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ABSTRACT
This study addresses two enigmatic volcanic features of volcanism on and south of the
island of Kaua'i: (1) the long-lived (2.4 m.y.) and voluminous {(~ 58 km?) rejuvenated
volcanism (Koloa Volcanics), and (2) the prominent bathymetric swell south of Kaua'i
(SKS). A new suite of K-Ar dated late-shield, post-shield and rejuvenated lavas from
Kaua'i, and a suite of undated samples collected from the SKS are characterized for
major and trace elements, and Pb, Sr, Nd and Hf isotopes to determine their sources and
origins of formation. The geochemical relationships between the three stages of
volcanism on Kaua'i (shield, post-shield and rejuvenated) and the Pacific lithosphere
indicate that the Koloa Volcanics were derived solely from the Hawaiian mantle plume.
A mantle plume source and the duration and composition of the Ko6loa lavas are
consistent with a combination of the flexure-induced melting model and the secondary
zone of mantle plume melting model as the mechanisms responsible for the voluminous
and long-lived X&loa Volcanics. Geochemical relationships between the three stages of
onshore Kaua'i volcanism and the SKS volcanics are used in concert with morphological
and geological data to evaluate the origin of the ~5000 km? and 3000 km? swell. Its origin
is controversial: landslide, secondary volcanism or separate shield? Lithologic,
geochemical and gravity results are consistent with a huge landslide from an early Kaua'i
shield and a separate submarine shield that experienced extensive explosive volcanism.
However, the absence of a scar and the two available K-Ar ages are not consistent with a
landslide origin. Thus, a satellite shield model best explains the geological, geochemistry

and geophysical data for the SKS.
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PART I

GEOCHEMISTRY OF REJUVENATED, POST-SHIELD
AND LATE-SHIELD VOLCANISM ON THE ISLAND

OF KAUA'L, HAWAT'I



1.0 INTRODUCTION

Rejuvenated volcanism is an enigmatic aspect of plume volcanism. It occurs
hundreds of kilometers downstream from the ascending plume stem, which generates the
vast bulk (>99 vol. %) of many oceanic island volcanoes (Macdonald et al., 1983).
Rejuvenated stage volcanism has occurred on many oceanic islands including Samoa
(Wright and White, 1987), Kerguelen (Weis et al., 1998), the Canary Islands (Paris et al.,
2005), and Mauritius (Paul et al., 2005). In Hawai'i, rejuvenated volcanism is found on
the older (~5.5 Ma — 2 Ma) six of the nine main islands (Ka'ula, Ni'ihau, Kaua'i, O ahu,
Moloka'i and Maui; Macdonald et al., 1983; Garcia et al., 1986; Ozawa et al., 2005).
Rejuvenated lavas exhibit paradoxical trace element and isotopic signatures. Their high
incompatible element abundances and ratios paired with depleted isotopic signatures
spurred models incorporating varying amounts of metasomatic fluids from either an
enriched or depleted mantle reservoir interacting with a lithospheric component {e.g.,
Clague and Frey, 1982; Maaloe, 1992; Reiners and Nelson, 1998).

The magma generation mechanism(s) and source components for rejuvenated
volcanism remain controversial. Four components within the Hawaiian plume, Lo 1hi,
Ko'olau, Kea and depleted mantle, are thought to be required to explain the overall
isotopic variability of Hawaiian lavas {(e.g., Hauri, 1996; Eiler et al., 1998;
Mukhopadhyay, 2003; Frey et al., 2005; Fekiacova et al., 2007). However, only three
geochemical end-members normally contribute to the lavas at individual volcanoes. For
example, Kaua'i lavas involved the L5 ihi, Ko'olau and DM components. The depleted
mantle component is rarely sampled during the shield stage (Mukhopadhyay et al., 2003;

Frey et al., 2005), although it is extensively represented in the rejuvenated stage of
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Kaua'i volcanism. To better understand this mantle component, its relationship to the
Hawaiian plume and the causes of rejuvenated volcanism, we have studied the Kéloa
Volcanics on Kauai, the most voluminous (~ 58 km”; Gandy et al., in review) and
longest-lived (2.45 m.y.; Tagami et al., 2005) example of Hawaiian rejuvenated
volcanism (Figure 1).

Kaua'i is the northernmost and second oldest of the eight principal islands in the
Hawaiian chain. Kaua'i is commonly thought to represent a single shield volcano
(Macdonald et al., 1960; Macdonald et al., 1983), although structural features and
systematic geochemical variations led to the suggestion that is actually represents two
shields (Holcomb et al., 1997). The subaerial shield building tholeiitic lavas (>99 vol% of
total island volume) erupted between 5.1 — 4.0 Ma (McDougall, 1979). Together, the
subaerial lavas of the Napali, Makaweli, Olokele and Ha upu members form the Waimea
Canyon Basalts (WCB; Macdonald et al., 1960). The oldest member is the Napali and it
constitutes the major part of the shield (McDougall, 1964). Near the end of shield
volcanism, a caldera close to the center of the island collapsed and was subsequently
filled with Olokele member lavas. Caldera-filling lava breached the rim of the main
caldera and flowed into 2 graben on the southwest of the island forming the Makaweli
member. The Makaweli and Olokele members were subsequently partially capped by
post-shield tholeiitic and alkalic lavas erupted from 3.95 — 3.58 Ma (McDougall, 1964;
Clague and Dalrymple, 1988; Tagami et al., 2005). The smaller Ha upu member, on the
southeast flank of the island, erupted at approximately the same time as the Makaweli

and Olokele members (Macdonald et al., 1960). After a ~1 Ma period of quiescence, an



alkalic rejuvenated stage (Koloa Volcanics) began and continued to at least 0,15 Ma
(Macdonald et al., 1960; Tagami et al., 2005).

To understand the source components of rejuvenated volcanism better, as well as
the mechanisms of its formation and the evolution of the Hawaiian mantle plume
structure, we examined the geochemistry of a suite of Kaua'i’s shield and rejuvenated
lavas spanning over 4 m.y. (from late-shield and post-shield to rejuvenated lavas). This
study utilizes new samples collected during an extensive field and geochronological
study that focused mainly on K&loa Volcanics (Gandy et al., in review; Tagami et al.,
2005). Major and trace element, and radiogenic isotope (Pb, Sr, Nd and Hf) data for K-Ar
dated lavas from the late-shield (4 samples), post-shield (6 samples) and rejuvenated
stages (16 samples) of Kaua'i (McDougall, 1964; Tagami et al., 2005) are utilized here to

evaluate the long-term geochemical evolution of Kaua'i and the Hawaiian mantle plume.
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Fig. 1: Geological map of the island of Kaua'i showing the locations of the samples used in this
study and their respective ages (modified from Sano, 2006). Blue stars indicate Koloa Voleanics
samples, pink triangles indicate post-shield samples and the orange square indicates the Ha upu
Tunnel samples. The inset map shows the Hawaiian Island chain and the location of the Ocean
Drilling Program (ODP) Site 843.



2.0 REJUVENATED VOLCANISM MODELS

The three current models for the origin of rejuvenated volcanism are: (1)
Lithospheric melting by conductive heating (Figure 2a); (2) Secondary zone of mantle
plume melting from decompression uplift resulting from lateral spreading of the plume
beneath the lithosphere (Figure 2a); and (3) Flexure-induced decompression melting
(Figure 2b). Lithospheric melting by conductive heating proposes that rejuvenated
volcanism occurred as a result of the ambient asthenosphere being quickly replaced by
the hot Hawaiian mantle plume, which conductively heated and melted the lower
lithosphere (Gurriet, 1987). This model predicts a greater volume (<100 km>*/m.y.) and a
longer duration (~5 Ma) of rejuvenated volcanism than has been observed on any
Hawaiian volcano, including Kaua'i (Gandy et al., in review). Also, it fails to explain the
observed ~1+ m.y. volcanic hiatus following the shield stage (Ozawa et al., 2005).

The model involving a secondary zone of mantle plume melting was designed to
account for the significant volcanic hiatus (~1 m.y.) and duration of ~1-2 m.y. of
rejuvenated volcanism 300-500 km downwind of the vertical plume stem (Ribe and
Christensen, 1999). These features are thought to occur naturally as a result of the
buoyant plume material spreading laterally and rising downstream of the plume stem
(Ribe and Christensen, 1999). However, the model predicts both a smaller erupted
volume and lower eruption rate for rejuvenated lavas than has been observed for Kauna'i
(Gandy et al., in review).

The third model involves flexure-induced decompression melting of the
chemically and isotopically heterogeneous mantle plume to produce the rejuvenated stage
lavas (Jackson and Wright, 1970; Bianco et al., 2005). This decompression melting

6



occurs when a volcanic load above the plume stem causes flexural uplift of the
surrounding hot elastic lithosphere (Bianco et al., 2005). This model successfully predicts
the length of the volcanic hiatus, but not the 2.45 m.y. duration of Kaua'i’s rejuvenated
volcanism (Gandy et al., in review).

Isotopic compositions of Koloa rejuvenated lavas are useful in determining their
source components (lithosphere vs. mantle plume; Lassiter et al., 2000; Fekiacova et al.,
2007), and thus may help to eliminate inadequate models. While the previous Koloa
Volcanics study {Gandy, 2006} evaluated the models based on volume flux, volcanic
hiatus and duration of volcanism, this study incorporates new isotopic data for the K&loa
Volcanics, A viable model must explain the volume, age, compositional and isotopic data
for rejuvenated volcanism. Here the current models will be evaluated using new high

precision isotopic and other geochemical data.



(b)

(2) Arch Melting Zone

e

Fig. 2: (a) Block diagram illustrating mechanisms for rejuvenated volcanism and inferred mantle
structure after Li et al. (2004), Ribe (2004), and B. Taylor (pers. comm., 2007). Black stars
indicate volcanoes that have experienced rejuvenated voleanism. Mechanism (1) - lithospheric
melting by conductive heating. Mechanism (2) — secondary melting zone of mantle plume. (b)
Schematic representation of the flexure model for rejuvenated volcanism (modified from Bianco
etal., 2005).



3.0 SAMPLES AND ANALYTICAL TECHNIQUES

The Koloa samples were chosen from a suite of 129 new samples collected during
an extensive field program (Gandy et al., in review). Thin section analysis identified 60
unaltered or weakly altered samples (minor iddingsite on olivine, and/or calcite and
zeolites in vesicles) for XRF analysis. From this group, 16 samples were selected for
ICP-MS trace element, and Pb, Sr, Nd and Hf isotopic analysis to cover the entire age
(2.6 — 0.15 Ma), compositional (weakly alkalic to foidite), and spatial ranges for the
Koloa Volcanics. In addition, ten K-Ar dated (McDougall, 1964; Tagami et al., 2005) and
XRF analyzed samples of the late-shield and post-shield stages were chosen for
comparison with the K6loa lavas. The post-shield stage of volcanism on Kaua'i was
poorly defined geochemically prior to this study. McDougall (1964) and Clague and
Dalrymple (1988) each dated four post-shield samples using the K-Ar technique. The
Clague and Dalrymple (1988) suite was also analyzed for major and trace elements, and
Sr and Nd isotopes, whereas the McDougall (1964) suite (GA prefix) had not been
further geochemically studied. We collected three additional post-shield samples and
included three of the McDougall samples, all from the Makaweli Member on the western
side of the island, in our study. One sample, a hawaiite (GA566), is distinct in most
geochemical systematics. The four late-shield samples are from a tunnel into Ha upu
Ridge on the southeast side of the island (Figure 1} and are the first samples reported
from this area. Two late-shield samples are from lava flows, whereas the other two are
from cross-cutting dikes. They were collected below the surface weathering zone and

appear unaltered in thin section.



During sample preparation, fragments with signs of alteration were removed to
ensure only the freshest parts were analyzed. The success of the selection process was
confirmed by the low loss-on-ignition (LOI) values for most samples (Tables 1 and 2).
However, two post-shield samples with suspect ages were included due to the limited
availability of post-shield samples. Sample GA650 has low K,0O/P20s (1.0) and Rb (1.7
ppm) indicating significant alteration. Sample GA565 has an anomalously young age for
its position in the stratigraphic section (McDougall, 1964).

For the ICP-MS trace element analysis, the powdered samples were digested in
concentraied sub-boiled HF and HNO; for 48 hours and then digested in 6N sub-boiled
HCI for 24 hours, Once dried, they were re-dissolved in concentrated HNO;, dried down
again and diluted 5000 times using a 10 ppb Indium, 1% HNO; solution. The trace
elements were analyzed using a Finnigan Element2 high-resolution inductively-coupled
plasma mass spectrometer (HR-ICP-MS) at the Pacific Centre for Isotopic and
Geochemical Research (PCIGR) at the University of British Columbia (Pretorius et al.,
2006). For the isotopic analyses, the powdered samples were extensively acid-leached
using methods outlined in Weis and Frey (1991, 1996) and Weis et al. (2005) to remove
any post-eruptive alteration. After a 48 hour period of digestion in concentrated sub-
boiled HF and HNQ; and a 24 hour period of digestion in 6N sub-boiled HCI, the
samples were purified using Pb, Sr, Nd and Hf anionic exchange columns to separate
these elements (see Weis et al., 2006, 2007 and Connelly et al., 2006 for detailed
procedure). The Pb and Hf isofopes were analyzed using a Nu Plasma multi collector
inductively-coupled plasma mass spectrometer (MC-ICP-MS) and the Sr and Nd isotopes
were analyzed using & Finnigan Triton thermal-ionization mass spectrometer (TIMS),

10



both at the PCIGR. Complete procedural duplicates were analyzed for one Kéloa sample
and one post-shield sample, yielding an external reproducibility for the Pb, Sr, Nd and Hf

0f 320 — 395, 16-26, 3 and 41 ppm, respectively.
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4.0 RESULTS
4.1 Major and Trace Element Compositions

The Kdloa, post-shield and late-shield lavas show a wide compositional range
(Tables 1 and 2). A total alkali vs. silica (TAS) diagram indicates that the newly collected
Koloa Volcanics samples (Gandy, 2006) are exclusively alkalic, ranging from alkali
basalts to foidites (Figure 3). The major-element trends show wider ranges than
previously reported for K8loa Volcanics, except for K,0O, which may result from
alteration of the previous samples (Figure 4; Macdonald et al., 1960; Macdonald, 1968;
Palmiter, 1975; Feigenson, 1984; Clague and Dalrymple, 1988; Maaloe et al., 1992;
Reiners and Nelson, 1998). The new samples have lower LOI values, generally <1.0
wt%. The six new post-shield stage lavas range from tholeiite and basanite to hawaiite
(Figure 3). The four other previously reported post-shield lavas include an alkalic basalt,
two hawaiites and a mugearite (Clague and Dalrymple, 1988). The late-shield lavas are
exclusively tholeiites. The shield/late-shield and rejuvenated stage lavas form two distinct
fields on 8i0,, CaO/Al,O; and K0 vs. MgO graphs (Figure 4). The late-shield samples
plot amongst the shield lavas, except they have slightly higher X,0 values as they have
experience less K,0 removal due to alteration than the older Kaua'i shield lavas. Our
late-shield samples have K;O/P;0s ratios of 1.4 — 1.8, whereas the Kaua'i shield samples
have K,0/P>0s ratios of 0.4 — 1.4 (Mukhopadhyay et al., 2003). On the major element
plots, the tholeiitic post-shield samples plot with the shield lavas, whereas two alkalic
post-shield samples are geochemically similar to Koloa Volcanics, and the other two

alkalic post-shicld samples have lower MgO ratios due to olivine fractionation (Figure 4).
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The Kdloa Volcanics are enriched in incompatible elements (Table 3; Figure 4).
Two geochemically distinct groups can be distinguished within the post-shield lavas
based on plots of Ba/Sr vs. Zr/Nb and Nb/Y vs. Ce (Table 4; Figures 4d and 4e). The
alkalic post-shield samples plot near the Koloa lavas field and the tholeiitic post-shield
samples plot within the shield field. The K6loa lavas decrease in Nb/Y with increased
degree of partial melting. There is a correlation between Nb/Y and rock type indicating
that the foidites result from low degrees of partial melting, whereas alkalic basalts result
from higher degrees of partial melting. Similar partial melting vs. rock type correlations
have been observed for the Honolulu Volcanics (Clague and Frey, 1982).

The rare-earth element patterns for the alkalic post-shield and rejuvenated lavas
show strong light-rare-earth element enrichment, whereas the late-shield lavas display
moderate enrichment (Figure 4f). The Koloa Volcanics exhibit crossing patterns, with the
foidic rocks having higher light-rare-carth element (LREE) abundances and lower heavy-
rare-carth element (HREE) abundance than the basanites and alkali basalts, The tholeiitic
late-shield lavas have significantly lower LREE abundances and slightly higher HREE

abundances than the post-shield and rejuvenated lavas (Figure 4f).
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Table 1. XRF major and trace element compositions of the Kéloa Volcanics

Sample Name:  KR-11 KV06-1 0301-1 KVv035-8 PV-2 Kvi3-1 KR-2 KR-5
Rock Type: F B B F AB F F F
,r_\__ge (Ma): - - 244+£0.05 230003 1.83+0.03 1.8]1+£0.07 1.67+0.08 1.67+0.08
810, 37.92 41.77 43.67 40.84 45.34 3948 40.26 38.15
TiO, 3.473 3308 2.550 3.306 2.002 3.544 3320 3.467
AlO, 929 10.93 1142 10.83 12.45 9.54 10.07 931
Fe, 05 1546 14.26 13.68 14.24 13.21 15.28 14.34 15.33
MnO 0.23 0.21 0.19 0.20 0.20 0.20 0.20 0.21
MgO 142 13.28 12.38 13.11 11.04 13.38 14.27 15.04
Ca0 1331 1243 11.32 1241 11.57 12,02 12.71 13.24
Nz,0 331 3.16 3.08 2.55 246 333 3.56 .
K0 1.455 0.288 L118 1.187 0.705 1.674 0.523 1.028
P,Os 0.920 0.517 0.443 0.531 0.497 0.696 0.690 0.960
Total 99.57 100.25 99.85 99.20 99.47 99.14 99.94 99.84
LOI 0.98 0.60 0.09 1.03 0.21 0.59 1.36 1.29
La 61 36 30 30 36 47 46 59
Ce 133 75 66 76 73 102 98 127
v 315 33 286 336 235 315 270 323
Ni 315 300 314 354 275 387 331 329
Cr 466 397 526 664 431 539 528 493
Zn 140 106 112 113 113 144 111 135
Ga 20 19 19 19 19 A 18 20
Rb 314 42.4 244 388 16,6 39.2 104 27.1
Sr 1176 631 601 653 629 761 802 1085
Y 27.1 21.6 22.5 19.9 279 23.6 220 254
Zr 302 196 164 182 125 252 203 292
Nb 91.5 58.9 42.8 61.5 36.3 73.5 69.1 884

Ba 1068 518 566 675 672 924 763 991
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Table i. (Continued) XRF major and trace element compositions of the Koloa Velcanics

Sample Name: KV03-17  KV044  KV03.21 KVo4-1 KV03-15  KV05-1 Kv0s-2  Kvo03-11

Rock Type: B B B AB F B B AB
Age (Ma): 1,55+ 0.03 1.49+002 1.35%002 1224007 0944003 068002 0.22:0.03 0.15%0.02
$i0, 42.10 44.22 44.17 46.82 40.14 41.16 44.06 45.01
TiO, 2.320 2112 2.702 1630 2.892 2.947 2206 2.483
ALO, 10.86 11.66 12.04 11.45 9.76 10.75 11.79 12.97
Fe,0; 13.98 13.55 13.44 12.79 14.01 14.02 13.32 13.07
MnO 0.20 0.20 0.19 0.18 0.22 0.20 0.20 0.19
MgO 13.51 13.08 1111 13.64 15.25 13.24 1227 8.82
Ca0 11.54 11.26 1191 10.15 12.47 12.50 1111 12.56
Na,0 346 2.65 241 2.58 318 3.14 3.18 3.23
K,0 1.132 0.890 1.195 0.580 1.133 0.854 0.998 1.020
P,0s 0.527 0.390 0.542 0.251 0.634 0.647 0.391 0.449
Total 99.66 100.01 99.71 100.07 99.69 99.46 99.53 99.80
LOI 0.55 0.19 1.70 0.41 0.74 2.15 037 0.04
La 8 24 41 18 40 46 21 27
Ce 83 57 84 38 89 % 55 58
v 281 262 261 207 303 267 267 283
Ni 370 348 29 505 413 422 324 169
Cr 594 575 437 698 648 722 529 330
Zn 120 115 125 107 122 108 13 13
Ga 18 19 20 17 18 18 19 20
Rb 28.5 2.5 28.8 134 32.8 25.0 24.8 26.1
Sr 686 560 751 404 790 702 548 638
Y 20.4 199 31.0 25.0 20.6 23.2 203 23.0
Zr 139 112 169 85 168 203 125 119
Nb 52.2 39.5 54.5 232 634 67.5 403 41.1
Ba 678 487 762 345 669 667 479 552

Samples listed oldest to youngest except for the first two samples, which have no age data

Samples were analyzed using XRF at University of Massechusetts (see Rbodes and Vollinger (2004) for analytical procedure)
Major element concenatrations in widh, trace element coneentations in ppm

AB, alkali basalt; B, basanite; F, foidite; names from TAS diagram (Figure 3}

Ages determined by Sano (2006) using the unspiked K-Ar method for KV series; ages by McDougall (1964) for GA series
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Table 2. XRF mafjor and trace element compositions of the late-shield and post-shield stages of voleanism on Kaua't
Sample Name: KV04-22 KV04-16 KV04-19 KV04-21  KV05-10 GAOGS0 KV03-5 GAS566 KV(5-13 GAS565

Rock Type: Thol Thol Thol Thol B Thol B Haw B Thol
Age (Ms): 4512007 4312017 4304011 41202 392006 3.92+0,03* 3.85£006 3872004 3584005 3.53+002*
SO, 50.12 47.40 50.40 51.02 44.09 49.51 44.06 50.33 4391 50.41
Ti0, 2278 2.147 2369 2.402 2.667 2,581 2619 3279 4.138 2375
ALO; 12.44 10.05 12.75 13.13 12.67 13.63 1193 20.84 15.98 13.44
Fe,04 1233 12.83 11.96 12.31 13.84 12.81 14.09 13.89 13.78 12.67
MrO 0.17 0.17 0.17 0.17 0.19 0.18 0.19 0.17 021 0.18
MgO 1049 17.54 9.89 8.01 11.17 7.73 1218 1.77 5.59 7.71
Cs0 9.65 7.48 9.70 10.04 10.91 10.56 10.51 2.51 9.04 10.54
N2,0 2.01 173 2.20 226 3.36 2.41 2.65 3.56 457 2.44
K,O 0.438 0376 0426 0.484 0.506 0.234 0.889 2.315 1.448 0.374
P,04 0238 0261 0.261 0.264 0.472 0237 0.449 1332 0.701 0233
Total 100.16 99.99 10012 100.09 100.28 99.88 99.57 100.00 99.37 100.37
LOI 0.10 020 0.06 .11 0.30 0.33 0.03 6.60 0.08 0.36
La 11 10 10 10 25 9 31 41 37 13
Ce 33 30 29 28 59 30 68 104 ) 12
v 259 207 247 263 291 245 250 140 233 242
Ni 287 818 245 114 205 123 359 17 12 107
Cr 632 939 558 358 575 326 638 10 0 323
Zn 116 128 113 115 109 109 119 137 123 106
Ga 19 17 19 20 19 21 19 30 21 19
Rb 7.0 5.7 7.0 8.7 2.1 17 204 453 30.8 6.5
Sr 312 317 322 316 661 330 661 608 1203 310
Y 24 19.0 23.0 23.7 32.8 258 27.1 105.5 31.0 253
Zr 129 137 143 139 139 146 151 543 200 143
Nb 14.0 132 14.3 12.7 34.3 13.7 35.0 79.3 58.0 147
Ba 94 89 103 101 417 94 503 688 686 92

Samples listed oldest to youngest, KVD4- series samples are from the Haupu Tunnel. Other samples from Makaweli member, tesr Waimea Canyon.
Samples were analyzed using XRF at University of Massechmseits (see Rhodes and Vollinger (2004) for analytical procedure)

Major element concenatrations in wi%, trace ¢lement concentations in ppm

Thol, tholetite; Haw, hawniite; B, basanite; names from TAS diagram (Figure 3)

Ages determined by Sano (2006) using the unspiked K-Ar method for KY serfes; ages by McDougnlt (1964) for GA series (adjustex] to newer age constants)
Samples ages marked with * are suspect based on low K and Rb contents due to alteration or misfit in stratigraphic age order
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Table 3. ICP-MS trace element compositions of the Koloa Volcanics

Sample Name: KR-11 0301-1 KV05-8 PV-2 KV03-1 KR-2 KR-5 KV03-17
Li 8.22 5.50 5.07 5.43 6.91 7.62 7.34 6.57
Se 217 26.3 25.9 26.0 21.2 22.7 22.0 23.2
Ni 324 333 350 269 412 346 348 360
Ga 18.6 19.2 18.7 17.2 21.0 18.1 19.1 16.9
Y 27.7 223 213 22.6 34.7 23.5 28.0 20.6
Zr 279 166 181 121 248 195 299 136
90.9 331 55.0 34.8 72.8 66.6 90.3 46.9
Sb 0.07 0.02 0.01 0.04 0.04 0.03 0.07 0.03
Cs 0.36 0.29 0.35 0.22 0.19 0.88 0.30 0.30
Ba 967 471 672 554 761 716 964 587
Ta 5.74 2.62 3.80 2.28 4.52 4.16 5.58 3.07
Th 6.57 ile 399 2.83 5.66 6.01 7.64 3.83
U 1.97 0.71 0.97 0.86 1.02 1.25 1.79 1.14
La 54.8 339 38.7 2717 52.5 478 69.4 313
Ce 117 62.4 73.8 53.1 102 04.0 133 62.3
Pr 13.9 7.25 8.53 7.01 12.7 10.5 14.7 7.79
Nd 63.2 28.9 332 318 52.5 40.3 55.0 34.6
Sm 12.4 6.10 6.87 6.83 10.6 8.18 10.5 7.28
Eu 3.79 2.08 2.24 2.25 342 2.77 354 242
Gd 16.3 5.66 6.31 8.96 10.5 7.32 8.99 9.55
Tb 1.27 0.87 0.92 0.91 1.33 1.07 1.27 0.86
Dy 6.79 4.46 4.69 497 6.47 5.55 6.12 4.80
Ho 1.10 0.73 0.74 0.88 1.05 0.81 0.90 0.85
Er 2.58 1.90 1.83 2.32 243 2.02 2.22 2.08
Tm 0.28 0.22 0.21 0.27 0.26 0.23 0.23 0.24
Yb 1.77 1.38 1.24 1.79 1.42 1.31 1.33 1.57
Lu 0.18 0.19 0.17 0.21 0.17 0.18 0.16 0.17
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Table 3. (Continued) ICP-MS trace element compositions of the Koloa Volcanics

Sample Name: KV04-4 KV03-21 KV04-1 KV03-15 KV05-1 KV05-2 KV03-11

Li 540 6.33 4.66 6.82 5.09 5.42 6.11
Sc 25.3 22.9 244 234 253 254 27.1
Ni 339 260 430 372 357 367 226
Ga 15.3 17.1 13.8 174 184 18.3 19.9
Y 21.3 294 229 2.1 22.3 19.6 234
Zr 113 145 71.2 169 123 114 125
Nb 345 474 19.1 62.5 329 35.1 35.7
Sb 0.03 0.03 0.00 0.05 0.00 0.02 0.01
Cs 0.32 0.27 0.15 0.55 0.20 0.27 0.13
Ba 431 663 295 601 438 431 478
Ta 242 2.94 0.97 3.96 2.09 2.21 2.06
Th 3.22 4.46 1.96 470 2.88 2.90 3.11
8] 0.77 1.09 0.52 1.16 0.70 0.72 0.61
La 29.1 41.1 19.8 37.0 27.8 253 289
Ce 54.0 834 352 77.2 49.8 45.6 529
Pr 6.62 9.98 4.69 9.58 5.86 5.75 6.64
Nd 26.8 399 19.9 42.8 234 23.8 26.4
Sm 5.80 8.31 4.62 8.93 5.31 5.28 6.00
Eu 1.93 2.87 1.66 2.85 1.87 1.82 2.19
Gd .77 8.67 4.77 10.9 5.09 5.50 6.03
Tb 0.80 1.15 0.75 1.00 0.76 0.71 0.91
Dy 4.54 6.19 433 5.62 445 4.13 4.83
Ho 0.81 1.04 0.81 0.90 0.74 0.72 0.83
Er 2.18 2.08 2.20 2.18 1.96 1.87 2.16
Tm 0.26 0.31 0.27 0.24 0.23 0.23 0.26
Yb 1.64 1.86 1.64 1.57 1.40 1.40 1.57
Lu 0.22 0.24 0.23 0.17 0.20 0.18 0.21

Samples listed oldest to youngest except for the first sample, which has no age data
Trace element concentations in ppm
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Table 4. ICP-MS trace element compositions of the late-shield and post-shield stages of voleanism on Kaua'i

Sample Name: KV04-22 KV04-16 KV04-19 KV04-21  KV05-10 GA650 Kv03-5 GAS66  KV05-13 GAS6S

Li 321 415 5.32 6.09 4.44 5.09 5.05 7.22 7.29 4.14
Sc 28.6 21.0 28.6 29.4 248 324 24.4 113 14.0 31.3
Ni 328 882 283 123 315 130 350 15.8 15.8 138
Ga 17.6 13.8 18.7 19.2 18.7 17.9 18.4 27.9 20.9 19.4
Y 23.6 18.8 24.3 24.8 349 25.6 26.7 104.4 338 25.3
Zy 125 112 142 134 147 134 143 538 223 136
Nb 140 8.5 14.8 12.5 334 13.0 344 77.6 56.8 15.3
Sb 0.01 0.01 0.02 0.02 0.01 - 0.04 0.03 0.01 0.03
Cs 0.01 0.05 0.07 0.10 0.23 0.02 0.28 0.19 0.32 0.06
Ba 86.7 82.9 94.7 86.7 399 77.3 423 636 667 83.1
Ta 0.90 0.62 1.01 0.87 2.09 - 2.10 4.89 3.64 1.02
Th 1.00 0.73 0.94 0.79 2,61 0.76 2.31 6.8 3.94 1.01
U 0.24 0.23 0.22 0.22 0.62 0.18 0.55 1.50 0.93 0.22
La 13.6 %.7 134 11.5 32.5 10.7 33.0 49.7 41.6 13.9
Ce 329 24.3 32.6 28.9 593 26.8 64.6 1035 20.0 322
Pr 3.96 351 4.09 3.80 7.41 4.10 7.25 14.2 10.7 4.18
Nd 16.6 17.9 17.7 17.1 29.3 19.7 29.0 61.7 44.0 17.4
Sm 441 4.73 483 4.78 6.64 542 6.64 14.6 10.0 4.80
Eu 1.57 1.60 1.71 1.70 2.37 1.89 220 5.16 324 1.66
Gd 4.09 5.54 4.49 4.56 6.11 5.99 6.08 14.3 8.68 4.52
Tb 0.77 0.66 0.84 0.83 0.96 0.90 0.94 2.61 1.33 0.76
Dy 4.34 413 4.91 474 5.09 5.57 5.16 15.71 6.92 5.10
Ho 0.75 0.74 0.80 0.83 0.87 1.02 0.84 3.07 1.12 0.33
Er 2.13 1.96 221 235 234 2.80 223 8.84 291 2.33
Tm 0.26 0.24 0.27 0.29 0.25 0.35 0.26 1.09 0.34 0.29
Yb 1.67 1.58 1.71 1.82 151 2.27 1.53 6.15 2,07 1.79
Lu 0.25 0.18 0.26 0.26 0.21 0.29 0.23 0.74 0.29 0.29

Samples listed oldest to youngest.
Trace element concentations in ppm
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Fig. 4: Major and trace element ratio plots comparing the three stages of volcanism on Kaua'i:
shield/late-shield, post-shield and rejuvenated. The “H” on the plots represents the
geochemically distinct hawaiite sample (GA 566). (a) SiO; vs. MgO. (b) K;O vs. MgO. (¢)
CaO/AlL,O:vs. MgO. Koloa Volcanics from previous studies outlined; data from Clague and
Dalrymple (1988), Maaloe (1992), and Reiners and Nelson (1998). Koloa Volcanics represented
by the red diamonds are from Gandy (2006). (d) Ba/Sr vs. Zr/Nb (XRF data). The shield and
rejuvenated stages define two distinet groups. The post-shield lavas also form two groups, the
tholeiitic samples plot near the shield stage lavas whereas the alkalic samples plot near to the
rejuvenated stage lavas. (e) Nb/Y vs. Ce (XRF data). Rock type correlates with Nb/Y indicating
foidites result from low degrees of partial melting and alkalic basalts result from higher degrees
of partial melting. Kaua'i shield represented by grey outline; data from Mukhopadhyay et al.
(2003). (f) Rare-earth element diagram (ICP-MS data). REE values normalized to chondrite
values from McDonough and Sun (1995).
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4.2 Isotopic Compositions of the Late-shield, Post-shield and Koloa Volcanics

The new isotopic data for the K6loa Volcanics extend their previously known
ranges for Pb, Sr, Nd and Hf ratios (Table 5). Koloa Volcanics form a well-defined linear
array (correlation coefficient R? of 0.99) in *Pb/2™Pb vs. 2%Pb/2*Pb space (Figure 5a).
Two samples from the same lava flow (KR-5, KR-11) have higher 2°Pb/2™Pb ratios than
previously reported for rejuvenated lavas, and are among the highest reported for any
Hawaiian lava (Figure 6). With the exception of these two highly radiogenic samples, the
Pb ratios of the K6loa Volcanics overlap with Kaua'i shield stage lavas. None of the post-
shield samples plot directly on the trend defined by the K5loa lavas; the tholeiitic post-
shield and late-shield samples have higher 208pp/2M P ratios for a given 206pp,204py, ratio,
whereas the alkalic post-shield samples have slightly lower 2%*Pb/**Pb ratios for a given
206p/2MP) ratio. A clearer distinction between the alkalic and tholeiitic post-shield lavas
is seen in radiogenic ®®Pb*/2%°Pb* space; the alkalic lavas have low (~0.938) radiogenic
Pb values, whereas the tholeiitic lavas have high (~0.95) radiogenic Pb values (Figure
7a). Pb isotopes appear to show a bilateral asymmetry in the Hawaiian plume south of the
Moloka'i fracture zone, with a clear difference in ***Pb*/?*Pb* for volcanoes belonging
to the Loa and Kea trends (Figure 6a; Tatsumoto, 1978; Abouchami et al., 2005).
Radiogenic Pb also offers a clear distinction between the shield and late-shield stages of
Kaua'i (Figure 7a). Most shield and post-shield stage lavas plot in the Kea field, whereas,
the late-shield samples from the Ha upu Tunnel, and the tholeiitic post-shield samples
plot in or near the Loa field (Figure 7a). No spatial relationship between the late-shield
lavas and the post-shield lavas can account for the Loa-like signature (Figure 1). On a

208py2%ph vs. 205/ 2Pb diagram (Figure 7b), the Kdloa Volcanics plot in both Loa and
23



Kea fields; samples with %Pb/2®Pb ratios <18.3 plot in the Kea field, whereas those with
higher ratios plot in the Loa field. A trend line through Koloa Pb-Pb values has an R* =
0.99 and cross cuts the Kea-Loa dividing line, unlike Kalaupapa and Honolulu Volcanics
(the rejuvenated stages of East Moloka'i and Ko'olau Volcano of O'ahu, respectively),
both of which plot only on the Kea side (Xu et al., 2005; Fekiacova et al., 2007; Figure
‘7b). Prior to the recognition of late-shield and rejuvenated Loa-type lavas on Kaua'i, it
was thought that the Loa signature was restricted to the last 3 Myr of Hawaiian volcanism
(e.g., Jackson et al., 1999, Tanaka et al., 2002, Haskins and Garcia, 2004, Tanaka et al.,
2008).

The Hf isotopic data (Table 5) are the first for the late-shield and post-shield
stages of Kaua'i, and supplement six previous values for Kdloa Volcanics (Stracke et al.,
1999). The sxrvs. 2°Pb/2%Ph plot (Figure 5b) displays a clear distinction between the
tholeiitic samples (positive trend) and the alkalic samples (negative trend). Figure 6b
shows that the tholeiitic Kaua'i lavas plot along the mixing hyperbola defined by all
Hawaiian shield volcanoes, whereas the alkalic Kaua'i lavas and all other Hawaiian
rejuvenated lavas trend away from this hyperbola towards higher eyr values. A similar
divergent trend is exhibited by the Hualalai post-shield lavas (Hanano et al., 2005). This
pattern indicates a minimum of three end-member components were sampled by the
Kaua'i lavas.

The eng vs. 226Pb/”*Pb plot (Figure 5¢) exhibits a very similar pattern to the e vs.
206ph/ 4P plot (Figure 5b). The late-shield lavas show distinctly lower eng values than

the shield lavas (Figure 5c). As expected, due to the similarity between the Nd and Hf
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systematics, the late-shield, post-shield and rejuvenated samples form a positive linear
trend on the eurvs. eng plot (Figure 5d).

The Kdloa Volcanics exhibit lower Sr isotopic ratios (0.70296-0.70325) than the
shield stage lavas (0.70345-0.70381; Figure 5e; Figure 6d), which is consistent with
results from previous studies (e.g., Reiners and Nelson, 1998; Maaloe, 1992; Reiners et
al., 1999). There is also a distinction between the alkalic and tholeiitic post-shield
samples in Sr isotopic ratios (Figure 5e). As in other plots, the tholeiitic post-shield
samples plot within the Kaua'i shield field, whereas the alkalic post-shield samples plot
with the K5loa Volcanics.

The **Pb/*™Pb, ¥'Sr/*sr and "*Nd/"“Nd isotopic ratios of the Kéloa Volcanics
are significantly more variable in rocks older than 1.5 Ma (Figure 8). The younger
samples, regardless of location, define a narrower range in these three isotopic ratios. The
#751/*%Sr and '**Nd/***Nd ratios have remained essentially constant for the past 1.5 Ma,
whereas the 2%°Pb/?*Pb ratios show a decreasing trend. The post-shield lavas of Kaua'i
are isotopically diverse, as seen for all the post-1.5 Ma K6loa lavas. In contrast, the
Honolulu Volcanics do not exhibit a similar narrowing pattern in their isotopic ratios

(Fekiacova et al., 2007).
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Table 5. Pb, Sr, Nd and Hf isotope data for the rejuvenated, post-shield and late-shield siages of Kaua'i

Sample Name  ®pp¥py =20 *ph™™pb 20 Tppph +20  Yey™sr £20  ONgMNd 220 & WyeTr  x2g
Koloa Voleanics

KR-11 185714 00049 154848 00045 383315 00109 0703113 0.000007 0.513012 0000007 7.29 . -
0301-1 182023  0.0008 154405 00007 379104 00019 0703248 0000007 0513019 0000006 743 . -
KV05-8 181984 0.0008 154483 00009 37.8518 00023 0702959 0.00D008 0513077 0.000008  8.56 - -
PV-2 182932  0.0007 154539 0.0006 37.9961 0.0016 0703243 0.000007 0513025 0.000005 7.55 . -
KV03-1 183208 0.0016 154803 00015 380253 00033 0703130 0000008 0.513016 0.000007 7.37 . .
KR-2 182239 0.0007 154486 0.0007 37.8731 00021 0703055 0.000007 0.513059 0.000006 821 . -
KR-5 186136 00017 154771 00015 383757 0.0044 0703112 0000008 0513006 0000006 7.52 0283083  0.000007
ER-5 ()M 186044 00017 1S4777 00012 383575 00042 0703092 0000008 0513024 0000007 729 . -
Kv03-17 18.1404 00008 154386 0.0007 37.7642 00019 0703008 0.000009 0513072 0000006 847 0283165 0.000006
KV04-4 18.1402 00015 154426 00014 37.7670 00040 0.70307¢ 0.000008 0.513087 0000006 R.76 - .
Kv03-21 182423 00014 154546 00013 379105 00036 0703176 0000007 0.513048 0000007 800 - -
KV04-1 182130 00006 154509 00005 37.8613 00015 0703162 0.000007 0513055 0000006 8.13 - -
KV03-15 IB.1754 00023 154552 00021 378472 00051 0703156 0000005 0513044 0000007 792 0283149  0.000011
KV05-1 181373 00007 154356 00006 377840 00017 0703165 0000007 0513049 0000008 8.02 - -
KV05.2 180895 00011 154316 00010 377794 00027 0703165 0000007 0513048 0.000005 8.00 - -
KVO03-11 181361 00021 154474 00020 37.7857 00054 0703201 0000007 0513061 0.000006 825 - -
KV03-11 (dup) 181402 0.0009 154517 00013 37.7957 0.0047 0.703200 0000009 0.513060 0000007 823 . -
Post-Shield Kaua'i Voleanics

KV05-10* 181859 0.0007 154568 0.0005 37.7986 0.0017 0703167 0.000008 0513067 0000006 837 0283166 0.000005
GABSO™ 181794 00007 154481 0.0007 37.9005 0C.0018 0703681 0000007 0.512963 0000007 633 0283070  0.000004
GAG5D (rep) 18.§791 00008 154488 0.0008 37.9017 0.0016 - - . - - - -
GAS66M 183200 00006 154697 00005 379403 00014 0.703405 0000007 0513045 0000009 793 0283127 0000013
KV03-5* 181198 00019 154432 000I3 377380 00030 0703152 0O.000008 O0.513058 0.000006 819 0283175  0.000005
KV05-13 * 18.1989 0.0008 154537 00006 37.8285 00016 0703226 0000006 0513049 0000005 802 . -
GAS6S™ 18.I848 00005 154512 0.0005 379735 00013 0703705 0000008 0.512940 0.000003 588 0283069 0.000005
Late-Shield Kaua'i Voleanics . .
KV04-16 18.1857 00007 154540 00008 379563 0.0019 0703742 0.000007 0.512940 0000007 589 0283059 0.000006
KV04-16 (dup)™  18.1855 0.0005 154542 00004 37.9565 00014 0703729 0.000007 0512945 0.000007 606 0283068 0.000007
KV04-19 182133 00006 154555 00006 375697 0.0016 0703726 0000007 0512964 O0O00000R 636 0283081  0.000011
KV4-21 18.1116 00004 154478 0.0004 37.8834 00011 0703755 0000009 0.512942 0000008 593 0283059  0.000005
KV04-22 18.0861 00010 154453 0.0008 379250 00022 0703811 0000010 0.512891 0000007 494 0283046 0.000005
KV04-22 (rep) 18.0855  0.0005 154446  0.0005  37.9244  0.0013 - - . - - - -

Koloa Volcanies Listed oldest to youngest except for the first sample, which bas no age data

All amoples were 1

hed using method ootlined in Weis and Froy 1991, 1996; Weis et al., 2008

Samples were nalyzed for Pb and Hf using the No Plasma Instrisments MC-1CP-MS and for Sr using the Fixmigan TRITON TIMS
Sarples denoted with ™ were anal

4 firr Nd sing MC-ICP-MS

Retaining samples atalyzed fint Nd nsing TRITON TIMS
Post-shield samples denoted with * are alkalic, remaining samples are tholeiitic
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Fig. 5: Comparison of Pb, Hf, Sr and Nd isotopic ratios for the three stages of Kaua'i volcanism
with recent EPR MORB lavas and ~110 Ma-old Pacific lithosphere from ODP Site 843. (a)
BpbLYPh vs. " PbF™Pb. The Koloa Volcanics form a well-defined linear array, above which
the tholeiitic late-shield and post-shield samples plot, and below which the alkalic post-shield
samples plot. The rejuvenated lavas overlap the field of Kaua'i shield lavas. The previous Koloa
Volcanics shown in the dark red diamonds are from Lassiter et al. (2000). (b) &y vs. WophFHpp,
The tholeiitic late-shield and post-shield samples form a positive trend, whereas the alkalic post-
shield and rejuvenated samples form a negative trend. The Kaloa samples, represented by the
dark red diamonds, are from Stracke et al. (1999). No Hf isotopic data exists for the Kaua'i
shield or the ODP Site 843. (¢) exgvs. P ™ Pb. (d) xy vs. ey The late-shield, post-shield and
rejuvenated samples form a positive linear trend. () ey, vs. Y$r/Sr. The late-shield samples plot
with the field of the shield lavas, whereas the alkalic post-shield samples plot closer to, or within,
the Koloa field. Kaua'i shield data from Mukhopadhyay et al. (2003); EPR MORB data from
Regelous et al. (1999) and Castillo (2000); ODP Site 843 data from Fekiacova et al. (2007).
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Fig. 6: Comparison of Pb, Hf, Sr and Nd isotopic ratios from the different stages of Kaua’i
volcanism and rejuvenated volcanism (Koloa, Honolulu, Kalaupapa and Lahaina Volcanics) with
other Hawaiian shield volcanoes. (@) *®Pb/™Pb vs. **PbA*Pb. The line on the graph is the Loa-
Kea boundary. The Kaua'i shield volcanics tend to plot on the Kea side, but with lower Pb
isotopic ratios than other Kea-like volcanoes. (b) eyevs. 296pp/YPh. The tholeiitic late-shield
Kaua'i lavas plot along the mixing hyperbola defined by the other Hawailian shield voicanoes,
whereas the alkalic Kaua'i lavas, Kéloa Volcanics and all other Hawaiian refuvenated lavas
trend away from this hyperbola to higher ey values, This pattern indicates a minimum of three
end-member components were sampled by these lavas. The EPR MORB extends to hiﬁher Enr
values than shown on the diagram but the field does not extend to low enough *“Pb/™Pb ratios
to plot above the trend of the Koloa Voleanics. (c) *°PbA¥ Pt vs. " Sr/*Sr. The Kaua i shield
lavas plot on the mixing hyperbola with the other Hawaiian shield lavas, with the exception of the
west Kaua'i lavas which trend towards a more depleted component, also exhibited by the
rejuvenated lavas. The rejuvenated (Kéloa, Honolulu, Kalaupapa and Lahaina) voleanics all
trend towards a depleted component different from the EPR MORB, (d) "*Nd/"*Nd vs. ¥Sr/**sr.
Isotopic data from the Hawaiian volcanoes (Pb, Sr, Nd, Hf) were compiled from the following:
Kilauea from Chen et al. (1996), Blichert-Toft et al. (1999) and Abouchami et al. (2005), Mauna
Kea from Abouchami et al. (2000) and Blichert-Toft et al. (2003), Mauna Loa from Abouchami et
al. (2000), Blichert-Toft et al. (2003), Tanaka et al. (2003), Wanless et al. (2006) and Marske et
al. (2007), Lana’i from Gaffney et al. (2003), Ko ‘olau from Stille et al. (1983}, Roden et al,
(1994), Abouchami et al. (2005) and Fekiacova et al. (2007), Kaho 'olawe from Leeman et al,
(1994) and Huang et al. (2005), L3 ihi from Staudigel et al. (1984), Blichert-Toft et al. (1999)
and Abuochami et al. (2005), Haleakald from West et al. (1987), Chen et al. (1991) and Blichert-
Toft et al. (1999), West Maui from Gaffney et al. (2004), Fast Moloka’i from Xu et al. (2005),
West Moloka'i from Stille et al. (1986) and Xu et al. (2007) and Hualdlai shield from D. Weis,
pers, comm.,(2005), Hualdlai post-shield from Hanano et al. (2005).
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Fig. 7: Comparison of the different stages of Kaua'i volcanism and rejuvenated volcanism from
other Hawaiian Islands with the Loa-Kea compositional boundary. The “"H” on the plots
represents the geochemically distinet hawaiite sample (GA 566). (a) 2KphrfOppk s Zr/Nb. ( b)
“BpbLPh vs. “CPbFY Pb. Rejuvenated volcanism on the Hawaiian Islands except Kaua'i is Kea-
like, and the Kéloa Volcanics straddle the Loa-Kea boundary line defined by Abouchami et al.
(2005). The previous Kaloa Volcanics shown in the dark red diamonds are from Lassiter et al.
(2000). Kaua'i shield data from Mukhopadhyay et al. (2003); West Maui data from Gaffney et al.
(2004); East Moloka'i data from Xu et al. (2005); Honolulu Volcanics data from Fekiacova et al.

(2007).
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no age data is available for these samples. During the rejuvenated stage, the isotopic
heterogeneity decreased abruptly at 1.5 Ma. No correlation is seen between age and rock type.
The late-shield samples exhibit similar Pb, higher Sr and lower Nd ratios. The post-shield
samples exhibit a larger isotopic range over a small time scale. Unless visible, the 2o error bars
for the isotopic ratios and ages are within the size of the symbol. Kaua'i shield data from
Mukhopadhyay et al., 2003.
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5.0 DISCUSSION
5.1 Sources of the Late-shield and Post-shield Stages of Kaua'i Volcanism

A four component system (L& ihi, Ko olau, Kea and DM, similar to that sampled
during the rejuvenated stage) is required to adequately explain the isotopic compositions
of all the Hawaiian shield lavas (Hauri, 1996; Eiler et al., 1998; Mukhopadhyay et al.,
2003; Frey et al., 2005). Principal component analyses revealed that 1L5'ihi, Ko*olau and
DM end-members can reasonably explain the isotopic variability of the Kaua'i shield
(Mukhopadhyay et al., 2003). Our data show that these three end-member compositions
are also sampled during the subsequent late-shield, post-shield and rejuvenated stages,
although in varying amounts (Figure 6). The ~4.3 Ma late-shield lavas trend towards the
enriched Ko'olau end-member, as do the older eastern Kaua'i shield lavas (Figures 5 and
6), representing a mix of L5 ihi and Ko'olau components.

The post-shield stage samples analyzed form two geochemical groups. The ~3.9 Ma
tholeiitic samples are isotopically similar to the shield stage lavas, whereas the 3.9 - 3.6
Ma alkalic lavas are distinct in Ba/Sr but otherwise similar to the Kdloa Volcanics. Based
on the observations from a limited sample suite, the post-shield stage of Kaua'i began
with a mixture of tholeiitic and alkalic lavas, and subsequently transitioned to alkalic
lavas only. The presence of both tholeiitic and alkalic basalts in the post-shield stage is
also observed on other Hawaiian shields (e.g., Haleakala, Mauna Kea and East Moloka'i;
Chen et al., 1991; Frey et al., 1991; Xu et al., 20035).

The Kaua'i post-shield lavas exhibit large isotopic heterogeneities (compared to the

overall geochemical variability in Kaua'i lavas) on a small spatial scale (few km),
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indicating fluctuations in the relative proportions of the mixing of source components.
This interpretation is supported by a change in the major and trace element ratios seen
within the post-shield stage (Figure 4). Such isotopic variability within the post-shield is
not common among Hawaiian volcanoes. The tholeiitic and alkalic post-shield lavas of
Mauna Kea, Haleakald and East Moloka'i are isotopically similar (Kennedy et al., 1991;
Chen et al., 1991; Xu et al., 2005). However, similar isotopic variations are reported over
a small time scale for Kilauea shield lavas (Marske et al., 2007). The isotopic distinction
between tholeiitic and alkalic lavas of similar age erupted nearby (Figure 1) suggests
Kaua'i was tapping small-scale heterogeneities during the post-shield stage as has been
noted for Kilauea tholeiites (Garcia et al., 2000). Specifically, the post-shield tholeiitic
samples were derived from larger degrees of partial melting from a source similar to the
late-shield source (mostly L.5"ihi component with a little Ko olau component), whereas
the alkalic samples require a greater DM contribution but no Ko'olau component (Figures

5 and 6).
5.2 Sources of the Kdloa Volcanics

There has been an ongoing debate among geoscientists regarding the source of the
Hawaiian rejuvenated volcanism (e.g, Jackson and Wright, 1970; Clague and Frey, 1982;
Gurriet, 1987; Ribe and Christensen, 1999; Bianco et al., 2005). Rejuvenated lavas
exhibit high Nd and low Sr isotopic values relative to the underlying Hawaiian shield
stage, suggesting long term depletion of the source; however, this is inconsistent with the
high concentrations and ratios of incompatible elements seen in these lavas (e.g. Clague

and Dalrymple, 1988; Reiners and Nelson, 1998). To resolve the conflict between the
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enriched trace element pattern and the depleted isotopic signatures, models have been
invoked with varying amounts of metasomatic fluids from either depleted or enriched
mantle reservoirs interacted with enriched or depleted reservoirs, respectively
(Feigenson, 1984; Clague and Dalrymple, 1988; Maaloe, 1992; Reiners and Nelson,
1998, Lassiter et al., 2000). The depleted component was ascribed to the ~110 Ma
oceanic lithosphere beneath Kaua'i. Our high precision Pb and Hf isotopic data (Table 3)
for the Kéloa Volcanics do not support a lithospheric source component.

Pb and Hf isotopic data were not utilized previously as discriminating parameters
in determining the source components of the Koloa Volcanics because few high precision
data for these isotopes were available. To evaluate the involvement of the oceanic
lithosphere in the rejuvenated lavas, there are two readily testable lithospheric proxies:
(1) the ~110 Ma lithosphere near Hawaii, sampled from ODP Site 843 (King et al., 1993;
Fekiacova et al., 2007); and (2) present-day basalts from the East Pacific Rise (EPR}
MOR (Fekiacova et al., 2007). The egr vs. 2Pb/*Pb plot shows that the Kéloa
Volcanics trend toward a depleted mantle component with lower 2°Pb/2%Pb ratios than
the EPR MORB (Figure 5b and 6b). Secondly, the trend line defined by the K6loa
Volcanics in Pb-Pb space does not intersect the ODP Site 843 lavas or the EPR MORB
field (Figure 5a). Thus, these two isotopic systems indicate that a Pacific lithospheric
component is not involved in the source for Koloa lavas. Likewise, the Honolulu
Volcanics show no isotopic relationship to any MORB-type material (Fekiacova et al.,
2007). Alternatively, the source of the depleted component in rejuvenated lavas may be
thermally entrained mantle in the upwelling Hawaiian plume (Frey et al., 2005;
Fekiacova et al., 2007). Thermal accretion of deep-seated mantle material to the plume
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core during ascent has been previously suggested by Hauri et al. (1994) to explain the
depleted isotopic signature in other post-shield Hawaiian volcanics. The interpretation
that the source is likely intrinsic to the Hawaiian plume is supported by the overlap of the
Kadloa Voleanics and the alkalic post-shield lavas, which are thought to be entirely plume
derived (Figures 3, 4, 5).

The Pb, Sr, Nd, and particularly the Hf isotopic ratios suggest a mixture of L5 ihi
and depleted mantle end-members contributed to the formation of the K6loa Volcanics.
However, two strongly alkaline KGloa samples, from the same flow, with the extreme
206p1y/2%pp ratios (KR-5, KR-11) suggest the involvement of an additional seemingly
short-lived, small-scale component. This component, characterized by coupled high
206p1204ph ratios and 2°®Pb/2*Pb ratios and lower than expected ey, is not sampled by
any other Hawaiian volcano (Figure 6). These lavas represent the tapping of a previously

unknown/unseen component in the Hawaiian mantle plume.
5.3 Kaua'i’s Evolution and Plume Structure

Two basic models have been proposed for the geochemical structure of the
Hawaiian plume: (1) radial zoning (Kurz et al., 1995; Hauri et al., 1996; Lassiter ¢t al.,
1996; Blichert-Toft et al., 2003; Bryce ef al., 2005) and (2) bilateral asymmetry with
vertically stretched isotopically heterogeneous “filaments” (Abouchami et al., 2005). A
radially zoned plume, with geochemical variations in the horizontal dimension, is not
adequate to explain the geochemical trends seen in the Kaua'i shield data; rather, time-
varying geochemical heterogencities in the vertical direction are required fo explain the

isotopic evolution of the Kaua'i shield lavas (Mukhopadhyay et al., 2003). The new late-
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shield, post-shield and rejuvenated lava data are consistent with the need for a more
elaborate plume structure.

The systematic shifis in components sampled throughout Kaua'i’s eruptive
history reflect variations in source lithology. Simultaneous melting of varying
proportions of the Loihi and Ko'olau components along with a third, depleted mantle
component, is consistent with the isotopic compositions exhibited during Kaua'i’s
eruptive history. Our isotopic and frace element data are consistent with the involvement
of primitive mantle (L5 ihi component) and, to a minor extent (< 15%), and enriched
mantle (Ko'olau component) and the entrained depleted mantle (DM component). The
enriched mantle component exists embedded in a plume of primarily peridotite (Gaffney
et al., 2005). Numerical modeling and the observed geochemical variations suggest that
the enriched mantle heterogeneities can be preserved in the plume over long time scales
without being homogenized with the peridotite (van Keken and Zhong, 1999; du Vignaux
and Fleitout, 2001; Kogiso et al., 2004a).

During the shield-building stage, the western Kaua'i shield lavas preferentially
sampled the L.6"ihi component (~95% L5 ihi, ~5% DM), whereas the eastern Kaua'i
shield lavas sample a slightly higher proportion of the enriched Ko®olau component
(<10% Ko'olau, >90% L&'ihi; Mukhopadhyay et al., 2003). This systematic spatial
isotopic variation of the Kaua'i shield lavas indicates a change in the relative coniribution
of these two components from west to east across the island. As Kaua'i transitioned into
its late-shield stage, the volcano was located near the cooler periphery of the plume and
lower degrees of melting produced a greater contribution from the Ko'olau end-member
to form the late-shield lavas (<15%; Lassiter et al., 2000; Fekiacova et al., 2007). During
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the post-shield stage, the isotopic variability suggests the volcano sampled the Xo'olau,
L5'ihi and DM components at the plumes edge. The tholeiitic lavas comprise a mixture
of L5'ihi (>90%) and Ko'olau (<10%) end-members, whereas the alkalic lavas comprise
a mixture of L5"ihi (~30-70%) and DM (~70-30%) end-members (Figures 5 and 6). The
Ko'olau component was exhausted or otherwise absent in the melting zone during the
latter portion of the post-shield stage, as it is not seen in the younger alkalic post-shield
lavas or the subsequent rejuvenated volcanics. On Kaua'i, the Ko'olau component only
contributes to the tholeiitic lavas. However, if it was present during the alkalic post-shield
and rejuvenated stages it should have been sampled because pyroxenites and eclogites
(lithologies commonly thought to be the Ko olau component; Hauri et al., 1996;
Pertermann and Hirschmann, 2003; Fekiacova et al., 2007) have lower solidi than
peridotite (L& ihi), thus, lower degree partial melts should preferentially sample such
components (Lassiter et al., 2000). The lack of the transient Ko'olau component is also
observed in Ko'olau’s rejuvenated volcanics (Fekiacova et al., 2007). The increased
involvement of the DM component in the younger Kaua'i lavas is consistent with the
volcano being located at the periphery of the plume during the post-shield stage. Isotopic
and seismic evidence (Fekiacova et al., 2007; Woods et al., 1991), and numerical
modeling of the plume-lithosphere interaction (Ribe and Christensen, 1999) suggest that
the DM component sampled by Kaua'i lavas is asthenosphere entrained by the upwelling
plume (Mukhopadhyay et al., 2003; Frey et al., 2005; Fekiacova et al., 2007).

The isotopic signature of the K6loa Volcanics indicate they were derived from
variable amounts of the L5'ihi and DM end-members (Figures 5 and 6). The contribution
of the DM component was highly variable, ranging from approximately 25 — 80%.
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During the rejuvenated stage, the isotopic heterogeneity decreased abruptly at 1.5 Ma
(Figure 8). The post 1.5 Ma lavas incorporate ~30% L& ihi component and ~70% Dm
component. The distinct decrease in heterogeneity could reflect a switch in mechanisms
for melt generation, which is discussed in the following section.

The Pb-Sr, Pb-Hf, Pb-Nd and Sr-Nd isotopic plots are consistent with the
involvement of the L.6'ihi component in each stage of Kaua'i’s eruptive history (Figures
5 and 6). Also, these plots show that not only is the L5'ihi component evident in all
Kaua'i lavas, it is a persistent contributor in lavas from Kaua'i to L5'ihi, indicating its
longevity in the Hawaiian mantle plume (~5 Ma). Other components sampled by
Hawaiian volcanoes, Ko'olau and Kea, are evidently present as smaller domains in the
plume and are relatively short-lived within a volcano’s history. On Kaua'i, there is no
contribution from the Kea component, and the contribution of the Ko'olau component
was minor, and expressed most strongly during the late-shield stage. The stronger
Ko'olau contribution in the late-shield stage is a phenomenon also observed on Ko'olau
and volcanoes from the Maui Nui complex (Haskins and Garcia, 2004; Gaffhey et al.,
2005). Isotopic evidence from Kaua'i and other Hawaiian islands suggests that the L5 'ihi
component constitutes the matrix of the plume (Figure 9; Gaffney et al., 2005). A
ubiquitous L5 'ihi component; however, is not supported in **Pb/2%Pb vs. 2°°Pb/**Pb
space. If is possible that another component co-exists with the L&'ihi component in the
plume matrix and accounts for the observed Pb trends. The Ko'olau component exists as
“blobs” or “strings” near the periphery of the plume, and it is primarily sampled during
the late stages of shield growth. The tholeiitic post-shield samples on Kaua'i were
derived from a mixture of L5'thi and Ko'olau end-members. The Ko olau component
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Ko olau component, but they do exhibit the presence of a larger DM contribution mixing
with the L6 1hi component (Figures 5 and 6). Similarly, during the rejuvenated stage,

only the Lo ihi plume matrix and depleted entrained asthenosphere were tapped for

Koloa magmas.

Ko olau

Fig. 9: Cartoon illustrating the plume structure during the evolution of the island of Kaua'i from
the shield stage to the rejuvenated stage. The vertical plume stem consists of rapidly-upwelling
material from the deep mantle. The plume spreads out laterally and rises as it is dragged beneath
the migrating Pacific lithosphere. The vertical plume stem is surrounded by asthenospheric
mantle thermally-entrained by the rising plume (indicated by the black lines and arrows around
the plume). The plume consists of a matrix containing the Lo ihi component, with “blobs” of the
Ko olau component present only in the vertical plume stem. The shield stage of Kaua'i (S)
incorporates La'ihi, DM and Ko olau components. East Kaua'i lavas involve a relatively larger
Ko olau and smaller DM proportion than West Kaua'i lavas. The late-shield and post-shield (PS)
lavas form as Kaua'i begins to move away from the vertical plume stem. These lavas sample the
periphery of the plume and the late-shield and tholeiitic post-shield samples have a higher
proportion of the Ko'olau component. The alkalic post-shield lavas have no Ko olau component
and only involve the Lo ihi and DM components. The rejuvenated volcanism (R) occurred once
Kaua'i was ~300-400 km downstream from the vertical plume stem. These lavas incorporate only
DM and Lo ithi components.
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5.4 Implications of Isotopic Results for Rejuvenated Volcanism Models

The lithospheric melting by conductive heating model invokes a lithospheric
source component for the rejuvenated stage of volcanism, This is inconsistent with the
new Pb and Hf data for both the K6loa (this study) and Honolulu Volcanics (Fekiacova et
al., 2007). The secondary zone of mantle plume melting and flexure-induced
decompression melting models both advocate a plume source. Therefore, additional
criteria, such as rock type distribution and isotopic evolution, are required to evaluate
these two models. The secondary zone of mantle plume melting model was developed
specifically to explain the 1 — 2 m.y. volcanic hiatus and the 2 — 3 m.y. duration of the
rejuvenated volcanism and because it involves only a plume source, it remains viable
based on the new isotopic data (Ribe and Christensen, 1999). This model advocates a
horizontal melt zone at the base of the stretched plume (Ribe and Christensen, 1999),
which is consistent with our plume structure model. Most of the melt in this model
originates from the mantle (DM) at the base of the elongated plume; however, the
isotopic signature of the Kdloa Volcanics suggests that this melt then mixes with melt
from the plume core (L& 'ihi; Figures 6 and 9). The isotopic signature of the Honolulu
Volcanics also fits this model (Fekiacova et al., 2007).

The flexure-induced decompression melting model of Bianco et al. (2005) was
developed using a three component plume source {(enriched peridotite, pyroxenite, and
depleted component). This model predicts a systematic change in the rate of uplift, which
should correlate directly with lava volume, % melting and melt composition during

rejuvenated volcanism (Figure 10). The multi-faceted predictive capabilities of this
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model make it a superior model for comparing to observed features. Faster upwelling
rates are expected to produce higher degrees of partial melting creating alkali basalts,
whereas slower upwelling is expected to produce lower degrees of partial melting to
generate foidites (Figure 10). The flexure model predicts small volumes of lower degree
melts (foidifes) early and late during the rejuvenated volcanism when the rate of uplift is
low, whereas larger volumes of higher degree melts (alkalic basalts) are expected in
between when the rate of uplift is higher (Figures 4¢ and 10). This model also predicts a
shorter duration of rejuvenated volcanism than observed on Kaua'i, suggesting that it
should have ended when Kaua'i stopped experiencing uplift, about 0.75 m.y. ago (Figure
10). The 38 available ages for chemically analyzed Kdloa Volcanics show a frequency
pattern similar to the predicted volumes. However, volcanism did not cease at ~0.75 Ma;
instead, it persisted until at least 0.15 Ma (Tagami et al., 2005). The older Kdloa lavas are
undoubtedly under-represented in our sample set due to burial by subsequent iava and
their greater extent of alteration in the intense tropical setting of Kaua'i, rendering them
unsuitable for geochronology. However, based on sampling efforts, the post 1.5 Ma
samples are probably indicative of the rapid decline in Kdloa volcanism during the last 1
m.y. Thus, the decreasing volume of melt predicted is consistent with the observed age
trend. However, the eruption of alkali basalts and the absence of foidites during the last 1
m.y. is not predicted by the flexure model. The youngest lavas of the rejuvenated stage
from other oceanic islands, such as O ahu (Fekiacova et al., 2007), Sao Nicolau (Cape
Verde; Duprat et al., 2007), and Gran Canaria (Canary Islands; Hoernle and Schmincke,
1993) do include foidites. The absence of foidites in the younger Koloa lavas and the
extended duration of the rejuvenated stage suggest that while flexure may be an
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important process in initiating rejuvenated volcanism, the observed geochemistry and the
long duration of the Kdloa Volcanics are inconsistent with flexure being the sole
mechanism for this volcanism, The compositional and isotopic transitions to a
geochemically restricted source and the absence of younger foidites could be related to a
switch in mechanisms responsible for the rejuvenated volcanism. The combination of the
flexure model with a secondary zone of mantle plume melting may allow for the
extended duration, the higher degrees of partial melting, producing the young alkali
basalts, and the abrupt decrease in isotopic heterogeneity at 1.5 Ma. The flexure model
provides a physical mechanism fo initiate rejuvenated volcanism, which was
subsequently sustained after the uplift of Kaua'i ceased, by the secondary zone of mantle

plume melting.
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Fig. 10: (a) Qualitative representation of the predicted rate of uplift of the flexural arch with
distance from the load. Kaua'i is ~500 km from the load. The Pacific plate moves at a rate of
~100 km/m.y. (Garceia et al., 1987). The expected uplift curve is from Bianco et al. (2005). The
Koloa Volcanics began ~0.3 m.y. later than expected and continued for ~0.5 m.y. longer than

predicted. (b) Histogram of rock types v

s. age in 0.50 Ma bins. Oldest rocks are primarily

strongly alkalic. A peak in volcanism occurs at the midpoint of the duration of rejuvenated
volcanism on Kaua'i, producing all three rock types. Volcanism rate decreased during the past 1
m.y. producing alkalic basalts and basanites rather than foidites. Age data from Clague and

Dalrymple (1988) and Sano (2006).



6.0 CONCLUSIONS

Geochemical and isotopic characterization of the late-shield, post-shield, and
rejuvenated stages were used to gain a better understanding of source variations during
the Jatest volcanic stages of Kaua'i and the structure of the Hawaiian plume. Three
components are responsible for most of the isotopic evolution of the shield, L& ihi,
Ko'olau and DM. The late-shield lavas involve a greater proportion of the Ko'olau
component, The post-shield stage samples analyzed are divided into two distinct
geochemical groups; the tholeiitic group is geochemically similar to the shield stage
whereas the alkalic group is similar to the rejuvenated stage. Isotopic heterogeneities on a
small spatial scale indicate temporal fluctuations in the mixing of source components.
The tholeiitic samples were derived from larger degrees of partial melting from a mixture
of Lo'ihi and Ko'olau end-members. Following the eruption of the tholeiitic post-shield
samples, the Ko olau component was absent in subsequent lavas. The alkalic post-shield
samples exhibit contributions from only the DM and L5 ihi components.

The new Pb and Hf isctopic data show no genetic relationship between the Koloa
Volcanics and Pacific lithosphere, including that sampled around Hawaii at ODP Site
843, or recently at the East Pacific Rise (EPR) MOR. Thus, the lithosphere melting
model cannot be used to explain the rejuvenated stage. Similarly, the Pb isotopic trend of
the Honolulu Velcanics does not support the involvement of a lithospheric component
(Fekiacova et al., 2007). All the isotopic systems (Pb, Hf, Sr and Nd) show that the
majority of the Kdloa Volcanics comprise two source components, (1) L6°ihi component
from the plume core, and (2) depleted mantle component different from MORB. A third
component is present in two Kdloa samples from the same flow that exhibit extreme
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radiogenic Pb values. The depleted component could represent deep mantle material that
was thermally accreted laterally to the upwelling plume stem and thus part of the overall
plume structure (Fekiacova et al., 2007).

Hf and Pb isotopic systematics preclude the formation of the Kéloa Volcanics by
the lithospheric melting by conductive heating, A combination of flexure-induced
melting and secondary melting of the mantle plume are the most likely mechanisms for

generating the voluminous and long-lived Kdloa Volcanics.
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PART 11

GEOCHEMICAL INFERENCES FOR THE ORIGIN OF

THE SOUTH KAUA'T SWELL



7.0 INTRODUCTION

Submatine volcanism is widespread around the Hawaiian Islands. Most of this
volcanism occurs either on the flexural arch surrounding the islands (North and South
Arch Volcanic fields; Clague et al., 1990; Frey et al., 2000) or on the flanks of the shield
volcanoes (north of Moloka'i, northwest of Ni‘ihau, and south of Kaua'i; Hanyu et al.,
2005; Garcia et al., in review). The U.S.G.S. GLORIA side-scan survey of the U.S.
Exclusive Economic Zone around Hawai'i discovered much of this volcanism (Torresan,
1990). This survey also identified a large swell south of Kaua'i, which was interpreted as
landslide deposits (Moore et al., 1994). Subsequent bathymetric mapping by numerous
organizations (JAMSTEC, MBARI, SIO, SOEST, USGS, UW cruises and two R/V Kilo
Moana cruises) shows the field spans ~5500 km? with an estimated volume of ~3000
km?, and contains numerous conical shaped seamounts (Figure 11). The recognition of
these seamounts on the Scouth Kaua'i Swell (SKS} led to additionat suggestions for its
origin: widespread offshore secondary volcanism contemporaneous with onshore
rejuvenated activity (vents with rejuvenated lavas were found on the south flank of
Kaua'i; Clague et al., 2003) and a submarine satellite shield similar to the Southwest
O'ahu shield (e.g., Noguchi and Nakagawa, 2003; Coombs et al., 2004).

A four-week R/V Kilo Moana cruise around Kaua'i was conducted in September
2007 to conduct bathymetric, acoustic imagery, magnetics and gravity surveys, and to
extensively sample seamounts using the JASON2 ROV with the goal of evaluating the
origin of the SKS. During this cruise, 169 coned shaped seamounts, typically <1500 m
wide (median = 490 m; mean = 630 m} and many 10s to 100s m tall were identified on
the swell (Garcia et al., in review). Submersible observations and sampling indicate that
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the seamounts are dominantly brecciated lava with few intact pillows. Many cones
contain lithologically similar angular clasts, whereas others have rounded, matrix-
supported clasts. A total of 140 samples were collected from 17 seamounts on the SKS.
Here we present XRF major and trace element data for 48 of the least altered basaltic
samples and ICP-MS trace element and radiogenic isotope (Pb, Sr, Nd and Hf) data for
19 samples to help explain the origin of the South Kaua'i Swell.

The geochemical results indicate most (41 of 48) SKS volcanics are tholeiitic,
The sparsity of submarine alkalic samples is strong evidence that the swell does not
represent an extensive offshore extension of the rejuvenated volcanism on Kaua'i. The
following discussion of the absence of a landslide scar in Kaua'i’s southern flank, the
presence of cone-shaped seamounts instead of hummocky landslide blocks, and the
geochemical differences between the SKS and the Kaua'i shield lavas all suggest that a
landslide origin from the island of Kaua'i is unlikely. These results imply that the SKS

may represent a distinct submarine volcano.
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Fig. 11: Bathymetric map of the South Kaua'i Swell showing the sample locations (modified from
G. lto, pers. comm., 2008.). The white stars indicate the locations of the onshore Kaua'i shield
stage samples (Bogue and Coe, 1984; Mukhopadhyay et al., 2003) discussed below.
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8.0 SAMPLING AND ANALYTICAL TECHNIQUES

A total of 85 samples were recovered on three JASON2 dives (297-299) during
the 2007 cruise. Locations are listed and hand specimen features of these samples are
described in Appendix A. Samples from fwo other cruises that sampled the SKS were
also included in this study. A four day JASON2 test cruise on the R/V Kilo Moana in
November 2007 recovered 10 samples during Dive 252. Three dredge hauls during a
student cruise in October 2003 recovered ~15 monomict breccias and volcanic rocks
(Appendix A). The sample suite ranges from Mn-encrusted sediment and polymict
breccias to non-encrusted lava samples. Multiple samples of adequate size (>0.6 kg) were
selected from each cone or sample locality for XRF analysis and thin sectioning. A total
of 48 basalt samples from 13 cones were included in this geochemical study.

Every unaltered to weakly altered SKS basalt sample was selected and prepared
for XRF analysis. The samples were extensively washed prior to analysis using the
method from Rhodes (1996). The crushed material was initially washed by percolating
water through the sample until the water had the conductivity of the tap water (~100
micro siemens). The samples were then washed in an ultrasonic bath with deionized
{D.L.) water. The samples were ultra-sonicated for several intervals of 2-5 minutes,
depending on how quickly the water turned cloudy. After each interval the sample-
cleaning D.I. water was changed. Once the sample-cleaning D.I. water reached a
conductivity of less than two (preferably <1), the samples were deemed clean. They were
then placed in a drying oven at ~1000°C and dried overnight. Once dry, the samples
were slowly allowed to cool before they were powdered. Splits of the 48 samples were
powdered using tungsten-carbide coated mills and analyzed by XRF for major and trace
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elements at the University of Massachusetts (see Rhodes, 1996 and Rhodes and
Vollinger, 2004 for analytical procedures and precision).

A subset of 19 samples, selected on the basis of a low level of alteration (e.g., low
loss on ignition, LOIL, <0.76 wt%) major element compositions and spatial distribution,
were analyzed for the ICP-MS trace element suite, and Pb, Sr, Nd and Hf isotopes. The
washed split samples were powdered in an agate mill, digested in concentrated sub-boiled
HF and HNO; for 48 hours and then in 6N sub-boiled HCI for 24 hours. Once dried
down, they were re-dissolved in concentrated HNOs, fully dried again and then diluted
5000 times using a 10 ppb, 1% HNO; solution. The trace elements were analyzed using a
Finnigan Element2 high-resolution inductively-coupled plasma mass spectrometer (HR-
ICP-MS) at the PCIGR (Pretorius et al., 2006). For the isotopic analyses, samples were
extensively acid-leached using methods outlined in Weis and Frey (1991, 1996) and Weis
et al. (2005) to minimize post-eruptive alteration affects. After a 48 hour period of
digestion in concentrated sub-boiled HF and HNO3 and a 24 hour period of digestion in
6N sub-boiled HCI, the samples were purified using Pb, Sr, Nd and Hf anionic exchange
columns to separate these elements (see Weis et al., 2006 and Connelly et al., 2006 for
detailed procedure). The Pb, Nd and Hf isotopes were analyzed using a Nu Plasma multi-
collector inductively-coupled plasma mass spectrometer (MC-ICP-MS) and the Sr
isotopes were analyzed using a Finnigan Triton thermal-ionization mass spectrometer
(TDMS), both at the PCIGR. Complete procedural duplicates were analyzed for one Dive
297 sample (J2-297-23) and one dredge sample (KS1-13) yielding an external

reproducibility for the Pb, Sr, Nd and Hf of 69 — 131, 5-22, 1 and 16 ppm, respectively.
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9.0 RESULTS
9.1 Major and Trace Element Compositions of the South Kaua'i Swell Volcanics

Forty-one of the 48 lavas analyzed for major elements are tholeiitic basalts, six
samples are alkali basalts and one is a basanite (Table 6 and Figure 12). On a total alkali
vs, silica (TAS) diagram, the SKS volcanics overlap with Kaua'i shield tholeiites, with
the majority at the high end of the SiO; and total alkali range of the Kaua'i shield lavas.
On MgO variation plots, the SKS lavas plot on the Kaua'i shield trend but cluster at
lower MgO values (<13 wt%; Figure 13). The higher MgO contents of the Kaua'i shield
lavas (up to 30 wt%) reflect substantial olivine addition based on their olivine
compositions (e.g., Maaloe et al., 1989). The SKS Ca0O/Al,0O; values also overlap the
Kaua'i shield lavas, suggesting they were derived from similar magma composition
(Figure 13). However, K;O contents at a given MgO are, on average, higher in the SK8
volcanics. Most of the Kaua'i shield lavas studied for isotopes have lost K,O due to post-
eruptive alteration as indicated by their low KoO/P;0s5 values (<1.4), whereas most of the
submarine SKS lavas have KoO/P;Os values of 1.5 - 2 (Table 6), the normal range for
Hawaiian tholeiites (e.g., Wright, 1971). However, the most altered sample (J2-297-01)
based on LOI (5.1 wt%) has an abnormally high K,0/P;0s(5.5) indicating K,0 addition.
Many of the SKS samples with low K»Q/P;0s have elevated LOI values but not all
(Table 6). Samples with low K0 /P;0s (<1.2) and higher LOI values (>-0.76) were
avoided for ICP-MS and isotope analyses. Samples from a single cone exhibit large
variations in MgO (10.5 — 25), SiO; (48.6 — 51), CaO/Al;0; (0.73 — 0.91) and K,0 (0.21

— 0.53) values (Figure 13). These variations are not attributed to olivine addition (Figure
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13¢). The olivine addition line was determined by the step-wise addition of olivine
(equilibrium composition} in small increments (0.1 wt%), using sample J2-297-04 as the
starting composition.

The alkalic SKS samples plot with the alkalic rejuvenated stage of Kaua'i on a
810, vs. MgO plot and most (5 of 7) plot with Kéloa lavas in a TAS diagram and K,O vs.
MgO plot. However, all submarine alkalic samples but the basanite have lower
Ca0/Al>0; than the Kaua'i rejuvenated lavas (Figure 13).

All of the tholeiitic SKS samples, and two out of three of the alkalic samples are
moderately enriched in incompatible elements, similar to the shield stage of Kaua'i (e.g.,
Sr, V, Zr; Table 7). The basanite sample shows strong incompatible element enrichment,
similar to K&loa lavas. Two geochemically distinct groups can be distinguished within
the SKS volcanics on a St/Y vs. Z1/Nb plot (Figure 14a). The tholeiitic samples have
higher average S1/Y and Zr/Nb ratios than the Kaua'i shield lavas 14 vs. 12. The alkalic
samples have a similar St/Y ratio to the Kdloa Volcanics, but higher Zi/Nb ratio. The
rare-earth element patterns for the South Kaua'i Swell volcanics are relatively smooth
(even on a linear scale REE plot; Figure 14b) and show moderate LREE enrichment. The
alkalic SKS lavas exhibit cross-cutting patterns; the basanite exhibits a steeper pattern

similar to the rejuvenated stage of Kaua'i (Figure 14b).
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Fig. 12: Total alkalis vs. silica diagram for South Kaua'i Swell volcanics. Each different color
represents a different seamount. Each shape represents a different location on the SKS. The
tholeiitic-alkalic dividing line is from Macdonald and Katsura (1964). Kaua'i shield data from
Mukhopadhyay et al. (2003). Koloa Volcanics XRF data is from Gandy (2006). Late-shield
samples plotted to show similarities with SKS lavas.
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Table 6. XRF major and trace element compositions of the South Kaua'i Swell voleanics

Semple Name: J2-297.01 J2-297-04* J2-29705 J2-297-06 J2-297-07* J2-297.09 J2-297.10 J2-297-11* ]2-297-14 J2-297-17 12.297-18% J2-297-19

Rock type: Thol Thol Thol Thol Thol Thol Thol Thol Thol Thol Thol AB
Geology: Cone A Cone B Cone B Cone B Cone B Cone B Cone B Cone C Cone C Cone C Cone C Cone D
Si0, 48.58 50.60 4943 49.94 49.04 49.97 50.85 50.49 5024 48.59 51.01 45.82
TiO, 1.832 2491 2119 2.237 2077 2.242 2.49% 2.624 2.266 2309 2.099 1.323
AlLO, 9.74 13.11 11.87 12.23 11.52 12.34 14.07 13.87 13.14 13.42 13.49 15.12
FeyO4 12.85 12.67 12.39 12.59 13.11 12.37 12.20 12.64 12.45 12.87 1226 12.55
MnQ 0.17 0.18 0.18 0.1% 0.19 0.19 0.18 0.19 0.19 0.20 0.18 0.19
MgO 18.25 821 1229 10.95 12.66 11.10 6.59 6.73 a.11 10.52 8.50 10.84
Ca0 5.56 9.83 9.14 9.38 8.74 9.34 10.54 10.64 10.15 10.00 10.05 11.08
Na,0 1.88 227 2.01 2.24 21 1.94 251 217 222 1.74 1.91 2.54
K;0 0.974 0.457 0311 0.395 0.388 0.435 0.425 0.447 0.353 0212 0.291 0.624
P04 0.176 0258 0.216 0.225 0.208 0.231 0.251 0.260 0.214 0.211 0.192 0.264
Total 100.01 100.08 99.96 100.38 100.04 100.16 100.11 100.06 100.33 100.07 99.98 100.35
LOI 5.10 0.15 0.08 0.07 -0.12 -0.16 -0.03 0.31 0.05 0.56 -0.07 0.50
Rb 104 6.1 44 59 5.7 6.0 6.3 6.7 4.9 2.7 35 9.4
Sr 209 320 286 286 266 250 325 328 280 299 286 448
Ba 74 68 67 80 76 84 78 89 67 80 55 243
v 174 250 228 241 227 240 260 276 245 253 220 235
Cr 930 396 678 688 743 587 239 194 527 558 423 472
Ni 745 171 398 308 393 354 78 B3 225 279 153 246
Zn 124 126 118 119 124 117 117 126 118 127 110 97
Ga 14 20 18 18 17 18 20 20 19 20 20 16
Y 17.5 24.5 21.7 230 21.8 231 25.7 26.4 243 252 23.1 17.8
Zr 98 150 126 135 124 134 148 160 130 135 118 62
Nb 88 12.3 10.3 11.6 10.5 11.1 129 14.7 11.4 11.6 89 13.8
La 4 8 7 9 ] 8 8 9 8 il 8 10
Ce 18 29 21 24 23 23 26 29 26 26 23 27
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Table 6. (Continued) XRF major and trace element compositions of the South Kaua't Swell volcanics

Sample Name: J2-297-20% J2.207-21 J2-297-22 J2.297-23% J2.297-24 12-.297.25 J2-297-26% J2-297.27 J2-298-07* J2-298-12 J2-298-16 J2-298-19

Rock type: AB AB AB AB Trans Thel Thol Thol Thol Thol Thol Thol
Geology: Cone D Cone D Cone D Cone D Cone D Cope E Cone E Cone E Site B Cone D Cone D Cone D
8i0, _ 45.66 4591 45.63 451 46.14 49.41 49.81 44.64 51.47 50.18 50.43 47.76
TiQ, 1.288 1.351 1.340 1.316 1.359 2299 2474 1.229 2.694 2.564 2425 1611
AlLO, 14,54 15.24 1523 15.04 15.37 1244 1250 7.81 13.51 12.67 13.66 9.36
Fe,O, 13.03 12.92 12,98 13.05 12.96 12.14 11.76 1279 12.12 1271 11.79 13.01
MnG 0.20 0.20 0.20 0.21 0.19 0.18 0.16 0.17 020 0.18 0.18 0.18
MgO 11.62 9.64 2.97 1040 9.65 10.94 10.50 24.69 6.36 9.19 7.57 18.56
Ca0 10.72 11.20 11.12 10.94 1145 9.73 9.37 7.10 10.43 9.62 10.70 7.54
Nz, O 213 2.55 2.73 2.80 2.18 217 228 1.26 240 21 231 1.58
K,0 0.701 0.718 0.588 0.568 0.420 0.277 0.494 0.159 0.609 0.443 0.453 0.264
PO 0.259 0.2%6 0.291 0.292 0.297 0.231 0.310 0.191 0.261 0.268 0.241 0.155
Total 100.15 100.03 100.08 100.33 100.02 99.82 100.06 160.04 100.05 100.14 99.76 100.02
LOX 0.61 0.60 0.33 0.19 1.20 -0.04 0.12 0.77 0.76 0.39 0.44 129
Rb 10.8 11.7 8.5 88 7.0 3.7 7.0 2.6 11.2 1.3 54 4.0
Sr 432 482 477 474 487 300 378 200 26 345 326 203
Ba 243 262 244 245 265 67 88 34 43 71 ! 83
v 227 238 235 237 239 240 215 154 294 236 249 172
Cr 499 420 422 437 358 632 576 1518 129 5 357 1226
Ni 269 207 206 228 179 329 34 1263 133 193 153 922
Zn 95 97 %6 9% 94 118 120 112 121 128 108 119
Ga 16 16 16 16 17 19 19 11 21 21 20 14
Y 17.3 182 182 179 184 24.1 23.3 13.3 284 233 24.4 17.3
Zr 61 64 64 63 64 125 162 72 156 157 141 89
Nb 13.1 14.6 14.1 138 14.0 11.0 14.6 54 14 14 122 7.1
La 10 13 12 10 13 8 9 5 9 9 8 5
Ce 25 30 29 27 31 26 31 15 28 30 27 17




Table 6, (Continued) XRF major and trace element compositions of the South Keue't Swell volcanics

Sample Name: J2-298-20* J2-299-04* J2-299-05  J2-299-12  J2-299-14 J2.299-20% J2-299-21 J2-299-23* 12.269-27 J2-299-28 J2-299.29* J2-299-33

8¢S

Rock type: Thol Thel Thol Thol ‘Thol Thol Thol Thol Thol Thol Thol Thol
Geology: ConeD Site A Site A Site A Site A Site B Site B Site B Site C Site C Site C Site D
Si0, 49.98 50.93 49.59 50.08 50.56 51.62 49.84 49.14 50.78 50.07 50.32 50.64
TiO, 2608 2.359 2,195 2.149 2379 2544 2.131 .10 2.558 2.676 2.526 2.521
ALD, 1290 14.24 13.91 12.62 13.90 13.29 11.48 13.3¢6 13.72 13.89 14.15 13.25
FeyOy 12.42 12.26 11.62 12.55 12.11 1236 12.37 13.32 12.38 12.48 12.06 12.14
MnO 0.18 0.18 0.17 0.18 0.19 0.19 0.17 0.19 0.20 0.19 0.18 0.18
MgO 8.50 6.78 843 9.65 7.36 6.89 1222 7.30 6.95 6.60 7.32 8.34
Cal 1022 10.72 11.26 10,19 11.06 9.98 8.90 10.09 10.55 10.64 10.50 10.02
Na,0 2.22 221 1.87 2.04 2.06 2.25 207 2.62 242 2.40 244 231
K0 0.507 0.293 0.210 0.436 0.256 0.628 0431 0.690 0.370 0.409 0.448 0.525
P,0, 0.269 0.232 0.225 0.199 0.228 0.259 0.212 0.335 0.251 0.269 0.250 0.259
Total 100.20 100.20 99.48 160.10 100.10 100.01 99.82 100.15 100.18 99.62 100.19 100.1%
LOI 0.70 0.61 1.65 1.04 0.51 0.58 1.24 0.15 0.00 6.00 -0.17 0.51
Rb 6.0 4.0 3.1 1.6 33 9.2 19 102 5.5 57 6.2 2.4
Sr 347 292 275 275 316 292 283 383 335 346 347 328
Ba 103 87 59 82 8 81 104 168 83 7% 84 100
\Y 246 261 259 226 255 261 208 292 250 271 248 253
Cr 540 174 487 637 310 343 839 444 247 232 285 460
Ni 242 80 175 239 100 98 485 143 89 85 116 201
Zn 118 118 168 116 111 120 118 125 111 126 115 117
Ga 21 21 19 19 20 20 19 24 21 21 20 21
Y 243 27.4 29.7 223 258 258 21.9 20 258 270 242 253
Zr 155 135 121 119 129 149 118 179 142 150 141 154
Nb 134 10.9 104 9.9 11.1 11.2 9.4 17.7 12.5 142 12.9 12.3
La 11 8 9 9 10 7 6 14 10 10 1 10
Ce 28 24 25 27 29 23 25 42 31 28 31 28
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Table 6. (Continued) XRF major and trace element compositions of the South Kaua't Swell volcanics

Sample Name: J2-299-37 KS8-1-10 KS1-13*  KS-1-19 KS.2# K§-3-1 KS83-3*  12-252.04* J2-252-05 J2-252-07 J2-252-09 J2-252-10*

Rock type: Thol Thol Thol Thel Bas Tho! Thol Thol Thol Thol Thol Thol
Geolg. Site D Site A Site A Site A Site B Site C Site C Cone A Cone A Cone A Cone B Cone B
5i0,; 50.02 43.72 47.49 50.11 43.53 50.88 49.48 50.85 49.46 49.27 5032 49.59
TiO, 2.265 3.547 1.568 2351 2342 2570 2148 2.536 2276 2.338 2343 2.385
AlLO; 1325 12.38 89S 12.65 10.84 13.83 12.09 13.54 1231 12.34 12.95 12.50
Fey04 1223 13.24 12.58 12.76 13.711 12.13 12.60 12.24 12.87 1236 12.82 12.95
MnO 0.18 0.21 0.17 0.20 0.19 0.19 0.18 0.18 0.20 0.20 0.30 0.18
MgO 9.12 9.05 20.55 9.33 14.24 6.78 1164 6,78 10.74 11.80 8.70 9.88
Cal 1042 9.59 6.95 10.27 10.69 10.66 9.25 10.40 9.74 9.31 10.05 9.60
Nit,O 2.22 247 1.71 213 2.5 231 2.08 244 2.05 1.93 1.98 221
K0 0.213 0419 0.172 0.281 1.502 0.462 0.398 0472 0.37¢ 0.252 0315 0.429
P20y 0.206 0402 0.149 0.220 0423 0.255 0.219 0.249 0.231 0.250 0.224 0.252
Total 100.12 100.03 100.29 100.30 99.98 100.07 100.09 99.69 100.25 100.05 100.00 100.08
LOi 1.45 177 0.92 0.86 1.63 -0.53 0.00 0.15 0.1 0.27 0.23 0.09
Rb 1.5 34 22 38 20,0 1.7 5.5 6.2 52 3.2 4.6 6.5
Sr 285 k3| 200 284 543 334 273 319 305 305 300 331
Ba 52 116 47 69 382 85 66 77 80 90 85 96
A 228 323 185 250 218 265 224 277 240 232 254 246
Cr 573 343 978 596 628 239 792 275 573 627 467 475
Ni 220 241 1018 256 370 84 335 76 274 431 182 192
Zn 146 146 113 124 118 111 114 118 127 124 125 124
Ga 20 23 14 19 16 20 17 20 19 19 20 19
Y 243 346 16.8 236 212 25.2 229 25.7 2332 248 250 246
Zr 118 215 89 134 170 155 131 150 125 145 129 145
Nb 9.2 25.6 8.3 12.1 42.1 14.3 11.5 13.1 1.3 117 114 14.0
La 8 21 6 6 21 13 7 8 3 10 9 5
Ce 23 58 16 26 53 33 21 27 27 27 38 29

Samples were analyzed using XRF at University of Massechusetis (see Rhades and Vollinger (2004) for analytical procedure)
Major element concenatrations in wi%, trace element concentations in ppm

Thol, tholeiite; Trans, transitional; Bas, basanite; AB, alkali basalt; names from TAS diagram (Figure 12)

Samples marked with * were analyzed for rare-carth elements and Pb, Hf, Sr and N4 isotopic ratios
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Table 7. ICP-MS trace element compositions of the South Kaua'i Sweil volcanics

Sample Name:  J2-297-04  J2-297-07 J2-297-11 J2-297-18 J2-297-20  J2-297-23 12-297-23d J2-297-26 J2-298-07 J2-298-20

S 278 259 31.0 29.0 27.6 28.0 28.6 23.7 318 27.6
Ni 151 451 83 183 303 205 205 313 117 215
Ga 20.0 16.8 19.9 19.3 15.2 154 15.6 18.1 19.6 18.6
Y 239 212 258 223 16.9 17.8 18.1 2283 27.6 236
Zs 144 112 145 109 57 69 69 172 160 167
Ba 79 73 91 61 238 265 269 104 87 94

Nb 10.9 9.6 13.0 8.2 11.9 14.5 14.5 14.2 13.7 14.0
Cs 0.06 - - - - 0.26 0.24 0.08 0.43 0.10
Ta 0.80 0.78 1.00 0.64 0.74 117 1.02 1.15 1.09 1.10
Th 0.74 0.62 0.85 0.53 0.94 1.08 1.10 0.93 0.82 0.83
u 0.24 0.20 0.25 0.16 0.25 0.30 0.30 0.32 2.11 0.29
La 10.2 8.7 12.0 7.7 11.4 13.0 13.2 12.6 11.1 10.8
Ce 26.3 23.0 304 21.0 26.3 30.0 30.7 327 28.8 28.6
Pr 3.89 329 4.26 3.05 3.37 3.90 4.06 4.67 429 4.17
Nd 19.3 16.0 20.6 15.1 15.2 17.5 18.1 22.7 213 20.8
Sm 5.33 4.45 5.49 4.36 3.52 394 4,03 5.92 5.79 5.59
En 1.87 1.49 1.86 1.54 1.16 1.36 1.36 1.99 2.00 1.86
Gd 573 4.79 5.88 5.01 3.60 3.94 4.38 6.20 6.67 6.21
Th 0.90 0.77 0.90 0.79 0.57 0.60 0.66 094 1.02 0.93
Dy 5.35 440 5.34 4.67 3.37 3.79 3.88 5.50 6.12 5.53
Ho 0.94 0.85 1.00 0.86 0.65 0.72 0.78 0.95 1.14 0.99
Er 2.57 222 2.81 221 1.86 1.99 220 2.47 3.17 2.68
Tm 0.32 0.29 0.34 0.30 0.25 0.27 0.28 0.31 0.39 0.33
Yb 2.00 1.80 2.16 1.88 1.62 L75 1.78 1.87 2.44 2.04
Lu 0.27 0.26 0.30 0.27 0.23 0.26 0.26 0.25 0.33 0.28
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Table 7. (Continued) ICP-MS trace element compositions of the South Kaua'i Swelf volcanics

Sample Name:  J2-299-04  J2-299-20 J2-299-23  J2-299-20  J2-299-33 KS1-13 KS§-2 K83-3 J2-252-04 J2-252-10
Sc 311 294 29.7 28.6 278 224 26.1 29.1 316 29.0
Ni 74 92 172 134 213 987 346 305 75 231
Ga 183 17.5 209 20.1 19.6 12,1 16,9 16.6 18.8 17.1
Y 26.2 240 26,6 235 242 16.6 21.6 23.8 26.2 245
VA 140 151 164 139 145 80 158 120 142 129
Ba 92 80 134 83 97 40 425 68 77 83
Nb 11.0 11.1 163 123 11.1 7.2 343 2.9 11.5 11.8
Cs 0.07 0.21 0.08 0.07 0.43 0.25 0.44 0.20 0.21 0.20
Ta 0.93 0.93 1.35 0.93 0.84 0.98 2.57 0.87 1.32 1.14
Th 0.64 0.66 1.08 0.79 0.75 0.44 3.25 0.68 0.74 0.86
0] 0.20 0.26 0.38 0.22 0.29 0.15 0.90 0.21 0.22 0.25
La 8.9 89 14.2 10.6 104 6.7 30.7 10.4 11.0 12.6
Ce 237 24.6 34.5 27.7 26.9 19.2 65.1 264 30.2 30.2
Pr 3.56 3.55 4.76 3.95 3.97 246 7.09 341 3.91 3.96
Nd 17.8 18.1 21.8 13.9 19.3 11.7 31.5 17.4 19.1 19.1
Sm 5.01 5.02 5.73 3.13 5.37 3.36 6.85 4.82 5.46 5.33
Eu 1.74 1.65 1.86 1.80 1.85 L1 221 1.67 1.87 1.82
Gd 5.88 5.36 6.14 5.48 5.72 3.65 6.38 5.11 5.48 541
Tb 0.94 0.85 0.93 0.86 0.89 0.51 0.89 0.74 0.86 0.81
Dy 371 5.12 542 3.10 543 3.46 4.81 493 573 5.19
Ho 1.10 0.91 1.00 0.95 0.98 0.64 0.86 0.86 0.99 0.93
Er 3.04 2.56 2.68 2.41 2.59 1.66 2.03 2.29 2.56 2.36
Tm 0.38 0.34 0.34 0.32 0.33 0.20 0.25 0.28 0.28 0.25
Yb 248 2.09 2.10 1.98 205 1.43 1.62 1.95 2.14 2.01
Lu 0.34 (.28 0.29 0.28 0.29 0.21 0.20 0.27 0.31 0.27

Samples were analyzed at University of British Columbia
Trace element concentations in ppm
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Fig. 13: Major element ratio plots comparing the South Kaua'i Swell volcanics to the different
stages of volcanism on Kaua'i. (a) SiO; vs. MgO. (b) CaO/AL,O; vs. MgO. (¢) K>0 vs. MgO. Each
different color represents a separate seamount. The shapes represent different locations on the
SKS. All major elements analyzed using XRF. Kaua'i shield data from Mukhopadhyay et al.
(2003). Kaloa Volcanics XRF data from Gandy (2006).
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Fig. 14: Trace element ratio plots comparing the South Kaua'i Swell volcanics to the different
stages of volcanism on Kaua'i. (a) Sr/Y vs. Zr/Nb (XRF data). The alkalic and tholeiitic SKS
lavas define two distinct groups, which are distinct from the onshore Kaua'i lavas. Kaua'i shield
field from Mukhopadhyay et al. (2003 ). Kaloa Volcanics XRF data from Gandy (2006). (b) Rare-
earth element diagram (ICP-MS data). Alkalic lavas exhibit a steeper pattern than the tholeiitic
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samples. REE values normalized to chondrite values from McDonough and Sun (1995).
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9.2 Isotopic Compositions of the South Kaua’'i Swell Volcanics

The isotopic compositions presented here are the first for the South Kaua'i Swell
volcanics (Table 8). The SKS isotopic data form two arrays that correlate with rock type;
alkalic and tholeiitic. The alkalic lavas plot near the K6loa Volcanics and the tholeiites
plot with the Kaua'i shield lavas (Figure 15). The SKS tholeiitic samples form linear
arrays in Pb, Sr and Nd graphs that partially overlap the Kaua'i shield field (Figure 15).
There are, however, distinctions between these two rock groups. SKS tholeiites tend to
have higher ***Pb/*Pb ratios for a given 2°Pb/"**Pb ratio than the Kaua'i shield lavas
(Figure 15a). The SKS tholetites are more geochemically similar to the late-shield stage
lavas of Kaua'i. A clearer distinction between the SKS volcanics and the Kaua'i shield
volcanics is seen on the 2%®Pb*/2%Pb* vs. Zt/Nb plot. The SKS lavas have higher
radiogenic Pb and Zr/Nb ratios (Figure 15b).

A comparison of Hf isotopes for tholeiitic SKS and Kaua'i shield samples cannot
be made because no shield samples have been analyzed for Hf isotopes (Figure 15c¢).
However, the SKS lavas resemble late-shield lavas for Hf and Nd isotope values. On an
gnr vs. 22°Pb/”YPb graph, the alkalic SKS volcanics plot with the trend of the Koloa
volcanics, and have much higher eyr values than the tholefitic lavas (Figure 15¢). A
similar but less distinct pattern is seen on eng vs. 206pp204py plot (Figure 15d); the
tholeiitic SKS volcanics partially overlap with the Kaua'i shield lavas, forming a positive
trend, and the alkalic SKS volcanics plot near the K&loa Volcanics (Figure 15d). The
alkalic SKS lavas plot in two separate places, the dredge sample, KS-2, plots within the
Kdloa Volcanics field, whereas the Dive 297 samples have higher Sr ratios (Figure 15¢).

On a Sr vs. Nd plot, there is a clear separation between the alkalic SKS lavas (which plot
64



near the Kdloa Volcanics) and the tholeiitic lavas (Figure 15f). The SKS lavas have a
lower maximum gyq value (6.9 vs. 7.6).

Although the Loa and the Kea Pb isotope trends have only been observed up to
the Moloka'i fracture zone {Abouchami et al., 2005), our new data show this isotopic
boundary to bega useful in distinguishing the SKS lavas from the Kaua'i shield lavas
(Figure 15b). The Kaua'i shield, which may lie on the possible extension of the Kea
trend, has lavas that plot in the Kea field. However, the lavas erupted during Kaua'i’s
late-shield stage are Loa-like, plotting above the Pb-Pb boundary as defined by
Abouchami et al. (2005). Most (11 of 16) of the tholeiitic SKS volcanics exhibit Loa-like
radiogenic Pb ratios, consistent with their geographical location on the possible extension

of the Loa trend.
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Table 8. Pb, Sr, Nd and Hf isotope data for the South Kaua i Swell volcanics

SampleName:  2pp”™™pp 220 P'pp®pp 20 pp™pp +26 Tsr™sr  £20  Nd/UNd %20 £ gy 22c &
12-297-04 182386 0.0005 154593 0.0005 37.9417 00012 0.703656 0000007 0.512996 0.000007 698  0.283059 0.000007 11.57
1220707 18.1892 0.0008 154578 00007 37.9290 00020 0703718 0.000007 0512976 0000007 6.60 0283083 0000005 1100
J2297-07(rep) 181895 0.0008 154586 0.0007 37.9335 0.0020 - - - - - . - -
12-297-11 18.1602 0.0007 154549 00007 379625 0.0017 0703746 0000009 0512037 0000008 584 0283065 0000006 10.38
12-297-18 181425 00007 154549 0.0007 37.8959 0.0015 0703710 0.000008 0.512961 0.000008 629 0283083 0.000007 10.99
12-297-20* 18.0967 00017 154614 00014 377848 0.0036 0703312 0000007 0513031 0.000005 7.66 0283180 0000005 14.42
12-297-23* 18.0807 00010 154571 0.0008 37.7702 0.0019 0703307 0000007 0513032 0.000005 7.69 0283180 0.000009 14.44
J2-297-23* (dup)  18.0816 0.0006 154586 0.0006 37.7737 0.0015 0703312 0000008 0513033 0.000005 7.70 0283177 0.000008 14.33
12-297-26 18.1444 00008 154560 0.0008 37.8945 0.0021 0703650 0.000007 0.512945 0000008 599 0283087 0.000007 1113
1229726 (rep) 181468 0.0006 154585 0.0006 37.9011 0.0015 . - - - - 0283067 0.000006 1043
12-298-07 183796 00009 154674 00008 38.0240 0.0022 0703589 0000008 0512987 0000008 6.81 0283109 0.000005 11.92
12-298-07 (rep) . . . - . - . . 0512998 0.000006  7.02 - - .
J2-298-20 182867 0.0007 154593 0.0005 37.9587 00015 0703600 0000007 0512985 0000008 677 0283093 0000006 11.36
12-298-20 (rep) . - - - - . - - - - - 0.283094 0.000005 11.39
12:299-04 182408 00011 154618 00014 37.9640 00034 0.703654 0.000007 0512082 0.000008 6.71 0283102 0000008 11.66
12-299-20 182521 00011 154634 00007 37.9580 0.0010 0703724 0.000007 0512974 0.000007 654 0283067 0.000005 1042
12-299-23 I8.1881 00007 154564 00007 37.8955 0.0016 0703600 0000009 0512990 0000008 6.86  0.283085 0000007 11.06
12-299-29 18.1805 00008 154522 00007 37.9312 00018 0703725 0.000009 0512957 0.000014 622 0283073 0.000008 10.65
1229929 (rep)  18.1830  0.0008 154550 00007 37.9397 00019 - - . - - 0.283069 0.000006 10.52
12-299-33 182011 00007 154592 00006 37.9401 00017 0703686 0000007 0512978 0000007 663 0283080 0000005 10.90
KS1-137 18.1323 00006 154493 00006 37.8649 0.0017 0703722 0000008 0512946 0000020 6.48 . - -
KSI-13 (dup) 18.1333 00006 15.4494 00006 37.8659 0.0015 0703700 0000007 0512957 0000006 7.5 - - -
KS-2* 182792 00015 154542 00016 380152 00034 0703216 0.000008 0513023 0000007 625 0283078 0.000005 1081
KS3-3 18.1925 00007 154547 00007 379402 0.0017 0703735 0.000007 0512959 0.000006 6.01 0283061 0.000005 1023
12-252-04 18.1602 00007 154531 00016 37.9056 00018 0703692 0.000007 0512670 0.000009 622  (.283057 0000004 10,09
12-252-10 18.1952  0.0007 154582 0.0006 37.9288 0.0015 0.703693 0.000006 0.512978 0.000008  6.63 0283088 0.000004 11.17

All samples were leached using method outlined in Weis and Frey (1991, 1996); Weis et al. (2005)

Samples were analyzed for Fb and Hf using the Nu Plasma Instruments MC-ICP-MS and for Sr using the Finnigan TRITON TIMS
Samples denoted with T were analyzed for Nd using TRITON TIMS
Remaining samples analyzed for Nd using MC-ICP-MS
Samples denoted with * are alkalic
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Fig. 15: Comparison of Pb, HY, Sr and Nd isotopic ratios for the South Kaua'i Swell volcanics

with the onshore Kaua'i lavas, the recent EPR MORB lavas and ~110 Ma-old Pacific lithosphere
from ODP Site 843. (a) *®Pb/"™Pb vs. ***Pb/"™Pb. The SKS volcanics form a linear array which
partially overlaps with both the Kaua 'l shield volcanics and the refuvenated Koloa Volcanics. (b)
“%pp */%61’6* vs. Zr/Nb shows a clear distinction between the SKS volcanics and the Kaua'i
shield volcanics. (¢} expvs. 208pp Y pp. Koloa Hf data from Stracke et al. (1999). No Hf isotopic
data exists for the Kaua i shield. (d) exgvs. *Pb/"™Pb. (e) ¥’ Sr/°Sr vs. *°PbF%Pb The SKS lavas
overlap the Kaua'i shield lavas, but have a smaller range in Sr ratios. (f) e vs. “Sr/Sr. SKS

lavas overlap Kaua'i shield lavas, but have a smaller range in both Sr and Nd ratios. References
Jor ERP MORB data from Figure 5.
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10.0 DISCUSSION

The current hypotheses for the formation of the South Kaua'i Swell include: (1)
landslide deposits from Kaua'i (Moore et al., 1994); (2) widespread offshore secondary
volcanism contemporaneous with onshore rejuvenated activity (secondary volcanics have
been reported on the submarine south flanks of Kaua'i; Clague et al., 2003); or, (3) a
submarine satellite shield (Garcia et al., in review). The high proportion of tholeiitic
lavas, and the trace element and isotopic characteristics of the SKS lavas are inconsistent
with the secondary volcanism model for the swell. However, two cone sampled have
alkalic lavas geochemically similar to Kaua'i’s alkalic post-shield and rejuvenated lavas.
The tholeiitic composition of most of the SKS lavas indicate they probably formed during
a shield stage of volcanism (e.g., Macdonald et al., 1983), either as part of Kaua'i, or
separately as a distinct shield, such as the Southwest Oahu volcano (Noguchi and
Nakagawa, 2003; Coombs ¢t al., 2004).

The bathymetric swell south of Kauva'i was interpreted as a landslide deposit
based mainly on a side-scan survey (Moore et al., 1994). There are two morphological
inconsistencies with this hypothesis: (1) there is no visible large landslide scar on the
submarine or subaerial south flank of Kaua'i; and, (2} the swell does not display typical
hummocky landslide terrain (e.g., Nu'uanu debris field; Clague et al., 1989; Smith and
Satake, 2002), but rather has numerous cone-shaped seamounts (Figure 16). If the South
Kaua'i Swell was formed due to a massive landslide off Kaua'i, it would have had to
oceur during the early stages of shield growth (<5 Ma), to allow time for the scar to have
been subsequently filled with younger lavas. It has been suggested that the west wall of
Waimea Canyon represents a landslide scar and that the South Kaua'i Swell is the
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landslide deposit composed of western Kaua'i shield lavas (Holcomb et al., 1997). Such a
scenario has also been proposed to have occurred on the southwest flank of Mauna Loa

(Lipman et al., 1990).
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Fig. 16: Bathymetric map of the southeast part of the South Kaua'i Swell showing the numerous
conical seamounts. The numbers on the map represent depth in 100s of meters. Only a portion
of the SKS enlarged to clearly show cone-shaped seamounts. Inset map shows location of South
Kaua'i Swell. Modified from B. Appelgate, pers. comm. (2008).
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The geochemical differences between the SKS lavas and the Kaua'i shield stage
lavas also suggest the South Kaua'i Swell was not derived as a landslide deposit from
older Kaua'i lavas. Although the SKS and Kaua'i shield lavas are similar in most major
elements, trace elements and isotope ratios, there are notable differences between them.
The SKS lavas exhibit higher K;0 values, Zr/Nb ratios and 208p1y#206pp* values, and
extend to lower &yg values than the Kaua'i shield lavas. Also, while the relatively low
K>0 values in the Kaua'i shield lavas most likely reflect removal of K;O by post-eruptive
subaerial alteration, rather than a different source, the higher K>O values in the SKS lavas
suggest they were not erupted and altered subaerially. The isotopic similarities between
the SKS and Kaua'i shield lavas are of the of the same magnitude as similarities observed
between some other adjacent Hawaiian shield volcanoes (e.g., Lana'i and Kaho'olawe;
Gaffney et al., 2005; Leeman et al., 1994; Huang et al., 2005, and West Maui and East
Moloka'i; Gaffney et al., 2005), which suggests a separate submarine shield origin for the
South Kaua'i Swell can still be consistent with the isotopic data.

The SKS lavas exhibit a spatial correlation in Pb isotopic ratios that is opposite to
that of the Kaua'i shield (Figure 17). The Dive 297 lavas, from the upper western section
of the SKS, have the lowest Pb ratios, Dive 299 lavas, from the middle of the swell, have
intermediate Pb ratios, and Dive 298 lavas, from the southern part of the swell, have the
highest Pb ratios (Figures 11 and 17). The Pb isotope ratio variations across the SKS
lavas from west to east are opposite to that observed on Kaua'i. Pb ratios of Kaua'i shield
lavas are the highest in the west and lowest in the east. The proposed origin of the
landslide is western Kaua'i (Holcomb et al., 1997); however, the western Kaua'i shield
lavas are isotopically dissimilar to the SKS volcanics (Figure 18). The isotopic
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dissimilarities between the western Kaua'i shield lavas and the SKS volcanics, and the
constrasting shield and SKS west to east Pb ratio spatial variations suggest the SKS lavas

were not derived from the adjacent Kaua’i shield.
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Fig. 17: " Pb/"™Pb vs. longitude for the South Kaua'i Swell and Kaua'i shield volcanics. The
SKS volcanics exhibit a partial correlation that is opposite to that seen on the island of Kaua'i.
Longitude and Pb isotopic data for the Kaua'i shield from Bogue and Coe (1984) and
Mukhopadhyay et al. (2003), respectively.

SKS samples are geochemically similar to the Kaua'i late-shield lavas (Figure
15). They both exhibit higher 208ppy# 200 ppy# ratios, a trend towards lower €xg values and
higher Sr ratios. Also, the one dated SKS tholeiite (KS1-13) has an unspiked K-Ar age of

3.9 Ma (Yamasaki and Tagami, pers. comm., 2007), consistent with some late-shield

stage Kaua'i tholeiites (McDougall, 1964; Sano, 2006; Table 2). However, a post 4.0 Ma
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giant landslide of sufficient size to create the ~3000 km® SKS would have left a large scar
in the flanks of Kaua'i, given the limited <4.0 Ma shield volcanism that occurred on the
island (McDougall, 1964; Clague and Dalrymple, 1988), Thus, although a young slide
origin would be consistent with the geochemical results, it is inconsistent with the
geological history of Kaua'i.

The only remaining viable model for the South Kaua'i Swell is a separate
submarine shield origin. The monomictic character of many of the breccia SKS samples
supports a local origin. The satellite shield may have experienced a tholeiitic shield-
building stage (~3.9 Ma). If this age is representative of the SKS, this satellite shield was
built during the late-shield/post-shield stage in Kaua'i’s history. This is consistent with
the isotopes from the SKS lavas being more similar to these later stages in Kaua'i’s
growth than the earlier shield-building stage. If the SKS does represent a separate shield,
the SKS lavas incorporated more of the Ko'olau-like component than the early Kaua'i
shield lavas, similar to the onshore late-shield Kaua'i lavas (Figure 18). Perhaps a large,
effectively homogenous, domain existed near the plume edge at this time and was
simultaneously responsible for the lavas of the SKS and the onshore late-shield stage. A
similar scenario was suggested for the formation of East Moloka'i and West Maui
volcanoes (Gaffney et al., 2005).

The alkalic KS-2 sample plots with the K5loa Volcanics (Figures 13, 14, and 15)
and has an age of 1.9 Ma suggesting it represents a rejuvenated stage. However, ages are
needed for the samples from Dive 297 to determine whether they represent the post-
shield or rejuvenated stage. The offShore alkalic lavas also do not entirely geochemically
overlap with the onshore alkalic lavas (Figs 13, 14, 15 and 18); rather, they appear to
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incorporate less depleted mantle component as the onshore lavas. The alkalic SKS lavas
are isotopically similar to the Honolulu Volcanics (Figures 6 and 18; Fekiacova et al.,
2007), suggesting they may represent the rejuvenated stage of volcanism on the South

Kaua®i Swell.
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Fig. 18: Comparison of Pb, Hf, Sr and Nd isotopic ratios from the South Kaua'i Swell with other

.e . 208 2id 206 (4 . "
Hawaiian shield volcanoes. (a) " Pb/™" Pb vs. ““Pb/"" Pb. Pb isotopes show a spatial

» . . . : 2 "] 2 2| ! . O o
correlation, similar to the Kaua'i shield lavas. (b) &y vs. 25phr%Ph. (¢) " PbYPh vs. Y Sr/ Sy
The SKS lavas show a tighter range in Sr ratios than the Kaua'i shield lavas. (d) ey, vs. Sr.
Several Hawaiian volcanoes overlap in Sr and Nd ratios. References for ERP MORB and

Hawaiian volcanoes from Figure 6.
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11.0 CONCLUSIONS

The origin of the enigmatic South Kaua'i Swell was addressed by combining
geochemical, geochronological and geological results. Three models have been
considered for its origin: a massive landslide deposit, extensive offshore secondary
volcanism, and a submarine satellite shield. Geochemical results show that samples from
11 of 13 seamounts are tholeiitic, unlike any rejuvenated lava. Thus, the secondary
volcanism model is improbable. The SKS samples are geochemically similar to Kaua'i
shield lavas, although they extend to higher Zt/Nb (14 vs. 12) and *®*Pb"/*%Pb” (0.960 vs.
0.948), and lower exg (6.9 vs. 7.6) values, as do some adjacent Hawaiian shield
volcanoes. These differences, the 3.9 Ma age for one tholeiitic SKS sample, and the
absence of a scar on the flanks of Kaua'i suggest a landslide origin from the island of
Kaua'i is unlikely for the SKS. The remaining separate submarine shield model is
consistent with available geochemical and geological results {(e.g., conical shape of
seamounts). Thus, we conclude that 2 separate submarine shield is the most viable current
model. Future work, including radiometric ages and refined gravity data, will be

conducted by others to refine the mode of formation of the South Kaua'i Swell.
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Appendix A. Sample locations and descriptions for South Kaua'i Swell volcanics for Dive 297

Samplc# Location Rock Type Lat(deg) Long (deg) D("::th S:::l? S"’:::l’)”’z) wngh‘ 5:: M”(:;?"g Alteration  Comments on sample location

1229701* AreaA tholefiticbasalt 29.0310 484970 3770 = 1699 19 1-2 1-8 weak  gmall el section

1229702 AreaA  olivinebasall 29.3190 484700 3547 26,1510 50 1.3 1-3 weak  small chiff section

1229703 AreaA picrite 293420 484820 3504 161310 25 0  <1-3  moderate smallcliffsection

J2.297-04%% ConeB tholoifticbasalt 314440 523380 3541 282013 155 7 <1.2 - indurated seds or volcanoclastic material
1229705* ConeB  tholeiiticbasalt 314800 523420 3483 13,11,7 100 0  <i-2  weak brecciated flow material

J2-297.06* ConeB tholeiiticbasalt 315190 523450 3468 281513 80 0  <1-5  weak mossively fractured flow field
1220707** ConeB  tholeiiicbasalt 315760 523220 3467 9.8,7 07 0 < weak  from edge of brecoiated ledge

1229708  ConeB basalt 315810 522910 3478 74,6 05 0 2 weak  6-7 om knobby bud

1229709 ConeB tholeiitic basalt 31.5810 522830 3483 252312 98 0  <1.2  wesk slabby sample from eastern edge of summit
1229710 ConeB  tholeiitic busalt 315730 523030 3471 161275 10 © <1 weak 10 cm engnlar clest taken from top of il
J2297-11** ConeC  tholeiticbasalt 21.5630 527960 3608 17,1314 37 ¢ < weak  rubble layer of cobbles at base of slope
J2297-12  ComeC  sedimemt 21,5650 52.8390 3583 multiplepieces 02 pla  2-4 - from dense top layer above coarser rubble
1229713  ComeC  sedimemt  21.6740 52.9620 3384 10207 01 wa  2-4 - soft crumbly sediment layer at top of terrsce
12297.14*  ConeC tholeiitic basalt 217040 52.9640 3393 9,69 w o0 1-4 weak  piece of rubble

12:297-15  ComeC basalt 217590 530330 3348 55512 04 0 1-4 weak  sediment from stratified outcrop
1229716  ComeC basalt 217480 530420 3344 1551212 23 0 1 weak  probable sediment from spires
J12297-17* ConeC tholeiitic basalt 217110  53.0430 3326 14513513 36 0 <1 weak  brick shaped sediement from talus
12:297-18%* ConeC tholeiiticbasalt 217040 560310 33335 21,9520 84 0 < weak talus/sediment

12297-19* ConeD alkalichasalt 24.0350 568140 3771 1486 0 o 1 weak  loose rock fiag, large near pillow lava

J2.297-20** ConeD  alkalicbasalt 24.0650¢ $56.8130 3767 22,1715 7.3 ~1 <1-2 weak  in place pillow lava

J2297.21* ConeD  akalichasalt 240790 56.8170 3701 1468 L5 15 1 weak  in place pillow lava

J2-29122%* ConeD  alkalicbasalt 242000 56.8150 3650.7 10,8,5 L5 1-2 2 moderate in place pillow lava

J229723** ConeD  alkalic basalt 243160 56.8350 3613.6 7,15 1.0 5 1 moderate i place pillow lava

J2.29724* ConeD transitional basalt 24.3940  56.9450 3662 15,125,135 3.5 0 L weak in place pillow surrounded by fire sediment
J2-297-25* ArcaE  tholeiitic basalt  23.8500 56,5180 3886.3 15,15,7 - 0 0 - sediement outwash from cone 297E in pit
J2-207.26** AreaE tholeiitic basalt 23.8520 565220 3385 6.5,6,7 L0 2 1 weak  sediement outwash from cone 297E in pit

H

H 8 B s w W W@ o o) e 2 BB BB s en b 3w BOE -3 e

J2-297.27*  AreaE tholeiitic basalt 23.8520 3565220 3885 - sediement owtwash from cona 297E in pit

SOINVOTOA SIS 404 SNOLLATIDSId A'TJINVS ANV NOILVDO'T
V XIONHddV
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Appendix A (Continued). Sample locations and descriptions for South Kaua'i Swell volcanics for Dive 298

Sasple# Location Rock Type Lat (deg) Lang (deg) D(e:l;" o sm:g,z) vgg“ M"(;;‘jg Alteraon  Comments on sample location
J2-298-01  ComeA mudstone 21.0652 1593943 4163 ? 9,246 19 8-11 - elongate fragment from shest-like surface
J2-29802 Come A mudstone 21.1653 1593923 4137 ?  1820,10 48 1-35 - outcrop of ~ 0.5 m thick slabby unit
J2.298-03  ConeA mudstone 21.0653 1593921 4107 ? 222712 6 2-3 - from 0.5 m thick slabby unit
J2-298-04  Cone A mudstone 21.0674 1593879 4019 7 234210 62 1-11 - from 0,5 m thick slabby unit
1229805  Cone A mudstone w/ basalt breccia  21.0688 159.3884 3940 ? 17,159 2 ¢ weak  from 0.5 m thick slabby unit, top of hill
J2-298-06 Site B volcanic sandstone 21.0814 1593602 40%0 7 20,126 L6 <1 modemate from lower slope of terget B
J2-208-07%+ SieB  tholeiitic basalt in breccia  21.0821 1593605 3978 ? 25,139 3 2-6 moderate from upper portion of slope of target B
J2-298.08 Site B mudstone 21.0827 159.3609 3982 7 255017 148 2-15 - indurated angular block from massive outerop
J2-298-09 Cone C mudstone 21.0835 159.3527 3980 yes 13,309 35 <1-10 - from ledge of slabby rock outcrop
J2-298-10 Cone C mudstone 21.0870 1593487 3807 ? - - - - Sample Lost
J2-298-11 ConeC silty mudstone 21.0869 159.3484 3797 no 22,3510 53 <1-2 - angular slabby block
J2.298-12* ConeD tholeiitic basalt 211117 1593085 3944 ? 11,12,10 22 1 moderate collected from upper smooth unit
J2-298-13  ComeD volcanic breccia 211140 1593055 3771 no 10,64 02 3-.12  moderate small fagement, mostly Mn crust
12:298-14  ConeD mugstone/sandstone 21.1140 1593055 3771 no 45,153 - 3 - small fragement, mostly Mn crust
J2-298-15  ComeD volesmic breceia 21.1134 159.3049 3742 no  2520,11 5.5 3-13 moderate large block from lower part of ledge
J2.298-16* ConeD tholetitic basalt 211131 159.3039 3685 mo 17,1510 55 <<l weak  from base of 0.5 m ledge
J2-298-17 ConeD  sandstone w/ breccia 21.1124 1593020 3572 wmo 16,129 19 5 moderate cememted but not in situ
J2-298-18  ConeD conglomerate 21.1124 1593020 3572 no 11,885 L.l 3 moderate from base of 0.5 m ledge
J2-298-19* ConeD tholelitic basalt 211174 1593000 3710 no ? 22 <1-1 moderate collected from talus breccia
J2-268-20%¢  ConeD tholeiitic basalt 211185 1592998 1778 nmo 11,10,7 1.4 0 weak  from coarse breccia outcrop
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Appendix A (Continued). Sample locations and descriptions for South Kaua'i Swell volcanics for Dive 299

Sample# Location Rock Type Lat{deg) Long (deg) D;;;h SII;? Siz:c(;,]y,z) W!eight Mnmam ﬁng: Alteration  Comments on sample location

J2-299-01 Site A mudstone 213619 1595495 3627 no 58,5 04 1-2 - sedimentary deposit

J2-299-02 Site A picritic basalt 21.3618 159.5480 3575 no 19,129 24 <1-3 moderate talus pile

J2-299-03 Site A basalt breceia 21.3618 1595480 3537 no 7.6,5 02 <]-2 moderate heavily Mn encrusted sample
J2.2559.04**  Site A tholeiitic basalt 21.3618 1595480 3500 no 16,16,13 5.1 <] weak  debris/talus from underlyng talus
J2-299-05*  Site A tholeiitic basalt 21.3620 1595458 3463 no 28,23,14 8.1 <]-5 strong  talus pile

12-299-06 Site A pebbly mudstone 21.3620 1595453 3431 no 11,26,9 26 6 - talus above brecciated surface
12.299.07 Site A basait brecein 21.3620 1595448 3381 no 10,7.6 0.4 1-3 strong  brecciated surface - clasts well lithified
J2-299-08 Sile A basalt breceia 213620 1595443 3336 no 33,1817 124 <] -4 weak  talus pile swrounded by fine-sed
12.299.09 Site A basalt breccia 21.3620 159.5436 3269 no 86,6 04 <l moderate well cemented breccia

J2-299-10 Site A pebbly sandstone 213616 159.5363 3331 o 14,20,9 2.6 5 - base of brecciated/clastic cliff
J2-299-11 Site A basalt breceia 21.3618 159.5358 3322 o 26,139 22 <10 - mottled edge of pavement surface

J2.209.12%  Site A tholeiitic basalt breceia  21.3621  159.5346 3291 no 18,13,12 3.5 <1-5 moderate knobbly Mn encrusted outcrop

J2.299.13 Site A basalt breccia 21.3624 159.5326 3214 no 7,9,13.5 I.1 3.11 moderate cobbled/clastic horizon - same
J2-259-14*  Site A tholeiitic basalt breccia  21.3626 159.5326 3204 no 217,11 7.0 13 moderate cobbled/clastic horizon - same
J2.299-15 Site A basalt breccia 21.3627 1595327 3200 nmo 21,17,13 9.5 il cobbled/clastic horizon - same
J2-269-16 Site A basalt breccia 213627 159.5326 3199 no 10,15,8 1.0 <l-6 moderate cobbled/clastic horizon - same
J2-299-17 Site A pebbly mudstone 21.3629 1595324 3199 o 9,18,7 1.5 10 - cobbled/clastic horizon - same
J2-299-18 Site A breccia 21.3631 1595306 3174 mo 10,9,6 0.6 2-6 weak  cobbled/clastic horizon -~ same
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Appendix A (Continued). Sample locations and descriptions for South Kaua'i Swell volcanics for Dive 299

Sample# Location Rock Type Lat (deg) Long (deg) D(e;;h s:;,, Slz::;},y,z) “&g?t Mn[:ﬁﬂng] Alteration Comments on sample location

12-299-19 Site B pebbly sandstone 213869 1595228 3162  yes 8,6,10 1.7 ~8 - debris flow/rubble outcrop
J2-299-20%*  Site B tholeiitic basalt 21.3869 1595228 3163 no 16,13,10 535 1-5 moderate at foot of debris flow

J12-299.21*  SiteB tholeiitic basalt 21,3870 1595226 3147 no 12,8575 1.5 <l moderate debris flow outerop

12-259-22 Site B muddy sandstone 213870 1595226 3147 no softrubble 1.2 1.2 - -

J2-299-23**  SiteB tholeiitic basalt 213873 1595224 3127 1o 16,12,11 34 2-5 moderate -

12-299-24 Site B basalt 213926 159.5175 3238 no 25,1414 4.5 11 moderate from cobbles

§2-299-25 Site B basalt 21.3935 159.5181 3188 no 13,106 - 5 moderate from base of of cobbly ledge
J2-299-26 Site C basalt 214098 159.5090 3109 no 26,16,8 30 12 moderate cobbled deposit under smooth sed layer
J2-299-27*  Site C tholeiitic basalt 214106 159.5089 3085 no 89,5 0.6 5 weak  clastic fractured deposit - same as 26
J2-299-28*  SiteC tholeiitic basalt 214121 1595081 3034 no 18,17,18 7.2 3-9 moderate same as above

J2-299-29** BiteC tholeiitic basalt 214124 1595078 3006 nmo 35,18,16 24 n weak  same as above

J2-299-30 Site C breceia 214130 159.5075 3000 no 25,17.9 - 1 weak  same as above

12-299.31 Site C pebbly sandstone 21.4141 159.5075 2979 no 20,19,9 4.5 3-4 - same as pbove - now at top of hill
J2-299-32 Site D mudstone 214355 159.5218 3326 no 18,23,13 52 1-2 - sitting on top of very large slab
J2-299.33**  SiteD tholeiitic basalt 214358 1595151 3041 mo 10.5,7,8 0.8 1-6 strong  talus blocks

J2-299-34 Site D mudstone 214360 1595143 2989 no 13,22,12 35 8-11 - coarse breccia with draping sed
J2-299-35 SiteD  basalt w/ mudstone  21.4424 1595107 3027 no 9,9.5,12 0.9 1.5-5 moderate talus blocks and mud

12-299-36 Site D lost 214429 159.5107 2999 no - - - - big talus pile forming hillisde
J2-299-37%  SiteD tholeiitic basalt 214434 1595108 2969 no  7.58.513 14 1-4 moderate draping talus

J2-299-38 SiteD  pebble conglomerate  21.4434 1395108 2969 rno 17,33,9 5.6 9 - draping talus
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Appendix A (Continued). Sample locations and descriptions for South Kaua'i Swell volcanics for Dive 252 and dredges

Sample# Location RockType Lat (deg) Long (deg) D:n':;" s]':l? Si"‘(’c(;)y’z) w(;;])‘t 5'3 M“(:;n“';""g Alteration
1225201  Cone A basalt  21.3454 1593680 3383 no 302111 60 0  <05-14 moderate
1225202  Cone A basalt 213445 15936879 3242 no  16,10,11 13 0  <05-7  weak
J2252-03  ConeA  sediment  21.3429 15937032 32325 no 175268 24 wa 1-3 .
12-252-04** Cone A tholeiitic basalt 21.3418 1593717 3132 no  1614,115 48 <  <1-25  weak

J2-252.05*% Cone A tholefitic basalt 21.3415 159.3720 3095 ne 26,18,11 54 0 2-4 weak

12-252-06 Cone A sediment 21.3401 1593730 3048 o 14,13,8 0.5 n/a <1-3 weak
J2-252-07* Cone A tholefitic basalt 21.3388 159.3742 2993 no 18,142,105 2.7 0 1-6 moderate
J2-252-08 Cone B basaitic breccia 21.3378 1593938 3335 no 9,10,7.5 0.7 0 1-3 strong
J2-252-09% ConeB tholeiitic basalt 21.3378 159.3942 3292 no  14.5,15,13 22 0 0-1 weak
J2-252-10** ConeB tholeiitic basalt 21.3380 159.3951 3264 no 20,18,16 39 0 1-10 weak
J2-252-11 Cone B basaltic breceia 21,3380 1593955 3193 no 12,9.5,5 0.3 0 1-6.35 moderate
KSi-10* Site A tholeiitic basalt ? no 20,14,9 ? 0 1 weak
K§1-]13%= Site A tholelitic basalt 21.4417 1595167  ? no 35,19,14 ? 0 <1 weak
KS1-19* Site A tholeiitic basalt ? no 25,22,19 ? 0 2-5 moderate
KS-2%* Site B alkalic basalt 21.5650 159.6667 7 no ? ? ? ? weak
KS83-1* Site C  tholeiitic basalt ? no 35,24,26 ? 0 3-7 weak
KS§3-3%#* Site C  tholeiitic basalt 21.4167 159.3833 7 no 12,7,5 ? 0 0-1 weak

* Rock type name from TAS diagram for samples analyzed by XRF
*# Samples analyzed for XRF major and trace elements, [CP-M$ trace elements and P, Sr, Nd and HF isotopes
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Appendix A {Continued). Vesicularity and Mineralogy of the South Kaua'i Swell volcanics for Dive 297

Sample # Ve:fcles ﬂ;ai:::;: i :;.;i:::ts Ol:‘:?ine ‘:f;nh;e % Plag H:gmi?e % Others Other Comments

J2-297-01 <1 1-2 round 5-10 1-4 0 - 0 glassy matrix

J2-297-02 1-5 <1 < lmm $§-12 1-4 0 - 0 glassy matrix

J2-297-03  1-5 1-2 variable 10-15 1-3 1-2 1 0 -

12.29704 10-15 <1-5 jirregular 4-6 <i-3 1-3 <1 0 mudstone adhering to one side of lave
J2-297-05 20-30 1-2 - 1-3 1-2 0 - 0 -

J2-297-06 30-40 <1-2 round 5-10 1-3 ? - 0 2 pieces

J2-297-07 30-40 <{-2 round ~10 <1-2 ? - 0 -

J2-297-08 20 1-2 irregular 4 2 ? 1 0 Cr-spinel inclusions in Ol; scoreaceous
J2-297-09 15-25 1-20 irregular 10-15 1-5 0 - 0 elongated vesicles

J2-297-1¢  ~30 <1-3 round 0 0 0 - 0 vesicles empty w/ brownish thin coating
J2-297-11  ~25 <2 round ~] 1 0 - 0 top 1/4 of vesicles filled with sediment
J2.297-12 nfa n/a n/a n/a n/a nfa nfa nfa distinct Mn coated borings 6 cm x 57mm
12-297-13 /4 n'a nfa n/a na n/a n/a nfa extensive borings

J2-297-14 <5 - - 5-10 <25 <35 <1 0 -

J2-297-15 <] - - <] «<] 0 - 0 near] aphyric, highly altered Ol
J2-297-16 15-20 - irregular <5 1 0 - <1% spinel some vesicles filled with mud
J2-297-17 40-50 0.5-1.5 round 10-15 <3 5 <1.5 0 -

J2-297-18 30-40 <6 itregular <5 <l 0 - 0 -

12-297-19 5 1-2 round 3 1-2 5 ~1 0 -

J2-207-20 <5 <1-2 round 3-5 1-3 1-2 <1 <i%cpx -

J2-297-21 2 <2 - 4 1-2 4 1 0 coarser/more abundant vesicles at edge
12-297-22 <5 <1-2 round <] 1 0 - 0 broken into numerous small pieces
12-297-23 <5 05-15 round 7-10 <1-2 5 <1 0 palagonite inperspersed in fresh glass
J2-297-24 <2 1 irregular 5-7 1-3 0 - 0 some vesicles have thin greenish coating
12-297-25 0 - - 0 - o - 0 lava and sediment

J2-297-26 2 1-2 irregular 5 5 10 1-2 0 rock coated w/ 2 mm of sediment under Mn
J2-297-27 - - - - - - - - lava and sediment
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Appendix A (Continued). Vesicularity and Mineralogy of the South Kaua'i Swell volcanics for Dive 298

12.298-0
12-298-02
J2-298-03
J2-298-04
J2-298-05
J2-298-06
J2-298-07
J2-298-08
J2-298-09
J2-298-10
¥2-298-11
12-298-12
J2-298-13
J2-298-14
J2-208-15
J2-298-16
J2-298-17
J2-298-18
J2-298-19
J2-298-20

Yo Vesicle Vesicle % 01 Stze Size ¢
Sample # Veslcles size (mm) Comments Olivine {mm) % Plag PI:‘gmm) Ot:ers Other Conments
nfa nfa n/a n/a a2 a4 n/a nfe  very sandy mudstone to very muddy sandstone
n/a n/a n/a na nfa a na na  bioturbated sandy (vf-f grained) mudstone
nfa nfa n/a nfa nfa nfa nfa na  massive appearing, moderately indurated
n/a na n/a n/a na n/a nfa nfa  well indurated, v. course clastic unit below Mn coat
5-10 <]-1 round ? - 0 - 0 clastare of same lithology, friable beasalt
nfa na na wa n/a n/a n'a n/a  reddish olivine, clayey matrix, massive, dense
0-30 <l-2 round varizble - 0 - 0 reddish Ol rims, diverse clasts of lava(?), matrix supported
nfa nia na nfa nfa n/a nfa n/a  complex; multigensrational mudstone w/ Mn-coated surface truncating burnow:
n/a n/a n/a n/a n/a n'a n/a n/a  complex; multigenerational mudstone w/ Muo-coated surfece truncating burmmow:
n/a n/a n/a nfa n/a na n/a n‘a  NOSAMPLE
n/a na n/a n'a n/a n'a n/a n/a  bioturbated to burrowed, w/ possilbe slide grooves at base of slab
<} <1 round <5 <1 0 - 0  Mnencrusted, oxidized ol
<5-30 ? variable 0 - 0 - 0 mottled matrix, subrounded to subangular clasts of similar lithology
na nfa na na n/a na n/a e  mixed mudstone/sandstone, small areas of Fe-oxide
<8.15 <1 round ? - 0 - 0 mottled colour
<1 <1 7 -3 0 - 0  olivines altered, few fractures
nfa n/a nfa na nfa n/a wa nfa  clasts surrounded wf sandy matrix
<5 <1 round <2 1 0 - 0 vesicles filled, basalt clasts in sed rock
<5 <1-1 round >15 ? 0 - 0 outer 3 cm strongly weathered
<5 <] round 5-10 <]-2 ] - 0 brownish green olivine, holocrystalline matrix
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Appendix A (Continued). Vesicularity and Mineralogy of the South Kaua'i Swell volcanics for Dive 299

%  Vesicle Vesicle %  Olsize Plag size

Sample# yedicles size(mm) comments  Olivine  (mm) ° T8 (qm) o Others Other Comments

J2-299-01 na n/a nfa nfa n/a n‘a n/a nfa bioturbated, brecciated, Mn lined 2-3 cm borings
J2-299-02 <] <] round 15-20 1-7 <] 1 < 1% cpx reddish brown in holocrystalline matrix

J2-299-03 10-15 1-2 round 5-8 1-3 ? - 0 pervasive Mn, broken fragments with Mn coating
J2-299-04 15-25 ? imegular, elongate  5- 10 <1 <i <] 0 olivines tiny but seem green, matrix holocrystalline
12-299-05 20-30 <}-2 round 4-6 1-2 1 1 0 conglomerate with basaltic clasts, altered Ol
12-299-06 n/a n/a nfa n/a n/a nfa a n/a  brecciated, bioturbated mudstone with pebble sized clasts
J2-299-07 20-30 irregular 0 - 3-5 <1-3 <1%cpx extensive zeolite in vesicles

J2-299-08 10-15 1-4  irregular, variable 2-4 1.2 ? - 0 clasts mostly unaltered, monoclastic clast lithology
J2.299.09 30-40 <1-3 round, irregular 1-3 1 0 - 0 reddish matrix, olivine green

J2.299-10 n/a nfa nfa na n/a nfa nfa n/a  poorly sorted, pebbly, indurated

12-:299-11 0 - - i) - 0 - 0 -

J2-299-12 <1 << round 5-10 <l-1 0 - 0 brecciated clasts of monolithic basalt

1229913 5-10 <3 round 0 - 0 - 0 breceiated clasts of monolithic basalt

12-299-14 20 1-13 irregular 0 - 0 - 0 oxidized with weathered material in vesicles
J2-299-15 0 - - ] - ¢ - 0 breccia clasts (aphyric basalt, vesicular olivine basalt)
J2-299-16 65 1-3 round, irregular 0 - 0 - 0 layer of coating mudstone with adjcining breccia
J2-299-17 n/a n/a n/a nia nfa n/a nfa nfa <2 cm rounded basalt pebbles

J2-299-18 <5 <<] round 0 - 0 - 0 4 pieces
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Appendix A (Continued). Vesicularity and Mineralogy of the South Kaua'i Swell volcanics for Dive 299

[,
Sample # V;ﬁ o sl‘z’::‘;’:ﬂ m‘;‘;‘:&fm oufine ‘(’L’:;' % Plag P':_f;')“ % Others Other Comments
J2-299-19 nfa /a na nwa n/a nfa n'a nfa  poorly sorted, relatively soft rock
12-299-20 <2 3-5 imregular 5 1-2 2 <l.5 5%cpx  cpx crystals surrounding plag crystals
J2-299-21 <1 - - ~10 <4 0 - 5%cpx diabase texture
J2-299-22 nfa nfa nfa n/a nfa n/a nfa nfa  poorly indurated (soft), pebbles up to Iem
12-259-23 5 <l-5 round 5-7 1-3 0 - 0 holocrystalline matrix
J2-299-24 1 - - 2 1 0 - 0 ~2% coarse grained nltramafic (harzburgite) xenoliths
J2-299-25 2 1 frreguler 2 1 0 - 0 limonite-coated fractures
J2-299-26 2 1 round 3 2 1 i 0 outside eould be clastic but mostly basalt frags
J2-299-27 10-12 1-10  round, irregular 0 - 0 - 0 -
J2.299-28 40-50 <2 round V) - ¢ - 0 2 aphyric basalt clasts held together in Mn coating
12-299-29 0 - - 0 - 0 - 0 fractured basalt clasts in tan mud matrix
J2.269-30 o - - 0 - 0 - 0 vesicular basalts clasts to 5.5cm in matrix of brown mud
12.269-31 nfa n/a n/a n'a nfa n/a nfa n/a v. poor sorting, vague stratification; brittly deformed?
J2-299.32 nfa na wa n/a n/a nfa na n/a bioturbated mudstone, Mn coating borings, 2-3mm
J2-299-33 <l - - 5 <3 <5 <4 0 v. weathered minerals, pervasive fractures
J2-299-34  n/a nfa nfa na nfa nfa n/a nfa  prominent fractures from lithification & brittle deformation
J2-299-35  40-50 { - <1 - <1 - 0 vegicles filled with mud, half rock is sedimentary
J2-299-36 n/a na na nia /a wa na na -
J2-299-37 50 1-3 round 5 1 0 - 0 ol weathered to rustic colour, vesicles filled with sand
12-259-38 0 - - 0 - 0 - 0 mainly basaltic clasts up to 5em, poorly sorted
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Appendix A (Continued). Vesicularity and Mineralogy of the South Kaua'i Swell volcanics for Dive 252 and dredges

Y Vesicle Vesicle % Ol Size P ize
Sample # Vesf::les size (mm) __ Comments Olivine  (mm) % Plag lzng::_g % Others Other Comments
J2-252-01 10 1-6 rotmd < 1-2 0 - <1% pyx many vesicles filled with red/brown alteration/mud
J2-252-02 30 1-5 rourd, elongate 5 <i-4 0 - 0 core is highly vesicular
J2-252-03 nfa n/a n/a n/a n/a n/a n/a n/a mud w/small basalt clasts
12-252-04 <] <<] round <] <1 0 - 0 Ol only in hyaloclastite edge
12.252-05 30 1-7 round, elongate 20 1-5 o - 0 abundance of vesicles change in bands across sample
12-252-06 na n/a n/a n/a a n/a n/a na mud wysmall basalt clasts
J2-252-07 1 <1-5 round 1 <l-2 0 - 0 clastic rock? Basalt w/ mud matrix
J2-252-08 0 - - 1-5 1-2 0 - 0 highly fractured and deeply weathered
J2-252-09 30 <]-5 round 3 <] 0 - 0 vesicles filled with clay and basalt clasts
J2-252-10 25 1-7 irregular ~3 <1 0 - 0 vesicles partly filled with clay on one end
J2-252-11 0 - - 0 - 0 - 0 basalt clasts {~2-5mm)
KS1-10° ? ? ? ~5-10 ? ? ? ?  fractured, mud in fractures
KS1-13° <1 << - 15 <2 0 - <5% cpx minor alteration only at the edge
KS1-19° ? ? ? ? ? ? ? ?  altered surface, fresh interior
Ks-2° ? ? ? ? ? ? 9 ? -
K$3-17 <1 <=1 - 0 - g - 0 very dense and aphyric, fractured
KS3-3° 0 - - 0 - 0 - 0 very dense and aphyric

P Collected using a dredsge a3 opposed to the JASONZ ROV
? Data unavailable



APPENDIX B
LEACHING INFORMATION

Part I. Leaching data for the subaerial rejuvenated, post-shield and late-shield
stages of Kaua i and standard

Weightof dried  Number of leaching

Sample Name: Sample Weight (g) leached sample (2 steps Percentage Loss (%)
Koloa Voleanics

KR-11 0.1597 0.0175 8 89.0
0301-1 0.1952 0.1011 8 48.2
KV(5-8 0.3043 0.1492 10 51.0
PV-2 0.3037 0.1273 9 58.1
KV01-3 0.2803 0.1146 13 59.1
KR-2 (Pb) 0.2981 0.0854 18 714
KR-2 (8r, Nd) 0.2937 0.0907 14 69.1
KR-5 0,2859 0.0536 11 81.3
KR-5(2) 0.2136 0.0409 12 309
KV03-17 0.2020 0.0602 14 70.2
KV(4-4 0.1870 0.0675 8 63.9
KV03-21 0.1531 0.0387 10 74.7
KV04-1 0.3148 0.1263 10 59.9
KV03-15 0.2546 0.0417 9 83.6
KV05-1 0.3177 0.1113 10 65.0
KV03-2 0.1476 0.0659 7 55.4
KV03-11 0.1101 0.0321 8 70.8
KV03-11 (dup) 0.1378 0.0508 7 63.1
Post-Shield Kaua'i Volcanics

KV(5-10 0.4157 0.0674 11 83.8
GAG650 0.2732 0.2039 12 254
GAS66 0.1672 0.0315 14 81.2
KV03-5 0.2625 0.0487 10 81.4
KV05-13 0.1569 0.0429 g 72.7
GAS565 0.2761 0.2106 12 23.7
Late-Shield Kaua'i Volcanics

KvV04-22 0.4048 0.1448 11 64.2
KVo4-16 0.4426 0.1097 12 75.2
KV04-16 (dup) 0.4205 0.0953 12 77.3
KvV04-19 0.4123 0.1130 9 72.6
KV04-21 0.4255 0.1633 10 6l.6
Standard

BHVO-2 0.2932 02218 10 244
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Part Il, Leaching data for the South Kaua i Swell volcanics and standard

Weightof dried  Number of leaching

Sample Name: Samplelﬁi_eight ® leached sample (g steps Percentage Loss (%)
12-297-04 0.3792 0.0870 11 77.1
J2-297-07 0.3846 0.1454 15 62.2
12-297-11 0.3789 0.0951 16 74.9
J2-297-18 0.3943 0.1432 15 63.7
J2-297-20 0.3941 0.0804 13 79.6
12-297-23 0.4065 0.0840 11 79.3
J2-297-23 (dup) 0.3926 0.0392 9 90.0
J2-297-26 0.4084 0.1282 1 68.6
12-298-07 0.4053 0.0347 9 91.4
J2-298-20 (.4023 0.1081 12 73.1
J2-299-04 0.3868 0.0348 7 91.0
J2-299-20 0.3965 0.0501 10 874
J2-299-23 0.4010 0.0758 13 21.1
J2-299-29 0.3929 0.1385 8 64,7
J2-299-33 0.4009 0.0734 13 81.7
KS1-13 0.4027 0.1926 13 52.2
KS1-13 (dup) 0.4457 0.2038 14 54.3
KS-2 0.2614 0.146 14 44.1
KS83-3 0.2587 0.1904 12 264
J2-252-04 0.2816 0.0984 9 65.1
J2-252-10 0.2522 0.0893 10 64.6
Standard

Kilauea '03 0.3994 0.2733 8 31.6
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APPENDIX C
POINT COUNTING PETROGRAPHY FOR DIVE 252 VOLCANICS

Appendix C. Modes in volume % for Dive 252 South Kaua i Swell volcanics
based on 300 counts/sample calculated vesicle-free

Sample ~  Rocktype Olivine Plagioclase @ Matrix  Vesicles (%)
12-25202  Olivine basalt 9.0 0.8 90.2 28.6
J2-252-04 Basalt 14 1.6 97.0 0.8
J2-252-05 Picritic basalt 19,2 38 71.0 20.8
J2-252-10 QOlivine basalt 5.4 0.3 94.3 26
J2-252-11 Plag-oliv basalt 4.5 2.7 92.8 2.4
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