Kwambu are as given for Vllb in 
ref. 12. Uplift rate is based on VIla"' 12 kyr, sea level at +6 m . 

• Estimated, not surveyed, height. All other heights are from theodolite survey. 
t Heights of IVb and Ilia based only on Tewai section, as uncertainty exists over whether lila surveyed on other sections is equivalent to S3· 

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 witt probably have their greatest effect between 
glacial maxima and minima. 

The tow sea level at 18 kyr corresponding to the last glacial 
maximum is an important point for comparison with 110 records. 
Figure I a shows this level at -ISO m based mainly on results 
from northern Australia where lagoonal facies at -13S m (ref. 
21), intertidal beach rock at -ISOm (ref. 22), and coral below 
a terrace at -16S m (ref. 23) occur at sites on the outer shelf 
margins and are dated between 14 and 18 kyr. Lesser values, 
around -90 to -110m are reported from the west Atlanticl4 

and Texas Gulf'. Variations around the globe are' to be expected 
as a result of adjustment to glacial/interglacial ;changes of ice 
and ocean volumes2r..21

, although the magnitude of predicted 
variation differs from one geophysical model to another. The 
sea-level change between 18 kyr and the presen~ on a broad 
shelf would be expected to be larger than that recorded on a 
dipstick-type margin such as the Huon Peninsula21

"
30

, so that 
ISO 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 flank of a broad 
deltaic plain 11. Correcting its level for local uplift puts the sea 
level at -130 m for each locality11• In view of this consistency, 
we use this estimate of -130 m in our subsequent discussion. 

The 6110 record from core V19-30, based on Uvigerina sen­
ticosa, is shown in Fig. I b. The original sampling interval of 
3 em corresponds to -soo yr on average althoulh this value 
varies down the core as accumulation rate varies .3•. Figure Ib 
shows the record using a timescale that was developed by the 
SPECMAP project11

, 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 or its relationshiE to orbital 
precession, obliquity and eccentricity functions31

• 3• 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 pointsJUJ. In fact, the orbital theory 
does not provide sufficient constraints on the timescale within 
stage 3 (in the range 30-60 kyr BP) so that no significant depar­
tures 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 or evidence converge in support or this 
mechanism, and that the assumption of orbital forcing places 
constraints on the timescale from 70 kyr baclc 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 I 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 Vl9-30 
record. The amplitude of some peaks differs significantly 
between Fig. la and c because the sea-level estimate for any 
point in the sequence depends on the assumed age for that 
poinL The sea level also depends on the value of the uplift 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 VIla or Vllb. Finally 
in traverses containing a single feature for reef VII the uplift 
rate depends on whether this feature is assumed to represent 
VIla or Vllb. Because oxygen isotope studies clearly associate 
reefVIIa (the older) with substage Se (ref. 17), and also associate 
the undifferentiated but dated level in Barbados15

•
16 and in 

Curacao with Se, it must be assumed that VIla is the calibration 
level to make a comparison consistent with the deep-sea 110 
record. There are various sources of data from the Huon 
Peninsula9

"
14, so to remove confusion, Table I lists reef crest 

heights from each surveyed traverse together 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 uplift rates become less secure. However, for 
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Fig. 2 Huon sea level (recalculated age model, Fig. lc) versus 
equivalent 180 in Vl9-30, from data in Table 2. Regression line 
a, 8 180=3.96-0.0097 sea level, 6tted to all pointS· from 17 to 
IIH:yr, ~ = 0.86. Line b is drawn parallel to the regression line 
a, but passes the area at top ten which encompasses data for Se 

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

the past 130 kyr we regard Fig. lc as the best sea-level record 
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). Within the 
past 130 kyr the greatest uncertainty relates to the reef IVb-llla 
area where the isotopic record shows little structure (see Table 
2); in Fig. lc a gap is shown over this part. Table 2 lists sea 
levels for most turning points in Fig. la.c as well as the 110 
values for corresponding points in V19-30. 

Comparing Fig. 1 b with Fig. 1 c, 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, 'are relatively 
closer to the Recent and 124-lcyr levels than the equivalent 110 
values. Figure 2 plots sea level against 110 for all established 
turning points in Fig. 1 c. A cluster of points around zero sea 
level and + 3.4%. corresponds to full interglacial< stage 1 and 
substage Se. A single line cannot be drawn through all data 
points: that is, there is not a simple linear relationship between 
sea level and 180 in benthic foraminifera. Although this 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 --20m were to be explained 
solely in terms of the removal of isotopically Ii~ht water from 
the ocean, this would necessitate ice with an 10 content of 
-100%.. The lightest ice in Antarctica is --60~34•35• 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 part. Thus the 6rst 
ice accumulating in small Northern hemisphere ice sheets must 
have been less isotopically light than was the ice stored in the 
fully developed icc sheet. 

One possible solution to this difficulty could be that a 
significant amount of isotopically light floating. ice accumu­
lated36"38. This would charige 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 deep-sea 
cores in the Eastern Arctic Basin311 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 Sa and Sc as well as at glacial maximum 
time. 

A more probable explanation is that this isotopic shift results 

Ta•le 2 Huon tea Ieveii and Vl9-30 110 values 

~e Sea level ~e Sea level 
Huon HPI HPJ HP2 HP2 
Reef (kyr) (m) (kyr) (m) 4110 

Modem 0 0 ·11 0 0 3.42 
I 6 0 6 0 3.47 
1/11 18 -150 17 -130 S.09 
II 30 -46 29 -46 4.48 
11/lllb 34 -62 3S -6S 4.67 
lllb 40 -40 40 -41 4.47 
lllb/a 43 -S7 42 -S2 4.66 
Ilia 47 -42 44 -4S 4.SI 
llla/IVb ss -78 ? ? 
IVb sa -36 S3 -30 4.30 
IVb/a 60 -40 S6 -44 4.S8 
IVa 62 -27 S9 -28 4.20 
JVa/Vb 72 -88 64 -61 4.66 
Vb 77 -S2 72 -36 4.21 
'It)/ a 79 -60 74 -44 4.33 
Va 83 -18 81 -19 3.99 
Va/VIb 89 -48 88 -44 4.37 
Vlb 9S -22 96 -26 4.09 
Vlb/a 99 -38 
VIa lOS -12 106 -19 4.03 
Vla/VIIb 112 -60 112 -62 4.38 
Vllb 120 +4 118 0 3.49 
Vllb/a 123 -8 122 -8 
VIla 132 +6 124 +6 3.37 
VII/VIII ISO -14S I3S -130 S.20 

from a temperature effect on the isotopic composition of the 
benthic foraminifera analysed. A best-6t line through all the 
glacial points in Fig. 2 intcrcepU the axis at -+3.9s-"' (line 111 

on Fig. 2), requiring a temperature difference of -2 -c. The 
slope of this line is 0.9T"' per 10m (very dose to the gencrally 
adopted valuc..o) which corresponds to a mean 110 content for 
the abstracted water of - - Js-"'- a reasonable value. 

Deviations from this regression are lltill signi6cant; in Fig. 3 
we examine the temporal pattern of the deviations from line b 
on Fig. 2, which parallels line 111 and passes the Recent points, 
to evaluate the relative contn'butions of varying sea level. deep­
water temperature and ice isotopic composition to the 1'0 
record. For convenience, Fig. 3 bas 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 of stored ice-sheet ice. If this assump­
tion is correct, Pacific deep waters cooled rapidly to -o -c by 
-llOkyr, and then cooled more slowly to --1-c around 
40 kyr, warming to 0 -c at 18 kyr and then to 1.5 -c at present. 
Although a warming at 18 kyr seems surprising, one model bas 
predicted such an effect0 • However, an alternative WODJd be 
that the stored ice (which includes Antarctic ice) became 
gradually more negative between 110 and 30 kyr (ref. 44), and 
that the very rapid advance of ice to lower latitudes betweea 30 
and 20 kyr involved more temperate ice that wu less isotopically 
negative. Further work will be needed to establish Cbc poa­
sible contribution of temperature variability to the pat1em 
in the glacial section of Fig. 3; we regard the ovcrall &Jacial 
cooling of Pacific deep water by 1.5 -c that is implied. u ill­
escapable. 

It would be useful to compare the older sections of the Huoa 
and V19-30 records, but this is not pouible for several reasODI! 
( 1) there is no earlier sea-level datum comparable to tblc at 
124 kyr to use for uplift-rate calibration; (2) the erron ia 
l»y'1Jj234U dates become more serious in this interval; fia. 1 
suggests that this method may actually overestimate qes ia tbe 
180-240 kyr age range; (3) only two sections have been I1IJ'Veyed 
for the pre-Se part of the Huon record. It is regrettable that the 
morphostratigrapby of this important Upper Quatenwy area 
has been survcy~d and described by only one geologist (J.C.). 
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Flc. 3 Residuals from line b (Fig. 2) versus estimated age. Scale 
to right shows calculated potential temperature at the sea lloor at 
the site of core Vl9-301 if this line is interpreted as the correct 
relationship between sea level and ocean &110, and deviations 
from the line ascribed to temperature. Heavy dashed line is our 
preferred interpretation of the temperature record; the light dotted 

line 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 shon 
( -10 kyr duration) interglacials of substage Se and the present. 
One interpretation of our analysis is that deep water was coldest 
at -40 kyr and that almost I •c of warming occurred by the 
glacial maximum and a funher t.S •c of warming subsequently. 
Alternatively, pan of the observed detail resulted from changes 
in the isotopic composition of the ice sheets, with the deep 
Pacific remaining -I.S •c cooler than the present temperature 
throughout the glacial. Regardless of this detail, massive cooling 
of the already cold abyssal ocean must be considered an impor­
tant aspect of the ice age climate. 
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Alumlalum Is a pH-seasltiYC elemeat that caa cause acute toxicity 
l)'lltf-toms Ia some orgaalsms at aqueous actiYitla or 10 J&M or 
lea__,_ Scleatlsts workllll oa aarlcultanlsystems ban loiiJ beea 
coaceraed with the deleterious etl'ects or alamlalam oa aop 
rootlu, More recatly, emroameatal ldeatlsts bne reported a 
poteatlally harmral bfoaeocbemlcalllak betweea addle deposltloa 
oato rorest soils aad alamlalum toxicity Ia rorest aa4 aqaatlc 
commaaltles or 110rtbeute111 North America aad 110rtbe111 
Europe-. Because or tbls aeaenllaterest Ia alamlalam toxldty 
as aa enlroameatal threat. there han beea reaewed etl'orts to 
model tbe dlemlstry aad rnasport or aqueous alumlalam Ia aolb 
aad surface waters. Here we propose that mach or tbe spatial aad 
temponl Ylrlablllty Ia aqaeoas alamlalam chemistry caa be 
accoaated ror by a two-cumpoaeat eqaJIJbrlam model IIIYolriac a 
solld-pbae bamlc adsorbeat aa4 aa alamlalam trlbydroxkle 
mlaenl plwe. lapatl ror tbe model are solatloa pH, copper­
extnctable orgaalc alamlalam a ad tbe tltntable carboql coateat 
or soli bamas. 

Several workers9
'
10 have found that [AI3 

.. ] (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"-u have presented data 
revealing aluminium concentrations that are much lower than 
predicted-that is, despite pH values less than 4.S and elevated 
concentrations of complexing organic ligands, the solutions 
contained low concentrations of soluble aluminium. This illus­
trates the failure of existing geochemical models to account for 
all the major variations in [All+] and we refer to it as the 
'paradox of aluminium undersaturation•. 

Figure I shows [All+] for a variety of natural waters from 
North America and northern Europe. The expected pAll+ values 
for solutions in equilibrium with natural gibbsite and 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 durina stream peak ftows. While it hu been 
suggested that these cases of lowered [All+] are the result of 
kinetic constraints on the dissolution of mineral aluminium'\ 
there have been no rigorous efforts to confirm the kinetic 
hypothesis in natural systems. In this study, our objective was 
to derive a model that could account for these •undersaturated' 


