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INTRODUCTION

A variety of volcanic rock was recovered from the flanks of seamounts, guyots, atolls, 
and islands in the Ratak chain of the Marshall Islands on the U.S. Geological Survey cruise 
L9-84-CP. The main objective of this cruise was to study the distribution and composition of 
ferromanganese oxide crusts. Preliminary results of managanese crust composition are 
reported by Schwab et al. (1985) and detailed studies are in preparation (Schwab et al., 1986).

A total of seven seafloor edifices were studied using 12 khz, 3.5 khz and air gun seismic 
reflection, chain dredge and box corer. Bathymetry and ship track lines are presented by 
Schwab and Bailey (1985). Of the seven edifices surveyed two support atolls (Majuro and 
Taongi) and one is a tiny island (Jemo). Dredge locations and water depths are given in Table 
1 and dredge locations are shown in Figure 1. Due to equipment failures depths of dredge 
hauls were limited to shallow depth for all except the first two sites occupied. Recovery con­ 
sisted mostly of young, poorly-consolidated limestone of fore-reef slope deposit and minor vol- 
canogenic breccia and loose talus. The breccia and pieces of talus are thickly encrusted with 
ferromanganese oxide, whereas the young limestone is only coated by a thin layer. Four of the 
seven sites surveyed yielded volcanic rock. The volcanic rock, volumetrically a minor part of 
each dredge haul, consists mostly of lapilli and cobble-size clasts in a calcareous matrix or as 
loose talus. Most clasts show evidence of reworking, being sub- to well rounded, sometimes 
with a thin ferromanganese crust of their own.

This paper reports preliminary findings on the petrology and geochemistry of volcanic 
rock recovered.

ANALYTICAL METHODS

Lithologically representative samples were studied in thin sections, and alteration phases 
were verified by x-ray diffraction. The least altered material of larger clasts was selected for 
chemical analyses. The alteration rims and veinlets of secondary minerals were trimmed off 
with a water-cooled diamond saw. The selected chips were treated with dilute acetic acid to 
remove CaCO3 and repeatedly washed with distilled water to eliminate traces of salt, and 
then oven-dried (<100*F). Major element chemistry was determined by x-ray fluorescence in 
the analytical laboratory of the U.S.G.S. in Denver. Wet chemical analyses for FeO, CO2 ,

H2O+ , and H2O", as well as energy dispersive XRF analyses of Rb, Sr, Zr, Ba, Y, and Nb were 
performed in the analytical laboratory of the U.S.G.S. in Menlo Park. The abundance of Hf, 
Ta, Th, and the rare earth elements (REE) were determined by neutron activation analysis 
(INNA) in the analytical laboratory of the U.S.G.S. in Reston. Mineral chemistry of pla- 
gioclase, clinopyroxene, and titanomagnetite were determined on a 9 channel ARL SEMQ 
electron microprobe at the U.S.G.S. in Menlo Park. Clinopyroxene and titanomagnetite were 
analyzed using 15 kv, 20 nAmps, and a narrowly focused beam ("- '!/*), whereas plagioclase 
were analyzed using 10 nAmps and a defocused beam (~10/*) to avoid burning off sodium. 
Natural and synthetic oxides and minerals were used as standards. Data reduction was per­ 
formed using a modified version of Bence and Albee (1968).



PETROGRAPHY AND MINERALOGY

Petrographic data are summarized in Table 2 and chemistry of plagioclase, clinopyrox- 
ene and titanomagnetite are given in Tables 5, 6, and 7 respectively.

1. Majuro Atoll

The volcanic rock recovered from the flanks of the volcanic edifice supporting the 
Majuro Atoll consists predominantly of differentiated alkali olivine basalt fragments in a 
well-indurated, pale-beige phosphatized limestone matrix. Chemically the basalts are transi­ 
tional between alkali olivine basalt and hawaiite. Two lithologies appear to be present. Sam­ 
ples of dredge 1 are highly angular, red-brown oxidized wedges with yellow-golden palagonite 
rims. The rock is hyalopilitic and seriate rather than porphyritic, showing a progression of 
crystal sizes from microlites (< l/i) to larger crystals (~lmm) of euhedral plagioclase, olivine 
and clinopyroxene in a non-vesicular glass matrix. The olivine is completely replaced by 
bright red iddingsite. The olivine crystals are elongated and show a pronounced alignment 
indicating flow direction. The clinopyroxene is unaltered, gray to very pale brownish augite 
(2V~ 50 °) with compositional zoning very minor or absent. Plagioclase is also unaltered, 
sodic labradorite to andesine in composition, and shows no optical zoning or disequilibrium 
textures. One larger crystal (1-1#5) shows some reverse zoning with a rim of An 53-Or 1.7 
and a core of An 47.8-Or 2.4. Opaques are abundant, sub- to euhedral crystals of titanomag­ 
netite that have been largely oxidized. The glass is altered to yellow-golden palagonite or oxi­ 
dized to a reddish-brown. Small areas of pale-brown sideromelane are still present but could 
not be analyzed due to abundant crystallites.

A second lithology is represented by one sub-rounded clast (~-'10cm) from dredge 3. It is 
similar in mineralogy to those of dredge 1 except its groundmass is more tachylitic with sub- 
trachytic texture. Olivine is slightly more abundant, and instead of iddingsite, pseu- 
domorphed by smectite with an iddingsite rim. Clinopyroxene is unaltered salitic augite simi­ 
lar to those of dredge 1. Larger crystals show slight reverse zoning, with cores more iron-rich 
than the rims. Plagioclase is somewhat more calcic than in Dl, and all crystals analyzed are 
labradorite ranging from An 56.9 to An 58.2. Titanomagnetite is similar in composition to 
that in samples from Dl. No ilmenite or rutile exsolution lamellae were observed in either 
lithology.

The abundance of glass in rocks from dredge 1 indicate rapid quenching in water. The 
wedge-shaped pieces, with yellow palagonite rinds, signs of autobrecciation, and contact rims 
of well-crystallized zeolites grading into the calcareous sediment indicate contact of hot lava 
with wet sediment. Such rocks consisting of dark basaltic fragments in a light-colored limey 
matrix, formed by eruption into wet sediment have been called peperites (Fisher and 
Schmincke, 1984). The combination of bright-red iddingsite replacing olivine and the absence 
of vesicles may suggest subaerial eruption. Although absence of vesicles may be indicative of 
either an undegassed lava erupting in deep water, or a subaerially degassed lava. The flow 
may have originated subaerially but flowed into water. The sub-rounded tachylite cobble of 
dredge 3 suggests subaerial eruption followed by erosion.

Foraminifers in the calcareous matrix of Dl have tentatively been identified as Creta­ 
ceous in age.

2. Erikub Seamount



The volcanic rock recovered from a seamount informally referred to as Erikub 
Seamount consists of heterolithologic tuff breccia and loose angular pieces of hawaiite. The 
tuff breccia consists of poorly sorted, angular to rounded lithic clasts ranging from.< 1cm to 
30cm in size, minor vesicular palagonite fragments, and broken clinopyroxene crystals in a 
phosphatized biomicrite matrix. The lithic clasts appear to represent at least six different 

'lithologies. Two kinds of alkali olivine basalt appear to be present: one type (D6-16) is non- 
vesicular, and sparsely plagioclase-pyroxene phyric, the second type (D6-18), also non- 
vesicular, is olivine-plagioclase-pyroxene phyric with rapidly quenched skeletal opaques 
(ilmenite?) in the groundmass. Three lithologies transitional between alkali basalt and hawai­ 
ite are represented: One type (D4-2) is moderately vesicular, sparsely plagioclase-phyric, the 
second type (D4-3) is non-vesicular, sparsely plagioclase-phyric , and the third type (D6-24) is 
moderately to highly vesicular tachylite with a pronounced trachytic texture. The sixth 
lithology (D6-1), volumetrically the most abundant, is essentially aphyric to very sparsely pla­ 
gioclase phyric (<1%) hawaiite almost wholly composed of andesine microlites with minute 
granules of clinopyroxene, and small amounts (<4%) of yellow-brown chlorite (?) possibly 
replacing biotite. The olivine is completely replaced in all samples by smectite with iddingsite 
rims. The clinopyroxene is unaltered, pale-gray to pale brown augite and salite. TiO2 in the 
clinopyroxene ranges from a low of 0.93 in the rim of a rounded phenocryst (D6-17#l) to a 
high of 2.98 in a euhedral groundmass crystal (D6-18#l). Compositional zoning is minor, and 
may be normal or reverse. The plagioclase ranges from An 83.7 in the alkali olivine basalt of 
D6-17 to An 40.7 in the hawaiite of D6-1. The rare phenocrysts of plagioclase and clinopyrox­ 
ene present in D4-2 and D6-18 show minor compositional zoning and disequilibrium features, 
whereas the groundmass crystals are euhedral and homogeneous.

The presence of well-rounded clasts, sometimes surrounded by a thin ferromanganese 
oxide crust, the presence of intraclasts of biomicrite, and the poor sorting indicate that these 
breccias are sediment gravity flow deposits. However, some portions of the breccia , espe­ 
cially those with abundant broken crystals, have a zeolitized matrix that may be replacing 
ash, suggesting a subaqueous pyroclastic flow origin for some clasts and later reworking by 
sediment gravity flows. The abundance of highly vesicular tachylitic lapilli, oxidized hawai- 
ites, and well-rounded heterolithologic clasts indicate subaerial eruption and erosion before 
final deposition as submarine debris flows and slumps. Foraminifers in the biomicrite have 
been tentatively identified as Cretaceous in age.

3. Bikar Guyot

The volcanic rock recovered from the eastern flank of a guyot informally referred to as 
Bikar Guyot consists of a few well-rounded, oxidized, lithic clasts (<6cm) and extremely 
altered palagonite with minor amounts of broken clinopyroxene crystals in a zeolitized biomi­ 
crite matrix. The rounded lithic clasts, constituting less than 2% of the breccia, are well- 
rounded, highly vesicular ( 40%), ankaramitic alkalic basalt. The rock is highly porphyritic 
(>25%) with microphenocrysts of a yellow-green, highly birefringent, Mg-rich clay (saponite?) 
apparently replacing olivine and pyroxene. Some euhedral crystal outlines of olivine and 
pyroxene are identifiable but proportions of each are difficult to estimate. Iron oxides and 
smectites are also replacing most of the groundmass crystals. Only a few cores of unaltered 
clinopyroxene remain. Analysis of these cores showed them to be salites somewhat higher in 
Ca and Al than clinopyroxene in all of the other samples from the southern sites. Even the 
plagioclase is completely replaced by clay minerals. The vesicles are lined with a Mg-rich clay 
(saponite?), and have cores of carbonate-phosphate. The second lithology is represented only 
by extremely altered, vesicular palagonite fragments, mixed with broken clinopyroxene cry­ 
stals, in a zeolite tuff matrix. The great abundance of vesicles and vesicular palagonite sug­ 
gests eruption into shallow water.



4. Ratak Guyot

Volcanic rock recovered from a guyot informally referred to as Ratak Guyot consists 
predominantly of angular fragments of hawaiite (D18) and a few cm-sized clasts of highly 
altered alkali olivine basalt in a phosphatized biomicrite matrix (D17). The hawaiite is dark- 
gray, extremely fine-grained, aphyric with irregularly shaped vugs ("-'10%) filled with zeolites. 
The hawaiite consists of plagioclase microlites showing a pronounced trachytic texture in an 
almost opaque matrix (<10%). Tiny granules of clinopyroxene are present in the groundmass, 
as well as rare (<2%) microphenocrysts (~100/j) of oxidized titanomagnetite. Iron oxides 
line all fractures. The alkalic basalt is represented by rare, non-vesicular clasts to 1cm in size 
with clinopyroxene microphenocrysts (<0.5mm). The clasts are well-rounded, extremely 
altered to iron hydroxides and clay. Only a few cores of clinopyroxene crystals are still fresh.

The pervasive oxidation of the hawaiites and roundness of the altered basalt clasts sug­ 
gest weathering and erosion of subaerially erupted lavas, before final deposition as sediment 
gravity flow deposits.

Foraminifers in biomicrite have been tentatively identified as early Tertiary in age. 
However, since there is no evidence of subaqueous eruption the lavas may predate the biomi­ 
crite.

MAJOR ELEMENT CHEMISTRY

Major element composition was determined for eleven samples and data are presented in 
Table 3. All of the samples are at least somewhat altered. The hawaiites are the least altered, 
as evidenced by total water content of less than 3%. The most severely altered sample from 
Bikar Guyot (D15) shows a total water content of 8.50%. Alteration appears to have affected 
most severely the MgO and FeO content of samples that had abundant olivine which was 
replaced by iddingsite or by a combination of smectite and iddingsite. Alteration of hawaiites 
resulted mostly in oxidizing the opaques, resulting in an excessive amount of Fe2O3. Norma­ 
tive calculations of altered rocks are of limited value, nevertheless some indication of the 
degree of undersaturation may be obtained. CIPW norms were calculated with iron adjusted 
to Fe2O3/FeO = 0.2, and are shown in Table 3. Calculating CIPW norms without an adjust- 
ment for iron oxidation results in quartz-normative compositions for all except the hawaiites 
from D18. With iron adjusted, all samples are olivine-normative and hawaiites from D18 and 
D6-1 are nepheline-normative.

Alkalies appear to be less sensitive to alteration in alkalic basalt, and alkali abundance 
is probably representative, as long as great care is taken in excluding zeolite-rich material. 
However, when even the feldspar is altered, as is the case for D15, even the alkalies are 
suspect. The dredged lavas are shown on an alkalies versus silica diagram in Figure 2, and all 
plot in the alkalic field (Macdonald and Katsura,1964). The extremely altered sample of D15 
appears strongly undersaturated like basanite or nephelinite, but low silica content may be 
the result of alteration. The volcanic rocks from the Marshall Islands range from alkalic 
basalt to hawaiites. No mugearites or trachytes were recovered. Not enough samples were 
recovered to establish differentiation trends for the individual sites. However, compositions of 
D15 and D18 suggest a more alkalic trend for the two northern sites. The Marshall Island 
lavas appear to be similar to mildly and moderately alkalic lavas of Samoa (Natland, 1976) 
and Hawaii (Macdonald, 1968). They are also similar to alkalic lavas from the Line Islands 
(Natland, 1976), but show none of the unusual compositions, such as potassic nephelinites,



that have been recovered from some seamounts in the Line Island chain.

Another element that appears to be sensitive to alteration processes at seamounts in 
tropical waters is phosphorus. A plot of P2O6 versus TiO2 (Fig. 3) shows considerable scatter 
exists for samples that trace element and lithologic features identify as the same flow unit 
(e.g. 18-8 and 18-5). Careful examination of thinsections failed to give an optical indication of 
phosphorus enrichment due to alteration, which would allow selection of less altered material 
for chemical analysis.

TRACE ELEMENT CHEMISTRY

Abundances of nineteen trace elements, including the rare earth (REE), were determined 
for ten samples and are presented in Table 4. The chondrite-normalized REE patterns are 
shown in Figure 4. The normalized REE plots of the Marshall Island lavas have steep slopes 
with light rare earth element enrichment over heavy rare earth elements that is typical of 
alkalic rocks in general, and are similar to more evolved alkalic lavas from Hawaii (Basaltic 
Volcanism Project, 1981). La ranges from 100 times chondrites in the least differentiated 
alkalic basalt (D6-18) to 270 times chondrites in the hawaiites from the northernmost 
seamount (D18). The highly altered sample from dredge 15 has La 370 times chondrite, sug­ 
gestive of a strongly alkalic composition, but that may be the result of alteration. Submarine 
weathering and burial metamorphism can result in selective enrichment of light rare earth ele­ 
ments over heavy rare earth (Ludden and Thompson, 1979; Hellman et al., 1979). Phosphati- 
zation appears to result in gross REE enrichment (Clague, unpublished data). Yb shows a 
narrower range with abundances ranging from 10 to 17 times chondrites.

Incompatible elements such as Rb, Ba, Sr, Ti,Y, Zr, Nb are concentrated in the residual 
alkalic liquid during fractionation. Hence, they should show a progressive increase with 
differentiation. The Marshall Island lavas show a general increase in these elements from 
alkali olivine basalt to hawaiite but considerable scatter is evident. Rb, Ba, and Sr are easily 
mobilized by secondary alteration processes, whereas high field strength elements such as Zr 
and Nb are more alteration resistant (e.g. Pearce and Cann, 1973). Whereas Zr and Nb abun­ 
dances increase with differentiation, Zr/Nb ratios are not significantly changed by crystal 
fractionation. Lavas from the two southern sites have Zr/Nb ratios of 5.2±0.3, whereas the 
two northern sites have Zr/Nb ratios of 3.0 ±0.2, possibly suggesting a different mantle 
source. La/Sm, Ce/Yb, and La/Yb ratios of lavas from the northern sites are significantly 
higher suggesting a more alkaline trend.

DISCUSSION

The volcanic rocks recovered from the Marshall Islands are alkalic basalt and hawaiites 
that were erupted subaerially and in shallow water. They are chemically similar to basalt and 
basaltic differentiates of Hawaiian lavas erupted during the post-shield stage. Hawaiian post- 
shield lavas are late in the eruptive sequence forming mostly thin alkalic caps on big shields 
composed of tholeiitic basalt. Two main differentiation trends exist. The Kohala trend has 
mugearites as the predominant differentiate, whereas hawaiites are the predominat 
differentiate of the Haleakala trend (Macdonald, 1968). Both trends are shown for comparison 
on Figure 2. No tholeiitic rock was dredged from the seamounts in the Marshall Islands. Since 
dredging was generally limited to less than 2000 m, it seems likely that the shield stage



eruptions were not sampled. However, voluminous tholeiitic shields typical of Hawaiian vol­ 
canoes do not appear to be present on many volcanic islands in the South Pacific and South 
Atlantic Ocean. Islands in the Samoan and Caroline Island chains in the South Pacific or 
St.Helena and Ascenion in the South Atlantic appear to erupt only transitional and mildly 
alkalic basalts during the shield-building stage (Natland, 1976; Mattey, 1982; Baker, 1973). It 
may be that during the shield-building stage Marshall Island volcanoes also erupted only 
alkalic rock. A mildly alkalic composition as that of D6-18 could have erupted during the 
shield-building stage as well as during the post-shield stage.

Hawaiian volcanoes have a final eruption phase of alkalic to strongly alkalic lavas occur­ 
ring after a period of dormancy that may span several millions of years. During this stage, 
known as the post-erosional stage, very small volumes of basanites, nephelinites, and rarer 
nepheline melilitites are erupted. The extremely altered sample (D15-5) from Bikar Guyot 
may be a strongly alkalic lava equivalent to those erupted during post-erosional volcanism in 
Hawaiian volcanoes. Clinopyroxene compositions with a Wo component (molar Ca) of greater 
than 50 occur in Hawaii only in nephelinic lavas (Fodor et al., 1975). Since the clinopyroxene 
cores of D15-5 are still unaltered, clinopyroxene composition is probably a more reliable indi­ 
cator than major and trace element abundances. No strongly alkalic lavas were recovered 
from the other sites in the Marshall Islands, suggesting that either post-erosinal volcanism did 
not occur here, or more likely, since the volume of post-erosional lavas is very small, that it 
just was not sampled.

Marshall Island lavas have higher Ti and lower Ba than Hawaiian alkalic lavas, and gen­ 
erally show greater similarity with alkalic lavas from islands in the South Atlantic, such as 
Ascencion and St.Helena (Fig.5). Two different trends, or sources, are indicated for Marshall 
Island lavas. The two southern seamounts appear to have differentiated from a similar man­ 
tle source with Zr/Nb of 5.2 ±0.3, whereas the two northern seamounts show a slightly more 
alkalic trend with a Zr/Nb of 3.0 ±0.2. Higher La/Sm, La/Yb, and Ce/Yb ratios also suggest 
a more alkaline trend for the northern sites. In the Society (Dostal et al., 1982) and Caroline 
Islands (Mattey, 1982) increasingly alkaline character of lavas has been linked to progressively 
decreasing age of islands within the chain. Not enough samples were recovered from the 
Marhall Islands to establish geochemical trends. However, detailed radiometric age dating stu­ 
dies of hawaiites from D6 and D18 are in progress that should determine if the Marshall 
Islands show any age progression.
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Table 1: Dredge Locations

Sample No. Latitude Longitude Water Depth 
(N) (E) (m)

Major Lithotogies

Dl 7*16.0 171*00.6 2250-2230 
Majuro 
Atoll

D2 7*14.1 171*00.3 1480-1500 
Majuro 
Atoll

D3 7*16.6 170*60.1 2000-3100 
Majuro 

Atoll

D4 8*44.8 100*44.3 3550 
Erikub 

Seamount

D6 8*45.3 160*47.6 2000 
Erikub 

Seamount

broken pillow breccia of oxidized 
alkali olivine basalt in phospha- 
tized chalk matrix

poorly indurated limestone co- 
quina of fore-reef slope deposit

rounded clast of limestone eoqui- 
na and sub-angular alkalic basalt 
fragment

heterolithologic tuff breccia 
with alkalic basalt .highly ve­ 
sicular tachylite, palagonite and 
broken crystals in chalk matrix

angular fragments of hawaiite 
and alkalic basalt clasts in phos­ 
phatized chalk; tuff breccia with 
broken crystals and palagonite 
and minor bioturbated chalk and 
calcarenite

D10 10*005.1 100*36.0
Jemo
bland

1000-1680 fore-reef limestone coquina

D12 11*01.2 170*10.6 
Utirik 

Seamount

1675-2000 Ferromanganese oxide crust 
without substratum

D13 11*00.5 170*12.2 
Utirik 

Seamount

2000 Ferromanganese oxide crust 
without substratum

D14 11*00.5 170*13.8 
Utirik 

Seamount

1800 Ferromanganese oxide crust 
without substratum

D15 12*11.0 168*59.7 1300-1800 
Bikar 
Guyot

D17 13*54.3 107*37.6 1600 
Ratak 
Guyot

D18 13*64.0 167*30.2 1600 
Ratak 
Guyot

D20 14*32.5 169*0.2 1700-2000 
Taongi 
Atoll

phosphatized chalk with minor 
amount of well rounded, highly 
vesicular, alkalic basalt clasts

phosphatized chalk with sparse 
pebble-sized clasts of extremely 
altered, alkalic basalt

angular fragments of hawaiite 
in phosphatized chalk matrix

poorly indurated limestone coqui­ 
na of fore-reef slope deposit



Table 2: Petrographic Data for Volcanic Rock from the Manhall Uland* 
(mineral abundance baced on vimial estimate*)

Sample 
No.

Dl-1

Dl-7

DS-1

D4-2

D4-3

DO-1

DC-16

DO-17
DO-18

DO-24

D15-6

D18-1
D18-6
D18-8

Rock 
Type

TABH

TABH

TABH

TABH

TABH

H

AOB

AOB

TABH

AOB

H

Phenocryct* 
Mineral %

Plagioclace 10
(rounded)
dinopyroxene <1
(rounded)

PlagiocUfe <1
(recorbed)

PlagiocUfe <6
Fe-Ti oxide <1

Plagioclace <1
(rounded)
dinopyroxene <1
(rounded)

Olivine <0
cuhedral
dinopyroxene <1
(rounded)
Plagioclaie <1

Plagioclace <1
(euhedral)

Olivine 25
(euhedral)
Pyroxene
(euhedral)

OroundmaM Vwicle* 
Si*e Mineral % *ue ft

Plagioclave
dinopyroxene
Fe-Ti oxide
Olhrine
PaUgonite

Plagioclave
dinopyroxene
Olivine
Fe-Ti oxide
Tachylite

Plagioclaie
Olivine
dinopyroxene
Fe-Ti oxide

  2Bun Plagioclaie
Fe-Ti oxide

0.0mm Olivine

TachyUte

6mm Plagioclace
Olivine
dinopyroxene
Fe-Ti oxide
Tachylite

0.4mm Plagioclace
<0.2mm dinopyroxene

Fe-Ti oxide*
Chlorit* T

  2mm Plagioclace
dinopyroxene

~Smm Olivine
Fe-Ti oxide*
TachyUte

<1 mm Plag iocla*e
dinopyroxene

  2mm Olivine
Fe-Ti oxide

~2mm

2mm Plagiochwe
dinopyroxene
Olivine
Fe-Ti oxide
Tachylite

<6mm dinopyroxene
Plagioclaie?
Olivine?
Opaque*
dayi

PlagiocUte
Fe-Ti oxide
dinopyroxene
Tachylite

M
16
16
10
10

66
16
10
12
8

00
16
10
9

OS
10
0

10

02
12
6
10
10

00
10
16
s

08
16
10
2
8

60
M
0
IS

00
10
S
16
10

70
16
8
12

<lmm <1
<OJmm
<0.2mm
<OJmm

<lmm ~2
<0.9mm
<OJmm
<OJmm

<lmm 0
<0.0mm
<0^mm
<0.1mm

<lmm ~10
<0.4mm
<OJ2mm

<lmm <1
<OJmm
<0.1mm
<OJmm

<0.1mm <1
<10M
<10M

<0^mm 0
<O.Smm
<0.2mm
<0.1mm

<lmm 0
<OJImm
<0.6mm
<0^mm

<0.6mm 0
<0^mm
<0.1mm
<0.1mm

40

<0.01mm 10
<100p
<5|»

Texture

hyalopilKic

mterfraouUr

 ub-trachytic

 ub-trachytic
to
BterfranuUr

trachytic

trachytic

irachytic

BterfranuUr
to
mtenertal

trachytic

intercertal

trachytic

Remark*

broken pillow breccia
with palagonite rind
olivine replaced by
iddint*itet*howi flow
alignment

taehylitic f roundma*<
no f U**y rind,
olivine replaced by
iddmgcite

nib-rounded cobble
tacfayUtic gronndma**
no gla** rind,
oMvine rimmed with
idding<ite, replaced
by cmectite clay

phenocryit* rounded
and Boned, olivine
replaced by cmectite
and iddingiite, cUy*
 eolite* and phocphate
line vende*

pillow breccia
 imilar to Dl-1 but
ha* ICM glai*
and more tachylite
in groundmaM.olivine
replaced by imectite
and iddingiite

Ti-magnetite i*
ox idised , chlo rite
 ay be replacing
biotite, ealcite and
clay in veiide*

olivine replaced
by iddingiite and
 mectite, phenocryit*
are glomerophyric
and rounded

olivine replaced
by *mectite,no
iddingiite rim*,

iron oxide*
and imectite fill
fracture*

extremely altered
dinHued with iron
oxide*, and laponite
vecide* lined with
 aponite and carbonate
phovphate

Iron oxide itaini
along fracture*,
vugi filled with
 eolite*,patcfae* of
browniih chlorite?
opaque* oxidiied

AOB alkali olivine bacalt; TABH tran»ition»l between alkalic baialt and hawaiite; H hawaiite



Table 3t Major Element Analyses of Volcanic Rocks from the Marshall Islands

Sample No.
Rock type

S10,
Al,0$
Fe20$
FeO
MgO
CaO
Na20
K20
TI02
P2°6

MnO
H20+
H20-

C02

Total

1-1
TABH

41.8
15.1
12.07
3.72
2.23
8.10
2.04
1.08
4.21
1.31
0.23
2.15
3.17
0.26

gg.s

1-7
TABH

43.5
14.0
10.55
4.37
3.54
0.40
3.05
1.02
4.01
1.58
0.18
1.08

2.13
0.21

100.2

3-1
TABH

44.7
13.5
0.00
5.50
4.30
0.40
2.71
1.31
4.00
0.70
0.10
1.12
1.40
0.10

100.1

4-2
TABH

47.2
10.0
12.40

1.00
2.48
0.82
3.80
1.83
2.58
0.04
0.10
1.58

1.01
0.10

100.2

Normative Minerals   

Q
Or
Ab
An
Ne
Wo
En
Fs
Fo
Fa
Mt
11
AP

0.87
20.77
20.70
 
3.20
4.40
7.40
2.08
5.53
4.21
8.00
3.34

0.32
27.07
25.12
 
5.54
5.38
7.80
2.71
4.33
3.01
7.00
3.03

8.01
23.73
21.53
~
8.03
8.44
0.40
1.85
2.20
4.04
0.81
1.04

11.32
34.10
23.02
 
2.42
2.48
5.52
2.70
0.85
3.58
5.13
2.33

0-1
H

48.7
10.3
11.0

1.00
2.58
0.58
4.55
2.07
2.01
1.10
0.15
1.32
1.35
0.07

00.8

0-18
AOB

44.0
15.2
10.71
4.05
3.02

11.5
2.40
0.80
3.30
0.52
0.10
1.35

1.04
0.00

100.4

-volatile free (Fe

12.72
38.00
18.00
0.75
3.01
1.02
2.00
3.07
8.00
3.30
3.07
2.03

5.45
21.05
20.00
 

11.07
5.08
8.34
2.00
4.47
3.80
0.01
1.28

0-24
TABH

45.0
10.0
10.18
4.25
2.47
7.45
3.70
1.54
2.07
1.24
0.34
1.76
1.72
0.13

100.2

208/FeO

0.40
32.00
20.03
 
1.70
2.00
4.07
3.04
7.07
3.77
5.20
3.00

15-5
AOB

30.3
10.2
14.10
3.07
0.05
0.04
1.27
1.40
3.10
2.20
0.20
4.52

3.08
0.73

100.0

-0.2)

0.03
11.00
10.80
 
7.10
4.22
3.14

14.07
12.04
4.73
0.70
5.07

18-1
H -

44.0
17.4
8.02
2.00
2.82
0.30
3.33
2.33
2.52
1.00
0.20
3.01
2.34
0.14

00.0

14.00
23.14
27.37

3.75
4.50
1.88
2.03
3.03
0.07
2.83
5.11
4.20

18-5
H

44.4
17.4
8.38
3.71
3.08
0.00
4.03
2.07
2.47
1.25
0.25
1.37

1.04
0.08

00.8

12.00
17.08
24.08
0.53
7.12
3.10
4.01
4.47
0.37
3.14
4.85
3.00

18-8
H

43.0
17.4
8.73
2.05
2.35
8.24
3.50
2.70
2.52
1.74
0.17
3.35
2.07
0.15

00.0

17.78
24.17
25.08
4.50
2.82
1.07
1.70
3.07
0.70
2.8ft
5.10
4.44

AOB  alkali ollvlne basalt

TABH= transitional between alkallc basalt and ha wall te

H= hawatlte

l\



Table 4. Trace Element Abundances (ppm) In Volcanic Rocks 
from the Marshall Islands

Sample No. 
Rock type

Sc
Co

Hf
Ta
Th

Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

(La/Sm)N
(Ce/Yb)N
La/Yb
Zr/Hf
Zr/Y
Zr/Nb

1-1 
TABH

23.0
32.3

0.58
6.40
5.70

10
525

45
400

85
234

53.4
112
50
14.4
3.05
1.85
3.70
0.50

2.03
0.70

14.1
48.0
10.4

5.5

1-7 
TABH

23.5
28.2

0.10
0.12
5.48

15
525

50
438
83

238

54.5
100
58
14.4
3.83
1.00
3.08
0.55

2.07
0.23

13.7
48.1

8.8
5.3

3-1 
TABH

27.8
44.1

7.01
5.01
4.44

34
458

38
320

05
208

42.0
80.0
40
11.7
3.22
1.40
3.30
0.40

2.01
5.00

13.0
42.1

8.4
4.0

4-2
TABH

0.00
23.0

7.43
5.41
0.57

58
725
37

340
70

422

57.5
112
55
13.3
3.40
1.45
3.15
0.40

2.37
8.00

18.3
45.8
0.2
4.0

0-18 
AOB

23.5
48.3

5.34
3.10
3.82

20
505

17
210

43
200

35.5
00.2
30

0.0
2.47
1.17
2.50
0.34

2.10
0.14

13.0
40.5
12.7
5.0

ft-24 
TABH

7.28
31.7

7.70
5.25
0.28

30
870

50
350

08
420

00.0
117

02
U.8
3.80
1.70
3.88
0.52

2.48
0.80

17.2
44.0

7.0
5.2

15-5 
AOB

23.4
40.7

5.02
7.14

11.70

48
035
72

280
104
480

110
100
00
10.2
5.00
2.10
4.50
0.50

3.31
8.08

25.8
50.0

4.0
2.8

18-1 
H

5.38
21.1

0.10
8.20

10.80

40
000

44
300
100
035

02.0
150.0

05
14.1
3.53
1.48
3.82
0.52

3.01
8.08

24.3
48.5

0.8
3.0

18-5 
H

5.18
23.5

0.30
8.35

10.85

58
1000

35
310
100
020

88.5
154
03
13.5
3.54
1.43
3.08
0.48

3.00
0.51

24.1
40.5
0.0
3.2

18-8 
H

5.41
20.3

0.32
8.31

10.80

44
000

30
300

00
035

88.7
150.0
01
13.0
3.50
1.42
3.50
0.48

3.58
0.80

25.3
48.4
8.5
3.1

AOB= alkali ollvlne basalt

TABH= transitional between alkallc basalt and hawalite

H= hawalite

L



Table 5s Plagloclase Analyses

Sample No.

S102
A120,
FeO
MgO
CaO
K20
Na20
SrO

Total

An
Ab
Or

Sample No.

sio2
A12O8
FeO
MgO
CaO
K20
Na20
SrO

Total

An
Ab
Or

Dl-1
Imc

54.2
28.1
0.70
0.13

10.0
0.30
5.03
0.25

00.5

53.5
44.8

1.7

D3-1 
1R

53.1
28.0
0.77
0.14

11.0
0.20
4.53
0.22

00.7

58.2
40.0

1.7

Dl-1
2R

54.5
27.0

0.70
0.12

10.0
0.32
5.24
0.25

00.2

51.7
40.4

1.8

D3-1 
1C

53.7
28.8
0.77
0.13

11.7
0.31
4.00
0.24

100.3

57.0
41.2

1.8

Dl-1
2C

54.0
27.0
0.05
0.11

10.0
0.37
5.30
0.20

00.4

51.4
40.5

2.1

D3-1 
2R

53.0
28.5
0.71
0.13

12.0
0.20
4.40
0.17

00.8

58.5
30.8

1.7

Dl-1
Sine

54.8
27.1
0.70
0.15

10.5
0.38
5.22
0.21

00.2

51.5
40.3

2.2

D3-1 
2C

53.0
28.8
0.00
0.15

11.0
0.31
4.00
0.10

00.0

57.0
41.2

1.8

Dl-1
4 me

55.3
20.0
0.83
0.14
0.10
0.58
5.74
0.10

07.0

45.1
51.5

3.5

D3-1 
3 me

53.0
28.0

1.07
0.30

11.0
0.45
4.54
0.23

100.1

57.0
40.4

2.0

Dl-1
5R

54.7
27.3
0.08
0.13

11.0
0.30
5.05
0.22

00.4

53.7
44.5

1.7

D3-1 
4 me

53.4
28.7
0.84
0.18

11.7
0.31
4.08
0.20

00.0

50.0
41.3

1.8

Dl-1
5C

50.2
27.0
0.02
0.10
0.80
0.41
5.03
0.20

100.0

47.8
40.7

2.4

D4-2 
Imc

54.7
28.8
0.38
0.08

10.0
0.27
5.30
0.31

100.7

52.5
40.0

1.5

Dl-1
Omc

54.0
28.4

0.71
0.13

11.5
0.27
4.70
0.20

100.0

50.1
42.3

1.0

D4-2 
2me

54.0
28.4
0.40
0.10

10.5
0.38
5.20
0.33

100.3

51.4
40.4

2.2

Dl-1
7 me

55.4
27.3
0.07
0.12

10.5
0.32
5.21
0.22

00.8

51.7
40.5

1.8

D4-2 
3 me

55.1
28.3
0.44
0.07

10.0
0.25
5.34
0.27

100.7

52.2
40.3

1.5

mc« core of small crystal 

R*"= rim of larger crystal 

C»= core of larger crystal



Table 5s continued

Sample No.

S102
Ala^a
FeO
MgO
CaO
K2O
Na20
SrO

Total

An
Ab
Or

Sample No.

S102
A120S
FeO
MgO
CaO
K20
Na20
SrO

Total

An
Ab
Or

D4-2
4 me

54.8
28.4

0.51
0.05

10.8
0.20
5.25
0.30

100.4

52.3
40.0

1.7

DO-18 
2mc*

47.3
32.8

0.03
0.15

10.0
0.07
2.05
0.21

00.8

81.3
18.3
0.4

DO-1
Imc

57.0
20.0

0.40
0.05
8.43
0.51
0.43
0.35

100.0

40.7
50.3

2.0

DO-18 
3mc

50.7
30.1

1.07
0.20

13.4
0.18
3.52
0.18

00.4

07.1
31.8

1.1

DO-1
2 me

50.4
20.8
0.54
0.05
0.55
0.85
5.54
0.34

100.1

40.3
48.7

4.0

DO- 18 
4 me

50.0
2Q.8
0.78
0.10

13.2
0.17
3.85
0.20

00.1

04.7
34.3

1.0

DO-1
2mc

55.0
27.7

0.55
0.03

10.1
0.38
5.01
0.45

100.0

48.7
40.0

2.2

DO- 18 
5 me

50.8
30.1

0.85
0.17

13.8
0.10
3.50
0.22

00.0

07.5
31.0

0.0

DO-1
4mc

50.0
27.3

0.07
0.03
0.02
0.51
5.81
0.35

100.2

40.3
50.7
3.0

DO-18 
OC

48.0
32.0

0.01
0.14

10.2
0.07
2.15
0.22

100.1

80.3
10.3
0.4

DO-17
1R

40.8
23.4

0.04
0.12

17.1
0.07
1.80
0.22

100.2

83.7
15.0
0.4

DO- 18 
OR

50.5
20.5
0.05
0.15

14.1
0.14
3.2Q
0.10

00.0

00.8
20.4
0.8

DO-17
1C

47.0
22.4

0.57
0.13

10.5
0.07
2.08
0.21

00.0

81.1
18.5
0.4

DO-18 
7C

50.5
30.5

0.73
0.14

13.7
0.10
3.54
0.20

00.5

07.4
31.0

O.Q

DO-17
2 me

51.2
20.4
0.75
0.13

13.0
0.10
2.73
0.21

100.2

00.3
32.8
0.0

DO-18 
7R

51.3
20.0
0.78
0.10

13.0
0.10
3.5U
0.21

100.4

07.2
31.0
0.0

DO-17
2mc

51.0
28.0

1.17
0.33

13.2
0.2Q
4.00
0.18

00.0

03.5
34.8

1.7

DO-18 
8mc

51.1
30.2

O.U3
0.14

13.4
0.18
3.77
0.20

00.0

05.0
33.4

1.0

DO-18
Imc

51.1
20.2

0.03
0.14

13.4
0.18
3.77
0.20

OQ.O

05.0
33.4

1.0

* included in cllnopyroxene phenocryst



Table 0: Clinopyroxene Analyse*

Sample No.

Si02
TiO2
AljOg
FeO
CrgO8
MnO
MgO
CaO
NajO

Total

Dl-1
1R

48.7
2.16
4.82
0.00
0.00
0.21

18.0
20.7

0.40

00.8

Dl-1
1C

61.8
1.22
2.33

10.0
0.00
0.82

16.0
10.0
0.81

100.0

Dl-1
2R

40.0
8.17
6.62

10.0
0.01
0.24

12.3
20.4
0.54

00.8

Dl-1
2C

47.6
2.76
6.20
0.77
0.00
0.21

12.8
20.0

0.40

00.4

Dl-1
8R

40.6
2.15
4.06
0.08
0.00
0.24

18.5
»0.7

0.44

100.2

Dl-1
8C

40.6
1.80
8.08

10.8
0.00
0.28

18.8
10.8

0.60

100.0

Dl-1
4R

61.8
1.22
1.07
0.02
0.00
0.20

16.2
90.4
0.80

100.1

Dl-1
4C

47.8
2.76
6.60

10.1
0.01
0.25

12.8
10.0
0.64

00.1

Dl-1
6R

40.6
1.07
8.48
0.88
0.00
0.20

18.0
20.8

0.38

00.0

Dl-1
6C

61.0
1.14
1.80

10.8
0.01
0.84

16.1
18.0
0.30

00.2

Dl-1
Omc

48.0
2.82
4.00
0.40
0.01
0.23

18.1
20.5

0.53

00.0

Cations based on six oxygens

Si
Ti
Al
Fe
Cr
Mn
Mg
Ca
Na

1.822
0.001
0.100
0.802
0.000
0.007
0.768
0.820
0.083

1.010
0.034
0.103
0.831
0.000
0.010
0.833
0.750
0.023

1.747
0.080
0.244
0.833
0.000
0.008
0.080
0.810
0.030

1.772
0.077
0.233
0.805
0.000
0.007
0.710
0.824
0.030

1.853
0.001
0.170
0.801
0.000
0.008
0.750
0.830
0.032

1.800
0.053
0.170
0.841
0.000
0.000
0.743
0.700
0.037

Pyroxene components (molar

Ca
Mg
FeT

48.0
40.1
10.0

80.5
48.3
17.2

44.0
87.3
18.1

44.8
88.0
10.0

44.1
80.0
10.0

42.4
80.5
18.1

1.024
0.034
0.080
0.280
0.000
0.008
0.841
0.811
0.020

%)

42.0
43.5
14.5

1.768
0.077
0.244
0.814
0.000
0.008
0.700
0.702
0.080

48.0
80.1
17.8

1.844
0.065
0.151
0.308
0.000
0.008
0.770
0.812
0.028

48.0
40.7
10.8

1.887
0.032
0.082
0.334
0.000
0.011
0.831
0.738
0.021

38.8
48.7
17.0

1.821
0.005
0.202
0.200
0.000
0.007
0.720
0.817
0.038

44.4
80.5
10.1

me  core or small crystal 

R  rim or larger crystal 

C«« core of larger crystal



Table 6: continued

Sample No.

Si08
TJOg
AlgO,
FeO
Cr,0,
MnO
MgO
CaO
NajO

Total

D3-1
Imc

40.3
3.48
6.00
0.85
0.00
0.10

12.5
20.7
0.40

00.3

D3-1
2mc

60.3
1.43
2.62

11.2
0.00
0.30

16.7
17.3
0.31

00.0

D3-1
3mc

48.1
2.40
4.81
0.81
0.00
0.22

13.4
20.3
0.61

00.5

D3-1
4R

40.6
3.26
6.40

10.2
0.00
0.21

12.0
20.4
0.51

00.1

Da-i
4C

40.0
2.87
6.10
0.81
0.00
0.18

13.3
20.1
0.40

08.5

D3-1
6R

40.8
3.16
6.00
0.80
0.00
0.10

12.6
20.0
0.65

00.0

D3-1
6C

47.0
2.00
4.05
0.04
0.00
0.18

13.0
20.0
0.51

00.3

D3-1
Omc

48.1
2.47
4.07
0.73
0.00
0.20

13.2
20.4
0.60

00.0

D3-1
7R

47.2
3.04
6.10

10.2
0.00
0.10

12.7
20.0
0.48

00.6

D3-1
7C

40.0
3.27
6.63

10.3
0.00
0.20

12.3
20.4

0.61

08.5

D3-1
8mc

60.0
1.60
2.63

10.0
0.01
0.31

16.5
18.1
0.28

100.0

Cations based on six oxygens

Si
Ti
Al
Fe
Cr
Mn
Mg
Ca
Na

1.733
0.008
0.251
0.308
0.000
0.006
0.006
0.831
0.036

1.862
0.040
0.100
0.345
0.000
0.000
0.802
0.083
0.022

1.704
0.000
0.212
0.300
0.000
0.007
0.743
0.811
0.037

1.734
0.001
0.241
0.317
0.000
0.007
0.701
0.816
0.037

1.722
0.080
0.225
0.303
0.000
0.006
0.734
0.706
0.033

1.768
0.080
0.248
0.311
0.000
0.006
0.702
0.840
0.040

1.774
0.075
0.217
0.300
0.000
0.000
0.724
0.824
0.037

1.708
0.070
0.210
0.304
0.000
0.000
0.730
0.817
0.037

1.707
0.080
0.228
0.310
o.ooo
0.000
0.710
0.826
0.035

1.700
0.001
0.242
0.320
0.000
0.006
0.070
0.810
0.037

1.002
0.042
0.111
0.341
0.000
0.010
0.862
0.722
0.020

Pyroxene componenu (molar %)

Ca
Mg
FeT

45.3
37.0
10.8

36.1
45.6
18.3

43.6
30.0
10.5

44.5
38.2
17.3

43.4
40.0
10.5

45.3
37.0
10.8

44.0
30.2
10.2

44.0
30.6
16.4

44.5
38.3
17.2

44.8
37.5
17.7

37.5
44.8
17.7



Table 0: continued

Sample No.

S102
Ti02
AlgOg
FeO
Cr20,
MnO
MgO
CaO
NajjO

Total

D4-2
line

47.9
2.37
6.05
9.98
0.00
0.24

11.0
21.3
0.03

99.0

D4-2
2R

48.4
2.23
4.37

10.3
0.00
0.25

11.5
21.7
0.57

99.2

D4-2
2C

49.0
2.00
3.00

10.4
0.00
0.28

11.8
21.0

0.53

99.3

D4-2
3R

48.4
1.96
4.25

10.0
0.00
0.27

11.2
SI. 8
0.00

99.0

D4-2
ac

60.6
1.40
2.03

10.2
0.00
o.ao

13.3
21.2
0.88

99.9

D4-2
4mc

49.2
1.90
4.47

10.0
0.00
0.25

12.1
21.7
0.57

D4-2
6R

61.1
1.19
8.30

10.3
0.00
0.31

13.2
20.8

0.53

100.4 100.7

D4-2
6C

48.0
1.99
6.02

10.1
0.00
0.25

11.6
21.4

0.69

100.2

D4-2
Omc

49.2
1.89
8.91

10.1
0.00
0.28

11.8
22.0
0.50

99.8

DO-17
1R

60.7
0.93
8.40
6.38
0.25
0.10

15.7
22.3
0.27

99.1

DO-17
1C

48.9
1.40
6.21
6.83
0.45
0.13

14.3
22.5
0.32

99.0

cations based on six oxygens

Si
Ti
Al
Fe
Cr
Mn
Mg
Ca
Na

1.794
0.007
0.250
0.313
0.000
0.008
0.047
0.855
0.040

1.809
0.003
0.193
0.322
0.000
0.008
0.039
0.807
0.042

1.834
0.058
0.159
0.325
0.000
0.009
0.059
0.800
0.039

1.806
0.055
0.187
0.331
0.000
0.008
0.022
0.872
0.043

1.894
0.039
0.110
0.320
0.000
0.009
0.742
0.852
0.028

1.849
0.055
0.198
0.315
0.000
0.008
0.078
0.874
0.042

Pyroxene Components (molar

Ca
Mg
FeT

47.1
35.0
17.2

47.4
35.0
17.0

40.8
35.0
17.0

47.8
34.1
18.1

44.5
38.8
10.7

40.8
30.3
10.9

1.903
0.033
0.145
0.320
0.000
0.010
0.731
0.831
0.038

%)

44.2
38.8
17.0

1.820
0.056
0.249
0.318
0.000
0.008
0.052
0.801
0.050

47.0
35.0
17.4

1.852
0.053
0.173
0.317
0.000
0.009
0.002
0.887
0.041

47.5
35.5
17.0

1.840
0.025
0.140
0.104
0.007
0.003
0.851
0.871
0.019

40.2
45.1

8.7

1.788
0.039
0.225
0.178
0.013
0.004
0.781
0.880
0.023

47.9
42.5
9.7



Table 0: continued

Sample No.

Si02
TiO2
AlgOs
FeO
Cr20,
MnO
MgO
CaO
NajjO

Total

DO-17
2R

40.4
1.30
4.77
S.78
0.43
0.10

14.0
22.5
0.28

00.2

DO-17
2C

48.0
1.22
4.80
S.74
O.S2
0.10

14.0
22.2
0.35

08.0

DO-18
Imc

40.8
2.08
S.87
0.44
0.02
0.1S

12.1
21.3

0.43

00.1

DO-18
2R

47.0
1.00
S.01
8.40
0.05
0.10

13.3
21.4

0.41

08.0

DO-18
2C

SO.l
1.43
3.02
0.00
0.14
0.14

14.3
22.3
0.30

00.0

DO-18
3R

40.7
2.00
4.00
0.21
0.04
0.21

13.3
SO.O
0.34

00.7

DO-18
3C

60.8
l.SO
3.40
8.18
0.00
0.10

14.1
21.0
0.30

100.3

DO-18
4mc

40.7
2.30
0.28
8.70
0.00
0.17

12.3
22.0
0.43

00.0

D15-5
1R

40.0
2.SS
S.53
0.07
0.01
0.00

13.4
23.7
0.37

08.8

D16-S
1C

43.4
4.24
8.37
7.07
0.01
0.08

11.0
23.3
0.44

08.0

D15-5
2mc

40.1
2.80
e.oo
0.00
0.18
0.12

12.0
22.5
0.02

08.3

Cations based on six oxygens

Si
Ti
Al
Fe
Cr
Mn
Mg
Ca
Na

1.807
0.038
0.200
0.177
0.012
0.003
0.707
0.882
0.020

1.777
0.033
0.208
0.174
0.015
0.003
0.702
0.805
0.024

1.743
0.083
0.258
0.204
0.001
0.005
0.072
0.851
0.031

1.757
0.053
0.244
0.201
0.001
0.005
0.733
0.840
0.030

1.853
0.040
0.171
0.213
0.004
0.004
0.780
0.881
0.028

1.851
0.058
0.170
0.287
0.001
0.007
0.730
0.830
0.024

1.887
0.044
0.140
0.254
0.002
0.005
0.781
0.801
0.020

1.731
0.000
0.275
0.270
0.003
0.005
0.070
0.874
0.031

1.000
0.070
0.238
0.185
0.000
0.003
0.720
0.028
0.020

1.553
0.117
0.301
0.217
0.000
0.003
0.035
0.010
0.031

1.085
0.070
0.288
0.202
0.005
0.004
0.088
0.883
0.044

Pyroxene components (molar%)

Ca
Mg
FeT

47.5
42.0

0.5

47.2
43.3
0.5

40.8
37.0
10.2

40.0
30.8
14.2

40.8
41.0
11.3

45.0
80.0
15.4

46.4
41.2
13.4

47.0
37.2
14.8

S0.5
30.5
10.1

SI. 8
35.0
12.3

40.8
38.8
11.4



Table 7s Fe-TI Oxide Analyses

Sample No.

MgO
Al^O,
SI02
CaO
TI02
^2^8

Cr2°S

MnO
FeO

Total

Dl-1
Imc

4.07
4.42
3.48
0.50

21.0
0.54
0.01
0.44

01.0

00.5

Dl-1
2 me

4.25
2.00
0.00
0.00

22.2
0.50
0.03
0.51

05.0

00.5

Dl-1
3mc

4.05
4.40
3.84
0.04

20.3
0.50
0.02
0.43

02.7

00.0

D3-1
Imc

4.18
3.40
0.00
0.08

23.4
0.73
0.00
0.45

00.0

08.3

Cations based on

Mg
Al
SI
Ca
TI
V
Cr
Mn
Fe

0.443
0.230
0.000
0.007
1.100
0.031
0.001
0.030
3.857

0.408
0.350
0.233
0.040
1.003
0.020
0.001
0.025
3.480

0.411
0.352
0.201
0.047
1.038
0.027
0.001
0.025
3.500

0.451
0.200
0.000
0.000
1.273
0.042
0.003
0.020
4.000

D3-1
2 me

3.00
3.35
0.00
0.15

24.4
0.70
0.05
0.40

04.8

07.5

D3-1
3mc

4.02
3.00
0.00
0.20

24.1
0.71
0.05
0.40

04.5

07.1

D3-1
4 me

3.80
3.22
0.00
0.00

24.0
0.71
0.07
0.48

05.2

07.7

D4-2
1R

2.81
3.05
0.00
0.04

22.7
0.13
0.01
0.08

08.3

08.3

D4-2
10

3.71
4.04
0.00
0.03

22.2
0.20
0.00
0.04

00.4

08.0

8 oxygens

0.380
0.270
0.000
0.011
1.207
0.043
0.003
0.020
3.830

0.420
0.255
0.000
0.015
1.208
0.040
0.003
0.028
3.781

0.412
0.270
0.000
0.007
1.280
0.040
0.004
0.020
3.885

0.307
0.310
0.000
0.003
1.254
0.007
0.000
0.042
4.104

0.307
0.418
0.000
0.002
1.100
0.011
0.000
0.030
3.080

mc= core of small crystal 

R= rim of larger crystal 

C= core of larger crystal
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Figure 1. Bathymetric map of the Ratak chain of the Marshall Islands (from Chase et al., 1971) 
showing dredge locations. The contour interval is 200m.
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Figure 2. Alkalies versus silica plot for lavas dredged from the Marshall Islands (solid circles), line 
dividing alkalic from tholeiitic field from Macdonald and Katsura (1964). All samples 
plot in the alkalic field. Figure modified from Natland (Fig. 3, 1976) showing trends 
for Samoan volcanism and fields for basaltic rock from DSDP sites 315, 170, 171, and 
165 as shown in that figure. Line Island compositions (open circles) are also from Nat- 
land (1976) but only dry-reduced data points are shown. Field for post-caldera alkalic 
lavas of Haleakala and Kohala differentiation trend from Macdonald (1968).
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Figure 3. P2O6 versus TiO2 plot for dredged lavas. Fields of oceanic island tholeiite and alkalic 
basalt from Bass et al. (1973). The scatter is probably largely due to alteration and
addition of P0OE .
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Figure 4. Chondrite normalized rare earth element patterns for dredged lavas. Field of Hawaiian 
alkalic REE patterns shown for comparison is from Basaltic Volcanism Project (1981). 
Note that Hawaiian alkaline series includes compositions as evolved as mugearites. 
Compositions of dredge 1 as well as dredge 18 have been averaged. REE patterns of 
Marshall Island lavas show abundances and LREE over HREE enrichment typical of 
differentiated alkalic lavas. They appear somewhat more enriched than comparably 
evolved Hawaiian lavas.
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Figure 5. Plot of Nb/Zr versus Ba/Zr shows the Marshall Island lavas in comparison with other 
alkalic lavas from islands in the Pacific and South Atlantic Ocean. Figure modified 
from Mattey (Fig.10, 1982). I, Iceland; CIS, Caroline Islands shield lavas; Pon, Ponape, 
post-erosional; Hu, Hualalai; B, Bouvet; AS, Ascencion; A, Azores; S, St.Helena; C, 
Canaries; M, Madeira; T, Trinidad; CV, Cape Verde; F, Flores; TC, Tristan da Cunha; 
G,D, Gough and Discovery. Marshall Island lavas have higher Nb/Zr ratios at compar­ 
able Ba/Zr than Hawaiian lavas, and show greater similarity with Atlantic Ocean 
island lavas than with those from the Pacific Ocean.


