’: ) Article
= GeOChemiStry I \) Volume 5, Number 3
- Geophysics - 6 March 2004

Geosystems \_/( Q03G13, doi:10.1029/2002GC000434
"' AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES ISSN: 1525-2027

Published by AGU and the Geochemical Society

Composition of basaltic lavas sampled by phase-2 of the
Hawaii Scientific Drilling Project: Geochemical stratigraphy

and magma types

J. M. Rhodes and M. J. Vollinger
Department of Geosciences, University of Massachusetts, Amberst, Massachusetts 01003, USA (jmrbodes@geo. umass.edu)

[1]1 This paper presents major and trace element compositions of lavas from the entire 3098 m stratigraphic
section sampled by phase-2 of the Hawaii Scientific Drilling Project. The upper 245 m are lavas from
Mauna Loa volcano, and the lower 2853 m are lavas and volcanoclastic rocks from Mauna Kea volcano.
These intervals are inferred to represent about 100 ka and 400 ka respectively of the eruptive history of the
two volcanoes. The Mauna Loa tholeiites tend to be higher in SiO, and lower in total iron, TiO,, alkalis,
and incompatible elements at a given MgO content than Mauna Kea lavas. The transition from Mauna Loa
to Mauna Kea lavas is all the more pronounced because the Mauna Loa tholeiites overlie a thin sequence of
postshield Mauna Kea alkalic to transitional tholeiitic lavas. The Mauna Loa tholeiites display well-
developed coherent trends with MgO that are indistinguishable in most respects from modern lavas. With
depth, however, there is a slight decline in incompatible element abundances, and small shifts to depleted
isotopic ratios. These characteristics suggest small changes in melt production and source components over
time, superimposed on shallow melt segregation. The Mauna Kea section is subdivided into a thin, upper
107 m sequence of postshield tholeiites, transitional tholeiites and alkali basalts of the Hamakua volcanics,
overlying four tholeiitic magma types that are intercalated throughout the rest of the core. These four
magma types are recognized on the basis of MgO-normalized SiO, and Zr/Nb values. Type-1 lavas (high
SiO, and Zr/Nb) are ubiquitous below the postshield lavas and are the dominant magma type on Mauna
Kea. They are inter-layered with the other three lava types. Type-2 lavas (low SiO, but high Zr/Nb) are
found only in the upper core, and especially above 850 m. Type-3 lavas (low SiO, and Zr/Nb) are very
similar to tholeiites from Loihi volcano and are present only below 1974 m. There are only 3 discrete
samples of type-4 lavas (high SiO, and low Zr/Nb), which are present in the upper and lower core. The
differences between these magma types are inferred to reflect changes in melt production, depth of melt
segregation, and differences in plume source components over about 400 ka of Mauna Kea’s eruptive
history. At the start of this record, eruption rates were high, and two distinct tholeiitic magmas (type-1
and 3) were erupting concurrently. These two magmas require two distinct source components, one similar
to that of modern Loihi tholeiites and the other close to that of Kilauea magmas. Subsequently, the Loihi-
like source of the type-3 magmas was exhausted, and these lavas are absent from the remainder of the core.
For the next 200 ka or so, the eruptive sequence consists of inter-layered type-1 and -2 lavas that are
derived from a common Mauna Kea source, the major difference between the two being the depth at which
the melts segregated from the source. At around 440 ka (corresponding with the transition in the core from
submarine to subaerial lavas) eruption rates began to decline and low-MgO lavas are suddenly much more
abundant in the record. Continuing gradual decline in melting and eruption rates was accompanied by a
decline in normalized SiO, content of the type-1 magmas, and the eventual onset of postshield magmatism.
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1. Introduction

[2] Recent concepts concerning the Hawaiian
plume suggest that it is concentrically zoned, both
thermally and compositionally [e.g., Griffith and
Cambell, 1990; Watson and Mackenzie, 1991; Frey
and Rhodes, 1993; Hauri et al., 1994; Kurz et al.,
1995; Rhodes and Hart, 1995; Lassiter et al.,
1996; Ribe and Christenson, 1999]. According to
these models, as the Pacific plate moves over the
stationary plume at a rate of about 9—10 cm/year, a
volcano is produced from magma generated in the
melting zone of the rising plume. At the cooler
margins of the melt zone, melt production is low,
leading to the initiation of volcanism on the ocean
floor, with low eruption rates and the eruption of
alkalic and transitional tholeiitic basalts during the
pre-shield stage of volcanism. This is followed by
the voluminous shield-building stage as the volca-
no tracks over a zone of maximum melt generation
within the plume. This stage is characterized by
very high eruption rates of tholeiites, olivine tho-
leiites and picrites, and is responsible for forming
95-98 percent of the volume of the volcano
[Macdonald, 1963]. Inexorably, the volcano moves
away from the axis of the melt zone, magma
supplies and eruption rates dwindle, leading to
the postshield stage, which is characterized by a
thin veneer of intercalated alkalic basalts, transi-
tional tholeiites and tholeiites. Superimposed on
this radial thermal structure is compositional zon-
ing, consisting of a central plume core surrounded
by concentric zones of entrained lower mantle and
asthenosphere. Inter-volcano compositional varia-
tions [e.g., Frey and Rhodes, 1993] are commonly
interpreted in terms of this proposed concentric

zoning. It should be stressed, however, that the
impetus for these models comes largely from
fluid dynamics [e.g., Hauri et al, 1994; Ribe
and Christenson, 1999]. The most compelling
volcanological or geochemical evidence to date
is that the model satisfactorily accounts for the
growth and evolution of Hawaiian volcanoes,
[Stearns, 1946; Clague and Dalrymple, 1987,
Moore and Clague, 1992], and for the presence
of Loihi, a submarine volcano on the so-called
Loa trend [Tatsumoto, 1978], that has composi-
tional characteristics similar to those of Kea trend
volcanoes.

[3] The Hawaii Scientific Drilling Project (HSDP)
drill hole was designed to systematically sample a
stratigraphic sequence of lavas from Mauna Kea
volcano in order to test and modify these concepts.
The project is based on the assumption that
changes in lava compositions and eruption rates
will reflect changes in source components and melt
production as the volcano transits the zoned mantle
plume. To date, core of basaltic lavas has been
recovered to a depth of 3098 m [Hawaii Scientific
Drilling Project-2, 2000]. For logistical reasons,
the drill hole sampled 245 m of subaerial Mauna
Loa lavas before penetrating into subaerial and
submarine Mauna Kea lavas. Subaerial Mauna
Kea lavas extend to a depth of 1080 m, and are
underlain by a further 2018 m of submarine pillow
lavas, hyaloclastites and massive and intrusive
units [Seaman et al., 2000]. Dating of these lavas
[Sharp et al., 1996; W. D. Sharp, P. R. Renne, and
T. A. Becker, The *°Ar/*°Ar and K/Ar dating of
lavas, hyaloclastites and intrusions from the HSDP
core hole, manuscript submitted to Geochemistry
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Geophysics Geosystems, 2003, hereinafter referred
to as Sharp et al., submitted manuscript, 2003],
together with lava accumulation rate models for
Mauna Kea [DePaolo and Stolper, 1996; D. J.
DePaolo, E. M. Stolper, W. Sharp, and P. Renne,
Lifetimes, lava accumulation, and geochemical
patterns of Hawaiian volcanoes: Inferences from
HSDP data and plume models, manuscript in
preparation, 2003] indicate that about 400 ka of
the eruptive record may have been sampled, from
the oldest submarine lavas of around 550 ka to the
youngest subaerial postshield lavas at about 150—
180 ka.

[4] This paper presents major and trace element
data for lavas sampled throughout the entire 3098 m
stratigraphic section. The principle goals of the
study are (1) to identify the change from Mauna
Loa to Mauna Kea lavas, and to examine the extent
to which flows from these two contemporaneously
erupting volcanoes are inter-layered; (2) to evaluate
compositional changes with depth (increasing age),
in particular, the presence and distribution of
different magma types, and whether there are
systematic changes in magma composition over
time; (3) to use this information to improve under-
standing of the magmatic evolution of both Mauna
Kea and Mauna Loa volcanoes as they transit the
Hawaiian plume.

2. Sampling and Analytical Methods

[s] To fully characterize the composition of the
core, our aim was to analyze every flow unit in
the subaerial section of the core, and to maximize
sampling frequency in the submarine section. In
fact, a small number of flows in the subaerial
section were unsuitable for analysis, and sampling
of pillow lavas, hyaloclastites, intrusive and mas-
sive units in the submarine section was dictated
by the availability of relatively fresh material of a
suitable size. Therefore in addition to the 119 ref-
erence samples selected to characterize the core
[Seaman et al., 2000] we have sampled and
analyzed a further 170 samples, for a total of
289 analyzed samples. This sampling scheme has
led to sampling densities of about every 5 m for
Mauna Loa flows, 6 m for subaerial Mauna Kea

flows, and 19 m for the submarine Mauna Kea
section.

[¢] The sample crushing and washing protocols
were identical to those described by Rhodes
[1996], as were the X-ray fluorescence (XRF)
analytical methods for major and trace elements,
the major difference being that the trace elements
(Rb, Sr, Ba, Ce, Nb, Zr, Y, Pb, Zn, Ga, Ni, Cr, V)
were measured on a Philips PW2400 sequential
spectrometer. This instrument uses a Rh tube, so
that mass absorption coefficients were estimated
from the intensity of the Rh Compton peak.
Estimates of the precision and accuracy of these
data are given by Rhodes [1988, 1996] and from
Table 1, which contains a single analysis of the
U.S.G.S. standard BHVO-1 and six replicate anal-
yses of KIL-1919, a sample of the 1919 Kilauea
summit flow, from which the U.S.G.S. standard
BHVO-1 was obtained. Note that this flow is
slightly heterogeneous [Garcia et al., 2004] and
there are small differences in composition between
BHVO-1 and KIL-1919.

[7] In addition to the customary major and trace
elements determined by XRF, we also measured
loss on ignition (LOI) and ferrous iron content in
order to provide additional information on alter-
ation of the samples (M. J. Vollinger and J. M.
Rhodes, Chemical alteration in basalts sampled
by phase-2 of the Hawaii Scientific Drilling
Project, manuscript in preparation, 2003). Loss
on ignition was measured gravimetrically by
weighing 2 to 5 g of sample before and after
heating at 1020°C in a muffle furnace. Although
LOI is widely used as a measure of volatile
content and alteration, there are serious problems
with this measurement because, in addition to the
sample losing water and other volatiles on heat-
ing, it may also gain weight through oxidation of
ferrous iron. To minimize weight gain through
oxidation, the heating time was limited to
10 minutes. Nonetheless, many of the fresher
samples gained weight resulting in negative LOI
values. Ferrous iron measurements were made in
duplicate on separate 150—200 mg aliquants of
powder using a modification of the Wilson cold
acid digestion titrimetric technique [Maxwell,
1968]. The resulting FeO data were then used,
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Table 1. Data for the HSDP Standard Kil-1919 and the USGS Standard BHVO-1
BHVO-1 Kil-1919 Kil-1919 Kil-1919 Kil-1919 Kil-1919 Kil-1919 Kil-1919 Kil-1919
(1) ®) 3) ) (5) ©) Avg. Std. Dev.

SiO, 49.58 49.99 49.97 49.95 50.06 50.01 50.02 50.00 0.04
TiO, 2.740 2.757 2.767 2.766 2.776 2.765 2.767 2.766 0.006
AlLO4 13.61 13.70 13.73 13.73 13.79 13.72 13.74 13.74 0.03
Fe,03 12.17 12.08 12.08 12.11 12.09 12.07 12.10 12.09 0.01
MnO 0.170 0.177 0.176 0.177 0.176 0.176 0.178 0.180 0.001
MgO 7.09 6.89 6.88 6.88 6.88 6.88 6.90 6.88 0.01
CaO 11.35 11.41 11.42 11.41 11.43 11.41 11.41 11.42 0.01
Na,O 2.40 1.84 1.81 1.83 1.68 1.79 1.74 1.78 0.06
K,0 0.522 0.522 0.525 0.540 0.541 0.526 0.525 0.530 0.008
P,0s5 0.272 0.272 0.274 0.275 0.275 0.275 0.273 0.274 0.001
Total 99.90 99.64 99.63 99.67 99.70 99.62 99.65 99.65

Nb 18.7 18.6 18.2 18.3 18.4 18.3 18.4 18.4 0.11
Zr 181.0 178.0 176.8 176.5 176.7 175.9 176.4 176.7 0.63
Y 25.5 24.9 24.7 24.5 24.7 24.7 24.7 24.7 0.10
Sr 383.1 397.5 394.8 394.8 394.6 393.4 392.7 394.6 1.50
Rb 9.2 9.0 9.1 9.1 9.0 8.9 9.0 9.0 0.08
Th 1.6 0.8 1.2 0.6 1.1 1.4 0.7 1.0 0.30
Pb 1.4 1.2 1.5 1.8 1.6 1.2 1.6 1.5 0.24
Ga 20.9 21.1 21.1 21.2 21.0 21.2 20.7 21.0 0.16
Zn 113.3 107.5 107.1 106.7 106.5 106.3 107.8 107.0 0.54
Ni 114.3 101.6 100.5 101.1 100.9 100.1 101.2 100.9 0.50
Cr 296.7 265.7 264.8 269.0 268.4 266.9 263.5 266.4 1.94
\Y 294.7 284.3 284.9 283.4 282.2 284.2 284.1 283.8 0.87
Ce 40.8 40.1 40.5 38.3 38.2 39.1 38.3 39.1 0.91
Ba 127.5 124.4 123.7 125.0 125.5 123.6 122.1 124.0 1.12
La 17.7 16.5 12.9 12.8 14.0 20.2 14.2 15.1 2.59

in conjunction with the XRF total iron as Fe,O3;
data, to calculate ferric/ferrous ratios.

3. Discriminating Between Mauna Loa
and Mauna Kea Lavas

[s] Lavas from adjacent Hawaiian volcanoes are
often distinctly different in composition. These
differences apply to the major elements [e.g.,
Powers, 1955; Wright, 1971; Rhodes et al.,
1989; Frey and Rhodes, 1993; Hauri, 1996],
and to trace elements [e.g., Budahn and Schmitt,
1985; Rhodes et al., 1989; Frey and Rhodes,
1993], and have been widely documented for
isotopic ratios [e.g., Tatsumoto, 1978; Staudigal
et al., 1984; West et al., 1987; Frey and Rhodes,
1993; Lassiter and Hauri, 1998]. Several recent
studies [e.g., Lipman et al., 1990; Chen et al.,
1996; Quane et al., 2000] suggest that these
differences may persist for over 100 ka or more.

[¢v] The use of chemical discriminants to distin-
guish between Mauna Loa and Mauna Kea lavas

was addressed by Rhodes [1996] during the pilot
hole drilling for the current project. At a given
MgO content, Mauna Kea lavas are systematically
lower in SiO, and higher in total alkalis, Fe,Os3,
TiO, and incompatible elements, than Mauna Loa
lavas. The most effective discriminants, however,
are TiO,/Al,03; among the major elements, and
trace element ratios involving Nb (e.g., Zt/Nb, St/
Nb and Nb/Y). The latter is because Nb abundan-
ces and incompatible element ratios involving Nb
correlate strongly with isotopic ratios [e.g., Frey
and Rhodes, 1993; Rhodes and Hart, 1995; Chen
et al., 1996] and therefore reflect differences in the
proportions of source components in the Hawaiian
plume more strongly than the effects of melting.

[10] Flows above 245 m (flow units 1—41) have
high Zr/Nb and low TiO,/Al,03 (characteristics
typical of Mauna Loa lavas), whereas those below
245 m (flow units 42—345) have lower Zr/Nb and
higher TiO,/Al,05; (characteristics typical of
Mauna Kea lavas). Nb/Y, Ba/Nb and Sr/Nb ratios
also confirm that the transition from Mauna Loa to
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Mauna Kea lavas occurs at a depth of 245 m in the
core. The location of the actual transition is made
even clearer (Figure 1) because the uppermost of
the Mauna Kea flows are transitional tholeiites and
alkalic basalts of the Hamakua Volcanics [Frey et
al., 1990; Wolfe et al., 1997], with TiO,/Al,O5, Nb/
Y, Ba/Y, Zr/Y, and many other trace element ratios
that are quite distinct from those of Mauna Loa.
Surprisingly, there is no evidence for inter-finger-
ing of flows from the two volcanoes, despite the
fact that both volcanoes were erupting between 100
to 200 ka ago [Sharp et al., 1996]. Note that in
Figure 1 the Mauna Kea tholeiites below the
postshield Hamakua volcanics, have been subdi-
vided into four magma-types as detailed in the
following section.

4. Geochemical Stratigraphy

[11] Major and trace element data for the 289
samples analyzed in this study are presented in
Tables 2 and 3. They are organized according to
stratigraphic depth within the drill core. Sample
numbers for the reference samples are shown in
regular type, whereas sample numbers for samples
from additional flow units, or additional samples
from the same reference flow units are shown in
italic type. Wherever possible, samples have been
distinguished as flows, pillow lavas, hyaloclastites
and massive or intrusive units. We have adopted
the project’s convention of designating a sample by
its run number and the uppermost core interval
from which the sample was taken (e.g., SR36-2.1
indicates a sample from 2.1 feet, measured from
the start of run 36). Additionally, in Tables 2 and 3,
we have included information on the sample inter-
val from which the sample that was actually
analyzed was taken. This is because in some cases,
the portion analyzed comes from a significantly
different interval from that used to identify the
reference sample.

4.1. Mauna Loa Lavas

[12] The uppermost 245 m of the drill hole sam-
pled 41 flow units from Mauna Loa volcano. All
are strongly tholeiitic (Figures 2 and 3), with a
wide range in MgO content from 6.5-29.7%
(Figure 4). Within this range, however, there is a

bi-modal distribution: a dense compositional group
of lavas with MgO contents between 7—10 wt.%,
and a more varied group of lavas with more than
13 wt.% MgO (Figures 4—6). According to Le Bas
[2000], basalts with more than 12% MgO are,
strictly speaking, picrites, making the two groups
olivine tholeiites and picrites respectively. The
MgO content of the lavas and are not correlated
with depth (Figure 4); picritic lavas are inter-
layered, throughout the Mauna Loa section of the
core, with the lower MgO lavas. There is, however,
a distinct increase in the lowest MgO content of the
lower-MgO lava group with increasing depth
(Figure 4). The two compositional groups and the
wide spread in MgO content, contrasts with our
earlier results from the HSDP pilot hole project
[Rhodes, 1996]. In that study, only a few low-MgO
lavas were recorded, and most of the samples
contained more than 9 wt.% MgO. The present
range in MgO values, and the presence of lower
MgO lavas, is much closer to the range (6.3—
22.2% MgO) typically found in historical (1843—
1984) and young (<36 ka) prehistoric Mauna Loa
lavas [Rhodes, 1988, 1995; Rhodes and Hart,
1995; Rhodes, unpublished data]. Nonetheless,
the proportion of picrites is still greater among
the HSDP samples than among historical and
young prehistoric lavas. We attribute these differ-
ent results to a difference in sampling strategies. In
the pilot hole project, sampling preference was
given to massive flow units, whereas in this study
we have attempted to sample and analyze every
flow unit, providing a fuller, more representative,
sampling of the stratigraphic record.

[13] The strongly coherent linear correlations
between MgO and other oxides and trace elements
(Figures 5—7) are typical of Mauna Loa lavas. Very
few lavas show evidence of iron-enrichment or
fractionation beyond olivine-control. For most ma-
jor and compatible trace elements, these trends
are remarkably similar to the trends observed in
historical Mauna Loa lavas. Incompatible trace
elements, however, do tend to be slightly lower
in abundance, at a given MgO content, than in
historical lavas, but not significantly below values
found in the more depleted of the historical lavas
erupted around 1880—1887 [Rhodes and Hart,
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Variations of (a) Nb/Y, (b) TiO,/Al,03, (¢) Zr/Y, and (d) Ba/Y with stratigraphic depth below sea level
(mbsl) in samples from HSDP-2. The change from Mauna Loa lavas to Mauna Kea lavas at a depth of 245 m is
clearly evident. The Mauna Kea lavas have been subdivided into postshield lavas and four underlying tholeiitic lava
types. These distinctions are explained in the text.
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Figure 2. Total alkali silica diagram for lavas from HSDP-2. The dashed line separating alkalic from tholeiitic lavas
is taken from Carmichael et al. [1974] and is given by total alkali = SiO, x 0.37 — 14.43.

1995]. There is also a slight tendency for incom-
patible element ratios (Ba/Y, Sr/Y, Zr/Y) to de-
crease with increasing depth in the core (Figure 1).
This is consistent with the observation that these
ratios tend to decrease with increasing age in
prehistoric Mauna Loa lavas [Rhodes, 1996;
Rhodes, unpublished data]. In contrast with
historical lavas, we do not observe significant
changes in incompatible element ratios over
narrow time intervals. This may reflect the fact
that Mauna Loa lavas with high incompatible
element ratios appear to be most common in the
last 10 ka. Alternatively, it may simply be a
sampling problem, a consequence of infrequent
eruptions of about one flow every 2,500 years or
so at the drill site [Lipman and Moore, 1996].

[14] Two samples of flow unit 22 are unusual for
Mauna Loa lavas. At a given MgO content, they
have much higher Al,O5; and correspondingly
lower Fe,O3 contents than any other Mauna Loa
lava sampled to date over a 300 ka eruptive history
(Rhodes, unpublished data). In all other respects,
this is a typical Mauna Loa lava. There is no
petrographic or geochemical evidence (e.g., in-
creased CaO or Sr) for plagioclase accumulation.
On the basis of K,O/P,0s5, LOI and ferrous/ferric
ratios, this flow unit is fairly extensively altered

(M. J. Vollinger and J. M. Rhodes, Chemical
alteration in basalts sampled by phase-2 of the
Hawaii Scientific Drilling Project, manuscript in
preparation, 2003), tempting attribution of its
unique composition to alteration. On the other
hand, lavas that show similar K,O/P,Os, LOI and
ferrous/ferric ratios from both Mauna Loa and
Mauna Kea do not display comparably elevated
Al,O5 values.

[15] In comparison with the underlying Mauna
Kea tholeiites, the Mauna Loa lavas are slightly
higher in SiO, and lower in CaO at a given MgO
content, a characteristic of Loa versus Kea trend
volcanoes [Frey and Rhodes, 1993; Rhodes, 1996].
However, there is considerable overlap. Some of
the overlap in SiO, is due to alteration. It is now
well established that Hawaiian lavas loose alkali
elements (particularly K and Rb) and also SiO, as
a consequence of weathering in wet tropical con-
ditions [e.g., Lipman et al., 1990; Frey et al., 1990,
1994]. Such altered lavas are characterized by
K,0/P,05 < 1.4, and often <1.0 [Rhodes, 1996].
In a companion paper (M. J. Vollinger and J. M.
Rhodes, Chemical alteration in basalts sampled by
phase-2 of the Hawaii Scientific Drilling Project,
manuscript in preparation, 2003), we show that
many of the HSDP basalts have K,0O/P,05 < 1.0
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Figure 3. Variation of the alkalinity index with depth below sea level in samples from HSDP-2. The alkalinity
index is a measure of the departure of a sample from the line separating alkalic from tholeiitic lavas in Figure 3

(alkalinity index = total alkali — (SiO, x 0.37 — 14.43).

and that for every 0.1 decrease in this ratio from
around 1.4 the samples may have lost up to
0.13 wt.% SiO,. Most other major and compatible
trace elements are similar in abundance in tholei-
ites from the two volcanoes, as are abundances
of Y and V. Incompatible element abundances,
however, are consistently lower in Mauna Loa
lavas (Figures 6 and 7). As noted above, incom-
patible trace element ratios involving Nb are
characteristically lower (Figure 8) and prove useful
discriminants. Similarly, ratios of Nb/Y, Ba/Y, St/

Y, Zr/Y tend to be lower in Mauna Loa lavas than
in Mauna Kea lavas (Figure 1).

4.2. Post-Shield Mauna Kea Lavas

[16] Tholeiitic basalts, constituting most of the
Mauna Kea shield, are overlain by a thin sequence
of inter-layered alkali basalts, transitional tholei-
ites, and tholeiitic basalts. These are the postshield
lavas of the Hamakua Volcanics [Frey et al., 1990;
Wolfe et al., 1997] that reflect the waning stages of
volcanism on Mauna Kea. Post-shield lavas can be
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Figure 4. Variation of MgO content with depth below sea level in HSDP-2 lavas. Note the preponderance of low

MgO subaerial lavas.

identified in the drill core immediately below the
Mauna Loa lavas at 246 m (unit 42), down to a
depth of 337 m (unit 63). Among this 107 m
sequence of 23 flow units, only four analyses from
units 42 and 48 reflect true alkali basalts (Figures 2
and 3). This contrasts with results from the pilot
hole, where eight alkalic flows were identified
[Rhodes, 1996]. Huang and Frey [2003] show that
the alkali basalt of flow unit 48 is chemically
identical to flow unit 58 in the pilot hole. Similarly,
the other alkali basalt (unit 42) is close in compo-
sition to another alkali basalt (unit 51) in the pilot
hole. Such correlations provide valuable means of
relating age information from the two drill cores

[Sharp et al., 1996; Sharp et al., submitted manu-
script, 2003]. The alkali basalts are distinctly lower
in SiO, and higher in TiO,, total iron as Fe,03, V
and Y as well as most incompatible elements than
other Mauna Kea tholeiites at a corresponding
MgO content (Figures 5-8).

[17] The remaining 21 flow units assigned to the
postshield lavas include both transitional tholei-
ites and regular tholeiites. The transitional tholei-
ites are characterized by one or more of the
following characteristics: high total alkalis at
a given SiO, content, with alkalinity indices
between zero and —0.6 (Figures 2 and 3); lower

11 of 38



|Geosystems | Jr

w ggg;‘ﬁ‘;‘;}fsﬁy( Ij RHODES AND VOLLINGER: COMPOSITION OF BASALTIC LAVAs 10.1029/2002GC000434

B3r— T T T 1 T T T

51

49

47

SIi0, (Wt. %)

45

| L L
Mauna Loa

O

MK Post-Shield
MK Flows

MK Massive

MK Hyaloclastite

MK Pillows

[ J
T T T T T T O B B

43

(@)}
-
o
N
(&}

53

51

49

47

SI0, (Wt. %)

45

T T T T
Mauna Loa

MK Post-ShieldT]
MK Type-1
MK Type-2
MK Type-3

MK Type-4

TN T T T T B B B |

43

20 25 30

MgO (Wt. %)

Figure 5. Abundance of SiO, versus MgO content in lavas from HSDP-2. In Figure 5a the Mauna Kea samples are
plotted according to lithological types and in Figure 5b according to magma types. See text for more details on the
classification of Mauna Kea tholeiites into magma types. The field for Loihi tholeiites is shown by the dashed line.

SiO, and higher TiO,, Sr, Ba and Nb than other
Mauna Kea tholeiites at a given MgO content
(Figures 5-8); and total iron as Fe,O; greater
than 13.5% (Figure 6b). In comparison with
regular Mauna Kea tholeiites, they also tend to
have higher ratios of TiO,/Al,053, Ba/Y, Nb/Y
and Zr/Y (Figure 1). The regular tholeiites inter-
layered with the alkali basalts and transitional
tholeiites do not differ significantly in composi-
tion from tholeiites lower in the subaerial section
of the drill core. They are included with the

postshield lavas simply because they are inter-
layered with them and were erupted during the
same period. It must be emphasized, however,
that the cut-off of the postshield lavas at unit 63
at a depth of 337 m is arbitrary. As we will
discuss below, there are low-SiO, tholeiites be-
low 337 m, with chemical characteristics that are
similar to the tholeiites inter-layered with the
transitional tholeiites and alkali basalts of the
postshield lavas. Huang and Frey [2003] have
classified these low-SiO, tholeiites as post shield

12 of 38



. Geosystems

"2, Geochemistry _ 3 _
Geophysics ( : RHODES AND VOLLINGER: COMPOSITION OF BASALTIC LAVAS
-

10.1029/2002GC000434

17—+ T T T T T
A‘D O Mauna Loa
A MK Post-Shield
15 4,
‘ O MK Type-1

r MK Type-2 T
13 F .
o\o - MK Type-3 B
- L MK Type-4 B
S il §
o [ ]
P L _

9 | -
L o ]
r A@@ O
 a ]
5 P S T N T N S (N T S S S N S S S S AN S R N
5 10 15 20 25 30
MgO (Wt. %)
12 LI L LI L L L L L L I U B NN N B B |
A c
10 N

0  Mauna Loa

A MK Post-Shield

CaO (Wt. %)
oo
T

F © MK Type-1 -
6 [ & MKType-2 A‘%I h

I & MKType3 o |

- A

| MK Type-4 O
4 TN TN TN TN [N TN TN TN N A TN N S T [N Y TN TN N AN TR NN SN 1

5 10 15 20 25 30

MgO (Wt. %)

17 [T T T T T T
i O Mauna Loa ]

16 C A A MK Post Shield |

C O MK Type-1 ]

15 X A A MK Type-2 i

—_~ _A B
°\cj K ﬂA ® MK Type-3 ]
§ C A ® MK Type-4 ]
s o ]
o - -
N - -
& - _
13 H

12 ¢ 7]

1 T B S SR S A B SR
5 10 15 20 25 30

MgO (Wt. %)

4.5 I e e L e e o o e B e e ML E
LA 0 Mauna Loa B

L A 4 4

A MK Post-Shield

35 O MK Type-1

A MK Type-2 b

;\? ¢ MK Type-3 :
:;i 25 ® MK Type-4 -
QN -
|_ -
2 i

15 e futy .

L oo O A _

[mEVCN 4

- % E

-d o

05 PR R E T SR N SR S S S (S S S N N S SR
5 10 15 20 25 30

MgO (Wt. %)

Figure 6. Abundances of major elements (a) ALO;_ (b) total iron as Fe,Os, (c) CaO, and (d) TiO, versus MgO

content in lavas from HSDP-2.

lavas, thereby extending the transition from
shield to post shield lavas to a greater depth in
the core.

4.3. Mauna Kea Tholeiites

[18] Below 337 m (unit 66) to the bottom of the
core at 3098 m (unit 345) all the lavas are tholeiitic
(Figures 2 and 3). All have alkalinity indices
between —0.6 and —2.0, and total iron as Fe,O;
is less than 13.5% (Figure 6b). There are no

further inter-layered alkalic basalts or transitional
tholeiites. Subaerial Mauna Kea tholeiitic lava
flows extend to a depth of 1079 m (flow unit
168) and overlie submarine pillow lavas, hyalo-
clastites and massive and intrusive units [Seaman
et al., 2000]. There are no obvious differences in
composition for these various eruptive types:
all overlap in compositional trends with MgO,
as is clearly evident in Figure 5a. The Mauna
Kea tholeiites exhibit a wide range in MgO, from
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Figure 7. Abundances of trace elements (a) Nb, (b) Zr, (c) Ba, and (d) Sr versus MgO content in lavas from HSDP-2.

6.4 to 29.1 wt.%. As with the Mauna Loa tholei-
ites, there is a bi-modal distribution in MgO
content (Figures 4—6): one group with lower
MgO contents between 6.4—10 wt.%, and a picritic
group with more than 13 wt.% MgO. This is
particularly evident in the subaerial lavas, where
there is a distinct hiatus between 10 to 13 wt.%
MgO. The hiatus in the submarine lavas between
10 and 11 wt.% is less pronounced. The high and
low MgO groups are not uniformly distributed
throughout the core. The picrites are common
throughout both the subaerial and submarine sec-

tions. The lower MgO group are most prevalent in
the subaerial section of the core, and less abundant
below 1079 m in the submarine section (Figure 4).

[19] When compared with the overlying Mauna
Loa tholeiites, the Mauna Kea tholeiites tend to
be lower in SiO, and higher in total alkalis, TiO,,
and CaO, as well as most incompatible elements,
at a corresponding MgO content (Figures 5-7).
With the exception of TiO, and Nb, there is,
however, some overlap between the two volca-
noes for most of these elements. In contrast
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Figure 8. Abundances of trace element (a) Zr; (b) Sr; (¢) Y, and (d) Ni versus Nb in HSDP-2 lavas.

with the Mauna Loa tholeiites, there is a greater
scatter in most elements at a given MgO value
(Figures 5—7). The coherence of Mauna Loa data
appears to be a fundamental characteristic when
compared with other Hawaiian volcanoes, espe-
cially those on the Kea trend [Frey and Rhodes,
1993; Rhodes, unpublished data]. This scatter is
particularly evident for SiO, (Figure 5). There are
lavas with SiO, values as much as 1.0 to 1.5 wt.%
lower, at a corresponding MgO content, than
the more “normal” Mauna Kea tholeiites. In
part, this may be a consequence of loss of

SiO, through alteration. However, many of the
low-SiO, tholeiites are quite fresh, with normal
K,0/P,05 ratios of about 1.4 to 1.7, and E. M.
Stolper, S. Sherman, M. Garcia, M. B. Baker, and
C. Seaman (Glass in the submarine section of the
HSDP2 drill core, Hilo, Hawaii, manuscript sub-
mitted to Geochemistry Geophysics Geosystems,
2003, hereinafter referred to as Stolper et al.,
submitted manuscript, 2003). report glass data
with a similar range in SiO, values. To help
clarify the range in SiO, at a given MgO content,
the SiO, data has been normalized to a constant
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the equations in Table 4. All samples are plotted in Figure 9a, whereas in Figure 9b samples have been screened for

alteration by plotting only samples with K,O/P,O5 > 1.

MgO of 13 weight% by adding or subtracting
olivine (Fogy) plus 2% Cr-spinel. The composition
of the olivine and spinel are based on analyses
reported by Garcia [1996]. Such a simple proce-
dure is warranted because almost all of the
tholeiites are on, or close to, olivine-control
trends, and very few have less than 7% MgO,

or show evidence of fractionation involving cli-
nopyroxene or plagioclse. The normalized
SiO,(13) values exhibit a wide range from
46.5-49.7%. Lavas with SiO,(13) values between
48—49% SiO, are typical of the vast majority of
Mauna Kea tholeiites analyzed to date, whereas
those with lower values have not previously been
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recognized on Mauna Kea [Frey et al, 1990,
1991; Rhodes, 1996; Wolfe et al., 1997].

[20] To assist in further discussion of the magmatic
stratigraphy and evolution of Mauna Kea volcano,
we have subdivided the tholeiitic lavas into four
magma types based on normalized SiO, values
(Si0,(13)) and on Zr/Nb ratios (Figure 9). It should
be emphasized that this distinction is somewhat
arbitrary, and that these four tholeiitic magma types
are not entirely discrete: there are overlapping and
intermediate compositions. Additionally, some
samples have undoubtedly lost SiO, through alter-
ation and may be mis-classified. Nonetheless, we
consider it a valuable exercise with useful petro-
genetic implications.

[21] Type-1 Magmas (145 samples) are defined as
tholeites and picrites having normalized SiO, val-
ues between 48—50%, and Zr/Nb ratios between 11
and 13. Additionally, although there is considerable
overlap, type-1 magmas tend to have lower alka-
linity indices (Figure 3) and somewhat lower abun-
dances of incompatible elements at a given MgO
than the other three magma types (Figures 6—7).
Total iron content also tends to be slightly lower
than in magma types 2 and 3, but comparable to
type 4 (Figure 6b). Despite slightly lower incom-
patible element abundances, with the exception
of ratios involving Nb, the range for ratios such as
Ba/Y, Zr/Y and Sr/Y is comparable to the ranges
found for these ratios in the other magma types
(Figure 1). The type-1 magmas display well-
developed, coherent linear compositional trends
over a wide range in MgO content (Figures 5—7)
from 6.4 to 26.5 percent. There is, however, a
paucity of samples between 9.5 and 12 percent.
Only two samples (units 165 and 305) display
evidence, such as low MgO accompanied by low
CaO/Al,03, of multiphase fractionation, beyond
olivine control.

[22] Lavas corresponding to the type 1 magmas
were erupted as subaerial flows, pillow lavas,
hyaloclastites and massive units (Figure 5). They
are present throughout the entire tholeiitic section
of the drill core, from just below the postshield
lavas at 356 m to the bottom of the hole at 3098 m
(Figure 10). They constitute about 60% of the
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Mauna Kea lavas analyzed from the drill core to
date. Type-1 lavas correspond with previously
described Mauna Kea tholeiites [Frey et al.,
1990, 1991; Rhodes, 1996] and with the high-
SiO, glass group recognized by Stolper et al.
(submitted manuscript, 2003) in the HSDP-2 core.

[23] Type-2 Magmas (42 samples) have Zr/Nb
between 11-13, comparable to values in the
type-1 magmas. They are distinguished from the
type-1 magmas by lower normalized SiO, values
between 46.2 and 48% (mostly between 47—-48%).
It must be emphasized, however, that the boundary
between the two magma types at 48% SiO,(13) is
somewhat arbitrary; there is complete gradation
between the type-1 to type-2 lavas (Figure 9).
Alkalinity indices, total iron content, and incom-
patible element abundances at a fixed MgO content
are slightly higher than in the type-1 magmas. The
lavas corresponding to type-2 magmas also exhibit
well-defined, coherent, compositional trends with
MgO. The range in MgO from 8.5 to 28.7 percent is
similar to that of the type-1 lavas (Figures 5—7), but
there are more picrites (>12% MgO). Unlike the
Mauna Loa lavas and type-1 Mauna Kea lavas,
there is no cluster of compositions around 7—8%
MgO. In many respects the type-2 lavas resemble
the tholeiites that are inter-layered with the post-
shield alkalic basalts and transitional tholeiites
between 246 and 337 m. Given that the only
significant difference between type-1 and type-2
magmas is in the SiO, content, it is pertinent to ask
how much of this difference is a consequence of
alteration. Figure 9 compares all of the data, with
data that have been screened for alteration (K,O/
P,05>1). Although the numbers of type-2 samples
are reduced, it is clear that there are a significant
number with SiO,(13) below 48%. The 20 least
altered of the type-2 lavas (K,O/P,05 > 1.0) have
an average SiO,(13) value of 47.53% compared
with an average for the group as a whole 0f 47.33%,
whereas the average for the type-1 lavas is 48.69%.
A few type-1 lavas have undoubtedly been mis-
classified as type-2 lavas because of loss of SiO,
through alteration. For example, there are pairs of
samples from type-1 units 83, 94 and 105 where the
most altered of the pairs (lower K,O/P,Os) have
Si0,(13) values below 48%.

[24] Type-2 lavas constitute about 17% of the
analyzed Mauna Kea samples. In contrast with
the type-1 lavas, type-2 lavas are restricted to the
upper part of the Mauna Kea section, where they
are inter-layered with the type-1 lavas. They are
most abundant in the subaerial section (Figure 10),
and are extremely abundant between 337 and
850 m, constituting about 40% of all the lavas
sampled in that interval. Below 850 m they con-
stitute only 10% of the sampled lavas, becoming
increasingly rare with depth. The lowest type-2
lava in the core is flow unit 243, a hyaloclastite, at
a depth of 1739 m. Re-examination of the pilot
hole data shows that type-2 lavas were present in
that core also, although they were not distinguished
from type-1 lavas at the time [Rhodes, 1996].

[2s] Type-3 Magmas (23 samples) have normal-
ized SiO, values between 46.9 and 48%, similar to
the type-2 magmas. They also have similar alka-
linity indices (Figures 2 and 3), and are clearly not
alkalic as stated by some authors [e.g., Blichert-
Toft et al., 2003]. They differ from the type-2
magmas in that Zr/Nb are lower: between 10—11.
This is because, although Nb abundances at a given
MgO content are similar to the type-2 magmas, Zr
abundances are considerably lower (Figures 7—8).
They also tend to be on the high side of the Mauna
Kea tholeiite range in total iron, CaO, Al,O5 and
TiO, at a fixed MgO content (Figure 6). In many
respects, the compositional characteristics of the
type-3 tholeiites are close to tholeiites from Loihi
volcano (Figure 5b) [Garcia et al., 1993, 1995b;
Rhodes, 2000]. Zr/Nb is characteristically low, and
they have very similar abundances of SiO,, CaO,
total iron at a given MgO content. The major
differences between these and Loihi tholeiites are
in Al,O3 and TiO,, which are slightly higher. The
range in MgO content for lavas corresponding to
the type-3 magmas, from 9.3 to 18.9%, is more
restricted than for types 1 and 2. This may, in part,
be due to the smaller number (23) of samples. They
do, however, form a coherent group displaying
strong linear compositional trends with MgO
(Figures 5-7).

[26] Lavas corresponding to the type-3 magmas,
which constitute about 9% of the analyzed Mauna
Kea core, are found only in the submarine section
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of the core, inter-layered with type-1 lavas between
1974 and 3098 m. The first occurrence down the
core is just above the uppermost sequence of
pillow lavas (Figure 10). They tend to occur as
packages of associated pillow lavas, hyaloclastites
and massive units. They correspond very closely
with the low-SiO, glasses identified by Stolper et
al. (submitted manuscript, 2003) below 1950 m.

[27] Type-4 Magmas (4 samples) are similar to
type-1 magmas having normalized SiO, values
above 48%. Their total iron contents are also low,
in common with the type-1 magmas (Figure 6b).
The major characteristic that distinguishes them
from the type-1 magmas is that they tend to have
higher Nb and Sr abundances at a given MgO
content (Figure 7). This results in Zr/Nb of
less than 11 (Figure 9), and high Nb/Y and Sr/Y,
similar to the type-3 magmas (Figure 8). Lavas
corresponding with type 4 magmas are very rare in
the section (Figure 10). There are two samples of
flow unit 92: high in the subaerial section at a
depth of 516 m, and submarine flow units 310 and
341 at depths of 2615 and 3019 m respectively.
Unit 310 is a pillow, whereas 341 is a massive unit.
Because of the few samples, the range in MgO
content is not large, from 7.0 to 13.1 percent.
Nonetheless, they do appear to form a coherent
compositional group.

5. Discussion

5.1. Parental Magmas and
Magmatic Processes

5.1.1. Mauna Kea Post-Shield Lavas

[28] The postshield lavas are a diverse, highly
scattered group that, unlike the other Mauna Kea
lavas, does not define coherent trends with MgO
(Figures 5-7). Part of this diversity is due to
alteration: only 10 of the 28 samples have K,0/
P,Os5 > 1 (Figure 9). Part is due to crystal fraction-
ation and mixing beyond olivine control. Several
of the low-MgO lavas have high TiO, and total
iron, accompanied by low CaO and CaO/Al,03
ratios indicative of clinopyroxene fractionation.
Others with high MgO, but with high total iron
and low CaO, may be mixed magmas. Plots of

Nb-Ni (Figure 8d) confirm that many of these
lavas have fractionated beyond olivine control,
and Nb-V relationships suggests that fractionation
may even have been sufficiently extensive to
involve crystallization of opaque minerals.

5.1.2. Mauna Loa and Mauna
Kea Tholeiites

[20] The Mauna Loa lavas and the four Mauna Kea
magma types form remarkably well-defined linear
compositional trends when plotted against MgO
(Figures 5-7). This is especially true for the
Mauna Loa and Mauna Kea type-1 and -2 lavas.
They extend from as low as 6.5—7.0% MgO to as
much as 27-30% MgO. The type-3 and -4 Mauna
Kea lavas are more restricted in range, from 9.3 to
18.9% MgO and from 7.0 to 13.1% MgO respec-
tively, possibly a consequence of fewer samples of
these two types. These linear trends converge
toward olivine compositions and are indicative of
the strong influence of olivine accumulation and
fractionation [e.g., Powers, 1955; Murata and
Richter, 1966; Basaltic Volcanism Study Project,
1981; Wilkinson and Hensel, 1988; Clague et al.,
1995; Rhodes, 1995]. Assuming that olivine frac-
tionation accompanies olivine accumulation, the
resulting trends should be curvi-linear, not straight,
a consequence of changing olivine compositions
with change in melt compositions and decreasing
temperatures. For most major element trends, the
anticipated curvature is not large and only becomes
discernible from linear trends at low MgO values.
Fortunately, this is not the case for MgO—FeO
relationships (Figure 11). Crystallization of olivine
ranging from Fog; to Fog, in Hawaiian tholeiites
with MgO contents between 18 to 7 percent MgO
results in a markedly curving decrease in FeO with
decreasing MgO. Below 7% MgO, olivine begins
to react with the melt to produce pigeonite, accom-
panied by plagioclase and clinopyroxene crystal-
lization [Helz and Thornber, 1987; Montierth et
al., 1995], resulting in a rapid increase in FeO with
little further loss in MgO (Figure 11). The glass
data follow this fractionation trend [Garcia, 1996;
Stolper et al., submitted manuscript, 2003], pre-
sumably in response to cooling and crystallization
after the lavas are erupted. The whole rock data,
however, do not. They remain essentially linear to
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Figure 11.

FeO versus MgO in HSDP-2 lavas. FeO is calculated from total iron by assuming that 10% of the iron is

present as Fe’". The two oblique dashed line represent the FeO/MgO ratio of melts in equilibrium with Fogo (black)
and Foo; (red) olivine respectively (assuming Kp = 0.3 [Roeder and Emslie, 1970]). The intersection of these lines
with the data provides an estimate of the MgO content of the parental, and possible primary, Mauna Loa and Mauna
Kea magmas from which Fogy and Fog; olivine crystallized. Also shown are an accumulation trend for Fogg g9
olivine and the liquid line of descent for a parental Mauna Loa magma with 15% MgO. The liquid line of descent is

based on the 1 atm. experiments of Montierth et al. [1995

the low MgO end of the trends at about 6.5—-7.0%
MgO. This point is emphasized further in a plot of
Ni versus Nb (Figure 8d), where an olivine frac-
tionation trend should be curved in response to
rapidly decreasing Ni kd®™"* ™!t with decreasing
melt temperature and MgO content [Hart and
Davis, 1978; Kinzler et al., 1990]. There can be
little doubt that these linear trends are mixing and
not fractionation trends, possibly resulting from the
accumulation of olivine in low MgO (6.5-7.0%)
magmas. For example, Clague et al. [1995] attri-
bute the linear trends in the whole rock data from
Kilauea’s submarine Puna ridge to entrainment of
an olivine cumulate mush (average composition
Fog79) in a later, unrelated, differentiated, low-
MgO magma. However, this cannot be the entire
story, other processes must be at work. If olivine
accumulation were the only factor, then the inter-
section of each of the regression lines of major
oxides and trace elements versus MgO should
intersect olivine compositions with a common
forsterite content, corresponding to the average
accumulated olivine in each of the magma types
[Maaloe, 1979; Clague et al., 1995]. This is not the

] and glass data of Garcia et al. [1995a].

case. Regression equations of SiO,, TiO,, Al,Os;,
FeO and CaO and several incompatible trace
elements versus MgO for the five magma types
are given in Table 4. Also listed are olivine compo-
sitions, calculated from the intersection of these
equations with the compositional range for olivine.
Only unaltered samples, with K,O/P,Os5 > 1, were
used to calculate the equations and olivine compo-
sitions. Note that for each magma type, the
calculated olivine composition varies widely. For
example, all five magma types extrapolate to oli-
vine compositions close to Fogg for FeO-MgO, but
to quite different and variable forsterite content
(Fo79_99) for other oxides and trace elements.
Clague et al. [1995] noted a similar inconsistency
for the Puna Ridge data. Regression of MgO versus
FeO yielded an extrapolated olivine composition of
Fog7 9, consistent with the average olivine compo-
sition, whereas regression of MgO versus Ni
resulted in a much lower value of Fogs;. The
problem is worse for the incompatible trace
elements. Linear trends with MgO (Figure 7) tend
to converge at high values of MgO and, in some
cases, actually cross. Again, the calculated olivine
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Table 4. Regression Data, Calculated Olivines and
MgO(13) Values®

Variable Equation Calc. Fo  13% MgO
Mauna Loa
SiO, 53.363 — 0.2921 * MgO 85.7 49.57
TiO, 2.593 — 0.0589 * MgO 82.9 1.83
AL O3 16.446 — 0.3677 * MgO 84.3 11.67
FeO 9.973 + 0.0116 * MgO 89.1 10.12
CaO 12.417 — 0.2490 * MgO 89.9 8.79
Nb 9.498 — 0.1803 * MgO 95.0 7.2
Zr 148.884 — 3.0041 * MgO 90.8 109.8
Ba 85.383 — 1.6871 * MgO 923 63.5
Sr 350.793 — 7.5008 * MgO 87.1 2533
Y 28.889 — 0.6109 * MgO 87.8 20.9
Mauna Kea Type-1
Si0, 52.048 — 0.2580 * MgO 86.4 48.69
TiO, 3.122 — 0.0693 * MgO 84.4 222
AL O; 15.828 — 0.3446 * MgO 85.9 11.35
FeO 10.159 + 0.0033 * MgO 89.3 10.20
CaO 12.919 — 0.2603 * MgO 89.6 9.54
Nb 15.871 — 0.3596 * MgO 83.6 11.2
Zr 195.784 — 4.4231 * MgO 83.7 138.3
Ba 116.407 — 2.3950 * MgO 89.6 85.3
Sr 394.745 — 8.9199 * MgO 83.7 278.8
Y 31.537 — 0.7005 * MgO 84.7 22.4
Mauna Kea Type-2
SiO, 50.029 — 0.1924 * MgO 90.0 47.53
TiO, 3.594 — 0.0884 * MgO 78.6 2.44
AL O3 16.234 — 0.3627 * MgO 84.4 11.52
FeO 10.473 — 0.0048 * MgO 88.9 10.41
CaO 13.251 — 0.2794 * MgO 82.3 9.62
Nb 19.895 — 0.5148 * MgO 76.2 132
Zr 239.843 — 6.1308 * MgO 76.8 160.1
Ba 144.763 — 3.2959 * MgO 83.3 101.9
Sr 495.922 — 12.6133 * MgO 77.1 331.9
Y 35.687 — 0.8524 * MgO 80.5 24.6
Mauna Kea Type-3
SiO, 49.966 — 0.1985 * MgO 88.7 47.39
TiO, 3.313 — 0.0817 * MgO 75.5 2.25
AL O3 16.771 — 0.3755 * MgO 84.2 11.89
FeO 10.518 — 0.0022 * MgO 89.0 10.49
CaO 14.001 — 0.3088 * MgO 84.1 9.99
Nb 17.832 — 0.4468 * MgO 77.9 12.0
Zr 180.132 — 4.2438 * MgO 81.3 125.0
Ba 145.282 — 4.4837 * MgO 67.8 87.0
Sr 393.232 — 8.6993 * MgO 85.0 280.1
Y 29.589 — 0.6414 * MgO 86.2 21.3
Mauna Kea Type-4
SiO, 51.329 — 0.2301 * MgO 88.2 48.34
TiO, 3.087 — 0.0688 * MgO 84.1 2.19
AL O3 16.609 — 0.3919 * MgO 81.1 11.51
FeO 9.910 — 0.0074 * MgO 89.4 9.81
CaO 12.959 — 0.2279 * MgO 99.1 10.00
Nb 16.779 — 0.2759 * MgO  >100 132
Zr 180.993 — 3.5838 * MgO 92.1 134.4
Ba 154.568 — 4.0788 * MgO 75.2 101.5
Sr 428.816 — 8.3215 * MgO 93.5 320.6
Y 30.565 — 0.7647 * MgO 78.0 20.0

#Equations were calculated from samples with K,O/P,0s > 1.

compositions are highly variable (Table 4). This
should not happen if only olivine accumulation and
fractionation are involved. Clearly, there is consid-
erable uncertainty in extrapolating these trends to
olivine compositions, and this may explain some of
the differences in the calculated average forsterite
contents. A full statistical treatment is needed, but is
beyond the scope of this paper. Two examples are
presented, however, to illustrate the problem. In the
Mauna Loa lavas the calculated olivine composi-
tions at the 95% confidence level for MgO versus
CaO and MgO versus Al203 are Fogg 9.3 and
Fog4.3+0.49 respectively. Similarly, the calculated
olivine compositions in the type-1 Mauna Kea
tholeiites for MgO versus CaO and MgO versus
AI203 are Fogg ¢-0.60 and Fogs 9.0 .24. Clearly, these
differences in the calculated olivine compositions
are real, and not simply a consequence of uncer-
tainty in extrapolating the data.

[30] The relationship between CaO and Al,O;
(Figures 12a and 12b) helps to clarify this problem.
Mauna Loa and Mauna Kea olivines contain neg-
ligible amounts of Al,O3 and a small amount of
CaO which increases with decreasing forsterite
content from about 0.18 to 0.37 [e.g., Garcia,
1996]. In Figure 12a the trends for each of the
magma types are very similar, and all extrapolate to
CaO contents that are much too high (>0.6%) for
any reasonable olivine composition. Addition of
1-2% of Cr-spinel to the accumulating olivine
does not solve these problems. It helps with SiO,
and TiO2, but not FeO or CaO. Also, if only
olivine fractionation or accumulation were in-
volved, there should be no change in CaO/Al,O5
with MgO. Figure 12b shows that this is not the
case: all of the magma types exhibit a decrease in
CaO/Al,03 with decreasing MgO. To explain these
trends, mixing of magmas with differing CaO/
Al,O3 values is required, in addition to the accu-
mulation or entrainment of olivine.

[31] Maaloe [1979] discussed this problem for
Hawaiian tholeiites in general. He concluded
that the well-defined linear trends so characteristic
of Hawaiian tholeiites were not a consequence of
olivine accumulation and fractionation, but of
mixing two distinct primary magmas, one with
MgO of about 10% and the other with about
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Figure 12. Variations in (a) CaO versus Al,O3 and (b) CaO/Al, O3 vesrsus MgO in HSDP-2 lavas. The data have
been screened for alteration by removing samples with K,O/P,05 < 1. In Figure 12a the intersection of the regression
lines with the abscissa for the different magma types are all too high for reasonable olivine compositions. In
Figure 12b the CaO/Al,05 ratios of all of the tholeiites decrease with decreasing MgO. This should not happen if the
trends result solely from olivine fractionation, accumulation or entrainment.

20%. This seems to us like throwing the baby out
with the bath water! For a start, the process of
olivine accumulation in Hawaiian tholeiites has
been too thoroughly documented using olivine—
whole rock relationships to be lightly discarded
[e.g., Murata and Richter, 1966; Wilkinson and
Hensel, 1988; Garcia et al., 1995a; Clague et al.,
1995; Rhodes, 1995; Baker et al., 1996; Garcia,
1996]. In general, lavas with Mg-values greater
than about 0.71—0.75 (corresponding to about 14—

18% MgO) have whole rock compositions that are
too high in MgO to be in equilibrium with their
olivine phenocrysts. They have undoubtedly accu-
mulated some olivine and are unlikely to reflect
melt compositions. Secondly, the high MgO ends
of the trends for both Mauna Loa and Mauna Kea
lavas are almost 30% MgO. These are improbable
candidates for parental end-member magmas, even
for proponents advocating picritic compositions
[e.g., Macdonald, 1968; Maaloe, 1979; Wright,
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1984; Clague et al., 1991; Garcia et al., 1995a;
Rhodes, 1995, 1996]. What, then, is the explana-
tion for these remarkably linear trends that ap-
proach, but fail to intersect with, appropriate and
consistent olivine compositions? The answer, we
believe, lies in a combination of mixing of distinct
magmas accompanied by olivine accumulation or
entrainment. At one end of the trends are MgO-rich
parental magmas laden with up to 40% of accu-
mulated or entrained olivine, and at the other end
are low-MgO magmas with around 7% MgO. The
composition of the high-MgO magmas can be
reasonably well established. As noted earlier, there
is a distinct hiatus in MgO content between about
10 and 13 percent in the Mauna Loa and Mauna
Kea type-1 tholeiites. This provides a low limit of
around 13% MgO for the proposed high-MgO
magma, similar to the estimate of parental magma
composition for historical Mauna Loa and Kilauea
picrites [Wilkinson and Hensel, 1988; Rhodes,
1995]. The high MgO end of the range can be
estimated from olivine phenocryst compositions.
The most abundant high-forsterite olivines in these
lavas are around Fogg [Garcia et al., 1995a;
Garcia, 1996; Baker et al., 1996; Putirka, personal
communication, 2002]. Some of these are xeno-
crysts, but others are most certainly phenocrysts,
and according to Garcia [1996] there is no signif-
icant difference in composition between pheno-
crysts and xenocrysts. Olivine phenocrysts of
Fogo have crystallized from picritic melts with
Mg-values of around 0.71 and FeO/MgO ratios
of about 0.73 (assuming a Kp of 0.3 + 0.03
[Roeder and Emslie, 1970]). For Mauna Loa and
Mauna Kea magmas, the intersection of this ratio
with the MgO-FeO regression lines corresponds to
MgO contents of 13—15 percent (Figure 11). This
estimate is similar to submarine picritic glasses
from Kilauea described by Clague et al. [1991]
that most certainly reflect liquid compositions.
Although these are the most probable candidates
for the high-MgO parental magmas involved in
mixing in the volcanic plumbing system, it is
unlikely that they represent primary magmas.
Occasional olivine phenocrysts as forteritic as
Fogg7 have been reported from both Mauna Loa
and Mauna Kea lavas [Garcia et al., 1995a;
Garcia, 1996; Baker et al., 1996]. Applying the

same reasoning as above, this implies that primary
magmas for the two volcanos could have FeO/
MgO around 0.61, and MgO contents as high as
17-18% MgO (Figure 11); similar to the estimates
of Clague et al. [1995] for Kilauea.

[32] The low-MgO end of the mixing trend is less
tractable. Maaloe [1979] addressed this problem by
proposing that in addition to Hawaiian primary
magmas with around 20% MgO, there were also
primary melts with around 10% MgO or less.
Mixing between these magmas was responsible
for the linear Hawaiian tholeiitic arrays. Alterna-
tively, Takahashi and coworkers [Takahashi et al.,
1993, 1998; Kogiso et al., 1998] have argued that
Hawaiian primary magmas are not picritic, but
low-MgO tholeiites, produced by melting of eclo-
gite blobs in peridotitic plume material. The role of
eclogite (or garnet pyroxenite) as a source of
magma in the Hawaiian plume is controversial.
Several workers have proposed that eclogite is the
source of the high- SiO, Koolau magmas [Hauri,
1996; Lassiter and Hauri, 1998; Takahashi et al.,
1998; Takahashi and Nakajima, 2002] and there-
fore a source component for Loa trend volcanoes.
On the other hand, Stracke et al. [1999] argue that
trace and isotopic data are inconsistent with
eclogite as a source component of any tholeiitic
Hawaiian magmas. More recently, melting experi-
ments of Takahashi and Nakajima [2002] show
that, if eclogite pods melt together with garnet
peridotite the resultant melts will be picritic
(because of the buffering effects of olivine in the
surrounding peridotite). Only if the eclogitic melt
can be isolated from the plume peridotite will low-
MgO primary magmas be produced. In passing we
note that the proposed linear mixing trends are
characteristic of all four Mauna Kea magma types,
as well as the Mauna Loa magmas. This means that
if eclogite melting is the source of the low-MgO
magmas, then eclogite is a necessary source com-
ponent of both Loa and Kea trend volcanoes.

[33] We believe that there is a simpler, more
petrologically appealing explanation for the almost
ubiquitous presence of low-MgO magmas that mix
with picritic magmas. Hawaiian tholeiitic magmas
with MgO at around 7% are at the low-MgO end of
olivine control trends, and are multiply saturated
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with olivine, pigeonite, plagioclase and clinopy-
roxene [Wright and Peck, 1978; Helz and Thornber,
1987; Montierth et al., 1995]. In a closed system,
with decreasing temperature and continuing differ-
entiation, olivine will react with the magma to
produce pigeonite before multiphase fractionation
can continue, leading to FeO and TiO, and incom-
patible element enrichment and a corresponding
decrease in CaO, Al,O3 and CaO/Al,Os. In an
open system, however, continual or intermittent
replenishment by a more primitive, MgO-rich mag-
ma will pull the mixed magma composition back
into the olivine field, resulting in quasi steady state
magmas “perched” at or close to the end of the
olivine-control trend [Rhodes, 1988, 1995; Rhodes
and Hart, 1995]. The MgO contents of these
magmas will vary with magma supply rates [Defant
and Nielson, 1990]. In summary, we suggest that
the well-defined linear trends are mixing trends
involving low-MgO, quasi “steady state”” magmas
with more primitive melts containing about 14—
15% MgO that are laden with olivine phenocrysts
and xenocrysts. Figure 12b provides a test of this
suggestion. If olivine accumulation and fraction-
ation are the only processes involved, then CaO/
Al,O5 should remain constant over the entire range
in MgO. If, however, quasi “steady state” magmas
are involved in the mixing process, then CaO/
Al,O5 should decrease with decreasing MgO be-
cause of crystallization of pyroxene and plagioclase
in the “steady state” magma. This is clearly the
case, especially for the Mauna Loa lavas. Addition-
ally, we wish to observe that if our interpretation is
correct, and of general application, the common
practice of back-calculating to putative primary
magma compositions through addition of incre-
mental amounts of equilibrium olivine, may well
lead to incorrect results and spurious correlations
with MgO.

[34] If one examines the MgO content of the lavas
with stratigraphic depth (Figure 4), a number of
interesting points emerge. The low-MgO Mauna
Loa lavas increase in MgO content from around
7.5% to 8—9% with increasing depth. The simplest
explanation is that the magma supply rate is
increasing with increasing age, with the conse-
quence that the quasi “steady state” magmas are

more effectively pulled into the olivine field
[Defant and Nielsen, 1990]. In the case of the
Mauna Kea lavas, there are abundant type-1 lavas,
with around 7% MgO, from immediately below the
postshield lavas at 356 m. down to around 1100 m
just below the subaerial/submarine transition.
There are no more low-MgO lavas, of any magma
type, below this depth until around 2100 m. Below
this, they are present again, but are relatively
uncommon (Figure 4). We believe this to be an
important observation, reflecting a fundamental
change at about 440 ka (DePaolo et al., manuscript
in preparation, 2003) in Mauna Kea’s magmatic
plumbing system. Two explanations, both related
to magma supply rate, come to mind. The first is
that a continuously replenished magma chamber, in
which “steady state” magmas could evolve, did
not develop on Mauna Kea until late in its history,
after around 440 ka. This suggestion is counter-
intuitive, because the very idea of continuously
replenished magma chambers is thought to be
a consequence of robust magma supply [e.g.,
O’Hara, 1977; Rhodes et al., 1979; Rhodes, 1988,;
Defant and Nielsen, 1990]. Alternatively, prior to
440 ka, although a continuously replenished
magma chamber was in existence, magma supply
rates may have been sufficiently high that the
“steady state” magmas were not low in MgO.
The model depth-age curve of DePaolo et al.
(manuscript in preparation, 2003) gives some
credence to this idea. Prior to the transition from
submarine to subaerial lavas at a depth of 1080 m,
the estimated lava accumulation rate is between
15—-21 mm/yr, with an average of about 18 mm/yr.
The estimated lava accumulation rates for the
subaerial lavas are much less than this, declining
from about 5 mm/yr to about 2.8 mm/yr below the
transition to postshield lavas.

5.2. Origin and Evolution of
Mauna Kea Magmas

[35] There are considerable, and fluctuating, var-
iations in the composition of Mauna Kea lavas,
especially in SiO, content and Zr/Nb, throughout
the 2852 m. cored interval (Figure 10). Indeed, it
is on the basis of these variables that we have
identified four tholeiitic magma types, beneath the
postshield Hamakua lavas. Experimental studies
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have shown that melting of peridotite produces
magmas with SiO, contents that are sensitive to
the depth of melting and melt segregation and, to
a lesser degree, to the extent of melting [Hirose
and Kushiro, 1993; Kushiro, 1996; Kogiso et al.,
1998; Longhi, 2002]. Additionally, trace element
ratios involving Nb (e.g., Zr/Nb, K/Nb, Nb/Y)
correlate with isotopic ratios in Hawaiian shield
lavas, and therefore also reflect changes in source
components [Rhodes et al., 1989; Frey and
Rhodes, 1993; Frey et al., 1994; Rhodes, 1996;
Rhodes and Weis, 2001]. The implications are
that, over the 400 ka or so of eruptive history
recorded by the drill core (DePaolo et al., manu-
script in preparation, 2003), there may have been
perceptible shifts in melt production, depth of
melting and melt segregation, and in the propor-
tions of plume source components.

5.2.1. Magma Source

[36] The isotopic data for Hawaiian shield-building
tholeiites is widely interpreted in terms of melting
of mixtures of two end-member mantle plume
components [e.g., Staudigal et al., 1984; West et
al., 1987; Frey and Rhodes, 1993; Lassiter and
Hauri, 1998]. One component, with high ®”Sr/*¢Sr
and low 2°°Pb/***Pb and '**Nd/"**Nd is best char-
acterized by lavas from Koolau volcano; the other
component, with low ®7Sr/*®Sr and high
206pp/2%4Ph and '**Nd/'**Nd, is represented by
lavas from Kilauea volcano. A third component,
most clearly identified in Loihi lavas, is required to
account for high *He/*He in some lavas [Kurz et
al., 1995] and for high 2°*Pb/*°*Pb relative to
206py,204py, [Staudigal et al., 1984; Garcia et al.,
1995b; Eiler et al., 1998]. As noted above, trace
ratios involving Nb correlate with these isotopic
ratios, and also reflect changes in the source
components. Zr/Nb is particularly useful in this
respect because it is less susceptible to changes
associated with melting than other ratios (e.g.,
Figure 13a). High Zr/Nb is associated with the
Koolau component, whereas low Zr/Nb is charac-
teristic of the Kilauea and Loihi components.
Clearly, then, the large differences in Zr/Nb and
Nb/Y between Mauna Loa and Mauna Kea lavas
(Figures 1, 8—10, and 13) provide not only useful
discriminants between lavas from the two volca-

noes, but also provide evidence that their magmas
come from distinctly different plume sources. The
source(s) of the Mauna Kea lavas are closest to the
Kilauea and Loihi components, whereas the Mauna
Loa source is intermediate between the Koolau and
Kilauea end-members. This assertion is well estab-
lished [e.g., Frey and Rhodes, 1993] and is amply
backed by recent isotopic data from the Hawaii
Scientific Drilling Project [Hauri et al., 1996;
Lassiter et al., 1996; Blichert-Toft et al., 2003;
J. Bryce and D. DePaolo, High resolution Sr and
Nd isotopic records of Mauna Kea volcano:
Results from the second phase of the Hawaii
Scientific Drilling Project (HSDP-2), manuscript
in preparation, 2003].

[37] The majority of Mauna Kea lavas, that is,
types-1 and 2, have similar and overlapping Zr/
Nb and Nb/Y ratios (Figures 1, 8—10, and 13),
suggesting that they are derived from a common
plume source. Again, isotopic data is consistent
with this interpretation [Blichert-Toft et al., 2003;
Bryce and DePaolo, manuscript in preparation,
2003]. Although there are subtle fluctuations in
the Hf, Sr, Nd and Pb isotopic ratios for these lavas
throughout the core, there are no major or system-
atic changes indicative of significant changes in the
proportion of plume components. The type-3 and 4
lavas are another matter. Their X/Nb ratios differ
clearly from those of the type-1 and 2 lavas, with
lower Zr/Nb and higher Nb/Y (Figures 1, 8—10,
and 13). These ratios cannot be explained away as
a consequence of less melting than the type-1 and 2
magmas. This is evident from plots of Zr/Nb versus
St/Y and Zr/Y versus Nb/Y (Figure 13) where the
type- 3 and 4 lavas plot separately from the other
Mauna Kea tholeiites. A hypothetical incremental
melting curve for a garnet peridotite primitive
mantle [Norman and Garcia, 1999] is shown for
reference, to illustrate the trajectories taken by
melting curves in these diagrams. It is clear that
the type-3 and 4 lavas are not produced by melting
of the same source as other Mauna Kea lavas.
As noted earlier, the type-3 lavas have many
close similarities, both in major and trace elements,
with tholeiites from Loihi volcano, and must be
melts from a source that differs from that of the
other Mauna Kea lavas. The isotopic data are
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ZrlY

Incompatible element abundance ratios in HSDP-2 lavas. (a) Zr/Nb versus St/Y and (b) Nb/Y versus

Zr/Y. Shown for reference are accumulated incremental melting curves for a garnet lherzolite primitive mantle
[Norman and Garcia, 1999]. See text for further discussion. The field for Loihi tholeiites is shown by the dashed line.

more equivocal on this issue [Blichert-Toft et al.,
2003; Bryce and DePaolo, manuscript in prepara-
tion, 2003]. There is little significant difference in
the isotopic ratios of Sr, Pb, Nd and Hf between the
low Zr/Nb type-3 and 4 lavas and the higher Zr/Nb
type-1 and 2 lavas (Figure 14). Although over-
lapping with the type-1 and 2 lavas, the type-3 and
4 lavas tend to fall at the isotopic extremes of the
range (Figure 14). In contrast, there are real differ-
ences in “He/*He and in *°*Pb/***Pb relative to
206pp/204pp [M. D. Kurz, J. Curtis, D. Lott, and

A. Solow, Rapid Helium isotope variability in
Mauna Kea shield lavas from the Hawaii Scientific
Drilling Project, manuscript submitted to Geochem-
istry, Geophysical, Geosystems, 2003, hereinafter
referred to as Kurz et al., submitted manuscript,
2003; Blichert-Toft et al., 2003]. This is illustrated
in Figure 14, where *He/*He and A8/4 Pb values
(relative to the northern hemisphere reference line
[Hart, 1984]) are plotted against Zr/Nb. Both tend
to be higher in the type-3 lavas, along with Zr/Nb,
again indicating close similarity with Loihi tholei-
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Figure 14. Zr/Nb versus isotopic ratios in HSDP-2 lavas. (a) *’Sr/*°Sr data for Mauna Loa are from Hauri et al.
[1996] and for Mauna Kea from Bryce and DePaolo (manuscript in preparation, 2003). Note the overlap in *’St/*°Sr
of deeper (older) Mauna Loa lavas with those from Mauna Kea, and the overlap in ®’St/**Sr of the Mauna Kea
magma types. (b) 2°°Pb/***Pb data are from Blichert-Toft et al. [2003]. Mauna Loa is readily distinguished from
Mauna Kea in both Zr/Nb and 2°°Pb/***Pb, but there is overlap in 2°°Pb/2**Pb of the Mauna Kea magma types.
(c) *He/*He data are from Kurz et al. (submitted manuscript, 2003). The type-3 magmas tend toward higher *He/*He
than other Mauna Kea magmas. Mauna Loa lavas with *He/*He > 12 are from lower in the core. (d) A8/4 Pb values
(relative to the northern hemisphere reference line [Hart, 1984]) versus Zr/Nb. Pb isotopic data are from Blichert-Toft
et al. [2003]. The type-3 magmas have higher A8/4 Pb than other Mauna Kea magmas.

ites. Surprisingly, the type-4 lavas do not show
these characteristics. In addition to the type-3 lavas,
there are 5 type-2 lavas with *He/*He and A8/4
values that are intermediate between those of the
type-3 lavas and the rest of the main body of Mauna
Kea lavas (Figure 14). Perhaps they are produced

by melting a mix of the Mauna Kea and Loihi type
source components?

5.2.2. Magma Production

[33] The differences in SiO, between the Mauna
Kea lavas at a common MgO content may be
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indicative of differences in the extent of melting,
or the depths at which the magmas were produced
and segregated in the plume. As noted above, the
few melting experiments on peridotites at appro-
priate pressures (around 3—4 Gpa) corresponding
to the proposed depths of melting in the Hawaiian
plume [e.g., Watson and McKenzie, 1991; Ribe
and Christenson, 1999] suggest that the compo-
sition of the magma is sensitive to the depth
of magma production and segregation, and, to
a lesser extent, to the extent of melting. In
these experiments, the SiO, content of the melt
decreases, and MgO content increases, with in-
creasing pressure, whereas increased melting
results in an increase in both the SiO, and MgO
contents of the melt [Hirose and Kushiro, 1993;
Kushiro, 1996; Kogiso et al., 1998; Longhi,
2002]. On the other hand, numerous studies of
associated alkalic basalts, transitional tholeiites
and tholeiites have shown, in a convincing man-
ner, that the SiO, content of these magmas
declines with decreased melting [e.g., Clague
and Frey, 1982; Feigenson et al., 1983; Frey et
al., 1990; Garcia et al., 1995b; Frey et al., 2000].

5.2.3. Extent of Melting

[39] Despite the fact that the compositions of the
postshield lavas have been compromised by alter-
ation and shallow fractionation processes, they
provide the most compelling evidence for the
influence of variable amounts of melting on the
SiO, content of the magmas. These low-SiO,
magmas were erupted at a time of very low lava
accumulation rates of around 1 mm/yr [Sharp et
al., 1996; DePaolo et al., manuscript in prepara-
tion, 2003], presumably a consequence of declin-
ing melt production. In these lavas, values of
SiO,(13) show strong negative correlations with
incompatible element ratios (Figure 15), and with
incompatible element abundances normalized to
13 wt% MgO (Figure 16), indicating a decline in
the SiO, content of the melt with decreasing melt
production. For example, the increase in Sr(13),
Nb(13) and Ba(13) from tholeiitic postshield lavas
(e.g., unit 60) to the alkalic lava (unit 48) by a
factor of around 2, is accompanied by a decrease in
Si0,(13) of about 4 wt%. The implications are that
doubling the amount of melt production, at these

low levels of melting, increases the SiO, content of
the melt by around 4%.

[40] When the SiO, data for the various tholeiitic
lava types (including Mauna Loa) are normalized
to a constant MgO content of 13 wt.%, using the
regression equations from Table 4, there is a wide
range in values of SiO,(13) values. Not unexpect-
edly, Mauna Loa lavas are at the high end and the
type-2 and 3 Mauna Kea lavas are at the low end
of the range. Plots of SiO,(13) against incompat-
ible element ratios that decrease markedly with
the extent of melting (e.g., Ba/Y, Nb/Y, Zr/Y)
show broad inverse trends (Figure 15). Addition-
ally, plots of SiO,(13) against normalized incom-
patible element abundances (e.g., TiO,(13),
Zr(13), Nb(13)) show similar inverse trends
(Figure 16). These trends support the inference
that the SiO, content of magmas is proportional to
the extent of melting, increasing from Mauna Kea
postshield magmas, through Mauna Kea tholei-
ites, to Mauna Loa magmas. It may not, however,
be as simple as that. We have argued above that
the source for Mauna Loa magmas is distinct
from those of Mauna Kea, and that the source
of type-3 and 4 Mauna Kea magmas differs from
that of the type- 1 and 2 magmas. Consequently,
there is no a priori reason why the SiO, content
and incompatible element abundances in these
sources should necessarily be similar.

[41] The type-1 and 2 Mauna Kea magmas
appear to be derived from a common source.
By definition, they differ in SiO,(13), indicating
that different processes have been at work in
their production. By analogy with the postshield
lavas, it seems possible that the type-2 magmas,
with their lower SiO, contents, may have been
produced by lesser amounts of melting than the
type-1 magmas. The difference of 1-2% in
SiO5(13) could imply that the type-2 magmas
resulted from a factor of about 0.75 of the melt
fraction that gave rise to the type-1 magmas. The
fact that the type-2 lavas were most frequently
erupted high in the stratigraphic column at a time
when eruption rates were in decline [Sharp et al.,
1996; DePaolo et al., manuscript in preparation,
2003] adds credence to this suggestion. Table 4
and Figure 16 show that the type-2 magmas
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Figure 15. Variation of SiO,(13) versus incompatible element abundance ratios in HSDP-2 lavas. SiO,(13) is
normalized to 13% MgO using the equations in Table 4. The data have been screened for alteration by removing

samples with K,O/P,O5 < 1.

tend, on average, to have higher normalized
incompatible element abundances than the type-
1 magmas. The average Ba(13) and Nb(13) of
the type-2 lavas arel02 and 13.2 respectively,
compared with averages of 85 and 11.2 in the
type-1 lavas. Incompatible element ratios also
tend to be higher in the type-2 lavas (Figures 13
and 15). This could imply that the type-2 magmas
were produced by a factor of around 18-20%
less melt production than the type-1 magmas. There

is, however, considerable overlap between the two
lava types. Some type-1 lavas have ratios and
normalized abundances of these elements that
are just as high as any of the type 2-lavas. This
would seem to imply that the extent of melting
is not the major process in the generation of
these two magma types. On the other hand,
melting does appear to play a role in the finer
details. For example, values of SiO,(13) in both
type-1 and 2 lavas decrease with increasing
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Figure 16. Normalized abundances of (a) FeO, (b) TiO,, (c) Nb, and (d) Sr versus SiO, in HSDP-2 lavas. All of the
data have been normalized to 13% MgO using the equations in Table 4. The data have been screened for alteration by

removing samples with K,O/P,05 < 1.

stratigraphic height from the transition from
submarine to subaerial lavas at 1070 m to 340 m
at the base of the postshield lavas (Figure 10).
This decrease in SiO,(13) is accompanied by
corresponding increases in TiO,/Al,03, Nb/Y,
Ba/Y and Zr/Y to values approaching those of
the postshield lavas (Figure 1). In other words, it
is indicative of a decline in melting of both

magma types over time: a possible harbinger of
the onset of postshield magmatism?

5.2.4. Depth of Melting and Segregation

[42] If variable amounts of melting are not respon-
sible for the major differences in SiO,(13) between
the type-1 and 2 magmas and the type-3 and
4 magmas, we are left with depth of melting and
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melt segregation as the probable cause. As noted
above, the available relevant melting experiments
on peridotite [e.g., Hirose and Kushiro, 1993;
Kushiro, 1996; Kogiso et al., 1998; Longhi,
2002] indicate that melts produced at greater
depths will have lower SiO, at a constant MgO
than shallower melts. Conversely, the FeO content
of the melt increases at a fixed MgO content with
increasing pressure. The type-1 lavas have higher
Si0,(13) and lower FeO(13) than the type-2 lavas,
and the type-4 have higher SiO,(13) and lower
FeO(13) than the type-3 lavas (Figure 16a). The
implications are that the type-2 and 3 magmas
were produced, or segregated from the peridotite
residua, at greater depths in the plume than the
type-1 and 4 magmas. The depth at which a melt
segregates from its residua may depend on whether
it is transported by porous flow along grain
boundaries or migrates into interconnecting chan-
nels [e.g., Mckenzie, 1985; Ribe, 1988; Spiegelman
and Kenyon, 1992]. Melt percolation is more likely
to result in segregation at shallower levels in the
plume than channelized flow. This scenario may
explain why picrites predominate in the type-2 and
3 lavas, and why there are fewer low-MgO lavas
than among types 1 and 4 lavas. Melt percolation
is likely to result in melt and wall rock-reaction
[Kelemen et al., 1992], resulting in a change in
magma composition from picrite toward a more
basaltic composition. Mixing of this magma with
the low-MgO ‘‘steady state” magma in the shallow
magma reservoir is less likely to pull the overall
composition far into the olivine field, resulting in a
spectrum of compositions ranging from low-MgO
basalts to picrites. On the other hand, melts that
migrate in channels are less likely to react with the
wall rock, resulting in the delivery of picrites to the
magma reservoir. Mixing of these picrites with
the low-MgO “steady state” magma will result
in overall compositions with high MgO contents,
and may well disguise the fact that low-MgO
magmas were involved at all.

5.2.5. Magmatic Evolution

[43] In this section we will utilize lava accumula-
tion rate models [DePaolo and Stolper, 1996;
DePaolo et al., manuscript in preparation, 2003;
Sharp et al., submitted manuscript, 2003] to place

the magmatic evolution of Mauna Kea in a tenta-
tive time frame. According to these models, the
2815 m of Mauna Kea core represent a 400 ka
eruptive record, from the oldest submarine lavas at
around 550 ka to the youngest subaerial postshield
lavas of about 150 ka. During this time, Mauna
Kea will have traversed about 40 km of the
Hawaiian plume (assuming a 9—10 cm/yr north-
easterly movement of the Pacific plate). Subse-
quent dating will probably necessitate a revision of
this time frame, but relative relationships should
remain intact.

[44] At around 550 ka, magma supply rates are
inferred to be high, about 18 mm/yr (DePaolo et
al., manuscript in preparation, 2003), with two
distinct magmas, types-1 and 3, supplying the
volcano. The type-3 lavas are inter-layered with
type-1 lavas, tending to form packages of pillow
lavas, hyaloclastites and massive units. They are
particularly abundant between 1974 to 2600 m,
roughly around 490—530 ka. It may be that these
packages were erupted rapidly. The two magma
types require different plume source components,
implying that, at this time, the plume was hetero-
geneous at the scale of melting. The source of the
type-3 magmas has lower Zr/Nb and higher
*He/*He and °*Pb/***Pb relative to *°°Pb/***Pb
and therefore contains higher proportions of the
proposed Loihi component than the source of the
type-1 magmas, which is close to the Kilauea end-
member of the Hawaiian tholeiitic array. The low
Si0,(13) content of the type-3 magmas, also char-
acteristic of Loihi tholeiites, may be inherited from
the source, but it could also be a consequence of
melt segregation from its residua at greater depth in
the plume. This latter suggestion is supported to
some extent by the presence of rare type-4 lavas in
the core. These are chemically similar to the type-3
lavas, except that they have higher SiO,(13), and
may, therefore, have segregated at shallower levels
in the plume. The problems with this interpretation
are that the small number of samples (3) of type-4
lavas do not have the high *He/*He and
208pp/204ph of the type-3 lavas.

[45] What is the origin of the type-3 magma? Is it
intrinsic to Mauna Kea, representing an early stage
in the volcano’s development, or were these lavas
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erupted on another adjacent volcano? Holcomb et
al. [2000] propose that a southeast rift zone of
Kohala extends below Mauna Kea, predicting that
Kohala lavas will be encountered at depth in the
drill hole. Could the type-3 magmas be lavas from
Kohala volcano, erupted from such a putative
southeast rift zone? They do not resemble any
Kohala lava analyzed to date [Feigenson et al.,
1984; Rhodes and Weis, 2001], but there is no a
priori reason why they should. If the low SiO,
lavas are derived from Kohala volcano, then
according to the Holcomb et al. model one might
expect them to lie at the base of the stratigraphic
section, rather than inter-layered with more normal,
type-1, Mauna Kea lavas over an interval that may
well reflect more than 50 ka of eruptive history. At
the time in question, around 495 to 550 ka, Kohala
should have been in a vigorous stage of tholeiitic
shield-building. [Moore and Clague, 1992]. The
type-3 magmas resemble Loihi tholeiites, that is,
magmas produced during the early stages of sub-
marine shield building. If this is the case, and the
type-3 magmas represent this early submarine
stage of Mauna Kea, then further drilling should
encounter fewer type-1 lavas and more of type-3,
perhaps inter-layered with alkalic lavas, as are
currently found on Loihi [Garcia et al., 1993,
1995b].

[46] Above 1974 m there are no more type-3 lavas
in the core. In other words, the source of these
magmas has been exhausted from Mauna Kea’s
melting zone after about 495 ka. Throughout the
rest of the stratigraphic section until the onset of
postshield magmatism at around 280 ka, that is, for
over 200 ka, the eruptive sequence consists of
inter-layered type-1 and 2 lavas. These are derived
from a common Mauna Kea source, with only
minor fluctuations in isotopic ratios [Bryce
and DePaolo, manuscript in preparation, 2003;
Blichert-Toft et al., 2003] attesting to small varia-
tions in the source components. The principal
difference between these two magma types is in
the depth at which they melted, or segregated from
their source residua. Type-2 lavas are relatively
infrequent below the submarine to subaerial transi-
tion at 1080 m (about 440 ka), but become increas-
ingly abundant above 850 m, suggesting that deep

melt segregation became more common after
around 400 ka.

[47] At around 440 ka, there appears to have been a
fundamental transition in the magmatic plumbing
system of Mauna Kea. Four things happened
simultaneously: (1) the inferred lava accumulation
rate dropped from around 15 mm/yr to around
5 mm/yr, subsequently declining to below 3 mm/yr
(DePaolo et al., manuscript in preparation, 2003);
(2) low-MgO lavas (7-9% MgO) became much
more prevalent, especially in the type-1 lavas;
(3) the SiO,(13) of both type-1 and type-2 magmas
began to decline; (4) incompatible element ratios
(e.g., TiO,/Al, O3, Ba/Y, Nb/Y, Zr/Y) in type-1 and
2 magmas began to increase. All of these factors
point to a dwindling magma supply, leading up to
the onset of postshield volcanism as the volcano
moves toward the margin of the plume. Note,
however, that there is no accompanying change in
source components.

[4s] With the onset of postshield volcanism at
337 m, inferred to be at around 270 ka, the data
become scattered, ranging from tholeiites to alkalic
basalts. There are no coherent trends, and many of
the lavas have evolved beyond olivine-control. All
of this is consistent with low lava accumulation
rates (1-2 mm/yr) as a consequence of low magma
supply, resulting in ephemeral magma reservoirs
[Frey et al., 1990].

5.3. Origin and Evolution of
Mauna Loa Magmas

[40] Throughout the 245 m of Mauna Loa core, the
trends for major elements and compatible trace
elements have remained remarkably coherent, and
indistinguishable from those of modern historical
lavas. Although incompatible element abundances
and ratios tend, on average, to be lower than in
historical lavas, they are within, or just below, the
overall range of historical lavas. In many respects
they are similar to the lavas erupted around 1880—
1887, when eruption rates were high [Rhodes and
Hart, 1995]. There are, however, some differences.
First, picrites (MgO > 12%) are much more abun-
dant in the HSDP-2 core than in the historical
record, or among young (<36 ka) prehistoric lavas.
Picrites constitute about 61% of the samples in the
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core, but only 7% of the historical record and 14%
of <36 ka prehistoric lavas. There are two possible
explanations: either Mauna Loa magmas were
hotter and therefore more picritic in the past, or
hot, mobile picritic magmas are more likely to
travel the 30—40 km from Mauna Loa’s northeast
rift zone to the drill site than cooler tholeiitic
magmas [Rhodes, 1996]. For reasons given below,
we suspect that the latter explanation is the more
probable.

5.3.1. Magma Source

[s0] Trace element ratios involving Nb that are
sensitive to changes in source components are
relatively constant in the Mauna Loa lavas.
Most of the variation in Zr/Nb and Nb/Y can be
attributed to differences in the degree of melting
(Figure 13), or slight variations in the proportions of
source components [Rhodes and Hart, 1995]. There
are no apparent systematic change in these ratios
with depth in the core. On the other hand, there are
subtle changes in isotopic ratios with depth. For
example, *He/*He is higher than 12 below 214 m in
the pilot hole [DePaolo et al., 2001] and 163 m in
the present hole (Kurz et al., submitted manuscript,
2003), and *°®Pb/?°*Pb increases slightly with
increasing depth in both the pilot hole [DePaolo
et al., 2000] and this hole [Blichert-Toft et al.,
2003]. Additionally, ¥’Sr/*®Sr data from the pilot
hole [Hauri et al., 1996] is less than 0.7037 below
241 m. These changes are consistent with an
increase in Kilauea or Loihi components with age
in the source of Mauna Loa magmas, toward source
compositions that are intermediate between those of
modern Mauna Loa and Kilauea. In this respect, the
source of the oldest Mauna Loa lavas sampled
by the drill core is approaching that of >100 ka
lavas from the submarine section of Mauna Loa’s
southwest rift zone [Kurz et al., 1995; Rhodes et al.,
manuscript in preparation, 2003].

5.3.2. Magma Production

[s1] The variation in SiO, with MgO is very coher-
ent (Figure 5), especially after screening for possi-
ble alteration effects and loss of SiO, by removing
samples with K,0O/P,0s5 < 1. Consequently, the
average value of SiO,, when normalized to 13%

MgO (SiO5(13)) using the equation in Table 4, is
remarkably constant at 49.6 + 0.3. Normalized
values for other major elements are also very
uniform. We interpret this constancy, together with
the similarity of SiO, and other major element
trends with historical lavas, as evidence that the
processes of melting and the depth of melt segre-
gation for Mauna Loa, unlike Mauna Kea, have
remained remarkably uniform. The extent of melt-
ing, however, and hence magma supply, may have
been more variable. We know from historical lavas
that incompatible element ratios are low when
eruption rates are high [Rhodes and Hart, 1995].
The small increase in incompatible element ratios
with stratigraphic height may, therefore, indicate
a decrease in melting and eruption rates with
time. Support for this suggestion comes from the
corresponding gradual decrease in the MgO content
of the low MgO lavas, implying that magma supply
rates were higher in the past, thus pulling the
composition of the quasi steady state magma further
into the olivine stability field. This suggests that for
lavas near the bottom of the Mauna Loa section
of the core, eruption rates were higher than the
highest historical rates of 0.05 km*/yr [Lockwood
and Lipman, 1987], and probably approaching
those of modern Kilauea (about 0.06—1.0 km*/yr)
[Dzurisin et al., 1984; Cayol et al., 2000].

5.3.3. Magmatic Evolution

[s2] The pilot hole of the Hawaii Scientific Drilling
Project sampled 280 m of Mauna Loa lavas rang-
ing in age from about 1.3 ka (the Panaewa picrite)
to around 100 ka [Sharp et al., 1996; J. M. Rhodes,
H. Guillou, F. A. Trusdell, and M. O. Garcia,
Is Mauna Loa Volcano in Decline?, Bulletin of
Volcanology, 2003]. Although there is, as yet, no
comparable age information for the Mauna Loa
section of the current drill core, we assume that the
age range is about the same, that is, around 100 ka.
Over this time, Mauna Loa will have traversed and
sampled about 10 km across the Hawaiian plume
(assuming a 9—10 cm/yr northeasterly movement
of the Pacific plate).

[s3] The high value and constancy of SiO,(13)
together with the constancy of other major element
data suggest that melt segregation was relatively
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shallow, and that melting processes and depth of
melt segregation have not changed significantly
over the last 100 ka. Furthermore, the presence of
low-MgO quasi steady state magmas together with
picrites may indicate that melt extraction was
dominated by porous flow rather than channelized
flow. These conclusions are consistent with those
of Rhodes et al. (manuscript in preparation, 2003)
for even older lavas (>100 ka) from Mauna Loa’s
submarine southwest rift zone. We have presented
evidence above that during this 100 ka, although
melting processes and the depth of melt segrega-
tion have remained relatively constant, there has
been a small shift in the preponderance of source
components toward a greater proportion of the
Kilauea or Loihi components. This trend is contin-
ued further in >100 ka lavas sampled from a
submarine landslide scarp on Mauna Loa’s south-
west rift zone [Kurz et al., 1995; Rhodes et al.,
manuscript in preparation, 2003]. Over this same
time interval there appears also to have also been a
small decline in melt production. The timing of
these changes is critical, but difficult to establish
because of inadequate age information. Data for
4C dated flows [Lockwood, 1995] going back
about 30—36 ka indicate that the change in source
components, and possible decline in melt produc-
tion, occurred before then. On the other hand,
extrapolating age information from the pilot hole
[Lipman and Moore, 1996] suggests that the de-
cline in *He/*He and increase in ®’Sr/*°Sr may
have occurred around 60—80 ka. In summary, there
have been subtle changes in source components,
and perhaps a slight decline in melt production
during the last 100 ka: all consistent with the
notion that Mauna Loa is moving away from the
plume axis.

[s4] Lipman [1995] suggests Mauna Loa is in
decline and is approaching the postshield stage.
This suggestion gains some credence from the
inferred reduction in melt production, and from
the reduction in *He/*He, discussed above. Events
on Mauna Kea may, perhaps, be taken as a guide to
what will happen on Mauna Loa. For example, the
decrease in *He/*He (Kurz et al., submitted man-
uscript, 2003) to values comparable to those on
Mauna Loa after 60—80 ka, occurred at a depth of

670 m, corresponding to a model age of around
377 ka (DePaolo et al., manuscript in preparation,
2003), almost 100 ka before the advent of post-
shield volcanism. This could be taken to indicate
that we might expect the onset of postshield
volcanism on Mauna Loa in another 20—40 ka.
On the other hand, postshield volcanism on Mauna
Kea was preceded by a 140 ka period in which
declining eruption rates were accompanied by
decreasing SiO,(13) in both type-1 and type-2
lavas (Figure 10), presumably a consequence of
decreasing melt production as Mauna Kea moved
toward the periphery of the plume. There is no
indication of a similar decline in SiO,(13) in the
Mauna Loa record, implying that postshield volca-
nism may be a long time coming. Perhaps the
announcement of Mauna Loa’s demise (to para-
phrase Mark Twain) is greatly exaggerated!

6. Conclusions

[ss] 1. The Hawaii Scientific Drilling Project sam-
pled 3098 m of basaltic lavas from Mauna Loa and
Mauna Kea volcanoes. The transition from Mauna
Loa to Mauna Kea lavas at 245 m is recognized
using geochemical discriminants. The geochemical
record is inferred to reflect about 100 ka and
400 ka of the magmatic history of Mauna Loa
and Mauna Kea respectively, as they transit the
Hawaiian plume.

[s6] 2. The Mauna Loa lavas are chemically
distinct from Mauna Kea lavas. The Mauna Kea
lavas are subdivided into a thin upper 107 m
sequence of postshield tholeiites, transitional tho-
leiites and alkali basalts contemporaneous with
the Hamakua Volcanics, and four tholeiitic lava
types that occur throughout the rest of the core.
These four lava types are recognized on the basis of
MgO-normalized SiO, and Zr/Nb ratios. Type-1
lavas (high SiO, and Zr/Nb) are ubiquitous below
the postshield lavas and are the dominant magma
type on Mauna Kea, inter-layered with the other
three lava types. Type-2 lavas (low SiO, but high Zr/
Nb) are found only in the upper core, and especially
above 850 m. Type-3 lavas (low SiO, and Zr/Nb) are
remarkably similar to tholeiites from Loihi volcano
and are present only below 1974 m. There are only 3
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flows of type-4 lavas (high SiO, and low Z1/Nb).
They are present in the upper and lower core.

[57] 3. All of the tholeiites show strong, coherent,
linear major and trace element trends with MgO.
These trends are not simply a consequence of
accumulation and fractionation of olivine as is
commonly supposed. Mixing between picritic mag-
mas (13-15% MgO), accumulated or entrained
olivine phenocrysts and xenocrysts, and consan-
guineous low-MgO (7—-8% MgO) “steady state”
magmas is required to explain the linear trends.

[ss] 4. A fundamental change occurred in Mauna
Kea’s magmatic plumbing system at around 440 ka.
The onset of these changes corresponds with a
gradual decline in melt production and decreasing
eruption rates, foreshadowing the onset of post-
shield volcanism.

[s9] 5. The postshield lavas, erupted between 337
and 246 m, have compositions indicative of low
but varying melt production, an inference sup-
ported by very low eruption rates. As a conse-
quence many postshield lavas, unlike earlier lavas,
show evidence of extensive fractionation, beyond
olivine control. An additional consequence of the
low magma supply and eruption rates is that
postshield lavas are more altered than other lavas.

[60] 6. The drill core is inferred to have sampled
about 400 ka of Mauna Kea’s magmatic history,
from about 550 to 150 ka. During this period,
Mauna Kea will have traversed about 40 km of
the Hawaiian plume. At the start of this record,
eruption rates were high and two distinct tholeiitic
magmas (type-1 and -3) were erupting concurrently.
These two magmas require two distinct source
components, one similar to that of Loihi tholeiites
and the other close to that of Kilauea magmas. At
around 495 ka the Loihi-like source of the type-3
magmas was exhausted, and these lavas are absent
from the rest of the core. For the next 200 ka or
so, the eruptive sequence consists of inter-layered
type-1 and -2 lavas that are derived from a common
Mauna Kea source, the major difference between
the two being the depth at which the melts segre-
gated from the source. Around 440 ka, which
corresponds with the submarine to subaerial transi-
tion in the drill core, melting and eruption rates

began to decline gradually, until at 280 ka they were
so low as to initiate the onset of about 130 ka of
postshield magmatism.

[61] 7. The trends for major elements and compat-
ible trace elements in Mauna Loa tholeites are
remarkably coherent throughout the core, and in-
distinguishable from those of modern historical
lavas. In particular, MgO-normalized SiO, values
have remained constant. We interpret this to indi-
cate that the depth of melt segregation has remained
uniform and shallow over the last 100 ka. There
are, however, small decreases in incompatible
element abundances and ratios with depth, perhaps
indicating that melting, and therefore magma
supply, was slightly higher in the past than it is
today. Similarly, there have been small shifts in the
isotopic ratios of Sr, Pb and He, indicating that
there may once have been slightly more of a
Kilauea or Loihi component in the source than at
present. We speculate that this change possibly
occurred around 60—80 ka ago, but that, nonethe-
less, Mauna Loa is a long way away from its
eventual transition to postshield volcanism.
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