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Abstract A 200-m section of Koolau basalt was sampled in
the 1.6-km Trans-Koolau (T-K) tunnel. The section in-
cludes 126 aa and pahoehoe lava flows, five dikes and ten
thin ash units. This volcanic section and the physical char-
acteristics of the lava flows indicate derivation from the
nearby northwest rift zone of the Koolau shield. The top of
the section is inferred to be 500-600 m below the pre-ero-
sional surface of the Koolau shield. Therefore, compared
with previously studied Koolau lavas, this section provides
a deeper, presumably older, sampling of the shield. Shield
lavas from Koolau Vol cano define ageochemical end-mem-
ber for Hawaiian shields. Most of the tunnel lavas have the
distinctive major and trace element abundance features
(e.g. relatively high SIO, content and Zr/Nb abundance ra-
tio) that characterize Koolau lavas. In addition, relative to
the recent shield lavas erupted at Kilauea and Mauna Loa
volcanoes, most Koolau lavas have lower abundances of Sc,
Y and Yb at a given MgO content; this result is consistent
with a more important role for residual garnet during the
partial melting processes that created Koolau shield lavas.
Koolau lavas with the strongest residual garnet signature
have relatively high 87Sr/86Sr, 187Qg/18Qs, 180/160, and low
143N d/1*Nd. These isotopic characteristics have been previ-
ously interpreted to reflect a source component of recycled
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oceanic crust that was recrystallized to garnet pyroxenite.
This component also has high La/Nb and relatively low
206Ph/204Ph, geochemical characteristics which are attribut-
ed to ancient pelagic sediment in the recycled crust. Al-
though most Koolau lavas define a geochemical endm-
ember for Hawaiian shield lavas, there is considerable intr-
ashield geochemical variability that is inferred to reflect
source characteristics. The oldest T-K tunnel lava flow is
an example. It has the lowest 87Sr/86Sr, Zr/Nb and La/Nb,
and the highest 3Nd/***Nd ratio found in Koolau lavas. In
most respects it is similar to lavas from Kilauea Volcano.
Therefore, the geochemical characteristics of the Koolau
shield, which define an end member for Hawaiian shields,
reflect an important role for recycled oceanic crust, but the
proportion of this crust in the source varied during growth
of the Koolau shield.

Key words Koolau Volcano - Hawaiian shield lavas -
Igneous geochemistry - Recycling of oceanic crust

Introduction

Koolau Volcano on theisland of Oahu, Hawaii, is an unusu-
al Hawaiian volcano in terms of its evolutionary history and
geochemical characteristics. For example, the tholelitic
shield is not overlain by post shield-stage lava flows, but it
has an areally extensive rejuvenated (post-erosional) stage
(Honolulu Vol canics). In major and trace element composi-
tion and isotopic ratios (Sr, Nd, Pb, Os and O), the Koolau
shield lavas define a geochemical end member for Hawai-
ian lavas (Stille et al. 1983; Roden et al. 1984, 1994; Frey et
al. 1994; Eiler et al. 1996; Lassiter and Hauri, in press).
Lavas from diverse parts of the Koolau shield and dikes
from the caldera complex have these distinctive geochemi-
cal characterigtics; therefore, there is no doubt that the
source of studied Koolau lavas was geochemically different
from the source of the currently active Hawaiian shields
(Loihi, Kilauea and Mauna Loa). Although Koolau lavas
show considerable isotopic heterogeneity, previous studies
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Fig. 1 Map of Oahu showing the Waianae and Koolau shields and lo-
cations of the Trans-Koolau tunnel, which extends southeastward
from North Halawa Valley to Haiku Valley, the inferred Koolau
caldera, the northwest rift zone, the Koolau dike complex (dashed
lines), Makapuu Head and Halawa quarry. Inset shows location of
Oahu relative to other Hawaiian islands

found no systematic geochemical variations with relative
age of lavas in stratigraphic sections. This result contrasts
with recent studies of Mauna Loa Volcano (Rhodes and
Hart 1995; Kurz et al. 1995).

This article describes the stratigraphy, morphology, pe-
trography and geochemistry of lava flows and dikes from a
200-m-thick section exposed in the 1.6-km-long Trans-
Koolau (T-K) tunnel. The T-K tunnel sequence, dominant-
ly lava flows with a few dikes and pyroclastic layers, isin-
ferred to represent a near-vent facies derived from the near-
by northwest rift zone. Relative to the Makapuu Head sec-

tion of Koolau lavas studied by Frey et a. (1994) and Ro-
den et a. (1994), the T-K tunnel section is closer to the pa-
leo-caldera of the Koolau shield (Fig. 1), is deeper below
the pre-erosional surface, and is presumably older. In an ef-
fort to further evaluate the temporal geochemical trends of
Koolau lavas, one of our objectives was to compare the
geochemical characteristics of therelatively old T-K tunnel
lavas with Koolau lavas from other stratigraphic sections.

Geologic setting

The island of Oahu has two volcanoes (Fig. 1). The older
one, Waianae Vol cano of western Oahu, ~2.9-3.9 Ma (Do-
ell and Dalrymple 1973; Presley et al. 1997), consists of a
tholelitic shield (Waianae Vol canics) overlain by flows of a

Fig. 2 Cross section through the

Koolau range showing the regional SWO
dip of shield lavas, the location of
the Trans-Koolau tunnel and loca-
tions of dikes intersected by the
tunnel. Numbers (in feet) relate to
originally surveyed distances
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Fig. 3 Stratigraphic section showing flow types and location of tuffs
and dikesin the main tunnel; bracket for each dike indicates flows cut
by the dike. This is an inclined section spread out over the 1.6-km
length of the tunnel, with the oldest flows exposed at the eastern Hai-
ku portal. Flow numbers show the location of analyzed lava flows

well-developed post-shield akalic stage. The younger
Koolau Volcano, ~1.8-2.7 Ma (Doell and Dalrymple 1973),
consists of a tholeiitic shield (Koolau Basalt) un-
conformably overlain by <1 Ma rejuvenated-stage lavas
(Honolulu Volcanics). The Koolau shield is elongated par-
ale to the northwest rift zone which is clearly defined by
abundant dikes on the highly eroded windward coast of
Oahu (Fig. 1; Stearns and Vaksvik 1935; Wentworth and
Winchell 1947). Studies of this dike complex have been im-
portant in establishing the structure of Hawaiian rift zones
(Walker 1986, 1987). A shorter rift zone extends east—sou-
theast from the caldera, and its subaerial termination is near
Makapuu Head (Fig. 1).

Trans-Koolau exploratory tunnels

During construction of U.S. Interstate Highway H-3
through the Koolau Mountains, a nearly northeast-trending
exploratory tunnel was excavated from North Halawa Val-
ley on the western side of the Koolau Range to Haiku Val-
ley on the eastern side (Fig. 1). The main tunnel has adiam-
eter of 4.3 m and extends for 1652 m; from northeast to
southwest the floor of the tunnel ascends from 247 to 306 m
above sea level (Fig. 2). The portals and tunnels pass
through the Koolau Basalt, the formation that forms the
Koolau shield (Wentworth and Winchell 1947; Langenheim
and Clague 1987). The 1.6-km tunnel exposes a stratigraph-
ic section ~180 m thick, consisting of 119 lava flows and
ten pyroclastic units, which is cut by five dikes (Fig. 3). In
addition, at the western portal there are two tunnel branch-
es that sample ~18 m of section (seven flows) above the
main tunnel, thereby bringing the total thickness of contin-
uous stratigraphy cut by the T-K tunnels to approximately
200 m. The main tunnel is sub-perpendicular to the north-
west rift zone (Fig. 1) and cuts across the gently west-dip-
ping (3-50) strata at an acute angle (Fig. 2).
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Fig. 4 Section showing typical physical features of the three flow
types and the occurrence of clinker and tuff in the T-K tunnel

Wentworth and Winchell (1947; Fig. 2) and Wentworth
(1951; Fig. 4) estimated the surface el evation of the Koolau
shield at the end of shield building. Based on this estimate
the T—K tunnel section, although now at a higher elevation,
probably contains deeper and older shield lavas than the
Makapuu section, a 250-m stratigraphic section of Koolau
basalt exposed at Makapuu Head on the southeastern tip of
Oahu (Fig. 1) that was studied by Frey et al. (1994) and Ro-
den et a. (1994), i.e. presently there are ~400 m of lava
flows overlying the central portion of the T-K tunnel (Fig.
2). By combining this overburden with estimates of erosion
(Wentworth and Winchell 1947), weinfer that the top of the
tunnel section is approximately 500600 m below the pre-
erosiona surface of the shield, whereas the top of the
Makapuu section is within 50-100 m of the pre-erosional
surface (Wentworth 1951).

An estimate of the minimum age of lava flows in the
T—K tunnel section can be made from the K—Ar ages for
lavas from Makapuu Head, 1.8+0.3 Ma[site B of Doell and
Dalrymple (1973), four flows sampled from 30- to 223-m
elevation] and Halawa Quarry, 1.9+0.1 Ma [site F of Doell
and Dalrymple (1973), two flows sampled from 107- to
122-m elevation]. The Halawa Quarry site is estimated to
be approximately 150 m below the pre-erosional surface of
the Koolau shield (Wentworth and Winchell 1947; Wentw-
orth 1951), and projection of the average dip of lava flows
(4°W) from the centre of the T—K tunnel down North Hal-
awa Valley shows that the top of the tunnel section is ap-
proximately 200-300 m below the Halawa Quarry site (Fig.
1). Therefore, the T-K tunnel section is older than 1.9 Ma;

for a shield growth rate of 1 cm/year, the top of the T-K
section is 40-50 ka older than the Makapuu section. How-
ever, because shield volcanoes build more rapidly near their
summits than on their flanks (L ockwood and Lipman 1987,
p. 513), it is possible that the T-K tunnel section, which is
close to the caldera (Fig. 1), is only slightly older than the
Makapuu section.

Sampling and methods

Geologic mapping of the exploratory tunnels was done at
scalesof 1:60 and 1:120 during tunnel construction in 1989.
The collected samples are numbered according to their sur-
veyed horizontal position (in feet) along the tunnel ranging
from station 1040 at the top of the western Halawa portal to
station 6457 at the bottom of the eastern Haiku portal; also
the 126 identified lava flows are numbered sequentially be-
ginning with the base of the lava sequence at Haiku portal
(Fig. 3). Based on petrographic studies of 50 samples, 24 of
the least altered samples from the main tunnel that include
the range of petrographic types were selected for chemical
analyses.

Major and trace element abundances were determined in
duplicate by X-ray fluorescence (XRF) at the University of
Massachusetts (Amherst). Precision and accuracy of the
XRF datafor Hawaiian tholeiitic basalts are typically better
than 0.5% relative for major elements (except MnO, Na,O,
P,Os, which are 0.5-1%), and approximately 0.5-2% for
trace elements (Rhodes 1996). Trace element abundances,
including rare earth elements, were determined for a subset
of seven samples by instrumental neutron activation analy-
sis (INAA; llaand Frey 1994). Abundances of FeO, H,0",
H,O~ and CO, were determined by wet chemical methods
at the Geological Survey, Pretoria, Republic of South Afri-
ca.

Petrography

The tunnel flows are aphyric to moderately porphyritic ba-
salt, with <1%-16 vol.% total phenocrysts (>0.4 mm).
Modal proportions of phenocrysts and microphenocrysts
(0.05-0.4 mm) are shown in Table 1; more complete petro-
graphic descriptions are in the Appendix. Olivine is the
most abundant phenocryst phasein the relatively MgO-rich
samples (e.g. 10.9% olivine in flow 30, sample 5483 with
11.9% MgO). Plagioclase and pyroxene are abundant in the
more-evolved (MgO poor) lavas. The presence of
orthopyroxeneis a distinctive characteristic of Koolau lavas
that reflects their high SiO, contents relative to other Ha-
waiian tholeiitic basalts. Orthopyroxene is more abundant
than clinopyroxene as a phenocryst phase in most of these
lavas (except samples 3143 and 6308); however,
clinopyroxene is more abundant as microphenocrysts (ex-
cept sample 5015). Plagioclase and Fe-Ti oxides are abun-
dant as microphenocrysts in many lavas. Groundmass tex-
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Tablel Modal proportions of phenocrysts (Ph, >0.4 mm), microphenocrysts (Mph, 0.05-0.4 mm) and matrix in T-K tunnel samples. cpx
clinopyroxene; opx orthopyroxene; plag plagioclase; oxide Fe-Ti oxides

Sampleno. Fowno. Type? Olivine Cpx Opx Plag Oxide Matrix
Ph Mph Ph Mph Ph Mph Ph Mph Mph
6308 7 P 0.7 5.9 0.6 28.9 0.0 12 33 424 12.1 49
5483 30 P 10.9 0.7 0.0 11.2 0.6 0.5 13 11.8 0.7 62.0
5438A 33 A 0.1 0.3 0.0 221 0.6 0.0 0.0 19.0 0.6 57.3
5360 34 A 0.0 0.0 0.0 57 04 0.9 0.0 253 4.3 52.5
5015 41 T 3.8 15 0.0 21 23 3.7 11 5.8 5.9 73.8
4908 44 T 0.1 0.4 0.4 20.7 1.9 0.2 21 14.0 6.2 54.1
4784 47 T 0.0 0.9 0.0 111 0.0 27 0.8 22.3 10.6 51.6
4349 57 P 18 0.0 0.0 19.1 6.1 0.0 84 253 9.7 29.6
4026 67 T 0.0 2.3 0.0 3.9 14 0.0 17 6.6 9.2 74.9
3977 71 A 0.4 6.1 0.0 27 0.3 0.0 0.0 4.6 5.7 80.2
3754 78 P 0.0 12 0.0 0.0 0.0 0.0 0.0 8.7 16.7 734
3506 88 A 0.0 20 0.0 7.1 04 3.7 11 7.1 8.3 70.3
3143 98 A 0.7 0.2 0.4 33.9 0.1 11 0.6 405 15.2 7.3
3004 99 A 0.0 15 0.0 324 0.4 0.6 0.2 29.8 154 19.7
2819 101 A 04 0.2 0.1 10.9 0.7 14 0.1 244 10.0 51.8
2737 102 A 05 0.9 0.0 4.7 21 1.9 0.0 20.7 9.2 60.0
2394A 104 P 4.7 0.5 0.8 8.0 21 25 57 211 15 53.1
1808 114 T 0.0 0.7 0.3 43 0.6 39 12 257 17.3 46.0
1502 115 A 11 0.7 0.1 8.8 04 04 1.0 16.2 9.2 61.9
5800 D 19 0.3 0.0 12.7 31 29 13 231 40.9 13.8
5313 D 3.2 1.0 22 317 0.0 0.3 24 35.1 12.4 10.7
4886 D 0.0 0.2 0.2 355 0.6 13 0.2 41.9 15.8 6.3
2668 D 33 5.2 0.3 331 0.0 0.9 14 39.2 8.7 6.9
1929 D 0.0 12 0.2 20.7 12 21.2 0.3 41.8 6.1 7.3

3P, A, T and D designate pahoehoe, aa, transitional and dike, respectively

tures are generaly fine-grained and holocrystalline, con-
sisting of lath-shaped plagioclase with granular pyroxene
and Fe-Ti oxides. Olivine phenocrysts are generally slight-
ly to completely replaced by iddingsite, even in samples
from the interior portions of the tunnel.

Flow morphology

Hawaiian lava flows are generally divided into two mor-
phologic types (pahoehoe and aa), but some flows have
characteristics transitional between these end members
(Rowland and Walker 1987; Walker 1989). The distinctive
characteristics of pahoehoe flows in the T-K tunnel are
high vesicularity (20 vol.%) and the presence of glassy
margins and tube structures, whereas the aa flows have low-
er vesicularity (<20%) and abundant clinker (Fig. 4). Tran-
sitional lava flows generally show some characteristics of
both pahoehoe and aa.

Pahoehoe flows

Pahoehoe occurs both as thin, isolated flows and as thick
compound flows (Fig. 4). In general, pahoehoe flows are
highly vesicular, with 20-60 vol.% spherical vesicles rang-

ing from less than 2 mm to approximately 1.5 cm in diame-
ter. The upper and lower contacts are generally smooth and
glassy. The pahoehoe tends to be more coarsely crystalline
and often more porphyritic than do the aa and transitional
flows. Three pahoehoe flows are highly porphyritic with
13-16% total phenocrysts and 25-54% microphenocrysts
(flows 30, 57 and 104); only one pahoehoe flow is aphyric
(flow 78; Table 1). A few lava tubes were identified within
pahoehoe units; they are generally collapsed and filled with
angular rubble or dense basalt.

Aaflows

The aa flows contain a dense crystalline core overlain, and
in many cases underlain, by clinker that forms 30-60% of
these flows (Fig. 4). The dense portion of aaflows general-
ly has less than 20% vesicles, which are commonly de-
formed by shearing into elongate, irregular voids. In thin
section, the aa flows are generally very fine grained and
nearly aphyric, with less than 1% phenocrysts of olivine
and/or orthopyroxene; clinopyroxene, plagioclase, and
Fe-Ti oxide occur mainly as microphenocrysts, which are
abundant in some aaflows (e.g. flows 98 and 99 in Table 1).
Because of their lower vesicularity, the aa flows appear less
altered than the pahoehoe flows.
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Transitional flows

The transitional flows have characteristics intermediate be-
tween those of pahoehoe and aa. These flows generally
have vesicle contents of 20-30%. The vesicles are subrou-
nded to irregular in shape and variable in size. Circular
voids, 9-60 cm in diameter, are common. They are similar
to those in pahoehoe flows except that in the transitional
flows they generally have smoother walls, which common-
ly are coated with frozen drips or stalactites of glassy lava.
Clinker usually occurs at the top of transitional lava flows
(Fig. 4), and in this way the upper parts of many transition-
al flows are more similar to aa than to pahoehoe. However,
the basal portion of transitional flows can be highly vesicu-
lar with >30% vesicles (<5 mm) and a thin chilled margin
of black glass at the lower contact (Fig. 4); thus, the base of
transitional flows resembles that of pahoehoe more than
that of aa. In general, flows mapped as transitional in the
T-K tunnel have the characteristics of proximal ag; i.e.
compared with distal aaflows, they arerelatively thick with
low vesicularity and a high proportion of clinker (Rowland
and Walker 1987). Clinker breccia is a common constitut-
ent of transitional and aa lava flows. The thickness of clin-
ker layers ranges from approximately 0.5-4.0 m and is gen-
erally proportional to the total thickness of the accompany-
ing coherent transitional or aa flow.

Proportions of flow types and flow thickness

Theratio of pahoehoe to aaplustransitional flowsisrough-
ly 40:60 in the entire 200-m-thick tunnel section, but this
ratio ranges from 50:50 in the east to 30:70 in the west (Ta-
ble 2). The lower proportion of pahoehoe flows in the west
may reflect a more distal environment of deposition, since
itisfurther from the northwest rift zone. However, there are
several factors that affect flow morphology, e.g. voldtile
content, temperature, eruption rate and slope angle. The
discharge during eruption may be the single most important
factor determining flow morphology (Pinkerton and Sparks
1976; Rowland 1987); thus, the relative proportions of the
two flow types may not be simply related to distance from
source vents.

In the T-K tunnel section average flow thicknesses in-
crease from pahoehoe through transitional to aa lavas, and
average thicknesses for each flow type are dlightly greater
inthewest, i.e. in the upper part of the section (western half
of tunnel), 50 lava flows total approximately 96 m in strati-
graphic thickness for an average flow thickness of 1.9 m,
whereas in the lower part of the section (eastern half of tun-
nel) the 76 flows average 1.3 m in thickness (Table 2).
These relatively thin flows are consistent with a near-vent
depositional setting. Proximal, near vent, Hawaiian lava
flows are generally quite thin (<2 m), whereas distal flows
areusually thicker (ca. 6 m; Macdonald 1967, pp 3-4). Spe-
cifically, for the Koolau shield, the 95 flows forming the
near-rift axis section at Makapuu Head average 2.1 m in
thickness, whereas Multhaup et al. (1989) showed that

Table 2 Mean lava flow thicknesses and relative volumes in the
T—K tunnels (see Fig. 3)

Total
thickness (m)

Mean flow
thickness (cm)

Flow type N Volume (%)

Eastern (stratigraphically lower) main tunnel: Station 3750-6450

Pahoehoe 46 50 108 51
Transitional 19 30 155 30
Aa 11 18 164 19
Total 76 97 128

Western (stratigraphically higher) main tunnel: station 1040-3750
and tunnel branches at western portal

Pahoehoe 21 26 121 27
Transitional 18 32 179 34
Aa 11 38 345 40
Total 50 96 191

Koolau flows approximately 16 km west of the T-K tunnel
range from 3 to 18 min thickness.

In summary, the physical characteristics of the T-K tun-
nel lavas, such as the east to west decrease in proportion of
pahoehoe lavas and the low average flow thickness (<2 m),
are consistent with these flows originating at vents on the
nearby northwest rift zone. The southwest margin of the
dike complex, which defines the boundary of the rift zone,
isvery close to the Haiku portal (Fig. 1).

Tuffs

Pyroclastic ash is a sporadic and minor constituent of Ha-
waiian volcanic eruptions (Decker and Christiansen 1984).
Theten thin (0.3—1 m) interflow tuff bedsin the T—K tunnel
section probably represent pyroclastic eruptions, possibly
from the Koolau caldera. These tuff beds occur in the cen-
tral portion of the tunnel from stations 2300 to 5000 (Fig.
3). In addition, consolidated ash and reworked pyroclastic
debris are a common component of the matrix in clinker
layers at the top of aa and transitional flows (Fig. 4). Pyro-
clastic unitsin the T-K tunnel are vitric-crystal tuffs grad-
ing to lithic-vitric tuffs and lapilli tuffs in the terminology
of Heiken and Wohletz (1985). Most beds grade upward
from lithic-rich, poorly sorted, lapilli tuff to vitric-rich,
well-sorted, fine-grained tuff. The upper part of most tuff
beds is finely bedded (1-8 cm) to laminated (<1 cm); low-
angle cross-lamination is present locally.

At Koolau Volcano ash deposits are expected to be most
abundant in proximal settings downwind (southwest during
tradewinds) of the calderaand rift zones. The numerous ash
depositsinthe T—K tunnel section are consistent withitslo-
cation close to the caldera and southwest of the northwest
rift zone, whereas ash layers are absent in the Makapuu
Head section, which isnot downwind from the caldera (Fig. 1).
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Table 4 Trace element abundances (parts per million) determined by
instrumental neutron activation analysis

Flowno. 7 30 57 67 78 114 115
Sampleno. 6308 5483 4349 4026 3754 1808 1502
Sc 284 239 251 278 279 275 287
Cr 226 539 291 192 216 43 248
Co 438 530 403 407 428 405 452
Hf 460 287 305 351 304 537 348
Ta 101 045 049 053 045 098 053
Th 106 051 075 052 046 096 0.64
La 167 881 970 102 835 178 101
Ce 427 235 257 276 238 468 253
Nd 282 160 169 209 176 309 193
Sm 6.77 423 470 516 470 775 511
Eu 221 147 162 181 164 249 179
Th 102 063 08 08 073 115 0.89
Yb 194 148 189 18 178 243 187
Lu 028 023 029 028 027 035 028
Dikes

The T—K tunnels intersected five dikes (Figs. 2, 3); see Ta-
ble 1 and Appendix for phenocryst mineralogy and petrog-
raphy, respectively. Two dikes (1920 and 4880) are sparse-
ly phyric and vesicular. Similar to most of the dikes in the
northwest rift zone they strike northwest and dip steeply
southwest. Two other dikes (2680 and 5310) strike north-
east at high angles to the northwest rift zone and have co-
lumnar jointing perpendicular to dike margins. They lack
vesicles and have 5-8% phenocrysts of olivine,
clinopyroxene and plagioclase. Another dike (5780) is ~1
m thick, strikes N150 W, and dips 150-200 W away from
the northwest Koolau rift zone. It has 1-3% phenocrysts of
olivine, orthopyroxene and plagioclase.

Geochemical results

Geochemical studies of Koolau Basalt (Wentworth and
Winchell 1947; Stille et al. 1983; Roden et al. 1984, 1994;
Budahn and Schmitt 1985; Frey et al. 1994; Eiler et al.
1996; Lassiter and Hauri, in press) show that, relative to
tholeiitic lavas from other well-studied Hawaiian shields,
most Koolau lavas have: (a) higher SiO, and lower CaO and
total iron contents at a given MgO content; (b) higher
Al,0O4/Ca0 and lower CaO/Na,O; (c) high abundance ratios
of Zr/Nb, La/Nb and Sr/Nb; (d) near bulk-earth 87Sr/86Sr
and 3N d/**4Nd ratios, which define one end of theisotopic
field displayed by Hawaiian shield lavas and contrasts with
the relatively low 87Sr/86Sr, and high 43Nd/2““Nd of the
younger, rejuvenated-stage Honolulu Volcanics, and (€)
high 1870g/180s and 6'80 relative to typical upper mantle.
Because the tunnel flows erupted close to the caldera and
are probably older than the well-studied flows from the

Makapuu Head section on the southeast rift zone (Frey et
al. 1994; Roden et al. 1994), geochemical data for the tun-
nel lavas (Tables 3, 4) are useful in defining the spatial and
temporal compositional variations of Koolau shield lavas.

Effects of post-magmatic processes on lava compositions

The most altered lavas were not analyzed, but petrographic
observations show that post-magmatic alteration occurred
throughout the tunnel sections. The most extensive alter-
ation is in saprolite zones at the portals. In general, within
the main tunnel section the relatively porous pahoehoe
flows are more altered than are the dense aa flows. Howev-
er, both lava types have a similar range of total H,O + CO,
contents (0.29-2.58%) and Fe,0O4/FeO ranges up t0 0.93. In
contrast, the dike samples are less altered (total H,O+
C0,<0.70% and Fe,O4/FeO <0.42) (Table 3).

Previous studies of Hawaiian shield lavas from Koolau
and younger volcanoes have shown that post-magmatic al-
teration results in preferential loss of K and especialy Rb
(Feigenson et al. 1983; Lipman et al. 1990; Frey et al. 1990,
1994; Chen et al. 1991). Consequently, altered shield lavas
have K,0/P,05<1 and K/Rb >1000. The effects of such al-
teration are clearly shown by the T-K tunnel lavas, which
define trends of decreasing K,O/P,05 and increasing K/Rb
as H,O content increases (Fig. 5A, B), and awide range of
K,0 content at a given MgO abundance (Fig. 6). The most
altered analyzed lava in the tunnel section is sample 1502
(flow 115) from the top of the section (K,0=0.09%,
K,0/P,0s=0.37, K/Rb=1490, Fe,0,/Fe0=0.75, total
volatiles=1.74%).

Abundances of other elements in Hawaiian shield lavas
can also be affected by alteration (e.g. Lipman et al. 1990).
Specifically for Koolau flows, many lavas with anomal ous-
ly low K,O/P,0O5 have relatively low SiO, and high total
iron contents (see Fig. 4 of Frey et a. 1994). Similarly, the
T—K tunnel lavas with the lowest SiO, content, 6308 (flow
7) and 1502 (flow 115) from the bottom and top of the sec-
tion, respectively (Fig. 3), have the lowest K,O/P,0O5 (Fig.
5C). The decrease in SiO, content of Koolau shield lavas
caused by post-magmatic processes shows that the distinc-
tively high SiO, content of unaltered Koolau lavas and
glasses (Figs. 4 and 8 of Frey et al. 1994) is aprimary fea
ture of the Koolau basalt. In general, Koolau dikes are less
altered and have high SiO, contents, >52% (Fig. 5 and Ta-
ble 2c of Frey et a. 1994). The high SiO, contents of Kool-
au magmas have been attributed to melt segregation at rela
tively low pressure (Frey and Rhodes 1993; Frey et al.
1994), or adistinctive source component, eclogite, whichis
capable of yielding dacitic melt as a mixing component
(Hauri 1996).

Magjor element compositions
Most of the analyzed lavas (19) and dikes (5) from the T-K

tunnel define arange in composition that is similar to that
of previously studied Koolau lavas (Fig. 6). Although the
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Fig.5 A, B K,0O/P,05 and K/Rb vstotal water (H,O) content (weight
percent) for T-K tunnel samples showing that with increasing extent
of post-magmatic alteration, i.e. increasing H,O content, K,0/P,O5
decreases and K/Rb increases. All of the dikes are relatively unal-
tered. C Shows that the most altered lavas (low K,O/P,0s) aso have
lower SIO, (weight percent) contents (also see Fig. 4 of Frey et al.
1994). The two labelled samples, 1502 and 6308, have the lowest
K,O/P,0s and SiO,

tunnel and Makapuu Head lavas have awide range in MgO
content, primarily from ~5 to >16%, most flows, 16 of 19in
the tunnel section, have MgO=7.0+£0.5%. This predomi-
nance of lavas with ~7% MgO istypical of other portions of
the Koolau shield (Fig. 6) and the subaerial portions of oth-
er Hawaiian shields (e.g. Mauna Loa, Rhodes 1988;
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Kilauea, Garcia et al. 1996). Among the tunnel lavas, sam-
ple 5483 from flow 30, one of the oldest flows, is olivine
rich (Table 1) and has the highest MgO content (11.9%;
Fig. 6; Table 3). The oldest lava, sample 6308 (flow 7), has
atypically low SiO, and high total iron contents (Fig. 6);
coupled with low K,O/P,Os; these characteristics may re-
flect post-magmatic alteration (Fig. 5). Sample 1808 from
flow 114, one of the youngest lavas, is the most evolved,
MgO=5.3%; relative to most Koolau lavas this sample has
higher contents of total iron, TiO,, K,O, P,Os and lower
Al,O; and CaO (Fig. 6). Only one previously analyzed
Koolau basalt sample has alower MgO content, i.e. sample
WW11320, collected from Moanaua Valley only 1 km
south of the T—K tunnel (Wentworth and Winchell 1947). It
is unusua in having abundant, large plagioclase phenoc-
rysts and very high Al,O,/Ca0 (2.06, Roden et al. 1984).
Boulders of similar highly plagioclase-phyric basalt, possi-
bly the same lava flow, were found near the Halawa portal
of the T-K tunnel; therefore, this flow may be above the
T-K tunnel.

Trace element abundances

Abundances of trace elementsin lavas from the T-K tunnel
section define trends very similar to those from other parts
of the Koolau shield (Figs. 7-9). For example, Ni and Cr
abundances are highly variable and positively correlated
with MgO contents, whereas abundances of Zn (average of
111+6 ppm in the lavas) and V are much less variable and
only weakly correlated with MgO content (Fig. 7). Abun-
dances of Scvary by only 7% (Table 4), and when the T-K
tunnel lava compositions are adjusted to be in equilibrium
with acommon olivine composition, e.g. Fogg, their Sc vari-
ation is further reduced to ~3%, i.e. an average of 23.7+0.7
ppm. For this calculation, the T-K tunnel whole-rock com-
positions were assumed to represent a crystallized melt, and
equilibrium olivine, Fe/Mg Kp=0.3, was added in 1% incre-
ments to the lava composition until the calculated melt was
in equilibrium with Fogg; a Sc olivine/melt partition coeffi-
cient of 0.15 was assumed.

Abundances of Ba, Sr, Zr, Ce and Nb are positively cor-
related and vary by factors of 1.5-2.6 in the T-K samples,
whereas Rb abundances, which were markedly affected by
alteration, vary by a factor of ~22 and are not correlated
with abundances of other incompatible elements (Fig. 8).
An important result isthe small variationin'Y content (Fig.
8). In the 23 T—K tunnel samples with Mg0>6.4% (i.e.
omitting the most evolved sample 1808 from flow 114), Y
varies only from 19.5 to 25.9 ppm. After these composi-
tions are adjusted to be in equilibrium with a common oliv-
ine composition assuming anegligible’Y content in olivine,
the variation in Y content is further reduced; the mean Y
content is 19.8+0.6 ppm for the 18 lavas and 18.2+0.3 ppm
for thefive dikes. A very similar result isfound for 32 lavas
with 6.5-12.4% MgO from Makapuu Head (Frey et al.
1994); after adjustment to bein equilibrium with acommon
olivine composition, the mean Y abundance is 20+1 ppm.
Similarly, eight dikes from the caldera complex with
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6.1-8.1% MgO have a mean Y content of 18.4+0.8 ppm
when adjusted to the same olivine composition (data from
Frey et al. 1994). In both lava suites, T—K tunnel and Maka-
puu Head, this constancy in Y content is accompanied by
more than a factor of two variation in Nb abundance (and
abundances of other highly incompatible, relatively immo-
bile elements), even after adjustment of the lavas to be in
equilibrium with a common olivine composition.

Similar to the uniformity of Y abundance in Koolau
lavas, Yb abundance in five T-K tunnel lavas with
6.6-11.9% MgO (Table 4) were derived from parental mag-
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mas with very similar Y b contents, i.e. amean of 1.55+0.06
ppm after the lava compositions are adjusted to be in equi-
librium with Fogg olivine. This Y b abundance is very simi-
lar to that inferred for Makapuu Head lavas, i.e. when the
20 Makapuu Head lavas with 6.5-12.4% MgO are adjusted
to be in equilibrium with Fogg olivine, the mean Y b content
of the parental magmas is 1.50+0.15 ppm.

Six of the seven T—K tunnel samples analyzed for rare
earth elements (REE) have chondrite-normalized REE pat-
terns similar to those for the majority of lavas from Maka-
puu Head (Fig. 9). One T—K tunnel sample, 6308 from the
lowermost flow studied, is distinguished by higher abun-
dances of light REE (LREE); similarly, asingle flow, KOO
30, from the Makapuu Head section is anomalously rich in
LREE (cf. Fig. 7 of Frey et a. 1994). The relative enrich-
ment of sample 6308 in LREE is consistent with its low
Zr/Nb (Fig. 10). Although sample 6308 has low K,O/P,04
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(Fig. 4B), indicative of post-magmatic ateration, the rela-
tively high La/Yb and low Zr/Nb are probably magmatic
features. Except for sample 6308, all of the T-K tunnel
samples have relatively high Zr/Nb, >12 (Fig. 10), charac-
teristic of Koolau lavas (see Fig. 5 of Roden et al. 1994).

Petrogenesis

Shallow level processes

Sixteen of the 19 T-K tunnel lavas have MgO contents
within the narrow interval of 6.4—7.2% (Fig. 11). A domi-
nance of lavas with ~7% MgO is aso found in the Makapuu
Head Section where 30 of 39 lavas have 6.4-7.8% MgO
(Frey et a. 1994). Most historic Mauna Loa lavas a so have
MgO in this range (see Fig. 2 of Frey and Rhodes 1993).
Rhodes (1988) proposed that this near uniformity in MgO
content results from along-lived steady-state magma reser-
voir in which frequent input of magma with olivine as the
liquidus phase maintains (buffers) the reservoir magma at
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Frey et al. 1994). In general, the T-K samples plot within the field for
72 Koolau samples studied by Frey et al. (1994), but two tunnel sam-
ples, 1808 and 6308, have significantly higher Nb contents. The high
Nb content of sample 1808 reflects its evolved composition (5.26%
MgO; see Fig. 6), but sample 6308 was derived from a geochemically
distinct parental magma
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the lowest REE content, has the highest Sr/Nd (24.1)

the four phase reaction point: olivine+tmelt=pigeo-
nite+clinopyroxene+plagioclase. The reservoir magma can
evolve to highly differentiated magmas with <6% MgO
only when magma supply is very low. Although periods of
relatively low magma supply occur in rift zones (e.g.
Wright and Fiske 1971; Yang et al. 1997), the T-K lavas,
which erupted from the northwest rift close to the caldera,
have compositions that reflect control by frequent supply of
olivine-saturated magma.
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Fig. 10 Zr/NbvsCe/Y showing that Kilaueaand MaunalL oalavas are
largely distinct in Zr/Nb, and that Koolau samples (both T-K tunnel,
previous data x of Frey et al. 1994, and isotopically anomalous Kool-
au lava WW9991 from Roden et al. 1984), overlap in Zr/Nb with
Mauna Loa lavas. In detail, the field for Koolau samples extends to
higher Ce/Y than the field for Mauna Loa lavas. Also, T-K lava sam-
ple 6308 is anomalous and has Zr/Nb similar to that of Kilauealavas.
Data sources are: this paper, Roden et al. (1984) and Frey et al. (1994)
for Koolau; Rhodes and Hart (1995) for Mauna Loafield; Chen et al.
(1996) and Garciaet al. (1996) for Kilaueafield
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The T—K tunnel lavas analyzed do not define systematic
temporal compositional trends (Fig. 11), but realistic evalu-
ation of temporal compositional trends requires analysis of
all flows in the section. However, most of the T-K tunnel
lavas have the distinctive geochemical features of Koolau
lavas, such as high Al,O4/Ca0O, Zr/Nb and Sr/Nb (Fig. 11).
The most evolved lava, sample 1808, with only 5.28% MgO
is an exception. Relative to most Koolau lavas, it has slight-
ly lower Zr/Nb and much lower Sr/Nb (Fig. 11). The com-
positional characteristics of this sample, relatively low
MgO, CaO and Al,O5 and high abundances of incompatible
elements (Figs. 6, 8), reflect extensive fractionation of pla-
gioclase and clinopyroxene. The compatible nature of Srin
the fractionating plagioclase led to the anomalously low
Sr/NDb ratio. In contrast, sample 6308 from the oldest flow
has atypical MgO content (7.0%), but it has distinctly low-
er Sr/Nb and Zr/Nb than other Koolau lavas (Fig. 11). We
infer ageochemically distinct primary magmafor this sam-
ple.

Constraints on source composition: correlations between
isotopic and incompatible element abundance ratios

The isotopic differences between various Hawaiian shields
establish that geochemically distinct sources contribute to
their growth (e.g. Staudigel et al. 1984; Stille et al. 1986;
West et a. 1987; Roden et al. 1994; Lassiter and Hauri, in
press). There are also systematic compositional differences
between Hawaiian shields that may be related to differenc-
es between sources and/or differences in processes, such as
variationsin mean extent of melting or the mean pressure of
melt segregation (Frey and Rhodes 1993; Frey et al. 1994;
Hauri 1996). Differences in source composition should re-
sult in correlations between compositional features and iso-
topic ratios.

There has been considerable discussion of intershield
differences in isotopic ratios and composition (e.g. Frey
and Rhodes 1993; Roden et al. 1994; Hauri 1996; L assiter
and Hauri, in press) but there has been relatively little eval-
uation of correlations between composition and isotopic ra-
tios of lavas within an individual shield. The largest intr-
ashield variability in 87Sr/86Sr and 143N d/***Nd occursin the
Koolau, Kahoolawe and Lanai shields (West et a. 1987
Roden et al. 1994; Basu and Faggart 1995; Fig. 12, this pa-
per). Among these shields, Koolau is the most thoroughly
studied; therefore, Koolau lavas are useful in evaluating
intrashield correlations between isotopic and compositional
variations.

Except for flow 7 (sample 6308) at the bottom of the
section, all of the T-K tunnel lavas have the relatively high
Zr/Nb characteristic of Koolau lavas (Fig. 10; Frey and
Rhodes 1993; Frey et al. 1994). Although Zr/Nb can be af -
fected by variationsin extent of melting, Zr/Nb and isotopic
ratios are correlated in Hawaiian shields, with Koolau and
Kahoolawe shield lavas extending to the highest Zr/Nb and
87Sr/86Sr (Fig. 5 of Roden et al. 1994). Hence distinctive
Zr/INDb ratios (as well as Sr/Nb and La/Nb; Roden et al.
1994) are interpreted as source characteristics. In order to
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limits for Koolau lavas studied by Frey et al. (1994). Most of the T-K
tunnel lavas have these distinctive high ratios, but two T-K samples,
1808 and 6308, have significantly lower Sr/Nb and 6308 also haslow-
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in many Koolau lavas exceeds that of primitive mantle and MORB
(29.6 and 38.6, respectively)

determineif the atypically low Zr/Nb of sample 6308 is ac-
companied by atypical isotopic ratios, this sample was ana-
lyzed for Sr and Nd isotopic ratios. Sample 6308 has
87Gr/865r=0.703568+10 and 1“Nd/*Nd=0.512981+10
(analyses done at MIT; La Jolla standard=0.511850 and
NBS-987=0.710240 for 3Nd/**Nd and 8"Sr/86Sy, respec-
tively). Theseratios for sample 6308 are within the field for
Kilauealavas (Fig. 12) and further extend the isotopic range
of Koolau lavas. A Kilauea-like isotopic component is also
found in some relatively old, perhaps >130 ka, submarine
lavas from Mauna Loa (Gurriet et al. 1988; Kurz et a.
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1995; Rhodes et a. 1997), and it may be a component
present in al Hawaiian shields. In contrast, the high
87Sr/86Sr/low 3N d/**“Nd component is known to occur
only in the ~2 MaKoolau shield and in two, Lanai and Ka-
hoolawe, of the six volcanoes forming the slightly younger
Maui volcanic complex (Fig. 12; West et al. 1987; Basu and
Faggart 1995).

Sample 6308 has Zr/Nb (10.6), Sr/Nb (25.1) and La/Nb
(0.85) ratios that are well outside the field of other Koolau
lavas (Figs. 10, 11) and as with Sr and Nd isotopic ratios,
these abundance ratios overlap with those of Kilauea lavas
(e.g. Fig. 10, this paper, and Fig. 5 of Roden et a. 1994). A
previously analyzed Koolau lava (sample WW9991; Roden
et al. 1984) has Sr and Nd isotopic ratioswithin the field for
Mauna Loa lavas (Fig. 12). Relative to sample 6308, sam-
ple WW9991 has higher Zr/Nb (13.8), Sr/Nb (36.2) and
La/Nb (1.15), which overlap with the Mauna Loafield (Fig.
10; Fig. 5 of Roden et a. 1994); therefore, as concluded
previously (Frey and Rhodes 1993; Roden et al. 1994),
these incompatible element abundance ratios are correl ated
with isotopic ratios; hence, they are inferred to be a source



0.5131 - - - - :
Kilauea ® KOOLAU
+ Kahoolawe |
0.5130f * Lanai
0.5129¢ s o
iel +
& < @
S 0.5128 .
& (] <
i o® .x. e *
0.5127} ol
®
[ ]
0.5126 S
L ]
0.5125 : : : : :
0.7034 0.7036 0.7038 0.7040 0.7042 0.7044 0.7046
875y /86g¢

Fig. 12 “3Nd/*4Nd vs87Sr/8Sr for shield lavas from Kilauea, Mauna
Loa, Koolau, Lanai and Kahoolawe volcanoes. The fields for Kilauea
and Mauna Loa are distinct, whereas those from Koolau, Lanai and
Kahoolawe are heterogeneous and extend to lower Nd and higher Sr
isotopic ratios. Koolau tunnel sample 6308 overlaps with the Kilauea
field, and Koolau sample WW 9991 overlaps with the Mauna Loa
field. Data sources: Kilauea (Hofmann et al. 1984; Garciaet al. 1996);
<12,000 years Mauna Loa (Kurz et al. 1995; Rhodes and Hart 1995);
Lana (West et a. 1987; Basu and Faggart 1995); Kahoolawe
(Leeman et al. 1994) and Koolau (this paper; Roden et al. 1984, 1994;
Bennett et al. 1996; Lassiter and Hauri, in press)

characteristic. Certainly, ratios such as Zr/Nb are changed
by the partial melting process, but the effects of variable ex-
tents of melting do not obliterate the significant differences
between source components.

Constraints on source composition: correlations between
isotopic ratios and major element composition

Relatively high SiO, content and Al,O,/Ca0 are distinctive
characteristics of Koolau basalt. All of the T—K tunnel lavas
have higher Al,O,/Ca0 (1.36-1.50) than do lavas forming
the Kilauea and Mauna Loa shields (Fig. 6, this paper, and
Fig. 11 of Frey et al. 1994). Such high Al,O5/Ca0 is not a
result of post-magmatic alteration or low-pressure process-
es, e.g. the evolved flow 114 (sample 1808) with 5.26%
MgO retains the high Al,O4/Ca0O of more MgO-rich lavas
(Fig. 11). We conclude that high Al,O4/Ca0 is a character-
istic of primary Koolau magmas; however, it is likely that
Al,O4/Ca0 reflects variable extents of partial melting and
therelative roles of residual clinopyroxene and garnet, rath-
er than a source characteristic (Frey et al. 1994; Kinzler
1997).

Two alternatives have been proposed to explain relative-
ly high SO, abundances. Relative to other Hawaiian
shields, Mauna L oa and Koolau shield lavas have high SiO,
contents (Hauri 1996), but unlike Koolau lavas, Mauna Loa
lavas do not range to the extreme Sr, Nd and Pb isotopic ra-
tios(e.g. Fig. 12). Moreover, lavas from the Koolau and Ka-
hoolawe shields range to similarly high 87Sr/8Sr (Fig. 12),
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but Kahoolawe lavas do not have relatively high SiO, con-
tents (Hauri 1996). On this basis, Frey and Rhodes (1993)
concluded that high SiO, abundance was not inherited from
the source but was caused by melt segregation at relatively
low pressure. Hauri (1996) noted that the high SIO, con-
tents of Koolau lavas require melt segregation at depths of
3045 km, which are less than the lithospheric thickness
beneath the island of Hawaii. However, decompressional
melting of the plume to shallower depths during formation
of the Koolau shield may have been facilitated by the prox-
imity to the Molokai fracture zone (Basu and Faggart 1995;
Wessel 1993).

Hauri (1996) proposed that the incoherence between
SiO, abundance and isotopic ratios described by Frey and
Rhodes (1993) could be explained if theintershield correla-
tion between the average SiO, content and average isotopic
ratio (Nd and Os) is hyperbolic. If such acorrelation is val-
id, then high SiO, content is likely to be a source feature.
Pursuing this interpretation, Hauri (1996) concluded that
Koolau Basalt contains ~14% of a dacitic melt derived by
partial melting of a mantle source containing at least 5%
quartz-bearing garnet pyroxenite. The geochemical charac-
teristics of Lanai shield lavas were not considered by Hauri
(1996). They are, however, similar to Koolau lavas in that
Lanai lavas also range to >0.7044 in 8Sr/86Sr (Fig. 12), and
Lanai lavaswith K,O/P,0O5>1 typically have high SiO, con-
tents (52-53% at ~7% MgO; West et al. 1992). Therefore,
following the interpretation of Hauri (1996), lavas from the
Koolau and Lanai shields contain adacitic melt component,
but tholeiitic lavas from other shields, such as Loihi and
Haleakalawith relatively low SiO, contents, contain littleif
any of this dacitic component.

While there is no doubt about the relatively high SiO,
content of primary Koolau lavas, there are weaknesses in
the argument used to conclude that variations in magjor ele-
ment compositions and isotopic ratios are correlated. First-
ly, Kahoolawe Volcano, another shield with lavas ranging
to >0.7044 in 8Sr/86Sr (Fig. 12), is not characterized by
high SiO, contents. The averages for the Kahoolawe shield
are consistent with the hyperbolic SiO, vs 3Nd/*Nd trend
emphasized by Hauri (1996), but they are not consistent if
87Sr/86Sr is used rather than 13N d/2*4Nd. Thisinconsistency
results because at a given 8Sr/8Sr, Kahoolawe lavas are
offset from the Koolau field to higher 43Nd/*4Nd (Fig. 12).
This offset could be caused by post-magmatic increases in
87Sr/86Sr, but three Kahoolawe lavas which range widely in
87Sr/86Sr were acid-leached prior to isotopic analyses (West
et al. 1987). Secondly, Mauna Loa lavas are isotopically
distinct from the Koolau (Fig. 12) but have high SiO, con-
tents similar to Koolau lavas (see Fig. 1a, ¢ of Hauri 1996,
but note that the Koolau average of Hauri is biased to low
SiO, content because it includes lavas that lost SiO, during
post-magmatic alteration). Moreover, significant isotopic
variations in relatively old Mauna Loa lavas are not corre-
lated with variations in SIO, content (Gurriet et al. 1988;
Rhodes et al. 1997).

Given the isotopic heterogeneity of Koolau lavas, a bet-
ter test of compositional -isotopic correlations than compar-
ing shield averagesisto evaluate within-shield correlations.
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Koolau samples 6308 (this paper) and WW9991 (Roden et
al. 1984) have Sr and Nd isotopic ratios such as those of
Kilauea and Mauna Loa lavas, respectively (Fig. 12). Do
these two Koolau lavas have distinctive major element com-
positions? Certainly, sample 6308 has major element char-
acteristics unlike those of other Koolau lavas, e.g. it has a
low SiO, content and low Al,O4/Ca0 (Fig. 6). Theseresults
support the hypothesis of correlated major element and iso-
topic variations in Hawaiian shield lavas. A caveat, howev-
er, isthat sample 6308 is atered (K,O/P,05 ~0.65; Fig. 5);
therefore, it is possible that the low SiO, content is not a
magmatic feature. However, the absence of orthopyroxene
phenocrysts in sample 6308 (Table 1) is consistent with a
low SiO, magma. Sample WW9991, which has Sr and Nd
isotopic ratios similar to those of Mauna Loa lavas (Fig.
12), is not as distinctive in magjor element composition;
however, the differences in major element composition be-
tween the Koolau and Mauna L oa shield lavas are small rel-
ative to those between Koolau and Kilauea shield lavas

(Fig. 6).

Constraints on source mineral ogy

We suggest another test of the hypothesis of Hauri (1996)
that Koolau lavas contain a dacitic melt component derived
from partial melting of garnet pyroxenite. If we assume that
the relative proportion of dacitic component reflects the
proportion of garnet pyroxenite in the source, then high
SiO, shield lavas should show the effects of equilibrating
with larger amounts of residual garnet, i.e. they should have
lower abundances of Sc, Y and HREE, elements that are
compatible in garnet during partial melting (Green 1994).
Therefore, we compare abundances of Sc, Y and Yb in
lavas from Koolau, Mauna Loa and Kilauea volcanoes. We
choose to compare these volcanoes because the two active
volcanoes, Kilauea and Mauna Loa, are geochemically dis-
tinct, with Mauna Loa lavas having relatively high SiO,
content (Frey and Rhodes 1993; Hauri 1996). Most impor-
tantly, data sets for these three volcanoes have in large part
been obtained by using the same analytical facilities, XRF
at University of Massachusetts and INAA at the Massachu-
setts Institute of Technology, thereby eliminating problems
arising from analytical bias between laboratories. A non-
trivial problem in comparing the geochemical characteris-
tics of primary magmas at different shields is assessing the
effects of post-melting processes, such asfractional crystal-

Fig. 13 Sc, Y and Yb (al in parts per million) vs MgO content
(weight percent) in lavas from Koolau, Kilaueaand Mauna L oavolca-
noes. Although there is scatter, especially in Koolau lavas with ~7%
MgO, it is clear that the mean trend for Koolau lavas has lower Y, Sc
and Yb abundances, at a given MgO content, than the trends for
Kilaueaand Mauna Loalavas. These intershield differences are obvi-
ous despite the complexity caused by rare examples of Y and REE en-
richment caused by post-magmatic alteration of Koolau lavas, such as
KOO 54 (see Frey et al. 1994). In contrast, the isotopically anomalous
Koolau lavas, 6308 and WW9991 (open squares) plot within the field
for Kilauea and Mauna Loa lavas. Data sources. Koolau (this paper,
and Frey et al. 1994); Mauna Loa (Rhodes and Hart 1995); Kilauea
(Hofmann et al. 1984; Chen et al. 1996; Garciaet al. 1996)

lization, magma mixing and post-magmatic alteration. Be-
cause olivine is the dominant phenocryst in most shield
lavas, olivine fractionation and/or addition have been com-
monly used to infer primary magma compositions that have
either a common MgO content or that are in equilibrium
with a common olivine composition (e.g. Hofmann et al.
1984; Hauri 1996). Frey and Rhodes (1993) suggested that
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when sufficient data are available, a better approach is to
use MgO variation plots, because no assumptions are made
about post-melting processes.

The Sc-MgO trend (Fig. 13) shows clearly that at a giv-
en MgO content, Koolau lavas have lower Sc contents than
do Kilaueaand MaunaL oalavas, afact that was recognized
by Budahn and Schmitt (1985) and Frey et a. (1994). Since
Sc is compatible in clinopyroxene and garnet relative to a
basaltic melt (Green 1994), a larger proportion of residual
clinopyroxene and garnet isinferred for Koolau lavas.

Because Y and Yb are compatible in garnet relative to
melt and clinopyroxene (Green 1994; Harte and Kirkley
1997), these elements can distinguish the relative roles of
residual garnet and clinopyroxene. The Y-MgO trend shows
that at agiven MgO content, Y abundance is generally low-
er in Koolau lavasthan in Kilaueaand Mauna L oalavas, but
thereislarge scatter in the Koolau data (Fig. 13). This scat-
ter resultsin part from a post-magmatic weathering process
that locally redistributes Y, REE and P into groundmass
phosphate (Frey et al. 1994, p. 1449). The same complexity
affects Yb abundances in Koolau lavas, but there is no
doubt that, on average, Koolau lavas define a lower Yb-
MgO trend than do Kilauea and Mauna Loalavas (Fig. 13).
In summary, the relatively lower Sc, Y and Y b abundances
in Koolau lavas are consistent with a larger proportion of
residual garnet during generation of Koolau lavas (also see
Norman and Garcia 1997).

The two Koolau lavas with relatively low &Sr/%Sr and
high 3Nd/**Nd are an exception to this generalization.
Samples 6308 and WW9991 have higher abundances of Y,
Yb and Sc than do most Koolau lavas (Fig. 13). In particu-
lar, Sc abundances are among the highest found in Koolau
lavas. Abundances of Y and Yb in these two samples are
not as high as in low MgO, highly evolved lavas, such as
sample 1808, and even higher abundances occur in lavas
with post-magmatic phosphate, e.g. KOO 54 (Frey et al.
1994). Nevertheless, the relatively high Y, Yb and Sc con-
tents of the two lavas with the lowest 8Sr/8Sr and highest
143N d/144Nd show that the garnet-rich component is charac-
terized by relatively high 87Sr/86Sr and low 43Nd/44Nd.

In summary, our tests of the proposal that relatively high
SiO, contents reflect a component derived by partial melt-
ing of garnet pyroxenite (Hauri 1996) are largely consistent
with this hypothesis. Compared with other Hawaiian shield
lavas, Koolau lavas with relatively high 87Sr/%Sr and low
1Nd/1*Nd have relatively low abundances of Sc, Y and
Y b, elements controlled by residua garnet. In contrast, an
anomalous Koolau lava (T-K tunnel sample 6308) with rel-
atively low 87Sr/8Sr and high 3Nd/***Nd has higher abun-
dances of Sc, Y and Yb and arelatively low SiO, content,
although it is uncertain whether the low SO, content is a
magmatic or alteration feature.

Origin of the Koolau source
The inferred high-MgO primary magmas and the forster-

itic-rich olivines in Koolau and other Hawaiian shield lavas
require a dominantly peridotite source (e.g. Clague et a.
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1995; Norman and Garcia, in press). Koolau shield lavas
have the Sr, Nd and Pb isotopic characteristics associated
with the EM 1 mantle component (Hart 1988). Commonly,
these isotopic characteristics have been interpreted as re-
flecting a non-peridotite source component, i.e. recycled
oceanic crust including asmall proportion of ancient pelag-
ic sediment (e.g. Weaver 1991; Chauvel et al. 1992). For
Koolau lavas this interpretation is strongly supported by
their relatively high 180/1%0 and 1870g/'80s and low
206Ph/204Pp ratios (e.g. Lassiter and Hauri, in press). The
relative enrichment of Sr (e.g. high Sr/Nd abundance ratios)
in melt inclusions trapped in olivine phenocrysts of Mauna
L oalavas has been used to argue that the protolith of the re-
cycled igneous crust was dominantly plagioclase-rich cu-
mulate gabbro (Sobolev et al. 1998). Thisinferenceis aso
valid for Koolau lavas. Frey et a. (1994) found that Koolau
lavas range in Sr/Nd from the primitive mantle value of
15.6-24, a factor of 1.5. Norman and Garcia (1997, in
press) also found that relative to picrites from other Hawai-
ian shields, Koolau picrites have higher Sr/Nd. Fig. 9a of
Frey et al. (1994) shows that the highest Sr/Nd ratios arein
lavas with the lowest incompatible element content (also
see Hofmann 1998). Thistrend isseenin Fig. 9 (this paper),
where the largest Sr anomaly isin relatively depleted sam-
ple KOO 9, whereas the Kilauea-like Koolau lava, 6308,
has arelatively small Sr anomaly.

The strongest evidence for recycled ancient sediment in
the Koolau source is the low 206Pb/20Ph of Koolau lavas,
which  define one extreme of the inverse
87Sr/86Sr—206Ph/204Ph trend defined by all Hawaiian shield
lavas (e.g. Roden et al. 1994; Lassiter and Hauri, in press).
The inverse trend of X/Nb (where X=Zr, La or Sr) vs
206Ph/204Ph, whose extreme is also defined by Koolau lavas
(e.g. Fig. 14 of Yang et al. 1994) indicatesthat recycled sed-
iment is the source of the high X/Nb ratios. Indeed, recent
pelagic sediments arerelatively depleted in Nb, and thisrel-
ative depletion may not be obliterated during dehydrationin
subduction zones (e.g. Fig. 4 of Weaver 1991). In particu-
lar, Sr/Nb and La/Nb ratios in Koolau lavas range to values
higher than those of primitive mantle and average MORB
(Fig. 11 and Table 4 of Roden et a. 1994). Such values are
most readily explained by a recycled sedimentary compo-
nent. Also in modern pelagic sediments, such as red clays,
high La/Nb is associated with low U/Pb (Plank and
Langmuir, 1998). With aging, the low U/Pb leads to rela-
tively low 206Ph/204Ph, Conseguently, ancient pelagic sedi-
ment with such characteristics can explain the inverse cor-
relation between X/Nb and 2%6Pb/24Pb that is defined by
Hawaiian shield lavas (e.g. Fig. 14 of Yang et al. 1994).
Other incompatible element abundance ratios in Koolau
lavas are also consistent with this scenario. For example,
the anomalously low Rb/Sr of unaltered Koolau lavas (Ro-
den et a. 1994) is consistent with relative loss of Rb from
the oceanic plate during dehydration in a subduction zone.

Finally, Koolau lavas have modestly high 3He/*He
(11-14 times the atmospheric ratio), and Roden et al.
(1994) noted that crustal recycling does not account for the
relatively high He/*He typical of Hawaiian shield lavas. A
similar paradox, i.e. high 3He/*He associated with heavy
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isotopic ratios that reflect recycled oceanic crust, occursin
Samoan lavas (Farley 1995). Apparently, the high SHe/*He
signature is associated with the peridotitic component.

Summary

A 200-m-thick section of the Koolau shield, 126 basaltic la-
vaflows with ten thin interflow tuffaceous units, is exposed
in the 1.6-km-long Trans-Koolau (TK) tunnel. This tunnel
is close to the northwest rift zone of the Koolau shield. The
lavas dip gently southwest. With increasing distance from
the rift zone, the proportion of pahoehoe to aa flows de-
creases and mean flow thickness increases. These trends
and the presence of tuffs and dikes in the tunnel section are
consistent with derivation of the flows from vents along
Koolau's northwest rift zone. Compared with previously
studied Koolau shield lava flows, thistunnel section formed
closer to the caldera, and the lowermost flows are inferred
to be older.

The magjority, 16 of the 19 analyzed tunnel flows, have
similar MgO contents, 6.8+0.4%. Thislimited range is also
characteristic of previously studied Koolau lavas and other
Hawaiian shields, such as Mauna Loa. Rhodes (1988) sug-
gested that this buffering reflects operation of a steady-state
magma reservoir in which magma replenishment is suffi-
cient to maintain the reservoir magma at the oliv-
ine+melt=pyroxene+plagiocl ase reaction point.

Compared with other Hawaiian shield lavas, Koolau
lavas and dikes of varying age from diverse parts of the
shield have distinctive geochemical features, such as rela-
tively high SiO,, Al,O5/Ca0, Sr/Nd, Zr/Nb, La/Nb,
87Sr/86Gr, 187Qg/1880s and 80/%0 coupled with low
143N d/14Nd and 2°6Ph/204Ph, which define the extremes for
Hawaiian shield lavas. These isotopic characteristics have
been interpreted to reflect a source component that is recy-
cled oceanic crust containing a small proportion of ancient
pelagic sediment (e.g. Fig. 7 of Chauvel et al. 1992; Lassi-
ter and Hauri, in press). Relative to other Hawaiian shields,
such as Kilauea and Mauna L oa, the source of Koolau lavas
contained a larger proportion of recycled oceanic crust.
Several geochemical features of Koolau lavas reflect the ig-
neous portion of this recycled crust:

1. The lower abundances of Sc, Y and heavy REE at a giv-
en MgO content reflect the control of residual garnet cre-
ated by metamorphism of the igneous crust to garnet py-
roxenite.

2. The high Sr/Nd indicates abundant cumulus plagioclase
in the oceanic crust prior to metamorphism.

3. The high 1870g/1880s reflects aging of the high Re/Os
crust.

Other geochemical characteristics of Koolau lavas re-
flect the role of recycled sediment:

1. Therelatively low 206Ph/204Ph refl ects aging of low U/Pb
sediments.

2. The Nb depletion, as manifested by La/Nb greater than
primitive mantle and MORB, is characteristic of pelagic

clays.

Although most Koolau lavas have relatively high
875r/86Sr  (~0.7040-0.7042) and low  #3Nd/*Nd
(~0.51270-0.51275), the lowermost flow in the tunnel sec-
tion extends the isotopic range of Koolau lavas to much
lower 87Sr/86Sr (0.703568) and higher 14Nd/*‘Nd
(0.512981). These ratios overlap with those of lavas from
Kilauea Volcano. This sample is aso compositionally dif-
ferent from other Koolau lavas, thereby providing addition-
al evidence for coupled variations between lava composi-
tion and isotopic ratios (Roden et al. 1994; Hauri 1996).
The presence of alavawith Kilauea-like geochemical char-
acteristics at the bottom of the tunnel section is similar to
recent results showing that Kilauea-like geochemical char-
acteristics occur in older Mauna Loa lavas (e.g. Rhodes et
al. 1997). This lowermost flow in the T-K tunnel section
establishes a positive correlation between X/Nb (X=Zr, La
or Sr) and 87Sr/88Sr for Koolau shield lavasthat is analogous
to that defined by all Hawaiian shields (Roden et a. 1994).
This correlation showsthat avarying proportion of recycled
oceanic crust in the source was also important during
growth of the Koolau shield.
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Appendix: Petrographic descriptions of T-K tunnel samples

Sample

Flow

Rock type

Description

6308

5483

5438A

5360

5015

4908

4784

4349

4026

3977

3754

3506

3143

3004

2819

2737

2394A

1808

30

33

41

47

57

67

71

78

88

98

99

101

102

104

114

Pahoehoe

Pahoehoe

Transitional

Aa

Transitional

Transitional

Transitional

Pahoehoe

Transitional

Aa

Aa

Aa

Transitional

Pahoehoe

Transitional

Slightly weathered, moderately vesicular (10-20% irregular vesicles, 2—10 mm in diameter).
Porphyritic with ol, plag and cpx phenocrysts and glomerocrysts and opx microphenocrysts.
Olivineis altered to iddingsite. Fe-Ti oxides are abundant; secondary Mn-oxide coats veiscles
and occurs as dendrites in the matrix

Highly vesicular, porphyritic with fine-grained holocrystalline matrix. Olivine phenocrysts
(5%) up to 2.5 mm and subhedral, rare cpx phenocrysts (<0.5 mm) and opx phenocrysts
(<1 mm). Some olivine has iddingsite alteration (0.1 mm on rim)

Slightly vesicular and aphyric with vesicle trains defining flow lamination. Some large voids,
up to 1 mm. Very fine-grained, with opx phenocrysts (up to 0.4 mm) and oliv phenocrysts (up
to 0.5 mm) and rare olivine microphenocrysts

Slightly vesicular (<5% irregular vesicles, 1-10 mm), very fine-grained and nearly aphyric.
Less than 1% plag and cpx phenocrysts and glomerocrysts, few opx phenocrysts. Holocryst
aline matrix with abundant Fe-Ti oxides

Slightly vesicular and porphyritic with subhedral ol phenocrysts, (elongated crystals up to
3 mm), subhedral opx phenocrysts and few plag microphenocrysts. Holocrystalline fine-
grained matrix with abundant oxides

Slightly vesicular (5-10%) and porphyritic with opx, plag and cpx phenocrysts (0.1-1.0 mm)
and plag microphenocrysts

Slightly vesicular with rare plag phenocrysts (anhedral, 0.2 mm, resorbed and pitted). Rare
opx microphenocrysts (0.1 mm)

Pahoehoe porphyritic with anhedral olivine phenocrysts (up to 2 mm), subhedral plag pheno
crysts (0.5-2 mm) and anhedral opx phenocrysts (1 mm)

Very fine grained with rare opx microphenocrysts (0.1-0.3 mm), plagioclase laths, interstitial
(0.05 mm) cpx and abundant 0.01-0.03 mm oxides

Slightly vesicular with 1% olivine phenocrysts, rare 0.2 mm opx phenocrysts, interstitial
0.05 mm cpx and a holocrystalline matrix with abundant secondary oxides

Highly vesicular (30—40%), and very fine-grained with abundant oxides, rare plagioclase mic-
rolites and altered (iddingsite)-oliv microphenocrysts

Slightly vesicular (<5%), irregular-shaped vesicles which are stretched parallel to flow lami
nation. Medium-grained porphyritic with<1% phenocrysts of opx (often with cpx rims), plag
and euhedral oxidesin a holocrystalline groundmass

Fresh and fine-grained plag, cpx and oxides in a matrix with little glass, moderately vesicular
with euhedral oliv (up to 2 mm) and abundant plag microphenocrysts (<0.5 mm), abundant ox-
ides (0.025-0.05 mm), opx microphenocrysts (0.01-0.1 mm) and cpx microphenocrysts
(<0.01 mm)

Fresh, fine-grained gray matrix with 10% vesicles (elongate and irregular). A matrix of most-
ly cpx (0.1-0.5 mm), and oxides (0.01-0.2 mm) with larger plag microphenocrysts, rare opx
phenocrysts (up to 1 mm), one glomerocryst of intergrown plag and cpx

Slightly weathered and fine grained. Opx phenocrysts and rare olivine phenocrysts with
iddingsite rims. Matrix of plag and cpx

Fine-grained with 10% vesicles (some round, some stretched). Holocrystalline with abundant
oxides (primary?), opx microphenocrysts (0.05-0.10 mm) and opx phenocrysts often re-
sorbed, oliv phenocrysts (to 0.7 mm) with iddingsite rims, groundmass of plag and cpx
Highly weathered with black-orange-brown banded flow margin. Plag, opx, cpx and olivine
(some iddingsite) phenocrystsin afelty, devitrified glass matrix

Slightly weathered with 5-10% vesicles (irregular shape). Plag, opx and cpx phenocrysts, and
rare microphenocrysts
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Moderately weathered and medium gray with 5% deformed vesicles with black vesicle lin-
ings. A felty groundmass (30—40% microlaths) with abundant oxide crystals (15%). A few
glomerocrysts of olivine (iddingsite) and plag. Relatively unwesathered olivine (1 mm) and two

Slightly vesicular and medium-grained intersertal texture. Olivine and plag phenocrysts, opx
phenocrysts (1-2 mm), and abundant secondary oxides filling matrix interstices, but olivineis
mostly unaltered. Opx phenocrysts with cpx rims

Non-vesicular and holocrystalline. Very fine-grained, equigranular-intersertal, plag and cpx
intergrowths with rare olivine phenocrysts (<0.5 mm)

Moderately vesicular and porphyritic. Opx phenocrysts with cpx rims, fine-grained holocryst-
alline matrix, abundant secondary oxides, isotopic, high-relief vesicle-filling mineral (zeol-
ite-heulandite?), and pockets of very dark groundmass with disseminated oxides

Fresh, non-vesicular and fine-grained, matrix of plag, olivine and cpx, and dark glass (<10%).
Plag (1 mm), feathery olivine (0.05-0.5 mm) often in clots of 0.5-mm grains, some with opx
rims, plag is subhedral and skeletal, very fine oxides in matrix and olivinetrare opx mic-

Centre of dike is lightly weathered with large evenly distributed vesicles. Patches of partially
altered divitrified glass, rare olivine microphenocrysts (altered to iddingsite), feathery plag

laths and euhedral opx needles (up to 1 mm), subhedral cpx (0.05-0.1 mm)

Sample Flow Rock type Description
1502 115 Aa
large cpx (1-2 mm)
5800 Dike
5313 Dike
4886 Dike
2668 Dike
rophenocrysts
1929 Dike
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