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The Makatea Islands in the southern Cook Islands consist of a degraded volcanic core sur- 
rounded by emergent “makatea” limestones. While much of this reefal limestone is of Tertiary age, 
the seawardmost reefs are late Pleistocene. Last-interglacial reefs (oxygen isotope substage 5e) 
identified by U-series dating reach 12.2 m on Atiu (mean age of three samples 126,000 2 5000 yr 
B.P.), 9.8 m on Mitiaro (mean age of five samples 119,000 ? 3000 yr B.P.), 10.0-12.7 m on Mauke 
(mean age of four samples 128,000 + 5000, -4,000 yr B.P.), and 14.5-20.0 m on Mangaia (mean age 
of four samples 115,000 2 7000 yr B.P.). On Atiu, Mauke, and Mitiaro a lower reef unit has been 
identified, and is separated from the overlying substage Se reef by a sharp discontinuity, often with 
a crust of coralline algae. U-series dating from Atiu and Mauke indicates that this is a stage 7 reef 
formed in the penultimate interglaciation. The Makatea Islands have emerged as a result of flexure 
of the lithosphere in response to loading by the Pleistocene volcanic island of Rarotonga. Isolated 
outcrops of makatea limestone on Rarotonga reach 3.5 m and are probably of substage 5e age. 
Elastic and viscoelastic models of lithospheric flexure predict that much of the compensatory 
movement should occur shortly after the emplacement of the load. However, the age and elevation 
of late Quatemary reefs on the southern Cook Islands, where a Pleistocene volcanic island has 
loaded relatively old ocean floor (>80 myr), indicate that differential uplift has been continuing 
over the last 250,000 yr. o 1991 University of Warhmgton. 

INTRODUCTION 

Oceanic islands have frequently been 
used as geological “dipsticks” to record 
past changes of sea level (Bloom, 1967). 
The most detailed interpretations of Qua- 
ternary sea-level fluctuations have been de- 
rived from flights of coral reef terraces on 
uplifted islands on tectonically active plate 

margins (e.g., Barbados (Mesolella et al., 
1969); New Guinea (Bloom et al., 1974; 
Chappell, 1974); Ryukyu Islands (Konishi 
et al., 1974); Timor (Chappell and Veeh, 
1978; Jouannic et al., 1988); Haiti (Dodge et 
al., 1983)). The rate of uplift of these shore- 
lines has been determined by comparison of 
the height of a dated shoreline (usually the 
last interglaciation, oxygen isotope sub- 
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stage 5e) with the height of contemporane- 
ous shorelines on mid-plate islands which 
were considered stable. 

In a pioneering study on the application 
of uranium-series disequilibrium dating of 
corals on oceanic islands, Veeh (1966) dem- 
onstrated that limestones of last-interglacial 
age (ca. 120,000 yr B.P.) reach several 
meters above present sea level on a number 
of mid-plate islands. These observations 
have subsequently been used to support a 
widely held belief that global sea level at the 
peak of the last interglaciation was about 
6-7 m above its present level. 

However, it is now clear that few, if any, 
mid-plate oceanic islands, and little of the 
ocean floor, can be considered stable over 
geological time (Menard, 1986; Marty and 
Cazenave, 1989). The dominant trend is 
one of subsidence. Darwin proposed a the- 
ory of coral reef development linking to- 
gether fringing reefs, barrier reefs, and 
coral atolls into an evolutionary sequence 
that he envisaged to be driven by the pro- 
cesses of gradual subsidence of the volca- 
nic basement and vertical reef growth (Dar- 
win, 1842). This picture of reef develop- 
ment was essentially confirmed by deep 
drilling which encountered basalts at 
depths of up to 1400 m below sea level on 
several atolls in the Pacific (i.e., Eniwetok 
(Ladd et al., 1953); Mururoa (Lalou et al., 
1966)). More recently a further mechanism 
for subsidence has been proposed in asso- 
ciation with plate tectonics. Oceanic litho- 
spheric plates cool and contract with age 
and distance from the mid-ocean ridge (Par- 
sons and Sclater, 1977). Consequently plate 
motion results in the movement of islands 
into progressively deeper water (Scott and 
Rotondo, 1983). Linear chains of islands, 
such as the Hawaiian-Emperor seamount 
chain, generated over hotspots, demon- 
strate in lateral succession the various 
stages in the classic Darwinian sequence 
(Grigg and Epp, 1989). 

While subsidence is the dominant trend, 
there is evidence that several oceanic is- 
lands have undergone uplift. McNutt and 

Menard (1978) pointed out that many up- 
lifted mid-plate islands, known as “Maka- 
tea Islands,” are located in close proximity 
to young (Pleistocene) volcanic islands. 
They attributed emergence of these islands 
to their position on the uplifted arch result- 
ing from regional lithospheric flexure in 
compensation of the mass of the young vol- 
canic island. These authors also drew atten- 
tion to the fact that many of the islands, 
from which Veeh (1966) had dated emer- 
gent reefs of last interglacial age, appear to 
be located on such an uplifted arch (i.e., 
Oahu in the Hawaiian Islands, Makatea in 
French Polynesia, and Mangaia in the Cook 
Islands). 

In this paper we examine late Pleistocene 
reefal limestones on the Makatea Islands of 
the southern Cook Islands (Atiu, Mitiaro, 
Mauke, and Mangaia). Geological accounts 
of Mangaia and Atiu were published by 
Marshall (1927, 1930), and more recent de- 
scriptions of the entire Cook Island group 
were made by Wood and Hay (1970). We 
have undertaken detailed topographic sur- 
veys of each of the four Makatea Islands in 
the southern Cooks, Mangaia (Stoddart et 
al., 1985), Atiu, Mitiaro, and Mauke (Stod- 
dart et al., 1990). We concentrate upon rec- 
ognition of individual reef units within the 
late Pleistocene makatea limestones, and 
dating of corals from them by U-series dis- 
equilibrium dating. We demonstrate vari- 
ability in the elevation of contemporaneous 
reefs on each of the islands, implying that 
differential movement of the islands has 
been continuing over the last 250,000 years. 
These results in turn place major con- 
straints upon geophysical modeling of prop- 
erties of the lithosphere. 

THE SOUTHERN COOK ISLANDS 

The southern Cook Islands include 
Rarotonga, a dissected young volcanic is- 
land rising to 653 m; Aitutaki, an almost- 
atoll with a residual volcanic island 124 m 
high to the north of the lagoon; Takutea, a 
large isolated sand cay; Manuae, a small 
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atoll comprising two sandy islands; and reef development. Mangaia in the southern 
four Makatea Islands, Atiu, Mitiaro, Cook Islands is one Makatea Island that 
Mauke, and Mangaia (Fig. 1). Makatea Is- has received particular attention in the lit- 
lands, named after Makatea in French Poly- erature. Marshall (1927, 1930) and Davis 
nesia, generally consist of a degraded vol- (1928) considered that the depression be- 
canic interior of Cenozoic age, partially or tween the volcanic and limestone units rep- 
entirely surrounded by highly karstified and resented preservation of the constructional 
dissected Cenozoic reefal limestones, form of an uplifted barrier reef. Hoffmeister 
known as “makatea.” The volcanic core and Ladd (1935) challenged this construc- 
and the peripheral limestones are often sep- tional view of the topography and proposed 
arated by swampy footslopes and swamp- that it was an erosional topography, with an 
tilled depressions. The emergence of the inland cliff of limestone undergoing retreat 
reefal limestones, often tens of meters through karst erosion, a view recently con- 
above present sea level, indicates past up- firmed by Stoddart et al. (1985). 
lift, and these islands have posed a partic- The southern islands of the Cook Islands 
ular problem in the interpretation of coral rise from a sea floor more than 4000 m deep 

FIG. 1. Map showing bathymetry of southern Cook Islands (depth in meters). 
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(Fig. 1), estimated to be more than 80 myr 
old (Calmant and Cazenave, 1986), and 
form part of two linear chains that continue 
through the Austral Islands. Both island 
groups fall within the region of low elastic 
thickness lithosphere between 10 and 30” S 
and 120 and 160” W (Calmant and Ca- 
zenave, 1987) related to large-scale patterns 
of mantle convection (Cazenave et al., 
1989). These linear chains appear to have 
developed over hot spots in the vicinity of 
MacDonald Seamount. However, within 
the southern Cooks, only Mangaia, on 
which volcanism has been K-Ar dated at 
18.9-16.6 myr (Dalrymple et al., 197.5; 
Turner and Jarrard, 1982), is consistent 
with such propagation (Jarrard and Clague, 
1977; Stoddart and Spencer, 1987). Dates 
on basalts of l&8 myr on Atiu, ~6.0 myr 
on Mauke, and >12.3 myr on Mitiaro are 
considerably younger than would be ex- 
pected. Rarotonga is formed largely of 
Pleistocene volcanic rocks formed 2.8-l .2 
myr ago. 

McNutt and Menard (1978) proposed that 
the uplift of the Makatea Islands in the 
southern Cook Islands occurred as a flex- 
ural response to loading of the ocean floor 
by Rarotonga, Aitutaki, and Manuae. 
While lithospheric flexure in response to 
volcanic loading has become widely recog- 
nized, the exact modeling of the compensa- 
tory uplift is compounded because flexure 
is a function of (a) the density distribution 
of the load, (b) the degree of moat in-fill, 
and (c) the (age-related) rigidity of the 
lithosphere. Details of the flexural re- 
sponse, particularly in the southern Cook 
Islands, have been the subject of several 
controversial revisions (Jarrard and 
Turner, 1979; Lambeck, 198la, 198lb; 
Spencer et al., 1987, 1988). 

The limestones comprising the makatea 
on the Makatea Islands are shallow water 
reefal limestones. The upper surface has 
been eroded into tortuous pinnacles. Near- 
vertical cliffs dominate the seaward margin 
of each of the islands, and the landward 
margin is typically also a vertical cliff with 

swampy water undercutting the base of the 
cliff in many places. There are extensive 
cave systems, particularly on the higher is- 
lands of Mangaia and Atiu (Marshall, 1927, 
1930). 

METHODS 

Islands in the southern Cook Islands 
have been visited by several of us on a num- 
ber of occasions since 1969. Topographic 
surveys of coastal morphology have been 
undertaken using a Kern automatic level. 
Surveys have been related where possible 
to the ordinary crests of the algal rim of the 
fringing reef. This level corresponds closely 
with the upper limit to coral growth on the 
reef flat and the lower limit of sand in 
pocket beaches, and is approximately mean 
low water (Stoddart et al., 1990). Tidal 
range is approximately 80 cm for each is- 
land. 

A number of coral samples were col- 
lected from Pleistocene reefs. Samples 
which could clearly be seen to be in their 
position of growth were sampled preferen- 
tially. Visual examination revealed that 
many of the fossil corals contained calcite 
crystals implying recrystallization and 
many samples were rejected on this basis. 
Mineralogy of samples thought potentially 
datable was determined by X-ray diffrac- 
tion, and thin-sections of selected samples 
were also prepared. Only corals comprising 
98% or more of aragonite were selected for 
U-series dating after ultrasonic cleaning 
(Table 1). Corals from Mangaia were dated 
at Southern Methodist University; these 
dates (Table 1) have already been reported 
separately by Spencer et al. (1988). Corals 
from Atiu, Mitiaro, and Mauke were dated 
at the Environmental Laboratory, Austra- 
lian Nuclear Science and Technology Or- 
ganisation. Samples were powdered and ul- 
trasonically dispersed in water to which 
236U and 229Th tracers had been added. Dis- 
solution was effected by slowly adding ni- 
tric acid (under ultrasonic agitation) until a 
stable pH <2 was obtained. The solution 
was then boiled with a little 30% hydrogen 
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peroxide to oxidize organics and U and Th 
isotopes collected by coprecipitation on an 
iron hydroxide precipitate at pH 7-9. U and 
Th fractions were purified by several anion 
exchange column separations before elec- 
trodeposition onto mirror-finish stainless 
planchets for high-resolution alpha spec- 
trometry. 

Four check samples (MTl, MT13, MK6, 
and MK14) were analyzed in duplicate at 
ANSTO (LH 0634 and 0634’, 0642 and 
0642’, 0636 and 0636’, 0633 and 0633’ in 
Table 1). They were also dated by M. 
Ivanovich at the Harwell Laboratory 
(HAR6235-6238 in Table 1). These check 
dates did not agree as closely as we had 
hoped. In particular, sample MK6 yielded a 
considerably younger age when dated at 
Harwell, than when dated in duplicate at 
Lucas Heights. There appears to be no field 
attribute which can explain the degree of 
variability which was observed between 
some Lucas Heights duplicates and be- 
tween the two different laboratories. Thin 
sections revealed little or no contamination 
in the corals dated. A trace of acicular ce- 
ments was seen in the older samples (MK14 
and MK6), and some blocky calcite was 
also found infilling pores in AT2. We be- 
lieve that some degree of short-range vari- 
ability may be ascribed to disturbances of 
the isotopic systems during early diagene- 
sis, as has been seen in other recent de- 
tailed U-series dating programs on intergla- 
cial corals (Ku et al., 1990). In interpreting 
the dates in Table 1 we have used the com- 
plete suite of Lucas Heights analyses 
(LH0632-0647), on the basis of which, to- 
gether with stratigraphic setting, we believe 
we can unambiguously ascribe corals to in- 
dividual interglacial oxygen isotope stages. 

LATE PLEISTOCENE LIMESTONES 

Atiu 

The degraded volcanic interior of Atiu 
reaches a maximum elevation of 72 m; ba- 
salt is not exposed, but the rounded slopes 

are veneered by deep red weathered soils. 
Makatea limestones have an average width 
of 1100 m, and rise up to at least 22.1 m; on 
the I:7920 photogrammetrically produced 
topographic map (Hunt, 1969) there are 
several spot heights of 23 m. The makatea 
limestones are highest to the northwest and 
to the east, but rarely rise above 15 m in the 
south and southeast of the island. Seaward 
cliffs, 6 m high or more occur around most 
of the island. Landward cliffs to the 
makatea reach a maximum height of 20 m at 
Kurekure. The upper surface of the 
makatea has local labyrinth karst with a re- 
lief of 4-5 m, and with isolated pinnacles up 
to 6 m high. There are caves 500 m long or 
more through the limestone, with abundant 
flowstone and speleothems. Around the pe- 
rimeter of the island there is a reef flat, gen- 
erally 90 m wide or more; this is absent on 
the northern shore and is replaced by a surf 
bench cut into the base of the cliff (Fig. 2). 

William Anderson, ship’s surgeon on 
Cook’s voyage in 1777, commented on the 
freshness of corals in the limestones of the 
seaward cliffs of Atiu (Beaglehole, 1967, p. 
842). Marshall observed that, whereas the 
inland makatea limestones on Atiu were do- 
lomitized, those on the coast were still 
composed of aragonite and calcite (Mar- 
shall, 1930). He suggested, on the basis of 
the absence of Lepidocyclina (foraminif- 
era), that the limestones were Pliocene and 
younger in age, but did not realize the sig- 
nificance of the mineralogical trends, 
namely that there were a series of late Pleis- 
tocene reef units plastered onto the older 
makatea limestones. 

It is not always possible in the field to 
differentiate late Pleistocene reef lime- 
stones from the older makatea because of 
similarities in composition, and presumably 
because the older makatea limestones have 
themselves developed through the superin- 
cumbent lateral addition of reef units 
through the early and middle Pleistocene. 
The contact between the late Pleistocene 
and the older limestones is often veneered 
by surficial sands. However, for several 
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FIG. 2. Map of Atiu, showing selected profiles and location of samples dated. 

profiles on Atiu the contact appears to co- 
incide with the landward edge of a slight 
topographic bench. This occurs at an ele- 
vation of 8.6 m to the south at Matai, 10 m 
to the southwest at Tumai and Vai Piake, 
and 12.2 m to the north at Totiko (Stoddart 
er al., 1990). 

Within the late Pleistocene limestones, 
two units can be discriminated: a lower in 
situ reef and an upper coral rubble unit. A 
discontinuity between the lower and upper 
unit, though not as clearly marked as on 
Mitiaro and Mauke, was observed at 2.65 m 
at Matai and 1.76 m at Oravaru. 

Lower unit. The lower unit consists of a 
reef in which corals are found in growth 
position. Massive corals dominate, particu- 
larly faviid corals, with lesser finer- 
branching corals, Hulimeda, and molluscan 
fragments as infill. At Matai the lower unit 
is veneered by a crust of calcareous algae. 
A massive coral from this lower unit at Ma- 
tai (AT2, in which there is some blocky cal- 
cite detectable in thin-section) has been 
dated 187,000 + 12,000, - 11,000 yr B.P. 
(Table 1; profile I, Fig. 2). A sample of the 
algal material (ATI), though with consider- 
ably lower uranium content, has been dated 

205,000 + 26,000, - 22,000 yr B.P. These 
ages imply that this reef grew during oxy- 
gen isotope stage 7. 

An intermediate sand unit is found sepa- 
rating the upper and lower unit at a few 
isolated places on the coast of Atiu, i.e., 
north of Taunganui landing and at Oravaru. 
Sands are bedded, dipping principally sea- 
ward, but occasionally landward, some- 
times with beds distinctly truncated. Verti- 
cal columnar structures up to 3 cm wide, 
interpreted as burrows, were observed at 
Taunganui. Halimeda blades up to 8 mm in 
diameter suggest that this is a bedded 
beach, rather than dune, deposit. The sand 
unit overlies an in situ reef deposit, inter- 
preted as the lower unit, at Oravaru. 

Upper unit. The upper unit on Atiu is 
usually composed of disoriented coral boul- 
ders. In situ corals are rare, although some 
large heads of Porites, and some encrusting 
corals, especially those in grooves, are pre- 
served in what is probably growth position. 
Several in situ corals from the surface of the 
upper unit were sampled for dating. No ma- 
terial free of recrystallization, and therefore 
datable, could be found in the upper unit at 
Matai. At Taukaroa a slight bench is dis- 
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cernible at a height of 2.78 m; an in situ 
Porites (AT8) from within this bench dated 
132,000 + lO,OOO,-9,000 yr B.P., whereas 
in the limestone above this bench a second 
coral (AT9) dated 135,000 ? 10,000 yr B.P. 
(profile II, Fig. 2). The erosional bench thus 
appears to be eroded into a reef that was 
formed during the last interglaciation (oxy- 
gen isotope substage 5e). Corals clearly in 
growth position on the clifftop to the north 
of the island, and the highest such in situ 
corals seen on the island, at an elevation of 
10-12 m (AT1 l), have been dated at 111,000 
-+ 6000 yr B.P. (profile III, Fig. 2). 

The outer makatea has conspicuous 
groove and spur patterns around its cliffed 
coastline. Grooves are typically 6-8 m 
across and run tens of meters inland, occa- 
sionally ending in enclosed depressions or 
blind gullies. The inner walls of grooves are 
encrusted by fossil platy corals. These 
groove and spur patterns appear to run 

through both the lower unit (stage 7) and 
the upper unit (substage 5e). 

Mitiaro 
Mitiaro is the lowest lying of the makatea 

islands in the southern Cook Islands. It is 
surrounded by a fringing reef; the reef flat is 
up to 120 m wide, with much of it emergent 
at low tide, in places reaching up to 1.23 m 
above mean low water (Woodroffe et al., 
1990). In the center of the island is a 
swamp, with a shallow lake (Te Rotonui) at 
the eastern end (Fig. 3). There are four de- 
graded volcanic outcrops in the center of 
the island, locally termed “foodlands,” ris- 
ing to elevations of 4-9 m and covered by 
deeply weathered red and brown clays. The 
highest point (10.9 m) observed by us on the 
island is on the makatea between Omutu 
and Atai on the east of the island (Stoddart 
et al., 1990). Late Pleistocene reefs can 
be seen around the coast: a lower and an 

Makatea Limestone 

Sand j 

Drxontinuity - 
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I 

perched beach 

Pleistocene 

FIG. 3. Map of Mitiaro, showing selected profiles and location of samples dated. 
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upper unit are discernible, separated by a 
sharp discontinuity. The Pleistocene lime- 
stones, though not always clearly differen- 
tiable from older makatea, were observed 
up to 9 m in the Parava area, with one out- 
crop up to 9.8 m. The discontinuity is often 
subhorizontal and the lower unit has a 
smooth upper surface, without the pro- 
nounced karstification so characteristic of 
much of the modern limestone surface. On 
occasion, a calcareous algal crust is associ- 
ated with the discontinuity. Corals, partic- 
ularly faviid corals, Fungia and Porites, are 
found in growth position within both upper 
and lower unit. 

which has an age of 120,000 + 6000 yr B.P. 
Fields of acroporiid corals form a shallow 
veneer over older makatea in several places 
on Mitiaro. This is shown in profile II (Fig. 
3) where such corals occur on the older 
limestone. It implies that the upper unit was 
laid down when much of the surface of the 
makatea was inundated beneath a sea level 
at least 9 m above the present; little if any of 
the island would have been above water at 
that time, and such a stand of sea level may 
have truncated part of the upper surface of 
the makatea. 

There is a pronounced groove and spur 
pattern, similar to that on Atiu around the 
coast. The Pleistocene grooves appear to 
be far more widely spaced than are equiv- 
alent ones on the modern reef flat and reef 
front. Grooves also continue through the 
upper unit down into the lower unit, and 
contain encrusting corals flanking their in- 
terior walls. A number of large reef blocks, 
up to 2 m high, are perched on top of the 
limestone cliffs. 

Corals from the lower unit are especially 
recrystallized on Mitiaro. Two samples of 
faviid corals were collected at Te Unu, one 
from above (MTl) and one apparently from 
below (MT2) the discontinuity. The upper 
sample dates to 128,000 + 6000 yr B.P., 
while the lower gave a date of 112,000 + 
7000 yr B.P. Both ages appear to belong to 
oxygen isotope stage 5. The sample from 
the lower unit (MT2) was at the top of that 
unit, right at the contact. In view of its age, 
it is interpreted as coral growing on the sur- 
face of the lower unit during the substage 5e 
sea-level high, but not having been a part of 
the earlier reef. All other U-series dates 
from this island are very similar; they in- 
clude an in situ coral from within the upper 
unit (MT15) with an age of 118,000 ? 7000 
yr B.P. (profile I, Fig. 3); a Porites encrust- 
ing the upper unit (MT13) dated at 116,000 
5 8000 yr B.P. ; and an inverted surticial 
coral from within a shallow groove on the 
upper surface of the upper unit (MT9) 

The discontinuity between upper and 
lower units at Parava on the east coast oc- 
curs at 5-6 m, and at Okore on the north- 
east coast it occurs at 4.1-4.7 m. Several 
coastal features apparently are related to a 
higher sea level around the island. Much of 
the modern reef flat is emergent at low wa- 
ter because it is inherited from a reef flat 
that formed up to 1.2 m above the present 
one over an interval of at least 5 140-3620 yr 
B.P. (Woodroffe et al., 1990). Several sam- 
ples were taken from the present intertidal 
bench, which were thought to relate to Ho- 
locene higher sea levels, but which gave 
Pleistocene radiocarbon ages. A microatoll 
on the inner reef flat on the north coast was 
dated 34,050 -+ 1740 yr B.P., and a Tri- 
dacna from Akapa on the west coast gave 
an age of 32,780 + 1120, - 1050 yr B.P. 

Mauke 
The volcanic core of this island rises up 

to an elevation of 24.4 m, and the makatea 
limestone forms a marginal feature 0.8-l .6 
km wide around the island (Fig. 4). The 
makatea limestones rise up to 10 m around 
much of the island, reaching 8.1-8.7 m in 
the south, 9.5 m in the northwest, and 9.6- 
10.0 m on the eastern side; a maximum of 
14.7 m was observed at Uriaata to the 
northeast (Stoddart ef al., 1990). Much of 
the surface of the older makatea is also at 
8-10 m, and may have been bevelled during 
the same late Pleistocene sea-level stand as 
deposited the reef. The reef flat around 
Mauke is up to 190 m wide, and much of it 
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FIG. 4. Map of Mauke, showing selected profiles and location of samples dated. 

dries at low tide, as on Mitiaro, implying 
some late-Holocene emergence (Woodroffe 
et al., 1990). 

An upper and lower unit within the late 
Pleistocene reefs are clearly discernible at 
several points around the island. These are 
usually separated by a sharp discontinuity 
which occurs at 1.8-2.4 m at Utu on the 
southwest coast, 2.7 m at Anaraura to the 
southeast, 1.5 m at Angataura on the north 
coast, and 2.75 m north of Taunganui on the 
northwest coast (Fig. 4). A bedded sand unit 
was seen exposed at an elevation of about 2 
m in a groove at Taunganui; it is not wide- 
spread but may be equivalent to the bedded 
sand unit recorded on Atiu. Beds dip seaward 
at angles of up to 28”, and landward at up to 
6”. U-series dates from the lower unit on 
Mauke are (MK6) 215,000 + 15,000, - 13,000 
yr B.P., (MK14) 243,000 + 24,000-20,000 
yr B.P., and (MKlO) 204,000 + 19,000, 
- 17,000 yr B.P. Corals from the upper unit 
are (MK16) 136,000 + 11,000 yr B.P., 
(MK15) 123,000 + 8000-7000 yr B.P., and 
(MK18) 119,000 + 8000, -7000 yr B.P. 

A profile from the west coast (profile I, 
Fig. 4) demonstrates what appear to have 
been multiple events within the deposition 
and cementation of the upper unit. While 
the lower unit has abundant in situ corals, 
much of the upper unit contains coral boul- 
ders. A notch is cut into this upper unit. A 

reef block at Anaraura is perched on volca- 
nic rocks at 7-8 m; the top of the reef block 
is at 8.4 m. A sample of Porites from within 
the block (MK9) has an age of 136,000 + 
10,000, - 9000 yr B.P., indicating that it is 
also of last interglacial age. 

Several coastal features indicate that 
there has been a mid-Holocene high stand 
of sea level on Mauke and one coral from an 
emergent part of the reef flat has been ra- 
diocarbon-dated to 2900 + 85 yr B.P. How- 
ever, a further coral, considered Holocene, 
from the coastal ramp at Tukume dated 
3 1,350 + 800 yr B.P. and a Tridacna nearby 
dated 38,570 +- 2000 yr B.P. (Woodroffe et 
al., 1990). 

Mangaia 
Mangaia is the largest of the makatea is- 

lands in the southern Cook Islands; it is 9.6 
km long, with a volcanic core rising to a 
height of 169 m. The modern reef flat is 
2 130 m wide, and there is evidence of up to 
1.7 m of Holocene emergence (Stoddart et 
al., 1985; Yonekura et al., 1988). The 
makatea limestones rise up to 70 m, al- 
though to a lesser height in the southeast. 
The inner makatea limestones were consid- 
ered by Marshall to be possibly Lower 
Miocene to Oligocene in age (Marshall, 
1927). Yonekura et al. (1988) suggest on the 
basis of foraminifera that they are up to 17 
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myr old. If so, then because the K-Ar dates 
on the volcanic rocks range from 18.9-16.6 
myr, it would imply that limestones began 
to form soon after volcanism ceased. The 
makatea limestones of Mangaia have been 
reinterpreted by Stoddart et al. (1985) who 
identify Pleistocene limestones on the sea- 
wardmost part of the limestone margin, up 
to an elevation of 14.5 m (Fig. 5). These 
formed when sea level was probably about 
20 m above its present level. 

Veeh (1966) initially collected corals 
from Mangaia, and reported U-series ages 
of 90,000 + 20,000 and 110,000 + 20,000 yr 
B.P. (and a confirmatory 234U/238U age of 
110,000 t 40,000 yr B.P.). These samples 
came from 2 m above sea level. Samples of 
Porites encrusting the walls of grooves up 
to an elevation of 15 m yielded ages shown 
in Table 1 and reported by Spencer et al. 
(1988). The mean of the four ages is 115,000 
+ 7000 yr B.P. 

DISCUSSION 

Most of the makatea limestone on Atiu, 
Mitiaro, Mauke, and Mangaia is Tertiary in 
age, having formed as sequential fringing 
reefs around the eroded volcanic core. Fo- 
raminiferal evidence from Mangaia implies 
that fringing reefs were initiated shortly af- 
ter, if not even before, volcanism ceased on 

that island (Yonekura et al., 1988). Indeed, 
on the Makatea Island of Rurutu, Australs 
group, a basal conglomerate with manga- 
niferous clays indicates the contempo- 
raneity of volcanism and reef growth (Bar- 
dintzeff et al., 1985). In the southern 
Cook Islands these Tertiary limestones 
have subsequently been uplifted, largely in 
response to loading of the lithosphere by 
the volcanic mass of Rarotonga. K-Ar dat- 
ing of basalts on Rarotonga give ages of 
2.8-1.2 myr, with a mean age of 1.65 myr 
(Dalrymple et al., 1975). Maximum eleva- 
tion of makatea limestones should give an 
indication of uplift since formation of 
Rarotonga (McNutt and Menard, 1978; 
Spencer et al., 1988). However, as the ab- 
solute height of the sea at 1.65 myr ago and 
the amount of erosion that has occurred on 
the makatea limestone are unknown, but 
presumed similar for each island, the best 
comparative measures are differential rates 
of uplift (Lambeck, 1981a, 1981b). 

Pleistocene limestones flanking the older 
makatea limestones provide evidence of 
both late Quaternary sea-level fluctuations 
and the continued differential uplift of the 
islands. Our stratigraphic observations 
have indicated that on at least three of the 
islands (Atiu, Mitiaro, and Mauke) there 
are two prominent Pleistocene reefal units 
separated by a pronounced discontinuity. It 
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FIG. 5. Map of Mangaia, showing selected profiles and location of samples dated. 
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seems highly likely that a similar break ex- 
ists on Mangaia, but the island is generally 
inaccessible and the break is harder to de- 
tect on that island. Reefal limestones con- 
sidered older than substage 5e crop out at 
Ivirua, where corals are predominantly cal- 
citic, and 700 m south of Oneroa (Stoddart 
et al., 1985). 

The lower unit contains abundant in situ 
corals, although most are recrystallized and 
undatable. U-series ages indicate that this 
is a reef probably dating from oxygen iso- 
tope stage 7, i.e., the penultimate intergla- 
ciation. Sample MT2 from Mitiaro is ex- 
cluded on the grounds that it was only su- 
perficial to the lower reef unit and that its 
U-series age appears to fall unambiguously 
within the range of ages of the upper unit. 

The upper reef unit on these makatea is- 
lands corresponds to the last interglaci- 
ation, oxygen isotope substage 5e. On Mi- 
tiaro, Mauke, and Mangaia this unit con- 
tains many corals in growth position and it 
is clearly a major constructional reef. How- 
ever, on Atiu much of the upper unit is 
composed of coral boulders; on this island 
it appears to be an accumulation of forereef 
rubble. Isolated outcrops of makatea occur 
on Rarotonga, reaching 3.5 m at Ngatan- 
gaia. Schofield (1970) reported two radio- 
carbon ages from this limestone of 28,200 
and 43,400 yr B.P. These ages are ap- 
proaching the limit of radiocarbon dating, 
and it has been suggested that the lime- 
stones are most likely of last interglacial 
age (Berryman, 1987). 

Several studies of substage 5e reefs 
around the world imply that there were two 
periods of high sea level during the last in- 
terglaciation separated by a period of lower 
sea level (i.e., Veeh, 1966; Chappell, 1974; 
Ku et al., 1974; Moore and Somayajulu, 
1974; Chappell and Veeh, 1978; Aharon et 
al., 1980; Moore, 1982). No such double 
peak is predicted by the Milankovich the- 
ory of orbital change, nor is there evidence 
of it in the deep sea 180 foraminiferal record 
even where these permit good time resolu- 
tion. Kaufman (1986) concluded, based 

upon selected sampling of published dates 
from “stable” islands, that the dates either 
represent one event which lasted for less 
than 12,000 yr, or two events separated by 
no more than 7500 yr. We are unable to 
detect a bimodal distribution in the spread 
of dates from the Cook Islands (Fig. 6). 

Although there is no field evidence to 
support two major reef units in the Cook 
Islands during the last interglaciation, there 
are several stratigraphic features that indi- 
cate fluctuations of sea level during or 
shortly after substage Se. Erosional 
benches (i.e., the bench on profile II at 
Taukaroa, Atiu, Fig. 2) and notches (i.e., 
on profile I on Mauke, Fig. 4) have been 
formed in the emergent substage 5e reef. 
There also are encrusting corals, particu- 
larly encrusting specimens of Porites, 
which appear plastered onto the lithitied 
substage 5e reef. However, U-series dates 
of these corals indicate they are indistin- 
guishable in age from the bulk of the reef 
unit that they encrust (Fig. 6). 

On several other islands a reef of appar- 
ent stage 7 age has been observed to under- 
lie one of substage 5e age. On Bermuda, the 
Belmont Formation reaches 2 m elevation 
and gives stage 7 ages; it underlies the 
Rocky Bay (Devonshire) Formation which 
dates from substage 5e (Harmon et al., 
1983). Similarly, on Tongatapu in Tonga, 
Taylor and Bloom (1977) reported a U- 
series age of 205,000 ? 40,000 yr B.P. for 
coral from a lower, presumably stage 7, 
reef termed the Niutoua Formation, which 
reaches an elevation of 3.5 m and underlies 
extensive substage 5e reefs that reach 6 m 
elevation. A reef at 2.5 m elevation in the 
Loyalty Islands has an age of ca. 225,000 yr 
(Bourrouilh-Le Jan, 1985); a discontinuity 
at a similar elevation occurs on Makatea 
(Veeh, 1966; Montaggioni et al., 1985). 

The upper and lower reefal units on the 
Makatea Islands are separated by a discon- 
tinuity. In most places this takes the form of 
a sharp break, and the upper surface of the 
lower unit is conspicuously subhorizontal 
and regular; it does not have pinnacles or 
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the other karst forms that characterize the 
upper surface of the makatea limestones in 
general. In a few places (such as at Taun- 
ganui and Oravaru on Atiu, and at Taunga- 
nui on Mauke), a bedded sand unit overlies 
the lower reefal unit. The sand unit is inter- 
preted as a beach sand deposit formed on 
top of the lower unit. However, it is not 
clear when it was deposited, nor under 
what conditions this deposit was formed 
(the environment of deposition evidently 
differed from the tiny modern pocket 
beaches). The U-series age of 205,000 + 
26,000, - 22,000 yr B.P. on the coralline al- 
gal crust at Matai, Atiu (ATl) implies that 
the smooth upper surface of the lower unit 
is a feature that dates from stage 7, and it 
may represent a cemented reef flat surface 
formed during the high stand of sea level 
during the penultimate interglaciation. Per- 
haps the sand unit formed as sand cays on a 
slightly emergent reef flat surface, rather 

similar to modem islands that have accu- 
mulated on an emergent, truncated mid- 
Holocene reef flat on Suwarrow Atoll, 
northern Cook Islands (Scoffin et al., 
1985). 

Makatea limestones occur at different 
heights on different islands in the southern 
Cook Islands. They are inferred to be en- 
tirely below sea level on several islands in- 
dicating subsidence (i.e., Aitutaki and Man- 
use), as they are on other atolls in the Pa- 
cific (i.e., Trichet et al., 1984). However, 
they rise up to 70 m above sea level on 
Mangaia. This has been attributed to differ- 
ential movement of islands as a result of 
lithospheric flexure in response to the vol- 
canic load of Rarotonga, and perhaps also 
other islands (McNutt and Menard, 1978). 
The lithosphere is considered to behave in 
an elastic manner by some geophysicists 
(i.e., Watts and Ribe, 1984), and in a visco- 
elastic manner by others (i.e., Lambeck, 
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1981b). Both of these models predict that 
much of the compensatory adjustment oc- 
curs soon after loading (of the order of 103- 
lo5 yr), but some processes, i.e., moat- 
intilling, ensure that some adjustment goes 
on over longer time periods. Our results in- 
dicate that differential uplift has persisted 
through the late Quaternary. 

Table 2 summarizes data on the elevation 
of particular reef units from the southern 
Cook Islands. It should be emphasized that 
these elevations are minimum values, as 
some erosion and lowering of the surfaces 
may have occurred since the formation of 
individual reefs (Jarrard and Turner, 1979). 
As the absolute height of the sea surface at 
times in the past is not known exactly, it is 
difficult to calculate rates of uplift or sub- 
sidence based only on the elevation of par- 
ticular reef units. 

If uplift is assumed to have occurred con- 
tinuously since 1.65 myr ago, the mean age 
for main shield-building phase (Te Manga) 
on Rarotonga, average rates of uplift would 
have been approximately 0.044 mm/yr on 
Mangaia, 0.011 mm/yr on Atiu, and 0.005- 
0.007 mm/yr on Mitiaro and Mauke (Spen- 
cer et al., 1988). If sea level stood 6 m 
above present at the peak of the last inter- 
glaciation, average rates of uplift over the 
last 120,000 yr would have been approxi- 
mately 0.07-0.10 mm/yr on Mangaia, 0.05 

mm/yr on Atiu, 0.03 mm/yr on Mitiaro, and 
0.03-0.05 mmyr on Mauke; subsidence of 
as much as 0.02 mm/yr may have occurred 
on Rarotonga. We cannot be sure that the 
figure of 6-7 m above present for the height 
of the sea at the peak of the last interglaci- 
ation is appropriate in the Cook Islands. 
This figure has come primarily from mid- 
plate islands, including Mangaia, with reefs 
at about that height above sea level. Many 
of the so-called stable islands used to derive 
this figure, Mangaia included, lie on the up- 
lifted arch of lithospheric flexure around a 
young volcano (McNutt and Menard, 
1978). We have demonstrated that the 
shoreline of the last interglaciation shows 
more than 15 m of differential movement on 
islands in the Cook Islands; therefore, it is 
clearly unwise to base an estimate of the 
height of the sea at the peak of the last in- 
terglaciation on any one of the southern 
Cook Islands alone. 

The rates of differential movement im- 
plied from Table 2 indicate that Mangaia 
has undergone the most rapid uplift; it has 
the most elevated makatea (70 m) and the 
most elevated substage Se reef (14-20 m). 
Relatively similar patterns of uplift are im- 
plied for Atiu and Mauke on which the 
stage 7 reefs are 2.7-2.8 m, and the sub- 
stage 5e reefs around 12 m. The stage 7 reef 
on Mitiaro reaches 6 m elevation, whereas 

TABLE2. ELEVATIONOFFEATURESINTHESOUTHERN COOKISLANDS 

Highest Highest 
volcanic makatea 

(ml (4 

Highest 
substage 5e 

(ml 

Highest 
discontinuity 

(ml 

Highest 
Holocene 

(ml 
Atiu 72 22.1 12.2 2.7 o-l 
Mitiaro 8.9 10.9 9.gh 6.0 1.2 
Mauke 24.4 14.7 10.0 [12.7]’ 2.8 <l 
Mangaia 169 73 14.5 [20.0ld ? 1.7 
Rarotonga 653 3.5 3.5’ NA o-l [l.Ol’ 

a For details see Woodroffe et al., (1990). 
b Highest substage 5e probably did not emerge above level of sea at peak of last interglaciation. 
’ 10.0 m is general level of substage 5e; 12.7 m is highest observed (see Stoddart et al., 1990). 
d 14.5 m is highest observed substage 5e; sea level at time may have been as much as 20 m above present (see 

Stoddart et al., 1985). 
e Limestone at Ngatangaia presumed to be substage Se (see Berryman, 1987). 

fEvidence for Holocene high sea level reported by Schofield (1970) but none seen by us. 
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the substage 5e reefs reach up to around 10 
m, which is close to the height of the high- 
est point on the island and is >l m above 
the highest volcanic outcrop on the island. 
During the peak of the last interglaciation 
apparently none of Mitiaro was subaerially 
exposed; the upper surface of the substage 
5e reef is, therefore, only a minimum value 
for sea level at that time. The rate of uplift 
on Mitiaro may have exceeded that on Atiu 
and Mauke, as implied by the higher stage 7 
reef on this island. 

Rates of uplift of the order suggested for 
the southern Cook Islands would have re- 
sulted in slight differential movements of 
the islands during the Holocene. There is 

the last interglaciation (substage 5e), has 
been dated on each of the four makatea is- 
lands, but reaches a different height on 
each island. In a few places the two units 
are separated by a bedded sand unit. 
Heights of (i) the makatea limestones, (ii) 
the lower reef and discontinuity between 
reefs, and (iii) the upper unit differ be- 
tween islands situated on the uplifted arch 
surrounding Rarotonga. These results im- 
ply that differential movement of islands, 
presumably as a result of lithospheric flex- 
ure, has been continuing over the last 
250,000 yr. 
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