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Abstract. The Marquesas Archipelago, a volcanic chain in 
French Polynesia (south-central Pacific Ocean), is predomi- 
nantly composed of alkalic, transitional and tholeiitic ba- 
salts. The variation trends in these intrnplate basaltic rocks 
imply that the magmas were derived from different upper 
mantle sources. Model calculations using the total inverse 
method show that the peridotite source of most Marquesas 
basalts was enriched in incompatible elements compared 
to a primordial mantle and had higher than chondritic ra- 
tios of several elements such as La/Yb, Ti/V and PlCe. 
A metasomatic enrichment event is suggested by the se- 
quence of element enrichment in the source relative to the 
primordial mantle (Ba>Nb> La>Ce>Sr>Sm> E u >  
Zr>Hf>Ti>Y>Yb) .  On the other hand, some lavas in- 
cluding tholeiites of Ua Pou and alkalic basalts of Hiva 
Oa, were probably derived from relatively depleted upper 
mantle. I n  some islands such as Hatutu. the different types 
of basalts were generated from sources with rather similar 
compositions. The residual phases of the Marquesas mag- 
mas included garnet. The sources of these magmas were 
similar in trace element chemistry to the oceanic mantle 
below Hawaii. 

Introduction 

Mid-ocean ridge basalts (MORB) have been extensively 
studied during the last fifteen years but relatively little mod- 

_erntraceelem-ent_ta u e  available on .oceanic island baL 
salts (OIB). Since OIB are considered to be generated at 
greater depths, their study complements that of MORB. 

This paper presents some data on the trace element dis- 
tribution in  volcanic rocks of the main islands of the Mar- 
quesas Archipelago, a volcanic island chain in French Po- 
lynesia, and provides constraints for their mantle source. 

. .  . . .  
Geological 7 P.-.-,.- and petrographic . . * . . _ _ - . " I  notes - " - I .  .e- --I - ... . . 
The Marquesas Archipelago, located in the south-central Pacific 
Ocean consists of 12 islands and several sea-mounts which are 
the tops of Inrge subterranean volcanoes rising more than 4,000 m 
from the Paleocene oceanic crust (Fig. 1). Their arrangement is 
approximately parallel to other volcanic archipelagoes of the east- 
ern Pacific and is perpendiculnr to the East Pacific rise. 

With the exception o f  Eiao island, which has been dated at 
6.3 to 5.3 m.y. (Brousse and Bellon 1974), the K/Ar ages (Duncan 
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and McDougall 1974) range rrom 3.85 m y .  n t  N u k u  I f i w  to 1.35 
m.y. ;it Falu Hiva indicating :I decrease of age i n  ;I S E  direction 
and a rate ol'migration of volcanic activity of9.9 cm,ycar. Further- 
more. in two islands ( N u k u  Hiva and Iliva Oa) for which both 
age determinations anti whole-rock analyses arc avnilable. the de- 
gree of undersaturation of the basalts increases with the decreasing 
age of the volcanic rocks. 

The petrography and chemical mineralogy havc been described 
for several islands of the Archipelago (Bishop and Woolley 1973: 
Maury 1976: Brousse and Guille 1975. 1978: Brousse ct al. 1978). 
The dominant rock type is olivine basalt with subordinate and 
variable amounts of differentiated rocks including trachybasalt. 
trachyte and phonolite (e.g. U a  Pou island). 

In this study. the analyzed samples have basaltic composition 
with either porphyritic or hyalophilic and subaphyric textures. The 
phenocryst phases are olivine (Fo 86-77) containing inclusions of 
Cr-spinel. and clinopyroxcnc with frequent oscillatory sector zon- 
ing. The compositon of clinopyroxene is highly variable (diopside, 
augite and salite) but is compositionally distinct among the three 
basaltic types (tholeiitic, transitional and alkalic) similar to clinopy- 
roxenes of Hawaii (Fodor and Keil 1975). In addition to olivine 
and clinopyroxene. the groundmass contains mainly Fe-Ti oxides. 
glass and occasionally plagioclase. I n  sonic samples. patches of 
devitrified glass have been transformed to chlorite whilc in other 
rocks. alkali feldspar and:or phlogopite appear as interstitial 
phases. 

Analytic methods 
Seventy-nine samplcs were analyzed for major elements and Li. 
Rb, Sr. Ra. V. Cr, Co, Ni, Cu and Zn by atomic absorption. 
Twenty-six samples were then-selected from this-suite Tor thedeter--- -- 
mination of additional trace elements. Rare earth elmients (REE) .  
Sc, Hf and Th were dctcrmincd by instrumental neutron activation 
and Y, Zr and Nb by X-ray fluorcsccnce. The prccision and accura- 
cy of the trace elemcnt data were given by Dostal et al. (1983). 

Geochemistry 
_ -  

"__ -- - -  Majo,. c ~ l ~ J l 7 l ~ ~ l l  IS -- 
According to the normative composition (assuming Fe3 + i  

(Ne>S%)  to olivine tholeiite, and in  Ua  Pou island to 
quartz normative basalts (Q - 1 'YO). Although some samples 
have high content of H,O, most rocks are without a n y  
mineralogical features of alteriition. The positive correla- 
tion between mobile and immobile incompntible elcments 
suggests that the rocks retained their primary inaginatic 
distribution of elements. 

Fe2+ - -0.15), the rocks (Table 1 )  range from basunites 
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Fig. 1. Map of the Marquesas Archipelago. Contour lines drawn at 1,000 m intervals show simplified bathymetry (after CEBCO Map 
297, Centre National Exploitation des Oceans, Paris, 1973). Square on insert map shows location of Marquesas islands in the Pacific 
Ocean 

- "_ -- Using the-classification of Feigenson et a1,(1383), the 
tholeiites can be subdivided on the ( N a 2 0 + K 2 0 )  vs. S O 2  
diagram into two groups: a) tholeiitic basalts which lie in 
the tholeiitic field and b) transitional basalts which plot 
into the alkalic field. Tholeiites are mainly found in the 
northern islands (Eiao, Hatutu and Ua Pou) while transi- 
tional basalts predominate in the southern ones (Hiva Oa 
and Fatu Huku). The [Mg] ratio (Mg/Mg+FeZ+ with Fe3* 
/Fe2*=0.15) of the basalts ranges between 0.78 and 0.39 

- indicating that they have undergone variable dëgrees-of 
low-pressure fractionation. A decrease of [Mg] up to 0.55 
is accompanied by an increase of AI, Ca, Ti and P while 
Fe remains constant suggesting that the differentiation is 
dominated by olivine. The influence of clinopyroxene is 
indicated by the steeper increase of AI compared to that 
of Ca. I n  the latter stages of differentiation in the transition- 
al and alkalic basalts, clinopyroxene fractionation predomi- 
nates as implied by the steady decrease of Ca while AI 
continues to increase with differentiation. 

Ni and Co decrease with the decreasing [Mg] ratio. but 
for a given value of this parameter, the contents of these 
elements are not distinct for individual islands and mag- 
matic types. Most samples have a 10" x Ni/Mg ratio be- 
tween 50 and 65 and may represent a near-primary magma 
derived from a mantle source with olivine Fo 87-90. For 
rocks with [Mg] 50.55,  the Cr/Ni ratio varies between 1.2 
and 2.0 -iñ-tiäni;ifibna'l"âÏGd~lF b ? Z Z l t s d '  i: 'higxe? u 
in tholeiites (Cr/Ni= 1.4 to 3.0). In rocks with [Mg]<0.55. 
the Cr/Ni ratio decreases with differentiation in all three 
magmatic series indicating that Cr becomes more compati- 
ble than Ni and thus implying the influence of clinopyrox- 
ene and/or Cr-spinel. 

'J increases with differentiation in tholeiitic and transi- 
tional basalts from 240 to 380 ppm. It  also increases in  
alkalic basalts from 260 to 400 ppm up to [Mg]=0.55 then 
decreases, indicating some Fe-Ti oxide fractionation. The 
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I 1 1  Table 1. Representative major and trace element compositions or basalts from Marquesas Archipelago 

EIAO HATUTU HIVAOA 

Th Th Alk Tr Alk 

* Y  

R E F :  6567 6559 6558 6465 6458 6466 6456 6457 6575 6577 6589 6570 6574 

sio* 
AlzOj 
Fe203 
M nO 
MgO 
Ca0 
Na20 
K2O 
Tio2 
P2Os 
H 2 0 C  
H2O- 

c 
[Mgl 
Ne 
HY 
Li (PPm) 
Rb 
Sr 
Ba 
s c  
V 
Cr 
Co 
Ni 
Cu 
Zn 
La 
Ce 
Nd 
Slll 
Eu 
Tb 
Yb 
Lu 
Y 
Hf 
Zr 
Nb 
Th 

44.75 
10.70 
13.54 
0.1 7 

14.63 
7.85 
1.88 
0.73 
2.65 
0.43 
1 .so 
0.50 

99.63 

0.71 

11.40 
6.00 

18.00 
353.00 
163.00 

19.00 
248.00 
630.00 
69.00 

460.00 
44.00 

119.00 
19.50 
40.80 
24.90 

6.77 
1.95 
0.82 
1.88 
0.28 

27.00 
4.32 

213.00 

2.22 
2 1 p o  

47.90 
12.40 
12.73 
0.17 
8.50 

10.87 
2.29 
0.67 
2.98 
0.44 
0.02 
0.49 

99.46 

0.60 

14.40 
5.00 

11 .o0 
420.00 
163.00 
26.00 

298.00 
403.00 

55.00 
223.00 
71 .O0 

118.00 
19.60 
44.30 
26.70 

7.13 
2.26 
1 .o1 
2.23 
0.32 

30.00 
4.76 

216.00 
21 .o0 

2.33 

47.90 45.88 
12.80 9.05 
13.02 11.97 
0.17 0.18 
8.00 16.15 

10.95 9.80 
2.45 1.79 
0.76 0.85 
3.00 2.40 
0.44 0.34 
0.23 0.92 
0.35 0.38 

100.07 99.71 

0.58 0.75 

10.20 2.50 
5.00 5.00 

16.00 21.00 
420.00 335.00 
167.00 184.00 
28.00 28.00 

308.00 270.00 
344.00 1,225.00 
47.00 67.00 

172.00 545.00 
70.00 50.00 

110.00 98.00 
20.20 20.50 
49.40 47.90 
29.00 24.60 

7.34 5.98 
2.49 1.81 
1.07 0.86 
2.26 1:63 
0.33 0.24 

33.00 25.00 
5.38 3.96 

221.00 173.00 
21.00 22.00 

2.52 2.07 

48.47 
12.58 
12.50 
0.18 
7.18 

1 1.70 
2.50 
0.76 
3.09 
0.40 
0.33 
0.80 

100.49 

0.57 

9.80 
5.00 

10.00 
423.00 
206.00 

31.00 
332.00 
271 .O0 
49.00 

1 14.00 
63.00 

109.00 
21.60 
50.70 
30.10 

7.51 
2.40 
1.01 
2.26 
0.32 

30.00 
5.05 

21 1 .o0 
23.00 

2.9s 

46.68 
13.00 
12.1 1 
0.17 
7.30 

11.73 
2.57 
0.71 
3.25 
0.50 
0.67 
0.46 

99.15 

0.57 

2.70 
5.00 

10.00 
527.00 
205.00 

28.00 
3 17.00 
283.00 
47.00 

114.00 
66.00 

110.00 
23.80 
57.70 
36.60 

8.57 
2.73 
1.23 
2.50 
0.36 

36.00 
5.82 

249.00 
25.00 

2.57 

45.08 
10.45 
13.33 
0.19 

15.20 
8.51 
2.04 
1.10 
2.78 
0.42 
0.07 
0.56 

99.73 

0.72 
0.10 

6.00 
28.00 

455.00 
347.00 

20.00 
268.00 
825.00 

8 1 .o0 
610.00 

65.00 
1'0.00 
28.40 
63.50 
33.40 
6.98 
2.17 
0.84 
1.66 
0.24 

26.00 
4.72 

215.00 
30.00, 
4.30 

46.48 
12.00 
12.28 
0.17 

11.31 
10.82 
2.47 
1 .O4 
3.03 
0.42 
0.02 
0.21 

100.25 

0.68 
2.00 

6.00 
26.00 

5 18.00 
298.00 
25.00 

297.00 
570.00 

63.00 
326.00 
62.00 

108.00 
25.30 
57.20 
31.80 

7.48 

1.07 
1.79 
0.25 

30.00 
4.92 

214.00 
27.00 
3.33 

45.79 
9.71 

14.15 

15.60 
8.68 
2.02 
1 .o0 
2.70 
0.35 
0.02 
0.21 

100.41 

0.72 

1 .o0 
7.00 

22.00 
399.00 
232.00 
23.00 

247.00 
705.00 

71.00 
520.00 
38.00 

121.00 
20.50 
45.00 
26.50 

6.55 
1.93 
0.83 
1.67 
0.24 

25.00 
4.57 

194.00 
20.00 

. ..2.25 

0.18 

46.18 
11.44 
13.33 
0.17 

10.80 
9.47 
2.37 
1.23 
3.28 
0.45 
0.60 
0.36 

99.68 

0.65 

I .so 
4.00 

14.00 
577.00 
384.00 
21 .o0 

271 .O0 
464.00 

57.00 
326.00 
48.00 

127.00 
32.50 
67.80 
37.30 

8.79 
2.50 
1 .o1 
2.01 
0.29 

31.00 
5.94 

274.00 
32.00 
3.46 

43.33 
10.57 
14.33 
0.18 

13.49 
9.43 
2.59 
0.76 
3.59 
0.50 
0.21 
O. 15 

99.13 

0.68 
4.50 

6.00 
12.00 

594.00 
369.00 

21.00 
315.00 
600.00 

62.00 
405.00 

48.00 
120.00 
32.90 
64.80 
38.60 

8.60 
' 30 
0.88 
1.76 
0.25 

28.00 
5.48 

265.00 
34.00 
3.46 

43.45 
10.73 
13.9 1 
0.18 

12.10 
10.97 
1.81 
1.31 
3.35 
0.51 
0.83 
0.36 

~ 

99.46 

0.66 
3.30 

7.00 
38.00 

595.00 
393.00 

27.00 
330.00 
760.00 
61 .O0 

380.00 
5 1 .O0 

1 18.00 
35.50 
72.60 
40.40 

8.64 
2.51 
0.98 
1.87 
0.26 

28.00 
5.73 

253.00 
34.00 
4.80 

45.6 I 
14.25 
12.92 
o. 16 
6.56 
8.Y8 
2.71 
1.92 
3.68 
0.64 
1.22 
0.52 

99.17 

0.53 
0.70 

8.00 
49.00 

737.00 
440.00 

295.00 
184.00 
43.00 

166.00 
66.00 

133.00 

_ _  _-. :-_. I__ _ .  __=__ -. __I_ ~ ~j -.-. . . . ..- - .- -- -~lii- .-u-_- ______i -~ 1_ 
Th - tholeiites, Tr - transitional basalts, Alii-  alkalic basalts. BJG - Banc-Jean Goguel sea-mount; [Mg]=(Mg/(Mg+Fc2-f) with 
Fe3 '/Fe2+ assumed to be 0.15). Ne - normative nepheline. H y  - normative hypersthene 

- .  

Ti/V ratio remains constant in all basaltic types (Ti]V - 60) 
-except in tholeiites of Ua Pou (Ti/V - 70) and alkalic basalts 
of Banc Jean Goguel sea-mount (Ti/V-50). Zn is within 

--therange-oF-thë= Hanolulu-volcanics (EYague-and Frey' 
1982). Cu remains constant in alkalic and transitional ba- 
salts up to [Mg] -0.5 then tends to decrease. On the other 
hand, Cu increases with differentiation in the tholeiites to 
higher but more variable contents. 

All samples display an enrichment of light REE (LREE) 
and fractionation of heavy REE (HREE) (Fig. 2). The La/ 

Yb ratio increases from 9 in tholeiites to 79 in alkalic ba- 
salts. The transitional basalts have REE patterns similar 
to the alkalic basdks. The increase of the La/Yb ratio and 
the enrichment of LREE are positively-correlated -with the--- - -- 
degree of undersaturation. 

Incompatible eleinents including REE. P and Ti vary 
according to degree of differentiation. magmatic type and, 
for a given magmatic type, according to island. These varia- 
tions are accompanied by a strong interelement correlation. 
The inqompatible trace elements also correlate with several 
major elements (Fig. 3). The simultnneous increase of P 
and Ce (Table 1 )  with differentiation suggests that the frac- 
tionation of these two elements is not controlled by accesso- 

* .  
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. Y  
UA POU N U K U  HIVA BJG 

Tr Th Alk Tr Alk Alk 

6446 6449 6450 6597 6600 6604 6592 3642 3643 3647 3644 3645 6471 6507 

I F A T U H U K U  

46.54 
9.59 

13.34 
0.18 

14.70 
9.16 
2.00 
1 .O4 
2.71 
0.39 
0.13 
0.37 

100.15 

0.71 

4.70 
6.00 

26.00 
416.00 
259.00 
24.00 

275.00 
900.00 
78.00 

455.00 
52.00 

117.00 
21.40 
51.40 
28.20 
6.55 
2.01 
0.88 
1.67 
0.25 

25.00 
4.48 

194.00 
23.00 
2.08 

I- --. 

47.75 
12.01 
12.12 
0.17 
9.38 
9.00 
2.36 
1.37 
2.98 
0.57 
1.23 
1.33 

100.27 

0.63 

14.00 
8.00 

24.00 
506.00 
342.00 
22.00 

273.00 
450.00 

60.00 
281 .o0 

57.00 
11 5.00 
28.90 
66.30 
34.70 
8.35 
2.51 
1 .O3 
2.25 
0.32 

32.00 
6.28 

274.00 
30.00 

3.57 

47.95 
12.93 
11.88 
0.16 
6.77 
8.79 
2.94 
1.77 
3.17 
0.55 
1.39 
1 .O9 

99.39 

0.56 

6.00 
8.00 

41 .O0 
577.00 
386.00 

19.00 
300.00 
210.00 
49.00 

177.00 
67.00 

1 18.00 
33.60 
77.00 
40.50 

9.21 
2.86 
1.23 
2.40 
0.35 

34.00 
7.19 

315.00 
35.00 
4.38 

45.12 
10.76 
13.93 
0.17 

12.78 
8.72 
2.27 
0.63 
4.10 
0.57 
0.87 
0.40 

100.32 

0.67 

8.50 
6.00 

15.00 
548.00 
131.00 
22.00 

293 .O0 
740.00 
65.00 

550.00 
78.00 

116.00 
27.20 
67.30 
43.30 
10.31 
3.26 
1.21 
1.88 
0.27 

31.00 
7.38 

330.00 
32.00 

2.36 

47.84 41.37 
12.91 13.26 
12.82 13.95 
0.15 0.18 
7.20 8.21 

11.40 10.15 
2.30 3.20 
0.22 0.59 
3.66 3.81 
0.46 0.81 
0.56 2.78 
0.45 0.86 

99.97 99.17 

0.56 0.56 
7.00 

5.00 8.00 
3.00 84.00 

434.00 910.00 
33.00 721.00 
32.00 18.00 

335.00 324.00 
455.00 210.00 
40.00 47.00 

151.00 112.00 
71.00 46.00 

106.00 121.00 
21.20 63.30 
60.70 117.20 
40.30 60.70 
10.02 11.47 
3.45 3.00 
1.43 1.00 
2.48 2.20 
0.34 0.30 

35.00 33.00 
7.42 6.36 

289.00 316.00 
25.00 62.00 

2.03 7.65 

17.90 

44.03 45.79 
15.07 14.00 
12.28 12.02 
0.19 0.17 
5.47 6.92 
9.22 9.43 
3.53 2.60 
0.98 1.71 
3.56 3.23 
0.91 0.55 
2.67 3.00 
1.17 0.64 

99.08 100.06 

0.49 0.56 
3.10 0.10 

9.00 7.00 
40.00 43.00 

972.00 587.00 
802.00 435.00 

14.00 20.00 
277.00 304.00 

76.00 189.00 
31.00 49.00 
42.00 129.00 
22.00 64.00 

1 15.00 122.00 
65.00 40.50 

132.70 87.10 
61.50 43.90 
11.31 8.43 
3.38 2.61 
1.15 0.96 
2.40 2.07 
0.35 0.31 

35.00 30.00 
6.82 6.40 

310.00 274.00 
69.00 46.00 

8.89 6.28 

47.03 
15.54 
10.94 
0.18 
6.45 
8.37 
3.17 
1.78 
2.45 
0.76 
2.74 
0.89 

100.30 

0.56 
0.10 

8.00 
87.00 

814.00 
650.00 

18.00 
258.00 
230.00 
43.00 

11 3.00 
45.00 

126.00 
54.80 

119.10 

9.68 
3.00 
1.10 
2.28 
0.30 

31.00 
7.30 

307.00 
60.00 
9.00 

50.19 48.40 
17.00 15.55 
9.76 10.37 
0.12 0.16 
2.80 5.43 
7.50 8.47 
4.18 3.22 
2.07 2.59 
2.76 2.59 
0.90 0.71 
1.65 3.05 
0.71 0.49 

44.25 
15.53 
12.15 
0.27 
4.35 
8.65 
2.78 
1.95 
2.80 
0.67 
6.54 
0.47 

41.89 
11.37 
13.56 
0.17 

13.90 
11.00 
1.79 
0.68 
2.73 
0.68 
1.35 
0.94 

40.41 
11.60 
13.53 
0.20 

13.50 
11.75 
1.43 
0.35 
2.97 
0.88 
1.52 
1.43 

99.64 101.03 

0.39 0.54 
1.30 

4.40 
4.00 7.00 

28.00 85.00 
867.00 1,021 .O0 
745.00 660.00 

19.00 17.00 
21 1 .o0 188.00 
113.00 158.00 
38.00 40.00 
97.00 106.00 
37.00 50.00 

134.00 i 36.00 
74.20 54.20 

156.80 118.50 

13.50 9.30 
3.70 2.79 
1.20 1.00 
2.79 2.20 
0.40 0.30 

34.00 33.00 
7.69 6.40 

344.00 354.00 
64.00 61.00 
12.10 9.68 

100.41 100.06 99.57 

0.43 0.70 0.69 
0.90 4.20 2.90 

5.00 11.00 27.00 
54.00 11.00 6.00 

697.00 1,180.00 1,890.00 
595.00 256.00 344.00 
24.00 28.00 28.00 

250.00 314.00 354.00 
171.00 685.00 630.00 
44.00 69.00 69.00 
97.00 372.00 352.00 
40.00 61.00 58.00 

158.00 106.00 106.00 
43.40 28.90 31.40 
96.20 66.00 71.60 

8.39 7.69 8.18 
2.58 2.26 2.49 
0.90 0.91 1.01 
2.08 2.01 1.98 
0.30 0.30 0.30 

30.00 27.00 29.00 
5.05 5.28 

281.00 224.00 255.00 
51.00 27.00 35.00 
7.19 3.82 4.07 

39.3 38.6 

ry minerals such as apatite (c.f. Sun et al. 1979). The K/Ba 
ratio (Fig. 3) is nearly constant in the rocks of most islands 

in which this ratio is lower. Compared to equivalent rocks, - the 'tholeiites í3f-Ug Pou are depleted in--Rb and Ba but 
enriched in Zr  and Hf while the alkalic basalts of Nuku- 
Hiva are in general higher in Rb, Sr, Ba and Th. This 
suggests that the rocks of different islands were derived 
from sources of variable composition. Such heterogeneities 
of the upper mantle are well established from isotope geo- 
chemistry (O'Nions et al. 1979; Allegre et al. 1980) and doc- 
umented for the mantle beneath French Polynesia by Vidal 
et al. (1984). Further evidence of upper mantle heterogenei- 
ties beneath the Marquesas Archipelago is provided by vari- 

1 (K/Ba=29-34) with the exception of the Ua Pou basalts 

'** e- 

ations in the ratios of elements with a bulk partition coeff- 
cient (D) 1 (e.g. Th/La, Nb/La); these ratios are generally 
considered to be insensitive to mineral fractionation. 

The Th/La ratio (Fig.-4 and Table2) ranges between 
0.085 and 0.18. Transitional and alkalic basalts from Nubü--- 
Hiva have the highest ratios while the lowest are found 
in tholeiites of Ua Pou and alkalic basalts of Fatu Huku. 
Such variations cannot be explained by variable degrees 
of partial melting from a homogeneous source. The varia- 
tions of other ratios (Table 2 )  support this observation. 

The variability in composition of the studied basalts 
is as large as that reported for the Hawaiian basalts (Clague 
and Frey 1982; Roden et al. 1984; Feigenson et al. 1983; 
Feigenson 1984), but on average the Marquesasian basalts 

- 
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basalts. A - Tholeiites (full squares) from Eiao; dotted lines delin- 
eate the field of Hawaiian tholeiites (Basaltic Volcanism Study 
Project, 1981); B - Transitional (full triaiigles) and alkalic (full 
circles) basalts from Hiva Oa; dotted lines show the field of Ha- 
waiian alkalic basalts (Basaltic Volcanism Study Project, 1981), 
C - Tholeiites (full squares) and alkalic (full circles) basalts from 
Ua Pou, and transitional (open friangles) basalts from Nuku Hiva 

. -  . " . . . . 

tend to have higher concentrations of Rb, Th, Ba, Ce and 
P. However, some ratios such as P,O,/Ct: are similar in 
both chains and their values (-75) are very close to that 
given for OIB by Sun and Hanson (1975). . 

Discussion 

Duncan and Compston (1976) and Vidal et al. (1984) have 
shown that significant isotopic heterogeneity exists in the 

I I ' " ' I  I I  

108- 

500 - 

L 
II- m 

1 8 -  

1 1 1 1 1 1  I l  
05 1 2 3 xK4 5 

Fig. 3. Ba vs K diagram for the Marquesas samples (full squares: 
tholeiites; full rriarigles: transitional basalts, j ïrl l  circles: alkalic 
basalts). Fields delineated by solid liiies are: 1 - tholeiites, 2 - 
alkalic basalts and 3 - post-erosional basalts from various Ha- 
waiian islands (Frey and Clague 1983). Fields outlined by dotted 
lines are: A - tholeiites from Ua Pou, B - alkalic basalts from 
Ua Pou and C - alkali and transitional basalts from Nuku Hiva 
(present study) 

_?-Fig;~4-~Th/La-vs 'Th-dia~~am-for- t l~-~h-r~~esa~ 3ämple~[s~inï-ols~ -. 

as in Fig. 3). Fields outlined by dashed lines represent rocks from 
the Society Islands (Dostal et al. 1982), A: alkalic and B: transi- 
tional basalts. Fields delineated by solid lines represent Hawaiian 
Island rocks: 1 -tholeiites (Basaltic Volcanism Study Project, 1981, 
Roden et al. 1984 and Chen and Frey, 1983). 2 - alkalic basnlts 
(Basaltic Volcanism Study Project, 1981, Clague and Frey, 1982 
and Chen and Frey, 1983). Samples with Th 6 ppm correspond 

.-  to.alkalic basalts from Ua Pou and Nuku Hiva and transitional 
basa& f r o ~ ~ u k _ u H ~ v a L C ~ s ~ ~ ~ ~ ~ s ~ o ~ ~ s - t o ~ ~ ~ ~ s ~ a . ~ d ~ r d - ~ e ~ i ~ - ~  
tions - -il ._L 

.. 

volcanic rocks of the Marquesas, both in a single island 
and between islands. The variations of ratios involving the 
most incompatible elements suggest that Marquesas basalts 
were del?ved from at least three different sources. However, 
in spite o f  the large variability of trace element distribution. 
there is evidence that, in some cases, the different magmatic 
types m;dy have been derived from the same source rock 
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t 'Table 2. Average element ratios in basalts from the Marquesas Archipelago 1 .  

EIAO HATUTU HIVA OA FATU UAPOU NTlI'rJ qIVA BJG 

Th Th Alk Tr Alli Tr Th Alk Tr Alk Alk 

* Y  

-.,-- ___ HUKU - 

7 12 3 3 2 2 2 3 2 L 2 1 2 

Th/La 
Nb/La 
Ti/Zr 
%/Ce 
Zr/Hf 
Ba/La 
Ti/V 
Zr/Nb 
&/Ba 
La/Y b 
K/Ba 

0.119 
1 .O6 

80 
8.9 

45 
8.3 

61 
10.3 
1.8 
9.3 

27 

0.116 
1 .O6 

8.1 

9.1 

9.00 
2.2 

10.6 
34 

83 

43 

57 

0.141 
1 .O6 

82 
8.1 

44 
11.9 
61 
7.5 
1.8 

15.5 
32 

O. 107 
0.98 

77 
8.7 
44 
11.5 
69 
9.1 
1.8 

14.2 
33 

0.119 
0.99 

80 
8.7 

46 
11.1 
64 
7.6 
1.8 

18.8 
25 

0.1 20 
1 .O5 

70 
7.7 

44 
11.8 
62 

8 .S 
1.7 

13.2 
39 

0.092 
1.18 

75 
7.6 

42 
3.1 

74 
10.9 
6.1 

11.5 
44 

0.120 
0.98 

72 
7.8 

50 
11.4 
71 
5.1 
1.4 

28.9 
6 

O. 160 
1.12 

6.7 
59 

43 

61 
- 

5.6 
1.3 

21.7 
27 

0.181 
1.13 

8.6 
44 

55 

83 
- 
5.8 
1.4 

24.6 
32 

O. 130 
1 .o2 

71 

46 

51 

- 

9.8 

7.8 

15.1 
14 

- 

n - number of samples, Th - tholeiites, Alk - alkalic basalts. Tr - transitional basalts, BJG - Banc Jean Goguel 
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O 
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- 
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Fig. 5. Th/Yb vs Th diagram for' the Marquesas samples (symbols as 
in Fig. 3). Encircled symbols correspond to samples with [Mg] L 
0.67 used in the calculation of the regression line (Th/Yb = n Th + h 
with a=0.515 ($0.012) and 6=0.115 (+0.036) 

- - --composition by- vapiable--degrees of partial melting. This 
is best exemplified by Hatutu island where alkalic and tho- 

similar D (e.g. Nb/La, Ti/Zr, Tb/Y) are comparable in both 
magmatic types whereas ratios such as: La/Yb .and La/Hf 
are higher in alkalic basalts. Inversely, ratios such as Zr/Nb 
with D,,> DNb are lower in the alkalic basalts. The variation 
of these ratios is accompanied by an enrichment of trace 
elements in alkalic basalts proportional to their degree of 
incompatibility. These observations indicate a petrogenetic 

, I leiites basalts co-exist. The ratios involving elements with 

link between the two magmatic types. Similarly, the data 
in Table 2 may suggest that transitional and alkalic basalts 
of Hiva Oa were generated by different degrees of partial 
melting from source rocks with very similar composition. 

The composition of one of the upper mantle sources 
for the Marquesas lavas has been calculated using a set 
of samples assumed to have been generated from a single 
source. The set of samples includes tholeiites of Eiao and 
Hatutu islands, transitional basalts from Hiva Oa and Fatu 
Huku and alkalic basalts from Hatutu and Hiva Oa islands. 
The calculation was done by the total inverse method of 
Tarantola and Vallete (1982) applied to the equilibrium 

C O  
D,+F(l-D,)  

where Co, D, and F are, respectively. the composition of 
the source, the bulk partition coefficient (solid/líquid) in- 
volving residual minerals, and degree of partial melting. 

Minster and Allegre (1978), Allegre et al. (1983a, b) and 
Dupuy et al. (1985) described in detail the application of 
the inverse method to petrogenetic processes. The principle 
of the method is to adjust all parameters simultaneously 
in such a way that they constrain each other. All parameters 
are considered to a certain degree to be unknown within 
a range of error. The adjustment is done through a set 
ofeguations which t a k i n t _ q  qcco-unuhe uncertainty-of, ~ 

the data. The values thus obtained should satisfy the equa- 
tions within the given limits of error. 

The selection of 'a priori' parameters of Co, D, and 
F i s  as follows: The values of F (10%*5) was estimated 
from the major elements following the procedure of Sun 
et al. (1979), assuming a pyrolitic source composition. This 
value is an agreement with data from experimental petrol- 
ogy (Jaques and Green 1980). Following Treuil and Joron 
(1975) and-more recently Glague-and- Erey (.1983)-and-Fei--------- 
genson et al. (1983) C., and D,  were estimated using the 
behaviour of trace elements on a rectangular plot C,l/C: 
vs C,' (C,' and Ci .concentrations of element (-Y.?) in liquid) 
(e.g. Fig. 5). Two different approaches have been consid- 
ered. In the first approach, Czh=0.2 ppm was calculated 
from the tholeiites assuming F= 10% and DTh-O. Co and 
D, for other elements can be derived from this value. For 
the second approach, the value Czb was taken as 
0.4k0.1 ppm which corresponds to the range of the Yb 

partial melting equation (Shaw 1970) C'= 

. .,. 
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Table 3. Calculations of source composition of the Marquesas ba- 
salts by the total inverse method 

t 

* i  

Starting model Inverse model 
'a priori' parameters adjusted parameters 

Dr C o  CO H 

Ba 0.027 (0.008) 20 (6) 19 ( 1 1 )  32 
Nb 0.048 (0.014) 2.4 (0.7) 2.4 (0.4) 3.00 
La 0.040 (0.010) 2.0 (0.6) 2.2 (0.3) 2.23 
Ce 0.046 (0.014) 4.9 (1.4) 5.1 (0.6) 5.05 
Sr 0.066 (0.019) 47 (14) 48 (6) 55 
Sm 0.073 (0.02) 0.84 (0.25) 0.85 (0.11) 
Eu 0.106 (0.031) 0.31 (0.09) 0.32 (0.04) 

Hf 0.12 (0.03) 0.78 (0.22) 0.77 (0.09) 
Ti 0.13 (0.04) 0.49 (0.14) 0.48 (0.06) 
T b  0.17 (0.04) 0.18 (0.05) 0.19 (0.02) 
Yb 0.34 (0.07) 0.66 (0.15) 0.65 (0.07) 

Zr 0.12 (0.03) 34 (10) 34 (4) 

P! 8% 

Tholeiite 8.1 (1.0) 
Transitional 

Alkali 
basalt 10&5% 6.5 (0.08) 

basalt 5.2 (0.06) 

Values in brackets coresspond to  standard deviation; Co - concen- 
tration in the original source, D, - bulk partition coefficient for 
residuum, F -  degree of partial melting, H -  estimates of the source 
for the Honolulu volcanics (Roden et al. 1984). Note that the nd- 
justed parameters are better constrained than ' a  priori' parameters 

I '  ' 1 '  ' * " I - '  " 1 '  " ' 1  

. .  
: .: . .  . .  : . .  . : . .  . .  . .  . .  . .  . : . .  . .  . .  \: . I  

t :  í 
1 : ;  1 I ,  I I I 1  I ;  ; 1  I I > I  

Rb K f h  @a Nb i a  de dr dm t u  Zr Hf Ti T b  Dy Yb 
Fig. 6. Chondrite-normalized (Sun et al. 1979) source rock compo- 
sition for basalts of the Marquesas Islands (.sliarteclficld). All ele- 
ment contents (except K and Rb) have been calculated by the 
inverse method. The Co for K and R b  were evaluated by using 
the F value reported in Table 3 and assuming D, (residual bulk 
partition coefficient) =0.04. Following the same procedure, the 
source compositions of alkalic basalts from Oahu (field deliiieaied 
by corifiizuous filzes) and of tholeiites from Kohala volcano (domcl 
lines) were calculated. For Oahu, two alkalic-basalts (samples 31 
and 34) and two basanites (25 and 26) of Clague and Frey (1982) 
were used in the source composition calculation. For Kohala volca- 
nics, three tholëiiteT (W-1, W-11 and W-19) of Feigenson et al. 
(1983) were used. In latter case, data for Th, La, Zr and Hf were 
taken from Leeman et al. (1980). Each field corresponds to an 
interval of variation represented by s+s.d 

contents of ultramafic xenoliths. The value was used to 
calculate Cp from which Co and D, for other elements 
were ascertained. The results of the two methods differ by 
a factor of 2 to 3. In order to make allowance for uncer- 
tainty in the parameters, the averages of the extreme values 
obtained from the two methods with the standard deviation 

expressed as 

method calculations. In addition to F, D, and Co, a value 
of C' was also selected from the six most primitive samples 
from among those having the same ratio of the most incom- 
patible elements (tholeiites 6567, 6559, transitional basalts 

et al. (1983) for the Kohala volcanics. However, the avail- 
able data (e.g. Table2) indicate that not all the volcanics 
of the Marquesas Archipelago are derived from a common 
source. For example, the tholeiites and alkalic basalts from 
Ua Pou island have geochemical features which imply two 
different sources. In addition, the composition of the source 
for some rocks should be relatively depleted in the most 
incompatible elements; this is particularly true for the tho- 
leiites of Ua POU and alkalic basalts from Hiva Oa. Unfor- 
tunately, not enough samples are available to adequately 
evaluate their CorresPonding Source composition. 

The *inverse model calculation has also been applied to 
the tholeiites of Kohala, Hawaii and the results (Fig. 6) 
show a2tröng depleiiön i"n:thë'"mõstiñcõmpati~lëeleme~~~~--n 
with the chondrite-normalized ratios (Cc$mG-õ.8 and Ce/ 
Ba = 2) very close to the values reported by Feigenson et al. 

max-min 
2 0  

(Table 3, were used for the 

- _ -  6577, _ - -  6446, a lka ls  basalts 6456, 6457). _ _  . - - 
The calculated D values fall in the range given by Clague 

and Frey (1982) for Hawaiian basalts generated by 11 yo 
partial melting. The Co values are reported on Table 3 and 
plotted on Fig. 6. (1983). 

The calculated incompatible element content of the 
source is relatively high (3 to 6 times chondritic abundances) 
but similar to that obtained for the Honolulu volcanics 
by Roden et al. (1984). In order to refine this comparison, 
the source composition of alkalic basalts ofOahL4Clague 
and Frey 1982) was calculated using the inverse method. 
The results, shown in Fig. 6, are similar to the Marquesas 
data for most elements except Zr and Hf which are lower. 
and Ba and Sr which are higher in the Oahu source. 

The inverse method indicates that some tholeiites, tran- 
sitional and alkalic basalts could have been derived from 
upper mantle sources with closely comparable trace element 
composition by variable degrees of partial melting (Ta- 
ble 3). A similar conclusion has been reached by Feigenson 

Conclusion 

The large-compositional -variationsin the-studkd-samples- ----_- 
show that these intraplate rocks were derived by variable 
degrees of partial melting from a heterogeneous source. 
Compared to estimates of a primordial upper mantle, the 
peridotite source of most Marquesas basalts was enriched 
in incompatible elements. Likewise, it has higher than chon- 
dritic ratios of several elements such as La/Yb, Ti/V and 
P/Ce. The distinct geochemical similarities between this ar- 
chipelago and the Hawaiian chain (e.g. Clague and Frey 
1982; Feigenson et al. (1983) suggest that the upper mantle 

__  - _ _  - -.- -_ 
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sources for both chains were similarly heterogeneous and 
were both affected by similar enrichment processes (mixing 
and/or metasomatism). The mixing Frzcess cannot be ascer- 
tained in the absence of isotopic data although the isotopic 
data of White (1985) suggest that the sources of Hawaiian 
and Marquesas basalts may be relatively distinct. Neverthe- 
less the sequence of element enrichment in the source rocks 
relative to the primordial mantle (Ba>Nb>La>Ce>Sr>  
S m > E u > Z r > H f > T i > Y  >Yb) resembles the sequence of 
enrichment attributed to inetasoinatism (e.g. Clague and 
Frey 1982). On the other hand. as i n  Hawaii (Feigenson 
et al. 1983), some basalts were probably derived from a 
relatively depleted source including both tholeiites of Ua 
Pou and alkalic basalts of Hiva Oa. 

The near constant contents of Yb, Lu and Y among 
the various magmatic types is consistent with garnet as a 
residual phase. Although the high Ti/V ratio suggests melt- 
ing of an amphibole-bearing source ( W a s  1980), the calcu- 
lated D value for Ti (-0.13) appears to exclude amphibole 
as a residual phase. The presence of apatite is negated by 
the P/Ce correlation. For a few alkalic basalts, phlogopite 
may be residual as inferred from the relative depletion of 
K, R b  and Ba. 

In some cases, the three magmatic types - tholeiitic, 
transitional and alkalic basalts - may be produced by a 
variable degree of melting from sources with rather similar 
trace element composition. The calculated degree of partial 
melting ranges from 8% for tholeiites to 5% for alkalic 
basalts. Relatively low values of partial melting have been 
also obtained from our calculations for tholeiites of Kohala 
(9-10%) and for alkalic basalts of Oahu ( 7 4 % ) .  These 
values are within the range of melting given by Clague and 
Frey (1982) for Honolulu volcanics. 

Y 

I *  

Ackrior\,k.clgeiiients. The study was supported by ATP-PIROCEAN 
No 0693 (France), ORSTOM (France) and the Natural Sciences 
and Engineering Research Council of Canada (operating grant 
A3782). Many thanks are due to Drs. J. Vernitres and R. Bayer 
for their help with the calculations and Dr. K.J. Schultz for critical 
comments. 

1 References 
Allegre CJ, Brevat O, Dupré B, Minster J F  (1980) Isotopic and 

chemical effects produced in a continuously differentiating con- 
vecting earth mantle. Philos Trans R Soc London, Ser A - _ -  . . 297:4.47477 - ..r . .-a .- -- . .cc__L . - 

Allegre CJ, HEt" SR, MKster'JF (198ia) CIièmïGTStiuciure and 
evolution of the mantle and continents determined by inversion 
of Nd and Sr isotopic data. I. Theoretical methods. Earth 
Planet Sci Lett 66:177-190 

Allegre CJ, Hart SR, Minster J F  (1983b) Chemical structure and 
evolution of the mantle and continents determined by inversion 
of Nd and Sr isotopic data. II .  Numerical experiments and 

.- .. discuss,ion. Earth Planet Sci Lett 66: 191:21.3 . 

Basaltic __-.I. V_o!ca_nism Study&ojc&( 1931 ) B&ic&njsp-oJ.th.e= 
terrestrial planets. Pergamon Press 

Bishop AC, Woolley AR (1973) A basalt-trachyte phonolite series 
from Ua Pou, Marquesas Islands, Pacific Ocean. Contrib Min- 
eral Petrol 39:309-326 

Brousse R, Bellon H (1974) Age du volcanisme de l'île d'Eiao 
au Nord de l'archipel des Marquises (Ocean Pacifique). CR 
Acad Sc Paris 278 D : 827-830 

Brousse R, Guille G (1975) Presence permanente de deux séries 
differenciées dans chaque île d volcanisme alcalin du Pacifique 

Brousse R, Guille G (1978) Volcanisme et pétrologie de  l'île de 
Nuku Hiva dans les iles Marquises (Pacifique Central). In:  

Marquises" cahiers du Pacifique. Ed. Fond:r+ian Singer Poli- 
gnac Paris, 145-154 

Brousse R, Guille G, Gilbert JP (1978) Volcanisme et pétrologie 
de l'île de Hiva-Oa dans les îles Marquises (Pacifique Central). 
In:  Marquises" cahiers du Pacifique. Ed. Fondation Singer 
Polignac Paris, 189-202 

Chen CY, Frey FA (1983) Origin of Hawaiian tholeiite and alkulic 
basalt. Nature 307:785-789 

Clague DA, Frcy FA (1982) Petrology and trace element geochem- 
istry of the Honolulu volcanics, Oahu: Implications for the 
oceanic mantle below Hawaii. J Petrol 23:447-504 

Dostal J, Dupuy C, Liotard JM (1982) Geochemistry and origin 
of basaltic lavas from Society Islands, French Polynesia (South 
Central Pacific Ocean). Bull Volcano1 45: 51-62 

Dostal J, Dupuy C. Carron JP, DeKerneizon LG, Maury RC 
(1983) Partition coefficients of trace elements: application to 
volcanic rocks of St. Vincent. West Indies. Geochim Cosmo- 
chim Acta 47: 525-533 

Duncan RA, McDougall I (1974) Migration of volcanism with 
time in the Marquesas Islands, French Polynesia. Earth Planct 
Sci Lett 21:414-420 

Duncan RA, Compston W (1976) Sr-isotope evidence for an old 
mantle source region for French Polynesian volcanism. Geolo- 

Dupuy C, Dostal J,  Bayer R, Richard V, Bodinier JL (1985) Geo- 
chemistry of spinel peridotite inclusions in basalts from Sar- 
dinia: Application Öf  ihe total inverse method. Earth Planet. 
Sci Lett (submitted) 

Feigenson MD (1984) Geochemistry of Kauai volcanics and a mix- 
ing model for the origin of Hawaiian alkali basalts. Contrib 
Mineral Petrol 87: 109-119 

Feigenson MD, Hofmann AW, Spera FJ (1983) Case studies on 
the origin of basalt. II .  The transition from tholeiitic to alkalic 
volcanism on Kohala volcano. Hawaii. Contrib Mineral Petrol 
84:390-405 

Fodor RV. Keil K (1975) Contributions to the mineral chemistry 
of Hawaiian rocks. IV. Pyroxenes in rocks from Haleakah and 
West Mau¡ volcanoes. Maoi, Hawaii. Contrib Mineral Petrol 

Frey FA, Clague DA (1983) Geochemistry of diverse basalt types 
from Loihi seamount, Hawaii: petrogenetic implications. Earth 
Planet Sci Lett 66: 337-355 

Jaques AL, Green DH (1980) Anhydrous melting of peridotite 
at 0-15 Kb pressure and the genesis of tholeiitic basalts. Con- 
trib Mineral Petrol 73:287-310 

Leeman WP, Budahn JR, Gerlach DC, Smith DR, Powell BV 
(1980) Origin of Hawaiin tholeiites: trace element constraints. 

gy4:728-732 

50: 173-1 95 

Am J SC¡ 280-A:794819 
. . Maur? *i RC (1976) Contaminatioi~et.c~st~llisation fpctionnke des .- 

séries-volcZÍ5qüëF$ZiÏiGs continentales et öcémiques: l'ori- 
gine des laves acides. These, Paris 

Minster .JF.  Allegre CJ (1978) Systematic use of trace ele- 
ments in igneous processes. I I I .  Inverse problem of batch 
partial melting in volcanic suites. Contrib Mineral Petrol 

O'Nions RK, Evensen NM. Hamilton PJ (1979) Geochemical mo- 
deling of mantle differentiation and crustal prowth. J Geophys 
Res 84:6091-6101 

and alkalic lavas from the Koolau Range, Oahu, Hawaii: Impli- 
cati.ons for Hawaiian volcanism. Earth, Planet Sci Lett 
69:¡41-158 

Shaw DM (1970) Trace element fractionation during anatexis. 
Geochini Cosmochini Acta 34:237-243 

Sun SS. Hanson GN (1975) Origin of Ross Island basanitoids 
and limitations upon thc heterogeneity of mantle sources for 
alk3li bosalts and nephclinites. Contrib Mineral Petrol 

68: 37-52 

--Roden .M~E~~ey~FA,,~lagueDA-(-1984&Geochemistry of tholeiitic. - . 

52277-100 
Central. 111 Reun An Sc Terre Montpellier resume 80 Sun S S ,  Nesbitt RW. Sharaskin AY (1979) Geochemic;d character- 



268 
e, 

':I 

' ' 
Ir istics of mid-ocean ridge basalts. Earth Planet Sci Lett 

Tarantola A. ??1cttP B (1982) Total inversion: A general method 
to solve direct oï inverse problems. Rev Geophys Space Phys 

Treuil M, Joron J L  (1975) Utilisation des elCments hygromagmato- 
philes pour la simplification de la modelisation quantitativc 
des processus magmatiques. Exemples de l'Afar et de la dorsalc 
medioatlantique. Soc Ita1 Mineral Petrol 31 : 125-174 

44 : 1 1 9-1 38 

20:219-232 

Vidal PH, Chauve1 C, Brousse R (1984) Large mantle heterogeneity 
beneath French Polynesia. Nature 307:536-538 

Wass SY (1980) Geochci i íhv and origin of xenolith bearing 2nd 
related alkali-basaltic rocks from the Southern Highlands, New 
South Wales, Australia. Am J Sci 280A:639-666 

White WM (1985) Sources of oceanic basalts: Radiogenic isotopic 
evidence. Geology 13 : 1 15-1 1 8 

Received January 14, 1985 / Accepted August 6, 1985 

. . . I . .  - .  . 

. .  . .  


