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ABSTRACT

The tholeiitic basalts and microdolerites that comprise the Cretaceous igneous complex in the Nauru Basin in the western
equatorial Pacific have moderate ranges in initial *'Sr/*"Sr (0.70347-0.70356), initial " Na,/"**Nd(0.51278-0.51287), and
mensured “2*Ph /2% Pb (18.52-19.15), "' Ph /"™ Pb (15.48~15.66) and "™ Pb/*"* P {38.28-38.81). These isotopic ratios overlup
with those of both oceanic island basalts (OIB) and South Atlantic and Indian mid-ocean ridge basalts (MORB). However, the
petrography, mineralogy, and bulk rock chemistry of the igneous complex are more similar to MORB than to O1B. Also, the
rare earth element contents of Nauru Basin igneous rocks are uniformly depleted in light elements (La/Sm , < 1) indicative of
a muntle source compasitionally similar to that of MORB. These results suggest thal the igneous complex is the top of the
original ocean crust in the Nauru Basin, and that the notion that the crust must be 15 to 35 m.y. older based on simple
extrapolation and identification of the M-sequence magnetic lineations [1,2] may be invalid because of a more complicated
tectonic setting, The igneous complex most probably was extruded from an ocean ridge system located near the anomalously
hot, volcanically active, and isotopically distinct region in the south central Pacific which has been in existence since —~ 120

Ma.

1. Introduction

The Naurn Basin complex is a thick {> 600 m)
sequence of igneous rocks forming the upper part
of the volcanic crust of the Nauru Basin in the
western equatorial Pacific (Fig. 1). The complex
was initiaily penetrated at Deep Sea Drilling Pro-
ject (DSDP) Site 462 during Leg 61 [1], and then
deepened during Leg 89 [2]. To date, the petrogra-
phy, mineralogy and bulk chemistry of Nauru
igneous rocks have been well characterized (e.g.
[3—-8]) but the origin of the complex remains a
very interesting problem for two main reasons.
First, the complex is assumed to be located on
magnetic anomaly M-26 formed at about 145-165
Ma [9,10], but the complex ranges in age from 131
to only about 75 Ma based on “UAr/agAr and
Rb-Sr dating of igneous samples as well as
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paleontologic dating of sparse sedimentary hori-
zons within the complex [1,2,52]. Although it has
been suggested that the complex was extruded
~15-35 m.y. after the formation of the Late
Jurassic basement [1], the emplacement of such a
thick (at least 600 m) and laterally extensive (~
400,000 km?) igneous body without disturbing the
well-preserved magnetic anomalies of the underly-
ing oceanic crust raises additional interesting
speculations. If the complex was erupted off-axis,
it has to be assumed that there were multiple,
tensional volcanic conduits in the entire basin so
that the M-series anomalies were not displaced,
and that the eruption of the Cretaceous magma
did not raise the temperature of the Late Jurassic
basement above the Curie point {~ 150-200°C)
due to the penetration of abundant seawater into
the complex [1,11].

Second, the Nauru Basin igneous complex con-
sists of an upper series of basalt sills intruded
~ 100 to 75 Ma and a lower series of basalt sheet
flows and rare pillow lavas erupted ~ 130 to 115
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Ma. A few late-stage granophyric patches are pre-
sent in the top sills, and the interiors of most sills
and flows are microdolerites [3,4]. Chemically, all
the basalts and most microdolerites are quartz-
normative and olivine-normative tholeiites that re-
semble MORBE in their mineralogy, bulk-chem-
istry and alteration patterns. Nauru Basin tholei-
ites, however, differ from normal, incompatible
element-depleted MORB because of their slightly
greater contents of high field strength elements
Nb, Ta and Ti, and ratios of certain trace ele-
ments such as La/Yb and Ta/Zr [4-7}. Perhaps,
most importantly, the 8—"Sr/%Sr of Nauru tholei-
ites are higher than those of the modern East
Pacific Rise (EPR) MORB [4,12,13]. As a result of
this unique composition, the Naoru igneous com-
plex has been proposed to represent a new kind of
oceanic rock [1], variably referred to as oceanic
trap basalt [8], ocean-plateau tholeiite [7], or ocean
flood basalt [6]. Floyd {5] suggested that Nauru
basalis resemble island-arc tholeiites. Castillo et
al. [4], on the other hand, showed that the overall
similarities between Nauru Basin basalts and
MORSB in terms of mineralogy and chemical com-
position are more striking than their differences.
Thus, if it were not for the discrepancy between
the basement magnetic age and the radiometric-
paleontologic age of the complex, one could easily
interpret that the Nauru basaltic flows as MORB
that were erupted in a unique tectonic environ-
ment.

This paper presents new Sr, Nd, and Ph iso-
topic compositions and elemental concentrations
of representative samples from the Nauru Basin
igneous complex. The main purpose of the study
is to constrain the mantle source of the complex
and to compare this with sources of modern-day
oceanic lava analogues, Because these are old oc-
eanic rocks, we first examine the possible effects
of seawater alteration on the samples. Then, we
integrate the isotope data with previously pub-
lished rare earth element (REE) data [4,14,15] in
order to better understand the mantle source com-
position of the igneous complex. Essentially, we
find that the Nauru Basin lavas are MORB that
have an isotopic signature that is distinct from
that of normal, depleted-type ocean ridge lavas,
but is similar to the signature of some of the lavas
erupted along the modern Indian Ocean Ridges
and southern Mid-Atlantic Ridge. This indicates
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that the Nauru Basin igneous complex could have
been erupted at a normal ridge crest, most prob-
ably at one which was formed when the Late
Jurassic basement drifted near the thermally and
isotopically anomalous region in the south centra]
Pacific. This tectonic model can be tested easily
when drilling in the Nauru Basin is resumed
and /or when new magnetic lineation data become
available,

2. Sample locations

Figure 2 shows the simplified stratigraphy of
Hole 462A. Based on stratigraphic occurrence,
bulk TiO, and La contents, and paleomagnetic
inclinations, the sills and flows have been grouped
into three major types [4]. Type 3 is characterized
by high TiO, and La content and occurs at the
top of the section. Type 1 has low TiO, and La
and occurs in the middle of the section whereas
Type 2, which has intermediate TiO, and La,
occurs above and below Type 1. A detailed
evaluation of the data suggests that the differences
among the three types can be ascribed to different
degrees of partial melting in-the mantle source
region followed by shallow-level fractional crys-
tallization of phenocryst phases and possibly
magmsa mixing [4-6,8,13]. To a first order, the
igneous complex can be modelled as a product of
moderate degree of partial melting (Type 2 flows)
at the onset, followed by high degree of melting
(Type 1 flows) at the peak and finally by moderate
(Type 2 sills) to low (Type 3 sills) degree of
melting at the waning of volcanism in the Nauru
Basin [4].

Samples analyzed for Sr, Nd and Pb isotopic
composition are powdered holocrystalline rocks
taken [rom different horizons of the 640 m section
of Hole 462A (Fig. 2). Each of the three types of
lavas is represented. All samples analyzed are
slightly to moderately altered (2 to 40% alteration),
mostly to smectite, zeolite and pyrite. The samples
are aphyric to slightly phyric with < 3% pheno-
crysts of olivine (almost always pseudomorphed
by clay), clinopyroxene, and plagioclase. A sample
containing granophyric patches (sample 462-69-1,
20-24) and a microdolerite from a sheet flow inter-
ior (sample 462A-100-3, 15-20) were also analyzed
in order to evaluate the effects of differentiation
and grain size on isotopic composition.
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3. Methodology

Visible alteration and drill or saw marks were
removed from exposed surfaces of core samples
with a diamond lap wheel. Samples were then
washed, dred and crushed into cm-sized chips in
a stainless steel Plattner mortar. Whenever possi-
ble, secondary vein malterials were picked off the
chips. Rock powders (< 100 mesh size) were pre-
pared by grinding the chips in an alumina ceramic
shatterbox.

To evaluate the effects of seawater alteration
on Sr and Nd isotopic composition, the powders
were subjected Lo a harsh, multi-step acid-leaching
procedure (H. Staudigel, pers. commun., 1986;
[16]). A 15 ml PFA beaker containing ~ 1 gram ol
powder was filled with high-purity 4 ¥ HCI. The
beaker was capped tightly and placed in an ultra-
sonic bath for approximately 30 minutes. Then,
the acid was replaced with quartz-distilled water;
the sample “cake” at the bottom of the beaker was
stirred into solution by shaking the capped beaker
and putting the beaker back into the ultrasonic
bath for about 15 minutes. The cycle was repeated
several times until-acid and water were both clear
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and colorless. The procedure generally required 4
to 6 hours depending on the sample and only
about 100 mg of the powder remained at this
stage. Finally, beakers with wet samples were
capped lightly and placed overnight inside an oven
at ~90°C to dry. The acid and water solutions of
two samples (462A-56-1, 131-134; 462A-108-2, 12-
16) were collected and saved as leachates in sep-
arate beakers and were dried over a hot plate.
Neodymium and Sr isotope measurements and
Nd, 8r, Sm and Rb concentration analyses by
isotope dilution were made on the majority of
leached powders, two leachates and some of the
unleached powders. Because our leaching experi-
ment shows that Sr and Nd isotope compasitions
of Nauru igneous rocks are only slightly modified
by alteration (results are presented below), and
since Taras and Hart [17] showed that seawater
alteration effects on Pb isotopic composition of
oceanic lavas are minimal, Pb isotopic composi-
tion and elemental concentrations were analyzed
on unleached samples. Powders were dissolved in
HF-HNO;-HCl mixture in tightly capped PFA
beakers on a hot plate, Sr and Nd were separated
on HCl and alpha-hydroxy isobutyric acid ex-
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Fig. 2. Generalized stratigraphy of DSDP Hole 462A, showing the stratigraphic-chemical subdivisions of the igneows complex.
General core descriptions are from the Site 462 reports [1,2]. Inclined dash patiern is [or sills snd horizontal wavy patlern is for
flows; unruled areas are sediments,
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change columns, respectively [18]. Pb was sep- 4. Results and interpretation

arated using the procedure of Manhes et al. [19]

with some modifications [20]. I[sotope and trace element data are presented in
All REE concentration data reported here, ex- Tables 1-3 and are shown graphically in Figs.

cept for Nd and a few Sm, were determined previ- 3-8, In general, leached and unleached Nauru

ously through instrumental neutron activation tholeiites have a fairly moderate range in both

(INAA) at Washington University counting facili- ¥Sr/%Sr (0.70348-0.70395) and °Nd/" Nd

ties [4,14,15]. Sm concentrations determined by (0.51292--0.51307) (Table 1). The only exception is
isotope dilution and INA analyses of five un- sample 462A-41-4, 86-90 which has high *'Sr/*sr

leached samples agree to better than 1% and thus, (0.70504 U; 0.70515 L) despite “normal”
previously determined Sm concentrations by INd /" Nd. Previously published isotope data
INAA were used for the rest of the unleached for Nauru igneous rocks [12,13,16] show similar
samples. ranges. Sm and Nd concentrations in unleached
TABLE 1

Sr and Nd isotope and trace clement data

Sumple ¥Sr/5sr ¥WNd/ M Nd Rb Sr Sm Nd S /%8, "INd NG,

Haole 462

69-1, 20-4L 0.703541 0.512939+19 - 113 - 8.84 - -

Hole 4624

17-2, 84-6U (.703815 0.512924 £ 24 0.28 134 (RS 8.78 0.703805 0.512784

17-2, 84-6L 0.703478 0.5372998 + 20 - 108 1.34 2.86 - 0.512798
22-2,120-4L (1.703599 0.513005+17 - 161 0.49 1.26 - 0.512839

38-2, 53-6U 0.703662 0.512981 £ 18 0.64 111 2.7 7.75 0.73636 0.512832

38-2, 53-6L - 0.513016+23 - - - 3.60 - -

41-4, 86-50U 0.705040 0.513013+23 3.83 102 (1.6) 4.70 0704870 (.512866

41-4, 86-S0L 0.705149 0.512988 %16 - 96.1 1.23 30 - 0.512814

47-2, 90-4U 0.703689 (.512969 %19 0.20 827 (1.9 542 0.703678 0.512818

47-2, 50-4L 0.703630 0.513053 £ 16 - 78.2 1.12 240 - 0.512854

50-3, 114U 0.703614 0.512958 £ 18 049 83.3 (1.8) 5.62 0.703580 0.512813

50-3, 11-4L - 0.512989+22 - - 0.80 1.74 - 0.512792

30-3, 130-4L 0.703604 0.513006 1% - 78.2 0.96 219 - 0.512818

56-1, 131-40 0.703570 0.512983+21 0.20 90.7 .07 6.11 (0.703560 0.512839

56-1, 1314L 0.703561 0.513046+ 1R - 70.9 1.08 220 - 0.512837

Leachate - 0.512890 4 26 - - 183 9.1%9 - 0.512759

65-1, 3%-61U (.703586 0.512941 1,17 0.25 87.7 (2.2) 6.15 0.703573 0.512788

65-1, 53-61L 0.703343 0.513046 +14 - 743 0.81 1.63 - 0.512833

74-4, 25-31U 0.703949 (.512952 +14 1.34 88.5 (22) 6.95 0.703881 0.512814

74-4, 35-31L - 0.512983+20 - - 1.20 261 - 0.512786

94-4, 69-73U 0.703582 0.512996 4 22 032 57.4 2.66 7.90 0.703567 (.512852

94-4, 69-75L. 0.703556 0.513037+ 24 011 64.7 1.30 1.61 0.703548 0.512840

96-4, 105-6L 0.703588 0.513006+-18 - - - - - -
100-3, 15-20L 0.703597 0.513074 £17 - - - -
108-2, 13-16U 0.703709 0.512922 420 0.37 97.2 2.55 7.60 0.703692 0.51277%

108-2, 12-16L 0.703692 0.513030+ 15 0,14 55.3 1.35 3,90 0.703681 0.512831
Leachuate 0.703673 0.512954 + 24 - 112 3.22 11.2 - 0.512831
U = unleached; L = leached; - = not determined. In-run precision of HT’Sr/aﬁSr measurements is +0.000007 but the 2 sigma of the

population for multiple determinations of NBS 987 gives analytical uncertainty of +0.00002; the 2 sigma of the population for
multiple determinations of La Jolla Nd standard gives analytical uncertainty of +£0,000023 for ""Nd /' Nd. All isotopic and
concentralion measurements were made according to the procedure described in [18,20]. Sr isolopic ratios were [ractionation
corrected 1o “ﬁSr/EHSr =0.1194 and normalized to HTS:'/“"Sr = 0.71025 for NBS 987: Nd isotopic ratios were measured in oxide [orms
and [ractionation corrected to 145Nd0/‘“Nd0=0.72115 (”"’Nd/]‘“Nd=0.7219) and are reported relative to l"'Ker/"MNd=
0.511860 For the La Jolla Standard. Initial isotopic compositions were calculated for an assumed age of 110 Ma. All concentration
duts reported in ppm. Data jn parentheses are by INAA,
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TABLE 2
REE data by INAA of representative Nauru tholeiiles

Sm Eu Th Yb Lo

Sample La Ce

Hole 462
69-1, 20-24 437 108 318 118 076 287 045

Hale 4624

17-2, 84-84 355 924 287 103 074 274 Q.39
23-2,120-124 4,98 143 345 135 088 - 0.48
38-2, 533-56 332 BO90 270 096 068 247 0.37
41-4, 86-90 1.60 556 1.62 059 042 1359 0.25

47-2, 90-94 236 639 192 069 046 208 031

50-3,11-14 194 6.09 184 072 051 1.91 032

50-3,130-134 - 7.08 211 081 0354 - 0.36

56-1,131-134 259  6.07 206 0.76 053 210 0.33

63-1, 59-61 160 606 220 0.74 055 214 034

74-4, 25-31 193 631 224 084 061 2435 038
94-4, 69-75 311 997 264 099 083 278 043

96-4, 105-106 321 957 258 1.1 0.80 272 (44

100-3, 1520 343 977 260 1.0 085 2.78 043

108-2,12-16 321 9R3 2354 098 0.7 258 (42

~ = not determined, Analytical uncertainty for measurements
is +£2% except that for Sm which is probably better than 1%.

samples range from -~ 8 to 20 times chondritic
(Table 2; Fig. 3) but most important, the range of
Sm/Nd is fairly small (0.31-0.36). The upper sills
(Type 3 lavas; Fig. 2) are slightly more enriched in
light REE’s and these samples have the lowest
Sm/Nd. Nevertheless, there is no systematic dif-
ference between the 1‘!"“‘Ncl/ "Nd of sills and
flows; "' Nd / MN4 of the granophyric patch and
the microdolerite are also indistinguishable from

TABLE 3

Ph isolopic compaositions of Naurw tholefites

Hole 462a *°pps  #pps  Ypys  ph
Mpy  ™Mpp Mpy (b

22-2,120-124 18.519 15,479 38.28 -
38-2, 53-56 18925 15529 3843 662
47-2, 90-04 18710 15593 38.56 2
56-1, 131-134 18993 15620 3868 432
56-1,131-134 (dup)  19.039  15.609  38.73

94.4, 69-75 19.007 15.557 38,76 eyl
108-2, 12-16 19151 15643 3870 878

108-2, 12-16 (dup) 19,131 15664  38.81

5)1; element concentration analyzed by isotope dilution using
““Pb spike. Isotopic compositions of Pb were corrected for
mass {ractionation based on average measured values for NBS
9R1 using the values given in Catanzaro et al. [21]. Uncertain-
lies on Pb isotopic compositions are approximately *"pp /™

Pb+0.015, *Pb, ™ Pb+0.019, und *Pb /' Pb+0.06.
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those of the other samples. Strontium concentra-
tion in unleached samples (~ 85-135 ppm) shows
minimal variation but Rb concentration ( ~ 0.20—
3.8 ppm) varies by a factor of almost 20. This big
difference in Rb concentration gives a fairly wide
range, but still generally low Rb/Sr (0.002-0.037)
for Nauru igneous rocks (see also [5-8,12,13]).

Compared to isotopic compositions of Sr and
Nd, those of Pb of samples that were analyzed
have a wider range in values (206Pb/204Pb =
18.52-19.15; *7pb /2 Pb = 15.48-15.66; Ph/
“Pb =38.28-38.81; Table 3). Pb isotope ratios
also appear to become more radiogenic with in-
creasing depth which is roughly equivalent to in-
creasing age. The samples analyzed for Pb isotopic
compositions have between 0.22 and 0.88 ppm Pb
and these values cover the entire range of modern
MORB (c.f. [22]). Nauru Basin lavas contain 0.12
to 0.42 ppm Th [4,5,6,21] and 0.5 to 0.11 ppm U
[5] which are at the low end of the range of
modern MORB values {c.f. [22]).

4.1. Alteration effects

Numerous studies have shown that seawater
generally increases 8?SI'/H'SSr of oceanic lavas dur-
ing alteration, and it is generally believed that the
added seawater component can be removed by
HCl leaching (e.g. [16,17,23]). Thus, it is surprising
that 87Sr/MSr of three out of six leached and
unleached sample pairs of Nauru tholeiites are
statistically identical at the 95% confidence level
(critical value = 0.000028). One sample (462A-41-
4, 86-90) gives higher, instead of lower, er/“Sr
in the leached than the unleached aliquot. Leached
and unleached *'Sr/**Sr of another Nauru basalt
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analyzed by Fujii et al. [12] also give similar
results. Most important, *'Sr/*Sr of one of the
analyzed leachates (462A-108-2, 12-16) and
mineral separates [4,13] are identical within errors
to their unleached counterpart. In addition, the
St /%81 of two preserved Nauru basaltic glasses
are both 0.70367 [16] and this value is identical to
the mean unleached "'Sr/*Sr of 0.70368, N =11
fc.f.,, 0.70369, N =16 of [12]).

Leaching reduced Sr concentrations by ~ 3 to
45% and the Rb concenirations of samples 462A-
94-4, 69-75 and 462A-108-2, 12-16 by ~ 65%.
However, the leached and unleached initial *'Sr /™
Sr at T=110 Ma [16] of these two samples are
identical within errors using their respective
leached-unleached Rb and Sr concentrations. The
initial ¥'Sr/*%Sr of a Nauru leached-preserved glass
pair are also identical using their respective Rb
and Sr concentrations [16]. Based on these results,
the original Sr isotopic composition of Nauru
tholeiites apparently was only slightly altered by
seawater.

The "*Nd /' **Nd of leached aliquots are statis-
tically higher than unleached splits in nine out of
ten leached-unleached sample pairs that were
analyzed at the 95% confidence level (critical value
= 0.000032). The leached "**Nd /" Nd of the pair
that agree within uncertainty (462A-41-4, 86-90) is
also higher than that of the unleached split. Al-
though the maximum difference between the
leached-unieached pairs is only five times the ana-
Iytical error, the, K more radiogenic Nd isotopic
composition of leached splits most probably is
real because the leached '*Nd/"™ Nd of a pre-
served Nauru glass also is slightly above the un-
leached glass ratio reported by Mahoney [16].
Mahoney's data also show that all leached
1"‘3I\Id/1‘MT\Id are higher than unleached ratios of
samples from nearby Pacific Plateaus, a few of
them showing significant differences. Similarly,
Cheng et al. [23] showed that the Nd isotopic
composition of leached splits are significantly more
radiogenic than that of unleached aliquots in some
samples from the Louisville seamount chain.

Figure 4 summarizes the response of the Sm-Nd
isolope systematics to the FICl-leaching procedure,
Leaching reduced Sm and Nd concentrations by
25-55% to 35-75%, respectively, systematically
increasing the "Sm/'**Nd. Sm and Nd that were
stripped by leaching are present in the leachates
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Fig. 4. "*Nd/'"¥Nd against "“Sm/"Nd of leached and

unleached aliquots pius 1wo leachates for Nouru tholeiites,

Arrow points to the direction of the composition of Cretaceous

seawater [24], Note that data generally align with the 110 Ma
isochron.

(e.g., smnP]es 462A-56-1 and 462A-108-2) al-
though "*'Nd/'"™Nd of leachates are similar
within errors to the unleached samples. Lines that
connect leached and unleached (plus two
leachates) values (not shown in the [igure} give
rough isochron “ages” ranging [rom 85 to 170 Ma
with large errors.

In summary, leaching results suggest that the
radiogenic isotopic composition of the igneous
complex generally was unaffected by seawater al-
teration. Apparently, the [airly rapid extrusion of
Nauru complex followed immediately by sedimen-
tation (see discussion below) limited the contact
bhetween rocks and seawater. As a result, the trans-
formation of basaliic glasses and unstable minerals
such as olivine and some pyroxenes into sec-
ondary clays and perhaps, more importantly, into
secondary carbonate and phosphate phases oc-
curred under a low water /rock ratio environment.
In other words, secondary alteration occurred more
or less in a closed system with respect to seawater.
Thus, the addition of seawater Sr to the rock
during alteration was only slight. It is important
to note that Batiza et al. [3] arrived at a similar
conclusion because the average delta 80 value of
Nauru tholeiites at =~ 7.2%0 is lower than the
average value of altered submarine lavas of com-
parable age.

[n contrast to Sr, the majority of which is
contained in the relatively altération resistant
plagioclase, a large proportion of Sm (25-55%)
and Nd (35-753%) are in the mesostasis phases, or
most probably were transferred into the secondary
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carbonate and phosphate phases (e.g. [24]). It fol-
lows that primary phases, particularly the clino-
pyroxene, have dramatically reduced Sm and Nd
contents and these phases contain relatively higher
Sm (parent) than Nd (daughter) concentrations.
Since both altered mesostasis and the REE-bearing
secondary phases are soluble in HCI, the leaching
residues /leached aliquots naturally would give a
lightly elevated '**Nd/™Nd (Table 1; Fig. 4).
The observation that the tie-lines connecting the
Sm-Nd data for the leached-unleached pairs give
“ages” in the general range of the complex sug-
gests the leaching, in essence, is providing some-
thing of a “mineral separation” through selective
dissolution of certain phases formed close to the
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eruption age of these rocks, This, coupled with the
fact that (1) bulk REE concentrations of un-
leached samples produce nice and consistent pat-
terns (Fig. 3; see also [4,14,15]), (2) leached and
unleached initial '*Nd/'**Nd in five out of nine
pairs are statistically identical, and (3) the maxi-
mum difference between leached and unleached
initial "*Nd/"Nd is less than three times ana-
lytical error compared to five times the error for
the measured ratios, strongly suppori the argu-
ment.

Based on the results, the initial er/“Sr and
143Ncl/mNd for the Nauru complex used in Figs.
3, 6 and 7 are determined using unleached values,
The initial *'Sr/*Sr ratios of Nauru igneous com-
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Fig. 5. Initial, unleached Sr and Nd isotopic data at 7=110 m.y. for Nauru tholeiites. For clarity, fields for central Pacific islends

and island chains, San Felix and Juan Fernundez island group, and mid-ocean ridpes are shown [or reference in (A} whereas fields for

Samoa, Ontong-Java and Manihiki Plateaus, altered Cretaceous and Jurassic MORB from the Atlantic, and MOREB from the

Mid-Atlantic Ridge, Indian Ocean Ridges, and East Pacific Rise are shown for reference in (B). LVR is for Louisville Ridge. Sources
of data are [rom the literature and the complete list of references is available [rom the principal author upon request.
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plex at T=110 Ma [16] range from 0.70356 io
0.70388, except for sample 462A-41-4, 86-90 which
has initial *'Sr/%Sr of 070487, whereas initial
YINd /" Nd range from 0.51278 to 0.51287.

4.2. REE geochemistry

The range and pattern of chondrite-normalized
REE concentrations of Nauru tholeiites are simi-
lar to those of typical normal MORB (Fig. 3). In
particular, average La/Sm,, the light to middle
REE ratio normalized to chondritic values, of the
tholeiites is ~ 0.65 which is within the 0.70 limit
defined for normal MORB (e.z. [25]). Moreover,
Nauru La/Sm, similar to those of normal
MORB, are fairly comstant around the mean
La/Smg,. La/Smg, of Cretaceous MORB from
the Atlantie, for example, range from only 0.38 to
0.50 [26]. In contrast, La/Sm, of hotspot lavas
and MORB erupted near hotspots or plume

P.R. CASTILLO ETF A,

MORB are variable and generally > 1.00 [25,27,
28]). MORB produced by mixing plume and nor-
mal MORB mantle sources (transitional MORRB)
also have variable La/Sm, but are > 0.70.
Schilling and co-workers {e.g. [25,27]) suggested
that normal MORB are from a fairly homoge-
neous depleted upper mantle source that is free
from hotspot influence. If this is the case, then
REE data suggest that the Nauru tholeiites are
normal MORB from such a homogeneous mantle
source. However, recent geochemical and isotopic
investigations of MORB erupted from isolated
seamounts near the ridge axis (e.g. [29,30]) showed
that the depleted upper mantle is heterogeneous
on a varying scale. Moreover, other investigators
(e.g. [31,32]) showed that MORB are only homo-
geneous in incompatibie element (e.g., Ba/TiQ,,
La/Sm, etc,) and Sr, Nd and Pb isotope ratios
within a given ridge segment; inter-segment varia-
tions can be significant. Hence, the mantle source
of the Nauru tholeiites could be quite heteroge-
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(B) initial 1431\!51/“"11\&1 apainst measured IuﬁPb/me for
Naurw tholeiites. Note that fields for Marquesas and the
Cook-Austral istands are divided into two fields for clarity —
one having lower 2U"’Pb/m"Ph and the other having the higher
6 pp, M ph (alsa called the HIMU group (e.g [37]). Symbols
and sources of data are as in Fig. 5. Discussion is in the text.
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neous also but the processes of mixing and melt-
ing of the various source components, [ollowed by
crystal fractionation and mixing of lavas [4-8],
were able to homogenize the trace element com-
positions.

4.3, 8r, Nd and Pb isotope geochemistry

Figure 5 shows Nauru Sr and Nd isotopic com-
position compared to the fields deflined by modern
MORB, Cretaceous (K)- and Jurassic (J)-MORB
from the Atlantic, and lavas from ocean islands
and plateaus in the central Pacific. Nauru tholei-
ites have slightly lower 143 Nd/”“Nd and higher
*'Sr/*°sr than MORB from the EPR. Compared
to the MORB from the Mid-Atlantic Ridge
{MAR), Nauru tholeiites overlap with those from
the Oceanographer Fracture Zone [20] and most
probably with a few MORB near the Azores that
have *'Sr/%Sr as high as 0.70349 [33] but these
data are not included in the plot because their
YINd /" Nd are not available. The Nauru tholei-
ites also approach the Sr and Nd isotopic com-
positions of south Atlantic MORB based on pre-
liminary data (“Sr/*Sr up to 0.70347 and
"INd /' Nd as low as 0.51301) of Cole et al. [34]
and our MORB data for young isolated seamounts
near the Mid-Atlantic Ridge at about 26°8 [30]. A
few MORB from the Indian Ocean ridges (IOR)
overlap with Nauru tholeiites in *Sr/*Sr and
"IN/ "N (e.g. [35,36]). It is difficult to com-
pare K- and J-MORB [26,37] with Nauru tholei-
ites because Sr isotopic composition of these
MORB clearly were altered by seawater. Never-
theless, the altered MORB overlap significantly in
Nd isotopic composition with modern, normal
MORB, but not with Nauru tholeiites. Nauru
tholeiites also are isotopically identical to some of

the hotspot lavas of the Louisville Ridge, Hawaii,

Marquesas, Cook-Austral, Juan Fernandez and
Pacific Plateaus.

Figure 6 shows Pb isotopic compositions of
Nauru tholeiites relative to the fields of modern
MORB and lavas from south central Pacific
hotspots. Measured Zm"Pi:u/me overlap with
those of radiogenic MORB and of south central
Pacific hotspots. However, their estimated mini-
mum initial Pb isotopic compositions calculated at
~ 110 Ma, based on previously reported U and
Th concentrations [4,5,15] and measured Pb con-
tents of the samples, penerally plot more inside
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the MORB fields than the hotspot fields. [t is also
worth noting that most of the initial *"Pb/*Pb
against "°Pb/*™Pb isotopic compositions of
Nauru tholeiites are above the northern hemi-
sphere regression line proposed by Hart [38].

Nauru tholeiites can be further separated from

modern Pacific MORB in Figure 7, which shows
lots of measured “Pb /2U4Pb against initial
“Nd/NA and St /*Sr of Nauru tholeiites.
Sr, Nd and Pb isotopic compositions of Nauru
tholeiites are outside the field of the Pacific MORB
but the overlap with some of the Indian and
Atlantic MORB is retained. Nauru tholeiites still
overlap with some of the lavas from south central
Pacific hotspots in these plots but their overlap
can be minimized if the initial Pb isotopic values
were used.

In general, Nauru tholeiites overlap isotopically
with hotspot lavas and MORB that have some of
the characteristics of the Dupal isotope signature
[38,39]. The origin of this isotope signature is still
the subject of intense scrutiny, nevertheless, it
appears that the locations of the maximum signal
of the isotope anomaly and the locations of the
minimum P-wave velocity structure of the lower
mantle are correlated (e.g. [38,39]). The Dupal
anomaly maxima and P-wave minima are located
in the south central Pacific Ocean and in the
Indian-south Atlantic Qcean, with the latter ex-
tending over to the north Atlantic Ocean [39,40].
We believe that the correlation of the Dupal
anomaly maximum and the  P-wave velocity
minimum in the south central Pacific plays an
important role in creating the anomalous isotopic
character of Nauru tholeiites and thus the follow-
ing discussion will revolve around this general
idea.

5. Discussion and conclusion

Some investigators have suggested that Nauru
igneous activity and the Ontong—Java hotspot
volcanism are related [3,16]. The suggested rela-
tionship is based on the fact that (1) the Ontong—
Java Plateau forms the western boundary of and is
known to be tectonically attached to the Nauru
igneous complex, (2) the Sr and Nd isotopic ratios
of two Nauru basalt glasses are identical to
Ontong--Java lavas, and (3) lavas from the plateau
and the Nauru Basin at Site 462 apparently were
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extruded contemporaneously at ~ 110 Ma [16].
New Sr and Nd isotopic data support the supges-
tion that the Ontong-Java Platean and Nauru are
similar isotopically, but the same relationship may
hold true between Nauwru and the ~ 110 Ma
Manthiki Plateau [16], which lies farther to the
southeast (Fig. 1). That is, the horizontal trend of
"em /" Nd  against "WNd/Nd of Nauru
tholeiites intersects the steeper trends of lavas
from both Ontong-Java and Manihiki (Fig. 8)
suggesting that the Nauru tholeiites were not in-
Muenced by the Ontong—Java hotspot alone, but
also by the Manihiki hotspot. Moreover, if Nauru
tholeiites were MORB influenced by hotspots, then
these have to be unique. First, the La/Sm_, of
Nauru tholeiites are lower and definitely less vari-
able than the La/Smg of typical transitional-
MORB and second, the mixing event that pro-
duced the Nauru geochemical and isotopic sig-
nature must have been fairly efficient since the
same source persisted for at least 50 Ma, presuma-
bly even after the hotspots already were far away
from the general vicinity of the basin.

A variation of the model that relates Nauru
Basin tholeiites to hotspot veolcanism had been
suggested by Fujii et al. [12]. They proposed that
Nauru tholeiites were formed from a mantle plume
that had been previously depleted of incompatible
elements during the formation of oceanic islands.
Studies of rejuvenated volcanism along hotspot
traces, however, show that a mantle source that
previously had formed oceanic islands is more
likely to produce lavas that are more geochem-
ically and isotopically variable than oceanic island
lavas [41,42). There are other proposed mecha-
nisms to introduce ocean—island mantle materials
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into MORB mantle source (e.g. [25,28,43,44]), but
most of the erupted MORB in these scenarios are
also transitional type with variable and/or time-
dependent incompatible element and isotopic
ratics, Thus, our new data suggest that the pet-
rology of Nauru tholeiites may not be a direct
result of any local hotspot influence.

As mentioned above, the alternative explana-
tion for the origin of the Nauru tholeiites favored
here is based on their MORB-like petrology and
isotope signature which are distinet from those of
the normal-type MORB. We suggest that the
Nauru tholeiites are a Cretaceous analogue of
some of the modern MORB from the IOR and the
MAR which have a pattern of multi-component
source heterogeneity dominated by the Dupal iso-
topic signature [39]. Although MORB with a Dupal
type isotopic signature commonly has been associ-
ated with hotspots (e.g. [27,35]), recent studies
have shown that this is not always the case
[20,36,3%]. For example, MORB erupted along the
Southeast Indian Ridge to the west of the
Australian-Antarctic Discordance and along the
25°30' to 26°30'S latitude of the MAR are far
from hotspots but these lavas still have the Dupal
isotope signature,

Shirey et al. [20] suggested that the Dupal sig-
nature of MORB from the northern Atlantic may
be due to fragments of the subcontinental materi-
als detached during the formation of the Atlantic
Ocean, In the present case, we suggest that similar
type of materials are continuously being em-
bedded in the lithosphere and then subducied into
the lower mantle; these together with other sub-
ducted materials [45] would later upwell, creating
regional isotopic anomalies. Hotspots most prob-
ably are direct manifestations of the upwelling
[39,40], but it also appears that the upwelling is
manifested on a much broader scale. Specifically,
part of the mantle beneath the south central Pacific
has had the Dupal isotopic characteristics since at
least the Cretaceous [46]. This region, termed as
the Pacific superswell by McNutt and Fischer [47],
or SOPITA by Smith et al. [46], is anomalously
shallow for its age, is the locus of high igneous
activity and has low values of elastic thickness.
Interestingly, the WNauru Basin is anomalously
shallow for its age [1] indicative of intense volcanic
activity. Paleomagnetic [1,2] and hotspot track
[46,48] evidence indicate that the basin may have
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been very close to the south central Pacific during
its formation in the Cretaceous. Hence, the iso-
topic signature of the Nauru tholeiites is a part of
the regional characteristic of the south central
Pacific sub-oceanic mantle in the same way that
the Dupal. isotopic signature of modern MORB is
a part of the regional signature of the lower man-
tle upwelling beneath the Indian and Atlantic
oceans [39]. In contrast, MORB from the modern
EPR generally do not have the Dupal isotopic
signature because the rise is far from these upwell-
ings in the lower mantle [39]. It is implicit in this
model that other Cretacecus MORB formed near
the south central Pacific most likely will show a
similar isotopic signature. Our preliminary Pb, Sr,
and Nd isotopic data for Cretaceous MORB-like
tholeiites from the nearby East Mariana Basin
recently drilled by the Ocean Drilling Program
Leg 129 [49] are consistent with this notion.

In conclusion, the isotopic and trace element
data presented here are inconsistent with, al-
though do not necessarily disprove, the earlier
proposed off-ridge mechanism for emplacement of
the Nauru igneous complex. The Fairly monoto-
nous, light-element-depleted REE pattern of the
~ 640 m thick Nauru tholeiites, when combined
with other peochemical and geologic arguments
[1,2,4], strongly suggest that the bulk of the tholei-
ites were extruded along an ocean ridge system, as
this is by far the most common oceanic setling
where lavas with this type of REE concentration
pattern can be generated for an extended period
of time. The Sr, Nd and Pb isotopic ratios of
Nauru tholeiites are similar to those of some mod-
ern MORB from the South Atlantic and Indian
Ocean which are dominated by the Dupal isotope
signature and, thus, the composition of the tholei-
ites is not entirely unique for MORB. Finally,
petrographic, geochemical and isotopic (Sr and Q)
evidence also suggests relatively little rock—
seawater interaction and this argues against the
assumed rapid cooling of the complex.

New borehole data in the complex or adjacent
sea floor inside the basin and /or magnetic linea-
tion data are certainly needed in order to fully
understand the mechanism for emplacement of
the Nauru igneous complex. Since such data are
not available yet, we propose an alternative work-
ing hypothesis for the history of igneous activity
in the basin that is more consisient with our new

m

results and other data already on hand. ‘The earliest
part of the history of Nauru Basin is the forma-
tion of the oceanic crust in the Early to Late
Jurassic along the Pacific Plate boundary [1,9,10].
The proto-Nauru Basin was most probably near,
or drifted near the anomalous south central Pacific
region in the Early Cretaceous, perhaps between
the two hotspots that were starting to form the
Ontong—-Java Plateau and the Marshall Gilbert
Island chain. Either due to the vigorous voleanic
activity in this region, or due to the presence of
hotspots which in some cases seem to capture
spreading ridges (e.g., Galapagos, Iceland, Easter),
or a combination of both, a rift was formed in the
northern part of the basin above and more or less
subparallel to the M-series magnetic anomalies. In
this case, the Nauru tholeiites are MORB coming
from a mantle containing a Dupal isotopic com-
ponent. However, rifting in the basin did not last
very long because the Pacific plate was drifting
NNW in the Cretaceous [46,48] and, hence, the
Nauru Basin was separated [from the high-
volcanic-activity region. In addition, plate spread-
ing in the Pacific shifted from the west 1o the
presently observed configuration in the east at
M-0 time [9,50]. Pacific MORB may have slowly
changed its isotopic signature since then. Due to
this plate reorganization, rift volcanism in Nauru
was terminated and replaced by sill intrusion until
~ 75 Ma. Thus, the bulk of Nauru tholeiites were
erupted from a ridge crest environment with
overlying younger sills. It is important to note that
Larson, Schlanger et al. [1] unanimously con-
cluded that the conduit of Nauru igneous complex
lavas must have heen very close to DSDP Site 462
because of the well-preserved sill and flow struc-
tures of the volcanic rock units. Further, the nearby
Ontong-Java Plateau most probably was formed
by a hotspot near a spreading center {16]. Both of
these suggestions are consistent with our model.
The only major problem in this model of emplace-
ment is that it assumes that the older M-series
magnetic anomalies are compressed and /or rifted
apart which is inconsistent with the interpretation
of Cande et al. [10] who claimed that the M-26 to
M-28 lineations were nicely preserved near Site
462. We speculate that the older continuation of
the M-series lavas in the southern part of the
Nauru Basin lies to the north of DSDP Site 462,
near and beneath the northern extension of the
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Marshall Gilbert Island chain. The presence of
Middle Jurassic crust in the East Pigaletta Basin
[49], which lies in the NNE part of the basin, is
consistent with the proposed scenario.

A modern analogue of the tectonic scenario we
propase here is perhaps the Panama Basin in
eastern equatorial Pacific. In this area, the
Galapagos Spreading Center appears to have been
captured by the Galapagos hotspot for at least the
last 25 Ma such that there is a more or less
complete magnetic anomaly record on the accreted
Cocos Plate in the north (roughly equivalent to the
southern part of the Nauru basin), but older mag-
netic anomalies in the Wazca Plate in the south
(roughly equivalent to the northern part of the
basin} are now incomplete [51]. Alternatively, the
Nauru Basin may represent Cretaceous analogue
of the Easter microplate which is bounded by two
spreading centers. If these two spreading centers
would be abandoned, buried under a thick pile of
sediments, rifted away from their former sites, and
then would be drilled ~ 110 m.y. later based on
the assumption that spreading was simply sym-
metric (e.g. [9,10]), then results would perhaps be
as equally interesting as in the Nauru Basin.
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