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Stone Adze Compositions and the
Extent of Ancient Polynesian
Voyaging and Trade

Kenneth D. Collerson®* and Marshall I. Weisler?

The last region on Earth settled by humans during

prehistory was East Polynesia. Hawaiian oral

histories mention voyaging from Hawai‘i to Tahiti and back via the Tuamotus, an open ocean journey
of several thousands of kilometers. The trace element and isotope chemistries of a stone adze recovered

from the Tuamotu Archipelago are unlike those of

sources in central Polynesia but are similar to

the Kaho'olawe Island hawaiite, in the Hawaiian Islands, supporting the oral histories. Other adzes
collected from the low coral islands of the northwest Tuamotus have sources in the Marquesas, Austral and
Society Islands, and the Pitcairn Group, confirming that trade was widespread within East Polynesia.

he greatest maritime migration in human

I history culminated in the settlement of the
eastern margins of the Pacific Ocean,
delimited by Hawai‘i, New Zealand, and Easter
Island, the last region on Earth to be settled by

humans. Some researchers have suggested that
settlement was accidental or by drift voyages (/).

However, computer simulations (2, 3), sailing
experimental canoes using traditional navigation-
al techniques (4), and review of voyaging strat-
egies (2) indicate that East Polynesian colonization
was purposeful, perhaps taking about six human
generations to colonize most archipelagoes be-
fore 900 CE (9).
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In the eastern Pacific, the decreasing island
size and isolation of archipelagoes across Poly-
nesia made it difficult to maintain external relations
among them, and the frequency of long-distance
voyaging is thought to have diminished (6).
However, two-way postcolonization voyaging be-
tween Hawai‘i and Tahiti is well supported by
Hawaiian oral histories (7).

To evaluate the extent of trade in eastern Poly-
nesia, we studied the trace element compositions
and isotope chemistry of exotic stone adzes col-
lected from nine coral atolls in the Tuamotus: the
navigational crossroads of East Polynesia (2) (Fig. 1,
A and B). These adzes are made of basalt, for
which there is no local source on the coral atolls.
Thus, their provenance can be used to trace Poly-
nesian travel and trade. To evaluate sources, we de-
veloped a database containing major, trace element,
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Fig. 1. (A) Pacific islands showing OIBs (east of
the Andesite Line), IAVs, and the route between
Hawai'i and Tahiti within the Society Islands
established experimentally (4). (B) The distri-
bution of adzes investigated in our study. Ar-
rows link adze locations (solid circles) to their
sources (gray squares) in the Marquesas, So-
ciety, Austral, Tuamotu, Gambier, and Pitcairn
Island groups. (C) The Hawaiian Islands, with
contemporary vents on Hawai'i and Lo‘ihi desig-
nated with black circles. The two linear trends
(Loa and Kea) define distinctive chemical and
isotopic differences within the Hawaiian mantle
plume (27).
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and isotopic compositions of 28 volcanic sources
from all Polynesian archipelagos, augmented by data
(8) for oceanic island basalts (OIBs). Fine-grained
basalt adzes and their resulting manufacturing
debris occur throughout Polynesia, and this com-
mon woodworking tool has been used to identify
prehistoric interaction between island groups (9, 10).

Island arc volcanics (IAVs) and OIBs are chem-
ically distinct because of differences in mantle
sources and melting processes (/7). The IAVs west
of the Andesite Line (Fig. 1A) comprise volcanic
rocks that range with increasing silica from basalt
to andesite, dacite, and rhyolite. These [AVs form
by melting of the hydrated mantle wedge above
subduction zones (/2). The range of silica in these
magmas reflects fractional crystallization within
high-level magma chambers and the assimilation
of overlying felsic crust (/3). By contrast, tholei-
itic and alkalic OIBs and associated silica-
undersaturated alkaline lavas (8) (fig. S1) form
by partial melting in mantle away from subduc-
tion zones (/4). The movement of overlying
oceanic lithospheric plates across mantle upwel-
lings or loci of melting explains the generation of
lines of OIB volcanoes, with ages increasing in the
direction of plate movement away from the hot
spot (15), as at Hawai‘i (/6). In eastern Polynesia,

the Tuamotus, Marquesas, Society Islands, and
Cook-Austral Islands, (Fig. 1B) are interpreted to
have formed by this process (17).

Because of differences in mantle sources and
melting processes, IAVs are chemically distinct
from OIBs (/8), and this difference provides a
robust constraint for identifying the provenance of
Polynesian basalt adzes. In addition, OIB lavas
from different archipelagos exhibit different trace
element and radiogenic isotope chemistries (/9);
such data can also be used to determine artifact
sources. Major element chemistries may often not
be diagnostic because similar basalt chemistries
can be produced during the fractional crystalliza-
tion of similar mineral phase sequences during
cooling in high-level magma chambers.

OIBs are characterized by superchondritic
Zr/Hf ratios (chondritic ratio 34.3 + 0.3) and sub-
chondritic Nb/Ta ratios [chondritic ratio 19.9 +0.6
(20)]. Furthermore, OIBs exhibit low and distinc-
tive superchondritic Zr/Hf ratios of 35.5 to 43.5
[chondritic ratio 34.3 + 0.3 (20)]. An additional
method for discriminating between basalts is pro-
vided by radiogenic Sr, Nd, and Pb isotope compo-
sitions, for which there are extensive data for
Polynesian volcanoes (8, 21). Initial isotopic compo-
sitions of OIBs are diverse (8). In view of the

REPORTS I

marked trace element and isotopic differences
between different OIB archipelagos, sources of
basalt used in adze manufacture can be deter-
mined without requiring knowledge of specific
locations of sources or quarries.

We analyzed 19 adzes collected by Emory
between 1929 and 1934 (8, 22) (table S1) from
nine low coral atolls (Arakita, Makatea, Napuka,
Takaroa, Katiu, Manihi, Ahe, Taiaroa, and
Nukutavake) (Fig. 1, A and B). They are typical
East Polynesian adze forms (Duff types 1A, 1E,
3A, 3B, 4A, and 5B) (23), with types 3A and 4A
representing late prehistoric forms (fig. S1). These
artifacts, analyzed by inductively coupled plasma
mass spectrometry and with radiogenic isotope ra-
tios analyzed by thermal ionization mass spectrom-
etry, required <100 mg of sample (8) (table S2).

The radiogenic isotopic data (Table 1 and
Fig. 2) allow three adzes to be assigned to their
sources; C2365 from Rurutu, C2319 from Pitcairn,
and C7727 with an isotopic composition indicat-
ing derivation from Kaho‘olawe, Hawai‘i. C7727
is a phenocryst-free aphanitic rock (fine-grained,
where mineral phases are not discernable with the
naked eye) that is typical of rocks selected for adze
making. The unradiogenic Pb isotopic composi-
tion of C7727 is distinct from those of all other

Fig. 2. (A to D) Iso- 207, /2%py 2%pp/2%pp
topic compositions of 15.9 41
adzes (solid circles) and ' 2 ' ' L 2 I I I Manlgaia
compositional fields for 158 o error Aitytaki Mangag O €M Marquesas Gambiers §
diﬁeren;c Pﬁjlynesia; ?IBsci 2 NZ - 7 a0l Samoa |
Source fields are define Rapa ] : Ad
by data in table S5 and 15.7- s Pa~ Rurutu L Altuﬁg Ca365
studies cited in (8). Var- amoa — = 2365 Pitcaimc2313 Rurutu
iations in isotopic com- 15.6 -Rarotonga, EaSterGambiers 4 39 ¢ 1?-{ y
position define the nature Pitcairn Marauesas L N \ |
and scale of chemical het- 155+ ~— Societies ] - /j\l 5 Rapa ™ Easter
> O Eher] Rarotoriga < £ Societies

erogeneity within man- Adze : ‘Tonga 38L 7. Tonga -
tle sources of OIBs (12). 15.4 PE;;/T . West Moloka'i 4 Lana' 58y \West Moloka'i
Radloge_n_lc Pb isotopic Kaho'olawe A Kahoolaws é%eﬂ B
compositions of adzes 15.3 1 I 37 I 1 1 1
shown in Fig. 3, A and 17 18 19 20 21 22 17 18 19 20 21 22
B, reflect variation in 206, 204 206p1, 2%
UPb (C%Pb %P and  **Nd/™*Nd Po/*Pb 27pp) 2Py
Z°7Pb/Z°4Pb)20rgtti);)2%fnd 0.5131 : | eat | : 0.650 2, : : : : :
also in Th/Pb (*“Pb/"""Pb) Gambiers est - coemor Lana’i  pitcairn
ratios. Figure 3C shows N Tonga Moloka'i Marquesas | e Kaho'olaw —
covariation between Sr 4 sya] e L cr727 ]
isotopig com_position ' East West Moloka'i~ I
and Nd isotopic compo- -aster Tonga 928 C2318 i RN e
sitions. Figure 3D shows Rurutu 0.550 | . i T
covariation between 05129 Gamt@;s
Z:7P£6*/206Pb* and L Easter

Sr{ tSr ratios. Base.(f 0.5128 . Kaho'olawe - Marquesas
ton, three adzes can ura Samoa

e ; B Pitcairn ’ Societies

be assigned to their Rarotonga T ‘- 0.450 | Mangaia D
sources: (2365, Ruruty;  0.5127 1ong , S Mangaia, ' ' '
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the average of three Pb

isotope determinations given in Table 1 and the sixth footnote of Table
1 (designated by ). The unradiogenic Pb isotopic composition of C7727 is
distinctive from that of all other eastern Polynesian OIBs and is similar to Loa

www.sciencemag.org SCIENCE

trend basalts (Fig. 10).
tholeiitic, whereas C7727, a hawaiite (fig. S1), is from Kaho'olawe. Error bars
show 2o analytical uncertainties in each diagram.

Although isotopically similar, Lana‘i basalts are
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eastern Polynesian OIBs but is similar to either

Kaho‘olawe or Lana‘i (24-26). Both of these

Rock/Chondrites Sample/Primitive Mantle islands lie in the Hawaiian Loa trend (27) a:lg

000 LIS I B 1C),AlthoughLana‘ibasaltsaleisotopicallysimjlar

to those on Kaho‘olawe, they are tholeiitic, whereas

C7727, a hawaiite, is alkalic (fig. S2). Adze C7727

(table S4) has similar SiO,, ALO;, MgO, TiO,,

Fe,0;, and P,Os compositions to hawaiites from

‘West Moloka‘i and Haleakala, Maui (28, 29) (table

S5). Fig. S3A shows that hawaiites from Haleakala

11 —e— Runtukc.05- and West Moloka‘i have considerable variation in
—dh Adze C2365 ‘ CaO (5.4 to ~10 weight %).

Adze C7727 has similar CaO and TiO, com-

i Ot L positions to Ca-rich hawaiites from Haleakala, con-
1000 g—r—r———— 1000 firming a common petrogenetic evolution, different
from hawaiites from Mauna Kea and West Moloka‘i.
100 F D 4 Adze C7727 falls within the field of covariation
100 exhibited by other hawaiites from Hawai‘i in plots
of MgO with Nb, Sr, and Th (fig. S4) and with
10 - 7T CaO/Na,O, Nb/Th, Th/Ta, and Nb/Ta ratios (fig. S5).
The adze has a similar CaO/Na,O ratio to high-Ca
—e— Marquesas KC-05-11 | hawaiites from Haleakala, Maui (fig. S5). However,
—e— Adze D465 its Pb isotopic composition excludes West Moloka‘i
(28) or Maui (30) hawaiite as a source for this adze.

In Sr/Ce versus P,Os space, adze C7727 plots
within the distinctive range of compositions ex-
F hibited by hawaiites from Kaho‘olawe (fig. S6).
Such variation reflects both shallow low-pressure
fractionation of plagioclase (as in Haleakala, Maui
hawaiites) and moderate-pressure fractionation of
clinopyroxene (as in West Moloka‘i and Mauna
Kea hawaiites) (29). Furthermore, Kaho‘olawe
—e— Pitcaim KC-05-13 hawaiites are also characterized by higher Ni con-
P Adze C2319 tents (range 54 to 226, 143 = 71 ug/g) (24, 31)
N Y than hawaiites from West Moloka‘i (1 to 40 pg/g)
10007 1000 T (28), Haleakala (4.5 to 51 ug/g) (29), and Mauna
H Kea (4 to 9 ug/g) (32). With 115 pg of Ni/g, adze
C7727 is consistent with derivation from a
hawaiite source on Kaho‘olawe.

Further support for the idea that C7727 orig-
inated from Hawai‘i is provided by trace element
ratios and by Sr and Nd isotope ratios given in

Table 1, tables S4 and S5, Fig. 3, and fig S7. OIBs
Th O e o "1 from Hawai‘i and almost all basalts from the Em-
ﬁ;@:@gg@’ peror Seamont chain, which represents Hawaiian
04l magmatism ranging in age from 85 to 42 million
— e — years ago, have Ba/Th ratios >100 (33). In East
1000 Polynesia, basalts from Ra‘iatea (table S5) and
Taha‘a (34) in the Society Islands, shown in Fig. 3,
G and H, also have Ba/Th ratios >100; however,
basalts from the Society Islands have significantly
higher radiogenic Pb isotopic compositions than
those from Hawai‘i (Fig. 2B, Table 1, and table S5).
Although the La/Yb ratio of C7727 (16.5) (table
1 [ ﬁ B T waiite H35-1/300 1  S4)is higher than published values for Kaho‘olawe
e West Molokeli hawaite 71WMOL-1 lavas, the rare earth elements are especially mobile
Ce Nd  Eu Tb Ho Tm RoThNbBe GeSrSmHfLi TiTbY YbSc, because of alteration in some post-shield alkalic
T a Sm Gd Dy Er Yb 0! CsBaUTalaPbNdZrWEuGdDyHoluV lavas (3/). The La/Yb ratio is also affected by the

Fig. 3. Geochemical comparisons. (A and B) Similarity between C2365 and Rurutu basalts. (C and D) ~ degree of partial melting; thus, the higher ratio
Similarity between D465 and the Eiao source, Marquesas. (E and F) Similarity between C2319 and %f C876727 reﬂelggs a ngVer degree of melting. In
Tautama basalt, Pitcairn Island. (G and H) Similarity between C2367 and basalts from Huahine and Taha'a St/ St and "“"Nd/™'Nd space (fig. S7), adze
in the Society Islands with high Ba/Th ratios. (I and J) Comparison between adze C7727 and hawaiiteswith ~ C7727 plots within the Kaho*olawe field on a
similar Si0, composition from West Moloka'i (7IWMOL-4) (28) and Haleakala, Maui (H85-1) (29). The  mixing trend (correlation coefficient R = 0.97) de-
similarity between C7727 and Haleakala hawaiite indicates that they had a common petrogenetic  fined by hawaiites from Kaho*olawe, West Moloka‘i,
evolution. and Haleakala (Maui). This indicates that a com-
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mon petrogenetic process was involved in hawaiite
formation. This most likely involved interaction be-
tween an enriched component with a high Rb/Sr
ratio and low Sm/Nd ratio and a depleted component
with a lower Rb/Sr ratio and higher Sm/Nd ratio.

We used the same methodology (Table 1 and
Figs. 2 and 3) to identify the sources of all 19
adzes. In addition to the adzes from Kaho‘olawe,
Hawai‘i (n = 1); the Pitcairn Group (n = 1), and
Rurutu (n = 1), adzes were also identified that were
manufactured from basalt sources on Eiao in the
Marquesas (7 = 1); Rapa in the Australs (n = 1);
the Society Islands with Ba/Th ratios >100, such
as Ra‘iatea, Taha‘a, or Huahine (n = 7); and the
Society Islands with Ba/Th ratios <100, such as
Tahiti (n = 7).

Because adze C7727 was collected from
Napuka, a low coral atoll in the western Tuamotus
in central East Polynesia (Fig. 1B), the rock from
which it was made was transported a minimum
distance of 4040 km from its source on
Kaho‘olawe in the Hawaiian chain (Fig. 1A).
The likely route between Hawai‘i and Tahiti via
the Tuamotus (35) (Fig. 1A) has favorable winds
and currents for two-way voyages. Experimental
canoes using non-instrumental navigation made
such a journey in 32 days (36).

There is much traditional ceremony in prep-
aration for long-distance voyaging, and today, as
possibly in the ancient past, canoeists often stop
at the westernmost tip of Kaho‘olawe Island, Lae
o Kealaikahiki (literally, “cape or headland of the
way to Tahiti”) (Fig. 1C) before beginning their
voyage south. Sample C7727, a Duff type 3A
adze, is made from rock that is consistent with
hawaiite deposits found at only a few places along
the coast of this island, one of which is close to
Lae o Kealaikahiki. This adze type is unknown
from Hawai‘i but is common in the Tuamotus.
Rock from Kaho‘olawe may thus have been taken
as a gift or memento (as is done today by modern
traditional voyagers) or used as ballast, and fash-
ioned into adzes in the Tuamotus.

The Tuamotus, along with the Society Islands,
could be approached from all quarters and was
thus probably important in Polynesian trade (2).
Our data show that Tuamotu adzes originate from
the Marquesas, Pitcaim, Austral, and Society Islands;
that is, most of the island groups surrounding the
atoll archipelago. Furthermore, because the low
coral atolls of the Tuamotus emerged after 1200
CE (37), and the surrounding island groups were
colonized well before then, all imported adzes re-
covered in the Tuamotus relate to postcolonization
interaction with adjacent archipelagoes. We there-
fore agree with Irwin (2) that postcolonization
voyaging must have been common enough for voy-
aging knowledge to be passed across generations
and that it continued until about 1450 CE when
most voyaging ceased in East Polynesia (38).
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Synchrony Dynamics During
Initiation, Failure, and Rescue
of the Segmentation Clock

Ingmar H. Riedel-Kruse,*t Claudia Miiller, Andrew C. Oatest

The “segmentation clock” is thought to coordinate sequential segmentation of the body axis in
vertebrate embryos. This clock comprises a multicellular genetic network of synchronized
oscillators, coupled by intercellular Delta-Notch signaling. How this synchrony is established and
how its loss determines the position of segmentation defects in Delta and Notch mutants are
unknown. We analyzed the clock’s synchrony dynamics by varying strength and timing of Notch
coupling in zebrafish embryos with techniques for quantitative perturbation of gene function.
We developed a physical theory based on coupled phase oscillators explaining the observed onset
and rescue of segmentation defects, the clock’s robustness against developmental noise, and a
critical point beyond which synchrony decays. We conclude that synchrony among these genetic
oscillators can be established by simultaneous initiation and self-organization and that the
segmentation defect position is determined by the difference between coupling strength and noise.

he periodic and sequential segmenta-
tion of the vertebrate embryo along its
anterior-posterior axis into blocks of cells

called somites, the precursors of axial bone and
muscle, is thought to be driven by the segmen-
tation clock (Fig. 1A) (Z, 2). This clock com-
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