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Abstract. Previous studies of alkalic lavas erupted during 
the waning growth stages (< 0.9 Ma to present) of Ha- 
leakala volcano identified systematic temporal changes 
in isotopic and incompatible element abundance ratios. 
These geochemical trends reflect a mantle mixing process 
with a systematic change in the proportions of mixing 
components. We studied lavas from a 250-m-thick strati- 
graphic sequence in Honomanu Gulch that includes the 
oldest (~  1.1 Ma) subaerial basalts exposed at Haleak- 
aka. The lower 200 m of section is intercalated tholeiitic 
and alkalic basalt with similar isotopic (St, Nd, Pb) and 
incompatible element abundance ratios (e.g., Nb/La, La/ 
Ce, La/Sr, Hf/Sm, Ti/Eu). These lava compositions are 
consistent with derivation of alkalic and tholeiitic basalt 
by partial melting of a compositionally homogeneous, 
clinopyroxene-rich, garnet lherzolite source. The interca- 
lated tholeiitic and alkalic Honomanu lavas may reflect 
a process which tapped melts generated in different por- 
tions of a rising plume, and we infer that the tholeiitic 
lavas reflect a melting range of ~ 10% to 15%, while 
the intercalated alkalic lavas reflect a range of ~6.5% 
to 8% melting. However, within the uppermost 50 m 
of section, 87Sr/S6Sr decreases from 0.70371 to 0.70328 
as eruption age decreased from ~0.97 Ma to 0.78 Ma. 
We infer that as lava compositions changed from interca- 
lated tholeiitic and alkalic lavas to only alkalic lavas 
at ~ 0.93 Ma, the mixing proportions of source compo- 
nents changed with a MORB-related mantle component 
becoming increasingly important as eruption age de- 
creased. 

Introduction 

During the transition from the shield-building tholeiitic 
stage to the postshield stage, eruption rates at Hawaiian 
volcanoes decrease (Feigenson and Spera 1981; Frey 
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et al. 1990), and both tholeiitic and alkalic basalts are 
erupted (Table 1.1 Clague and Dalrymple 1987). In 
order to understand the processes of magma generation 
and evolution at Hawaiian volcanoes, it is important 
to define and interpret temporal geochemical changes 
during the transition from tholeiitic to alkalic volcanism. 
Previous studies showed that the postshield alkalic lavas 
at Haleakala Volcano define systematic temporal trends 
in S7Sr/S6Sr and 143Nd/lg'~Nd isotopic ratios, and abun- 
dance ratios of highly incompatible elements, such as 
La/Ce (Chen and Frey 1985; West and Leeman 1987; 
Chen et al. 1990). These geochemical trends have been 
related to mixing of melts derived from a mantle plume 
source and a depleted, MORB-related lithosphere, with 
the tholeiitic lavas containing the largest proportion of 
the plume component (Chen and Frey 1985). However, 
tholeiitic lavas from Haleakala and the transition from 
tholeiitic to alkalic volcanism at Haleakala have not 
been studied in detail. We studied the oldest subaerial 
lavas exposed on Haleakala - a section of interbedded 
tholeiitic and alkalic lavas. Our results show that lavas 
(12 tholeiitic and 5 alkalic) from the lower 200 m of 
section have similar isotopic ratios (St, Nd and Pb) and 
abundance ratios of elements with similar incompatibili- 
ty (e.g., Nb/La, La/Ce, P/Nd, and Hf/Sm). We conclude 
that these lavas resulted from varying degrees of melting 
of a compositionally homogeneous source. In contrast, 
within the upper 50 m of section there is an upsection 
decrease in STSr/S6Sr ratios. This temporal variation in 
STSr/S6Sr correlates with the systematic temporal trend 
found previously in younger Haleakala lavas (Chen and 
Frey 1983, 1985; West and Leeman 1987). 

Regional geology of Haleakala 

Haleakala last erupted in 1790; therefore, it is an active volcano 
(Macdonald et al. 1983). Volcanic activity has been concentrated 
in the summit area and along the southwest, east and more poorly 
developed north rift zones (Fig. 1). Erosion has deeply dissected 
the windward (east) side of Haleakala exposing 100 to 250 m thick 
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metry from Wilde et al. ]980). The triangle shows the location 
of our dredge haul; closed circles show location of dredges by 
Moore et al. (1990) that recovered volcanic glass. Dashed line indi- 
cates approximate location of the major slope break which is 
thought to mark the shoreline of Haleakala at the end of the shield- 
building stage (Moore and Campbell 1987) 

Fig. 1. Location map for the Haleakala samples discussed in the 
text. The Honomanu Gulch and Nahiku core samples were collect- 
ed from the northeast side of the volcano, which is subject to 
high rainfall and is deeply dissected. The 1790 flow is the most 
recent eruption of Haleakala and is located along its southwest 
rift zone. The submarine samples were dredged from the east rift 
zone of Haleakala which extends for about 135 km offshore (bathy- 

sections. (Stearns and Macdonald (1942) subdivided the volcanic 
rocks into three units, now named: the Honomanu Basalt (shield), 
the Kula Volcanics (alkalic cap or postshield), and the Hana Volca- 
nics (post-erosional) (Langenheim and Clague 1987). A soil horizon 
separates each formation although thinner soils are present within 
formations. Locally, an erosional surface with up to I km of relief 
separates the Kula and Hana lavas. A slope break that is thought 
to mark sea level during active shield development is now 1.5 to 
2.5 km below sea level (Moore and Campbell 1987; Moore et al. 
1990). Moore and Fiske (1969) proposed that when this slope break 
subsides below sea level it marks the end of shield volcanism. The 
age of this slope has been estimated at 0.85 Ma (Moore and Camp- 
bell 1987), and a coral reef sampled 300 m above the slope break 
has been dated as 750_+ 13 ka (Moore et al. 1990). Because dredg- 
ing above the slope break recovered tholeiitic basalt, Moore et al. 
(1990) concluded that a transition from tholeiitic to alkalic volca- 
nism did not coincide with the end of voluminous shield building. 

The oldest subaerial Haleakala lavas are in Honomanu Gulch 
(Stearns and Macdonald 1942). We collected samples from this 
gulch in order to supplement the reconnaissance sampling by Mac- 
donald and Katsura (1964). These samples are from a composite 
section of ~ 250 m (Fig. 2). Recent geochemical studies of Haleaka- 
la lavas have focused on the thick sections ( ~  300 m) of Kula and 
Hana lavas from drill cores taken ~ 15 km southeast of the Hono- 
manu Gulch (Chen and Frey 1985; Chen et al. 1990) and outcrops 
from the summit area (West and Leeman 1987). The Kula section 
in the Honomanu Gulch is only about 20 m thick but the gulch 
exposes over 230 m of Honomanu lavas (Fig. 2). This paper focuses 
on the geochemical variations within Honomanu lavas and com- 
pares these lavas to the well characterized younger Kula lavas 
which are all alkalic, and a suite of submarine glasses dredged 
from the east rift of Haleakala (Moore et al. 1990) (Fig. 1). 

Analytical techniques 

Nineteen samples from a stratigraphic section of the Honomanu 
Basalt (Fig. 2) were analyzed for major element, H20 +, CO2, trace 
element (Sc, V, Cr, Co, Ni, Zn, Rb, Sr, Ba, rare earth element, 
Hf, Ta, and Th) abundances (Table 1). Three Kula samples which 

directly overlie these Honomanu lavas (Fig. 2), a Hana lava from 
the most recent, ~1790, eruption of Haleakala volcano, and 
a dredged sample from the east rift zone were also analyzed (Ta- 
ble 1). Accuracy and precision of the major and trace element data 
can be evaluated fi'om replicate analyses of standard rock, BHVO-1 
(Table 1). 

Representative samples were analyzed for Sr, Nd and Pb 
isotopic ratios at MIT (Table 1). The 2 sigma analytical uncertainty 
for Sr and Nd isotopic ratios is less than 0.005%. The 2 sigma 
analytical uncertainty for Pb isotopes is estimated to be better 
than 0.05% per mass unit (i.e., +0.1% for 2~176 +0.15% 
for 2~176 and ___0.2% for 2~176 

Three of four samples selected for whole-rock K-Ar dating 
were free of interstitial glass and visible alteration, and have normal 
(>  1.45) K20/P205 ratios. Sample HO-9 contains minor clays after 
olivine, but because the alteration does not involve a K-bearing 
mineral it should not adversely affect the K - A r  age. The samples 
were crushed to a size of 0.5-1.0 into. One aliquant of this material 
was pulverized to a fine powder and used for K20 analyses, the 
remaining material was split for the Ar analyses. Argon and K20 
analyses were by isotope dilution and flame photometry, respec- 
tively, using methods previously described (Dalrymple and Lan- 
phere 1969; Ingamells 1970). Argon mass analyses were done with 
a 6-inch, 120 ~ sector, Nier-type mass spectrometer and a 9-inch, 
90 ~ sector, multiple collector mass spectrometer (Stacey et al. 1981). 

Results 

K - -  Ar  ages and paleomagnetic polarities 

T h e  age o f  the  H o n o m a n u  Basa l t  was  p o o r l y  k n o w n  
p r i o r  to this  s t udy  because  o n l y  o n e  s ample  h a d  b e e n  
d a t e d  (0.83_+0.17 M a ,  N a u g h t o n  et al. 1980). Th i s  s am-  
ple was  c h o s e n  to r ep r e sen t  the  o ldes t  exposed  H o n o -  
m a n u  l avas  a n d  was  col lec ted  in  H o n o m a n u  G u l c h ;  it  
c a m e  f r o m  a p p r o x i m a t e l y  the  s ame  s t r a t i g r a p h i c  level 
as C122 (Fig.  2). M c D o u g a l l  (1964) a n a l y z e d  a K u l a  
l ava  ( the s a m e  f low as s a m p l e  H O - 1 0 ,  Fig.  2) f r o m  the  
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Fig. 2. Composite column section for Honomanu Gulch. Samples 
HO-9 to I10-20 were collected along the road on the west side 
of the gulch where the section was measured. Samples HO-1, -3, 
-4, and -5 were collected along the coast and their stratigraphic 
positions were projected onto the section using the dip of the sec- 
tion. Samples HO-21 to -23 and C122 and C123 were collected 
upstream from the road in the gulch. Their relative positions were 
projected onto the section using the dip of the lavas. The rock 
types of  the samples are: Th tholeiite; AB - alkalic basalt ;  and 
Ha hawaiite. The K - - A t  ages are for new samples (Table 2) 
and previously reported samples that  were collected in the gulch 
(M McDougall  1964; N - Naughton et al. 1980). Soil horizons 
are marked by an S next to their location in the section. The 
soils within and at the base of the Kula Volcanics are thicker than 
the soils within the Honomanu Basalt section (5-10 cm vs 1-3 cm). 
Note the breaks in the section for the two lowcr covered intervals. 
The magnetic polarity direction ( N = n o r m a l ,  R=reversed)  are 
based on fluxgate magnetometer measurements 

upper part of the Honomanu Gulch section and reported 
an age of 0.86+__0.02 Ma (corrected to 1976 IUGS con- 
stants). 

We dated four new samples from the Honomanu 
Gulch section. Two are from the lower (HO-21) and 
uppermost (HO-12) parts of the Honomanu Basalt ex- 
posed in Honomanu Gulch. The lowermost Kula lava 
(HO-11) was also dated to help constrain the end of 
Honomanu volcanism. The uppermost Kula lava in the 
section (HO-9) was dated because a well-developed soil 
horizon separates it from underlying Kula lavas. 

The K-Ar analytical data and the resulting calculated 
ages are shown in Table 2 and Fig. 2. The reproducibility 

of the Ar analyses for three of the four rocks is less 
than expected from analytical error. Poor reproducibility 
has been noted in studies of other Hawaiian rocks (Doell 
and Dalrymple 1973) and may be due to inhomogenei- 
ties, to incipient alteration not detectable in thin section, 
to unrecognized xenocrystic inclusions that contain in- 
herited 4~ or a combination of these causes. As there 
is no basis for deciding a priori which of these individual 
measurements are the most representative of the radio- 
genic 4~ content of an individual sample, we used 
the weighted mean of all measurements on a sample 
as the best age for the sample. Weighting by the inverse 
of the variance provides a way of combining data of 
variable quality without the poorer data affecting the 
results disproportionately (Taylor 1982). 

The oldest exposed lavas of the Honomanu Basalt 
yielded a weighted mean age of 1.10_+0.05 Ma, the 
youngest an age of 0.97_+0.04 Ma. Our two samples 
from the overlying Kula Volcanics have weighted mean 
ages of 0.93_+0.33Ma (HO-11) and 0.78_+0.01 Ma 
(HO-9). The weighted mean ages of the four samples 
are consistent with the known stratigraphy and indicate 
that the lavas in the Honomanu Gulch section accumu- 
lated within about 0.4 m.y. or less (Fig. 2). The ages 
for the two Honomanu samples, which are separated 
by about 210 m of section, are just statistically different 
at the 95% level of confidence and are consistent with 
the high eruption rate of Hawaiian volcanoes (Lock- 
wood and Lipman 1987). The youngest Honomanu and 
the oldest Kula lavas in the Honomanu Gulch section 
have very similar K-Ar ages which constrain the end 
of the Honomanu volcanism to between 0.93 +0.33 Ma 
and 0.97_+0.04 Ma. This transition from interbedded 
tholeiitic and alkalic basalt (Honomanu Basalt) to only 
alkalic lavas (Kula Volcanics) is older than the estimated 
age, 0.85 Ma, of the submarine slope break which is 
interpreted as the morphologic end of shield building 
(Moore et al. 1990). Because the transition from thin- 
bedded, porphyritic Honomanu lavas to massive, thick, 
aphyric Kula lavas is clear in the field, the slope break 
and the end of tholeiitic volcanism may be older than 
0.85 Ma. 

The weighted mean age for sample HO-I 1 (0.93 Ma) 
is the oldest reported for the Kula Volcanics. The youn- 
gest sample in the gulch section (0.78+0.01 Ma) has 
a weighted mean age within the range reported for the 
Kula Volcanics (0.4-0.9 Ma; McDougall 1964; Naught- 
on et al. 1980). Thus only flows from the early phase 
of Kula volcanism reached Honomanu Gulch and they 
are separated by hiatuses of 6(V90 ka. This is consistent 
with a lower eruption rate during this stage of evolution 
of Hawaiian volcano (Spengler and Garcia 1988) and 
the distance of the gulch from the main centers of Kula 
volcanism. 

Fluxgate magnetometer measurements were made on 
samples from Honomanu Gulch to complement the K -  
Ar ages. The dated samples yielded unambiguous polar- 
ity directions (Fig. 2). With one possible exception, they 
are consistent with the geomagnetic polarity time scale 
(Berggren et al. 1985). The oldest sample (HO-21) is re- 
versely magnetized, which is consistent with its age with- 
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Table 1. Major and trace element abundances and isotopic ratios of the Haleakala lavas and the standard rock, BHVO-1 

Sample BHVO-1 KK83- Honomanu" 
0725 

HO-22 HO-21 HO-23 C123 C]22 HO-20 HO-19 C124 HO-1 HO-18 

Rock TH TH AB TH TH TH TH AB AB AB TH TH 
type h 
Depth - Dredge 244 240 236 231 227 157 152 140 95 89 

SiO2 49.57__.0.49 45.78 46.96 51.23 47.10 45.67 48.05 46.22 47.04 46.61 46.47 46.75 
A120 ~ 13.66 +0.14 8.62 13.37 13.84 10.10 11.33 9.89 14.76 14.71 14.37 15.20 16.66 
Fe203 12.34+0.06 13.14 13.67 10.47 12.53 13.69 13.44 13.69 14.36 14.27 14.21 13.45 
MgO 7.18_+0.11 21.10 10.79 7.70 19.04 ]7.22 16.31 7.99 5.61 5.62 8.49 6.21 
CaO 11.37_+0.07 7.05 9.49 11.92 7.61 7.67 7.77 9.88 10.12 10.27 9.70 10.22 
NazO 2.25-1-0.17 1.41 2.61 2.30 1.74 1.77 1.53 2.58 2.82 3.44 2.34 2.47 
K20  0.53_+0.01 0.31 0.49 0.36 0.13 0.14 0.26 0.35 0.45 0.64 0.26 0.20 
TiO2 2.77_+0.01 1.56 2.68 2.24 1.75 2.16 1.83 3.11 3.76 3.72 2.85 2.78 
P205  0.27_+0.01 0.17 0.30 0.21 0.18 0.23 0,16 0.35 0.45 0.42 0.30 0.33 
MnO 0.17_+0.01 0.17 0.18 0.16 0.17 0.17 0.17 0.19 0.21 0.18 0.19 0.19 
Sum 100.11 __.0.41 99.26 100.54 100.43 100.35 100.12 99,41 99.16 99.68 99.47 100.00 99.27 

M g +  ~ 56.2 77.9 63.5 61.8 77.0 73.5 72,8 56.2 46.2 46.4 56.8 50.4 

HzO + - 0.62 - - 0.77 0.55 0.70 0.75 0.96 t.13 1.43 
CO2 - 0.12 - - - 0.23 0.20 0.22 0.44 - 0.37 0.28 

Sc 31.8 20.7 26.0 39.3 23.1 22.7 25.8 26.4 29.4 28.9 27.9 26.2 
V 286 169 233 283 201 205 205 276 281 291 259 253 
Cr 289 1450 402 607 821 582 804 296 103 105 253 222 
Co 45.1 96.0 65.9 41.4 80.6 77.4 76.9 54.7 46.7 45.6 59.1 49.6 
Ni 115 1073 360 100 925 542 703 184 74 79 226 104 
Zn 113 122 119 90 109 122 115 138 122 128 124 142 

Rb 9.1 4.9 1.02 5.8 0.81 0.55 4.11 2.1 4.7 - 0.82 0.9 
Sr 390 201 392 334 246 308 207 473 508 513 353 386 
Ba 135 54 145 90 59 90 57 156 219 209 105 116 
Zr 184 101 179 140 108 148 103 218 240 237 187 186 
Nb 19.7 7.6 14.92 9.7 7.9 11.9 7.2 17.5 20.1 19.6 13.7 14.1 
La 15.5 7.22 13.5 9.23 7.26 10.3 7.1 16,4 19.3 19.7 13.6 12.3 
Ce 39.5 18.8 35.6 26.0 19.9 26.5 18.8 42,9 52.1 49.0 34.9 33.5 
Nd 24.2 11.8 22.6 17.4 13.4 17.8 ]2.3 26,9 32.7 30.4 21.8 21.7 
Sm 5.93 3.27 6.33 4.97 3.94 4.89 3.73 7.26 8.44 8.70 6.08 6.12 
Eu 2.12 1.17 2.12 1.73 1.35 1.86 1.39 2.41 2.87 2.88 2.35 2.17 
Tb 0.91 0.59 0.96 0.84 0.60 0.87 0.71 1.08 1.28 1.14 1.10 1.11 
Yb 1.96 1.20 2.08 1.87 1.51 1.79 1.73 2.27 2.54 2.65 2.28 2.35 
Lu 0.28 0.19 0.29 0.27 0.23 0.24 0.24 0.32 0.37 0.39 0.31 0.33 
Hf  4.37 2.4 4.4 3.5 2.7 3.68 2.64 5.2 6.1 5.7 4.6 4.4 
Ta 1.13 0.40 0.90 0.59 0.47 0.77 0.51 1.03 1.3 1.3 1.1 0.9 
Th 0.95 - 0.6 0.5 0.4 1.0 0.8 1.0 1.4 1.4 0.9 0.8 

87/86 a 0.70347-t-4 - 0.70371 - 0.70382 0.70384 0.70381 0.70379 0.70372 0.70379 0.70380 
143/144 0.51301_+2 - - 0.51293 0.51292 0.51291 0.51292 0.51295 0.51294 0.51292 0.51293 
6/4 18.656 . . . . .  18.336 - 18.275 18.272 18.245 - 
7/4 15.491 . . . .  15.479 - 15.476 15.482 15.464 - 
8/4 38.198 . . . . .  38.045 - 37.996 37.993 38.031 - 

" Samples listed in the order of decreasing age. Major element (wt %) and trace element (V, Ni, Zu, Rb, Sr, Ba, Zr, and Nb) abundances 
determined by X-ray fluorescence (XRF) method at the University of Massachusetts. H20  + and CO2 by CHN analyzer (Woods Hole 
Oceanographic Institute). Abundances of trace elements, Sc, Cr, Co, Rare earth elements, HI', Ta and Th, determined by neutron activation 
analyses (NAA) at MIT. Sr, Nd and Pb isotopic ratios determined at MIT. 87Sr/86Sr normalized to 86Sr/88Sr=0.1194 and relative 
to 0.70800 for E and A standard. ~3Nd/144Nd normalized to 146Nd/144Nd=0.7219 and relative to 0.512646 for BCR-I. Pb isotopic 
ratios normalized relative to a~176 = 16.9388, z~176 = 15.4941, and 2~176 for NBS SRM-98t standard 
b TH, Thole]]tic picrite and basalt; AB, alkalic basalt, HA, hawaiite; ANK, ankaramite 
c Mg # : molar MgO/(MgO + FeO) assuming Fe 2 +/(Fe z + + Fe 3 +) = 0.90 

87/86: 87Sr/SeSr; 143/144 : 143Nd/l'~4Nd; 6/4: 2~176 7/4: 2~176 and 8/4: zo spb/2O4pb 

in the  M a t u y a m a  R e v e r s e d - P o l a r i t y  C h r o n .  T h e  y o u n -  
ges t  H o n o m a n u  l a v a  ( H O - 1 2 )  is n o r m a l l y  m a g n e t i z e d ,  
w h i c h  p l aces  i t  w i t h i n  t he  J a r a m i l l o  N o r m a l - P o l a r i t y  
S u b c h r o n ,  a n o r m a l  i n t e r v a l  w i t h i n  t he  M a t u y a m a  t h a t  
o c c u r r e d  b e t w e e n  0.91 a n d  0.98 M a .  T h e  l o w e r m o s t  t w o  

K u l a  l avas  in t he  H o n o m a n u  G u l c h  sec t ion  ( H O - 1 0  a n d  
H O - 1 1 )  a r e  r eve r se ly  m a g n e t i z e d .  T h e i r  K - A r  ages  a re  
cons i s t en t ,  w i t h i n  ana ly t i c a l  u n c e r t a i n t y ,  w i t h  this  p o l a r -  
i ty  a n d  p l ace  the  f lows  in t he  l a tes t  i n t e r v a l  o f  t he  M a -  
t u y a m a  R e v e r s e d - P o l a r i t y  C h r o n .  T h e  y o u n g e s t  K u l a  
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Honomanu Kula Hana 

HO-3 HO-4 HO-5 HO-17 HO-16 HO-15 HO-14 HO-13 HO-12 HO-I 1 HO-10 HO-9 1790 

TH TH TH TH TH TH AB TH AB AB HA AB ANK 

87 85 83 81 60 57 49 36 32 20 13 6 0 

47.70 47.10 47.13 46.41 47.00 46.44 45.98 46.72 46.52 47.20 48.26 45.43 42.62 
13.03 13.72 13.85 14.30 13.44 13.33 14.10 15.53 14.09 13.93 15.13 14.69 11.79 
13.80 13.49 13.83 13.62 13.30 14.23 13.96 13.76 13.53 14.28 13.14 14.57 14.67 
10.44 9.68 9.96 8.52 9.18 9.68 8.21 6.95 8.84 6.11 4.08 6.03 11.72 
10.15 10.42 9.93 10.34 10.40 10.26 9.87 10.55 10.18 11.17 8.63 10.30 11.35 
2.02 2.45 2.28 2.63 2.42 1.94 2.82 2.53 2.80 2.76 3.86 3.09 2,74 
0.30 0.15 0.16 0.26 0.17 0.11 0.43 0.17 0.51 0.57 1.64 1.09 0.82 
2.52 2.65 2.63 2.75 2.61 2.69 3.44 2.78 3.04 3.44 4.28 3.80 2.88 
0.24 0.26 0,27 0.31 0.26 0.24 0.34 0.29 0.34 0.39 0.79 0.54 0.35 
0.19 0.18 0.19 0.20 0.20 0.21 0.20 0.20 0.17 0.20 0.22 0.22 0.22 

100.39 100 .09  100.18 99.35 98.99 99.13 99.35 99.49 100 .02  1 0 0 . 0 5  100.04 99.75 99.14 

62.5 61.2 61.3 57.9 60.3 60.0 56.4 52.7 59.0 48.5 40.6 46.7 63.8 

0.59 0.46 0.79 0.48 0.40 0.83 0.60 1.06 0.52 0.25 0.89 0.63 - 
0.41 0.40 0.40 0.62 0.26 0.13 0.14 0.16 0.92 0.31 0.32 0.15 

28.2 30.1 29.8 27.7 29.8 30.4 27.6 29.5 26.4 31.3 20.7 22.9 30.6 
262 274 251 235 274 256 278 271 251 311 227 340 339 
490 439 428 327 420 563 327 255 295 73 < 1 122 606 

66.5 58.0 57.5 59.4 57.2 61.9 56.9 54.1 58.1 49.8 40.5 49.7 69.9 
360 281 288 214 283 248 226 126 210 82 23 76 265 
127 120 117 114 120 121 139 118 116 122 136 127 116 

4.39 0.44 0.51 2.6 1.0 0.5 3.0 0.4 5.2 4.8 30.7 20.7 22.7 
322 343 324 379 347 326 466 388 486 531 721 746 548 
94 92 9I 111 100 79 170 110 156 242 539 397 468 

158 167 163 179 167 164 207 178 199 235 416 282 170 
12.8 14.6 14.5 13.2 14.5 13.4 18.0 13.4 17.1 23.3 50.4 38.2 35.3 
10.8 12.5 12.1 12.4 12.3 11.7 15.5 12.6 15.6 19.9 44.0 30.0 22.8 
27.7 31.5 31.2 33.2 33.0 31.7 41.7 34.1 41.1 51.5 108 72 53.6 
18.5 20.8 20.7 21.9 20.9 20.6 26.0 22.1 24.9 30.2 60.0 40.5 26.8 
5.06 5.82 5.49 6.13 5.90 5.87 7.11 6.22 6.82 8.22 13.3 9.12 6.27 
1.95 2.02 2,10 2.14 2.12 1.98 2.42 2.20 2.25 2.65 4.17 2.94 2,12 
0.90 0.96 0.86 1.07 1.04 0.92 1.10 0.96 0.98 1.07 1.87 1.38 0.97 
1.98 2.27 2.15 2.27 2.24 2.13 2.30 2.33 2.05 2.27 3.46 2.37 1.57 
0.27 0.31 0.30 0.32 0.32 0.30 0.32 0.36 0.27 0,32 0.48 0.32 0.22 
4.1 4.24 4.26 4.4 4.0 4.1 5.0 4.3 4.9 5.6 9.3 6.3 4.1 
0.8 1.0 1.0 0.82 0.95 0.88 1.13 0.89 1.00 1.5 3.0 2.44 1.87 
0.8 0.9 0.9 0.6 0.6 0.6 0.7 0.5 1.0 1.4 3.2 2.4 1.9 

0.70385 0.70384 0.70373 0.70387 0.70385 0.70372 0.70371 0.70365 0.70364 0.70353 0.70337 0.70328 0.70323 
0.51295 0.51292 0.51298 0.51293 0.51299 0.51296 0.51297 0.51291 0.51295 0.51301 - - 0.51305 

- - 18.278 . . . .  18.309 18.337 
- - 15.463 . . . .  15.462 15.462 
- - - 38.016 -- 37.927 37.927 

f low in the gulch (HO-9)  is no rma l ly  magnet ized ,  which 
indicates tha t  it was p robab ly  emplaced  dur ing  the earli- 
est pa r t  o f  the Brunhes  N o r m a l - P o l a r i t y  Chron ,  even 
though  its weighted  m e a n  K - - A r  age is slightly older  
(0.78_+0.01 Ma)  than  the accepted age o f  the Brunhes-  
M a t u y a m a  b o u n d a r y  (0.73 Ma).  

The  K - A r  ages and magne t ic  polar i t ies  show tha t  
lavas in the H o n o m a n u  Gu lch  e rupted  over  a per iod  
o f  abou t  0.37 m.y. Erup t ions  o f  the exposed lavas o f  
the H o n o m a n u  Basalt  began  about ,  or  perhaps  slightly 
before,  1.10 M a  and ceased by 0.93 Ma.  Erup t ions  o f  
the Ku la  Volcanics in the H o n o m a n u  Gu lch  began  short-  
ly after  0.93 M a  and cont inued,  with substant ia l  hia- 

tuses, unti l  the beginning  of  the Brunhes  N o r m a l - P o l a r -  
ity C h r o n  at  0.73 Ma.  However ,  K u l a  vo lcan i sm else- 
where  on  Ha leaka l a  con t inued  unti l  abou t  0.4 M a  
( M c D o u g a l l  1964; N a u g h t o n  et al. 1980). 

Major element composition 

The nineteen H o n o m a n u  samples  range  widely in ma jo r  
e lement  c o m p o s i t i o n  (e.g., 5.6 to 19.0% M g O ,  Table 1). 
They include 3 tholei i t ic  picrites, 10 tholei i t ic  basalts,  
and 6 alkalic basalts  (Table 1, Fig. 3), classified accord-  
ing to M a c d o n a l d  and K a t su r a  (1964). However ,  as dis- 
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Table 2. Analytical data for K - - A r  age determinations on basalts from Haleakala Volcano, Maui 

Sample Material K 20  Argon 
no. (wt %) 

Weight 4~ ~~ 
(g) (10- ~2mol/g) (%) 

Age 
(Ma) 

HO-9 Alkalic basalt 1.101 • 0.004 10.441 1.016 8.0 0.641 • 0.042 
10.435 1.416 35.0 0.893 •  

9.846 1.228 27.2 0.775 • 0.024 
9.968 1.185 30.8 0.748 • 0.023 

Weighted mean = 0.783 _ 0.013 

HO-I  i Alkalic basalt  0.575 • 0.003 10.545 0.725 13.4 0.876 • 0.053 
10.239 0.924 8.6 1.117 -I- 0.061 

3.126 0.378 5.6 0.457 + 0.127 
Weighted m e a n =  0.93 •  

HO- 12 Alkalic basalt 0.497 + 0.002 11.151 0.669 l 3.5 0.936 • 0.066 
10.053 0.711 20.1 0.994• 0.060 

Weighted mean = 0.968 • 0.044 

HO-21 Tholeiitie basalt 0.355 +0.005 10.823 0.952 5.8 1.860 • 
10.319 0.482 6.4 0.943 • 0.095 

9.874 0.570 7.7 1.116 • 0.084 
10.187 0.504 7.2 0.986_+0.082 

Weighted mean = 1.104 _+ 0.047 

Note: Ages calculated using 1976 IUGS constants (Steiger and Jfiger 1977): Lt~ = 4.962 x 10- I~ L~ = 0.581 x 10- t ~ 4OK/Ktotal : 
1.167 x 10 -4 mol/mol. Errors are estimates of  analytical precision at the 68% confidence level. Weighted means and errors are calculated 
following Taylor (1982) except for HO-11 where the error is the calculated standard deviation (not weighted) of the three measurements. 
K20  values are the means of four independent analyses 

10 

6 

+ 4 
e + I i i  i!ii:k ~q ~ % 0 ~~ = o U 0[]H~ 
Z 2 

0 i ! i I , I , ! i I i 

42 44 46 48 50 52 54 

S i O 2  (wt%) 
Fig. 3. Variation of N a 2 0 + K 2 0  with SiO2 in Haleakala lavas. 
Open square, tholeiite from the Honomanu  Basalt; filled square: 
alkalic basalt fi'om the Honomanu  Basalt; open triangle, alkalic 
basalt  and hawaiite from the Kula Volcanics; cross: ankaramite 
from the Hana Volcanics; open circles: dredge samples from east 
rift zone of Haleakala (large sTmbol for sample in Table 1 ; smaller 
symbols are for the dredge glasses reported by Moore et al. 1990). 
In order to make the alkali-SiO2 data in Table 1 consistent with 
the tholeiite-alkalic basalt  boundary line (the solid straight line) 
proposed by Macdonald and Katsura (1964), F%O3 was converted 
to FeO and oxides were normalized to 100%. In this and subse- 
quent figures (except Fig. 11) the fields for Kula and Hana  lavas 
from the Nahiku drill cores are shown (data from Chen and Frey 
1985; Chen et al. 1990). The oldest Kula sample from the Hono- 
manu  Gulch (HO-11) has a lower total alkali content than the 
Kula samples fi-om drill cores. The 1790 Hana lava flow has a 
lower SiO2 content  than thc Hana samples from drill cores 

cussed later the K20 contents in some samples were 
decreased by up to ~ 0.2% during post-magmatic alter- 
ation; therefore, compositional changes caused by alter- 
ation slightly increased the tholeiitic character of these 
samples. Nevertheless, the most important observations 
are the continuous transition between tholeiitic and al- 
kalic lavas in an alkali versus SiO2 diagram (Fig. 3), 
and the intercalation of tholeiitic and alkalic basalt flows 
in the Honomanu Basalt (Fig. 2). 

Among Honomanu tholeiitic and alkali lavas there 
is overlap in MgO, A1203, Fe203 and CaO abundances 
(Fig. 4a-d), and in CaO/MgO, AlzO3/CaO and K20/ 
P205 ratios (Fig. 5a-c). However, relative to the tholeiit- 
ic lavas, the alkalic lavas have higher abundances of 
alkali metals, TiO~ and P205 (Fig. 4e-h). At similar 
MgO contents, subaerial Honomanu lavas (except sam- 
ple HO-21) have lower SiOz and CaO contents, but high- 
er A1203 and Fe203 contents than those reported for 
submarine glasses from the east rift of Haleakala (Ha- 
leakala Ridge, Moore et al. 1990) (Fig. 4~d) .  Sample 
HO-21 (7.7% MgO), which is from the lower section 
of the subaerial part of the Honomanu Basalt (Fig. 2), 
has a major element composition similar to some of the 
Haleakala submarine glasses (Figs. 3 and 4). The dredge 
sample (KK83-0725), also from the east rift zone of Ha- 
leakala, has significantly lower bulk rock SiO2, A1203, 
CaO, Na20, and TiO2 contents, but higher MgO content 
than the submarine glasses (Figs. 3 and 4). Compared 
to the Honomanu samples, the dredge sample has higher 
MgO, lower A1203, CaO and TiO2 contents, but similar 
SiO2, Fe203, Na20, K20 and P205 contents (Fig. 
4a-h). 
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Fig. 5a-c. Variations of a CaO/MgO, b A1203/CaO and e K20 / 
P2Os as a function of MgO content in Haleakala samples. Symbols 
as in Fig. 3. Cross on the upper right corner of the diagrams repre- 
sents ___2 a analytical uncertainty 

Most of the Honomanu samples have KzO/P20 5 ra- 
tio less than 1.3 and this contrasts with KzO/P205 ratios 
greater than 1.3 in all but one submarine glasses from 
Haleakala (Fig. 5c) (Moore et al. 1990) and recent su- 
baerial basalts from Kilauea and Mauna Loa (Wright 
1971). As previously concluded for subaerial lavas from 

Kohala (Feigenson et al. 1983) and Mauna Kea (Frey 
et al. 1990), we infer that the low K20/P2Os ratio in 
most Honomanu lavas reflects the effects of post-mag- 
matic subaerial alteration. 

Major element compositions of the three Kula sam- 
ples from the Honomanu Gulch (Table 1) are within the 
ranges reported for Kula samples from drill cores 
(Fig. 4; Chen et al. 1990), except for the lower total alka- 
li content in the oldest Kula sample, HO-11 (Fig. 3). 
The youngest Hana sample (sample 1790, Table 1) has 
a higher MgO content, but lower SiO2 and A1203 con- 
tents than those reported for Hana samples from drill 
cores (Figs. 3 and 4; Chen et al. 1990). 

Transition metals (Sc, V, Cr, Cr, Ni, and Zn) 

Abundances of Cr, Co and Ni are highly variable in 
Honomanu lavas, and their abundances correlate posi- 
tively with MgO content (Fig. 6c-d). In contrast, abun- 
dances of Sc, V and Zn are less variable, with Sc and 
V contents varying inversely with MgO content 
(Fig. 6a-b). In these MgO variation plots there are no 
obvious differences between alkali and tholeiitic Hono- 
manu lavas. The dredge sample (KK83-0725) has lower 
Sc, and V contents, but higher Cr, Co, and Ni contents 
than the Honomanu samples (Table 1, Fig. 6 a-d). In Sc, 
V, Co and Ni versus MgO plots, the three Kula samples 
plot within the fields reported for the drill core Kula 
samples (Fig. 6a-d). However, the Hana sample (1790) 
contains higher Co and Ni contents than the drill core 
Hana samples (Fig. 6c-d), which is consistent with its 
high MgO content. 

Incompatible trace elements (P, Rb, Sr, Ba, Zr, Hf, Nb, 
and REE) 

Abundances of incompatible elements in Honomanu la- 
vas vary by factors of 3.8 (Ba), 2.8 (P205, Nb, La, and 
Ce), 2.7 (Nd), 2.5 (Sr), 2.3 (Zr, Hf, and Sm), and 2.1 
(Eu) with the lowest abundances in a tholeiitic picrite 
(C122), and the highest abundances in the most evolved 
alkalic basalts (HO-19 and C124) (Table 1, Fig. 7). Al- 
though some tholeiitic basalts have lower MgO contents 
than some alkalic basalts, all of the tholeiitic lavas have 
lower abundances of the incompatible elements, Sr, Ba, 
Nb, La, Ce, Nd, and Sin, than the alkalic lavas (Table 1, 
Fig. 7). The dredged picrite (KK83-0725) and C122 have 
similar abundances of highly incompatible elements, but 
the dredged sample has lower abundances of intermedi- 
ate to heavy REE (Sm through Lu; Table 1). 

The abundances of heavy REE (Yb and Lu) vary 
by a factor of 1.7 in Honomanu lavas (Table 1). If only 
the mafic samples (MgO _> 7%) are considered, the abun- 
dances of light REE (e.g., La) and heavy REE (e.g., 
Yb) vary by factors of 2.2 and 1.5, respectively (Table 1). 
However, after correction for olivine fractionation, La 
abundances in the fractionation-corrected mafic lavas 
vary by a factor of 1.7, whereas Yb abundances vary 
by only a factor of  1.1. 
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Fig. 7. Primitive mantle normalized trace element distributions 
(Sun and McDonough 1989) of tholeiitic and alkalic lavas of the 
Honomanu Basalt. Open symbols: range for tholeiitic lavas (lower 
and upper limits defined by samples C122 and HO-1, respectively); 
filled symbols: range for Honomanu alkalic lavas (lower and upper 
limits defined by samples HO-22 and HO-19, respectively). All 
Honomanu alkalic lavas have higher incompatible element abun- 
dances than the tholeiitic lavas 

All Honomanu lavas have LREE-enriched chon- 
drite-normalized or primitive-mantle-normalized pat- 
terns (Fig. 7). Abundance ratios of LREE elements (e.g., 
La/Ce, La/Nd) are very similar for Honomanu tholeiitic 
and alkalic lavas. For example, (La/Ce)N (N in the sub- 
script indicates chondrite normalized) ranges from 0.92 
to 1.02 for the tholeiites, and 0.96 to 1.03 for the alkalic 
basalts. However, the alkalic basalts have higher LREE/ 
intermediate REE (e.g., La/Eu) and LREE/HREE ratios 
(e.g., La/Yb) than the tholeiites (Figs. 8 and 9). For ex- 
ample, (La/Eu)N and (La/Yb)N, range from 1.25 to 1.52 
and 2.94 to 4.28, respectively, in the tholeiitic lavas, and 
from 1.57 to 1.69 and 4.83 to 5.46, respectively, in the 
alkalic lavas. 

Sr, Nd and Pb isotopic ratios 

The 87Sr/86Sr ratios of Honomanu lavas (17 samples, 
this paper; 2 samples from West and Leeman 1987) 
range from 0.70364 to 0.70387 and are significantly high- 
er than the 87Sr/S6Sr ratios in Kula and Hana lavas 
(Fig. 10 a). The ~ 43Nd/a44Nd ratios of Honomanu lavas 
(17 samples) range from 0.51291 to 0.51299 and are 
lower than aa3Nd/14~Nd ratios in younger Kula and 
Hana lavas (Fig. 10a). The range of 87Sr/86Sr in Hono- 
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all the Honomanu alkalic lavas have higher Ba/La, La/Eu, and 
La/Yb than the tholeiitic lavas (variation trends lbr tholeiitic and 
alkalic samples are shown as solid line and dashed line, respectively). 
Cross on the upper right corner of the diagrams represents • 2 a 
analytical uncertainty 
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manu lavas is about three times _+ 2 a analytical errors 
(Fig. 10a). The range of 143Nd/144Nd ratios in Hono- 
manu lavas are slightly larger than the + 2 g analytical 
error (95% confidence level), but is within the +_ 3 
analytical error (99.7% confidence level). 

A significant new result is that the uppermost Hono- 
mau lavas, tholeiitic lava HO-13 and alkalic lava HO-12 
(Fig. 2), have 87Sr/86Sr ratios (0.70365 and 0.70364, re- 
spectively) lower than stratigraphically lower Hono- 
manu lavas (0.70372 to 0.70387, Fig. 10a). In addition, 

the oldest dated Kula lava, HO-11 (0.93 +_ 0.04 Ma), has 
an 87Sr/86Sr ratio of 0.70353 which is higher than the 
range, 0.70308 to 0.70347, for 38 previously analyzed 
Kula lavas (Fig. 10a; Chert and Frey 1985; West and 
Leeman 1987; Chen et al. 1990). Therefore, the youngest 
Honomanu and oldest Kula lavas define a gradual tem- 
poral decline in 87Sr/86Sr. Additional support for this 
temporal variation is the range of Sr isotope ratios, 
0.70345 to 0.70355 in 5 lavas from the Kumuiliahi For- 
mation (West and Leeman 1987). This sequence of lavas 
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cross in the lower left corner represents _ 2 a analytical uncertainty 

is exposed only in Haleakala crater and overlaps in K -  
Ar ages (0.70 to 0.91 Ma, McDougall 1964, Naughton 
et al. 1980) and 87Sr/arSr with the lower lavas of the 
Kula Volcanics (Fig. 10). 

Although all Hana lavas have relatively low 87Sr/ 
S6Sr (0.70306 to 0.70329 for 10 lavas; Chen and Frey 
1985; West and Leeman 1987; Chen et al. 1990), there 
is no systematic change in the 87Sr/86Sr of Hana lavas 
with stratigraphic position. This result is corroborated 
by the relatively high 8VSr/86Sr ratio, 0.70323, in the 
youngest (,-- 1790 AD) Hana lava (Table 1, Fig. 10 a). 

The 2~176 2~176 and Z~176 ra- 
tios of the Honomanu lavas (6 samples, this study; 2 
samples from West and Leeman 1987) range from 18.245 
to 18.336, 15.461 to 15.482 and 37.919 to 38.045, respec- 
tively (Fig. l l a  b). The range of 2~176 ratios in 
the Honomanu lavas (~2.5  times-t-2o-) is larger than 
the 95% confidence level of analytical error (___2o-). 
However, the ranges of 2~176 and 2~176 
ratios in the Honomanu lavas are within the + 2 sigma 
analytical errors (Fig. 11 a b). In contrast, the Kula la- 
vas (5 samples, Tables 1 and 3; 17 samples, West and 

Leeman 1987) define larger ranges in Pb isotopes 
(Fig. 11 a-b). As a result, Honomanu, Kula, and Hana 
lavas define overlapping fields in P b - P b  plots, and 
there are no long-term, systematic temporal trends in 
Pb isotopic ratios. However, because of their higher 
SVSr/86Sr ratios, Honomanu lavas define a field which 
does not overlap with the Kula and Hana fields in 87Sr/ 
868r versus 2~176 and 878r/86Sr versus 2~ 
2~ plots (Figs. 11 c-d). This offset of older tholeiitie 
and alkalic lavas to higher 87Sr/86Sr at a given 2~ 
2~ is characteristic of mature Hawaiian volcanoes 
that have erupted relatively young postshield and/or 
posterosional lavas (Chen 1987; West et al. 1987). The 
temporal trend of 87Sr/~rSr- 2~176 2~176 
at individual Hawaiian volcanoes has been interpreted 
as a result of mixing between enriched component(s) 
and a depleted MORB-related component (Chen 1987; 
West et al. 1987). 

Discussion 

Compositional effects of  crystal segregation 
and accumulation 

The two Honomanu tholeiites with ~ 16 to 17% MgO 
have:been proposed as possible primary melts (C122, 
Chen 1990; and C123, Maaloe and Hansen 1982). These 
two samples have very different compositions (Table 1). 
Sample C123 has lower abundances of SiO2 (Fig. 4a) 
and compatible trace elements, Sc, Cr, and Ni (Fig. 6a 
and d), but higher abundances of TiO2, P205 and in- 
compatible trace elements, and a higher A1203/CaO ra- 
tio (1.27 for C122, 1.48 for C123) (Fig. 5b). These com- 
positional differences are consistent with derivation of 
sample C123 by a smaller degree of melting. Olivine 
fractionation from a parental magma composition like 
sample C123 could explain most of the major element 
abundance variations (samples HO-18 and HO-21 are 
exceptions) in the Honomanu tholeiites (Figs. 4 and 5). 
However, sample HO-18, the tholeiite with the lowest 
MgO content (6.2%) has a high AIEO3/CaO (1.63, 
Fig. 5b) and a relatively low Sc content (Fig. 6a). These 
compositional features probably reflect the onset of cli- 
nopyroxene fractionation. Sample HO-21 (7.7% MgO), 
which has the highest SiO2 content among the Hono- 
manu samples, is similar to the submarine glasses in 
major element composition (Figs. 3-5). Based on major  
element trends, C122 is a likely parental melt for sample 
HO-21 and the submarine glasses (Figs. 4 and 5). 

Among the six Honomanu alkalic basalt samples 
studied, four have MgO contents ranging from ~ 8 to 
10.8%. Although at a given MgO content these alkalic 
lavas have higher contents of Na20, K20, TiO2 and 
P205 than the tholeiitic basalts (Fig. 4e-h), the trends 
for other major elements and compatible trace elements 
are similar for the alkalic and tholeiitic basalts (Figs. 
6). Compared to the most evolved tholeiitic lavas (e.g., 
HO-18), the most evolved alkalic lavas, HO-19 and C- 
124 (5.6% MgO) have lower A1203 abundances, and 
lower A12Oa/CaO ratios, but higher Sc contents (Figs. 5 
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Table 3. Pb isotopic ratios of lavas from Kula and Hana Volcanics, 
Haleakala" 

Kula Volcanics Hana Volcanics 

Sample H85-1 H85-10 H65-4 H85-22 H65-11 H65-13 
Rock type AB AB AB AB ANK ANK 

z~176 18.356 18.335 18.357 18.288 18.229 18.286 
2~176 15.487 15.482 15.469 15.457 15.466 15.472 
2~176 38.014 37.970 37.987 37.896 37.851 37.916 

" Normalization values for Pb isotopes are the same as those listed 
in the footnote of Table 1. Sr isotopic ratios of these samples can 
be found in Chen and Frey (1985) 

and 6). If the primary magmas for tholeiitic and alkalic 
Hawaiian basalts have a similar major element composi- 
tion (Feigenson et al. 1983), the plagioclase/clinopyrox- 
ene ratios were higher in the fractionating assemblage 
that led to the evolved alkalic lavas. 

A compositionally homogeneous source for Honomanu 
tholeiitic and alkalic lavas ? 

Sr isotope ratios in the lavas from the lower 200 meters 
of the Honomanu section are quite constant (0.70387 
to 0.70371), with no temporal trend or systematic differ- 
ences between tholeiitic and alkalic lavas (Fig. 8 a). Only 
the uppermost Honomanu lavas, HO-12 and HO-13 are 
distinct in 87Sr/S6Sr (Fig. 8a). This temporal decrease 
in 87Sr/86Sr continues into the overlying Kula lavas 
(Fig. 8 a) and provides evidence for a significant change 
in source composition, perhaps a change in mixing pro- 
portions of different source components, that coincides 
with the transition from Honomanu Basalt to Kula Vol- 
canics (Chen and Frey 1983, 1985). Because of the small 
range in Nd and Pb isotopic ratios in the Honomanu 
Basalt (Figs. 10a and 11), no temporal trend is discern- 
ible. Consequently, St, Nd and Pb isotopic data for Hon- 
omanu lavas from the depth region of 250 to 50 meters 
show that the sources of the intercalated tholeiitic and 
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alkalic lavas were similar with very little isotopic hetero- 
geneity. 

In basaltic lavas abundance ratios involving elements 
of similar incompatibility, e.g., Nb/La, La/Ce, P/Nd, 
Hf/Sm and Zr/Hf, are not significantly affected by frac- 
tional crystallization; therefore these ratios may reflect 
the source composition. Specifically, the good correla- 
tion of La/Ce ratio with S 7 S r / 8 6 S r  in Haleakala lavas 
(Fig. 10b) shows that this ratio reflects mantle source 
components. Moreover, several of these ratios are quite 
constant throughout the stratigraphic section of Hono- 
manu lavas (e.g., Fig. 8 b-c). For example, Nb/La, La/ 
Ce, La/Sr, Hf/Sm, Zr/Hf, and Ti/Eu ratios in the interca- 
lated Honomanu tholeiitic and alkalic lavas are 1.1 _+ 0.1 
(___2or), 0.38___0.02, 0.034___0.005, 0.72_+0.08, 40+_2, 
and 7700_+600, respectively. Apparently, the mantle 
source(s) for Honomanu tholeiitic and alkalic lavas had 
relative abundances of highly incompatible non-volatile 
elements (e.g., Nb, La, Ce, Sr, Zr, Hf, Sm, Eu, Ti) very 
similar to estimates of primitive mantle composition 
(e.g., (Nb/La)N= 1.1, (La/Ce)N= 1.03, (La/Sr)N= 1.03, 
( U f / S m ) N  = 1 . 0 3 ,  ( Z r / H f ) N  = 1.1 and ( E u / T i ) N  = 1 .0 )  

(Fig. 7). However, the overlying younger Kula and Hana 
lavas are significantly enriched in the most incompatible 
elements; e.g., they have relatively high Nb/La, La/Ce, 
and La/Sr (Figs. 8 and 9). P/Nd ratios in the tholeiites 
and alkalic basalts are also quite constant thoughout 
the Honomanu Basalt and average to 58 _+ 7 (_+ 2 a). This 
P/Nd ratio is lower than that estimated for the primitive 
mantle (70, Sun and McDonough 1989), but is similar 
to that in lavas from other Hawaiian volcanoes (Frey 
et al. 1990). In contrast, abundances ratios involving al- 
kali elements vary widely in the Honomanu Basalt. For 
example, Rb/Ba varies from 0.006 to 0.07, K/La varies 
from 78 to 324, and Rb/Sr varies from 0.001 to 0.02 
for Honomanu tholeiitic and alkalic lavas. These wide 
ranges reflect loss of alkalis during late stage alteration 
(Feigenson et al. 1983; Chen and Frey 1985; Frey et al. 
1990). 

Constraints on the partial melting process which generated 
the Honomanu tholeiitic and alkalic lavas 

Because isotopic ratios and highly incompatible element 
abundance ratios indicate that the intercalated Hono- 
rnanu tholeiitic and alkalic lavas were derived from com- 
positionally similar sources, the compositional differ- 
ences between the tholeiitic and alkalic lavas (Figs. 4-9) 
must have resulted from differences in partial melting 
and/or post-melting crystal fractionation processes. The 
specific compositional differences that must be explained 
are: (a) at similar MgO contents, the alkalic basalts have 
higher K20, TiO2 and P205 contents than the tholeiitic 
basalts (Fig. 4); (b) regardless of their MgO content, 
all alkalic Honomanu lavas have higher Sr, Ba, Zr, Nb, 
Hf, and LREE abundances than the tholeiites (Fig. 7); 
and (c) Nb/Zr, La/Sm, La/Eu and La/Yb ratios to not 
correlate with MgO contents, but they correlate with 
abundances of highly incompatible elements, such as La 
(e.g., Fig. 9e-f). Crystal fractionation alone could not 
have created these differences between the tholeiitic and 
alkalic Honomanu lavas. However, these trends of in- 

compatible element abundances could be explained by 
lower degrees of partial melting for alkalic lavas. 

Incompatible element abundances in parental melts 
can provide constraints regarding the range in degree 
of partial melting which generated the Honomanu lavas. 
As discussed earlier, much of the major element varia- 
tion in mafic Honomanu lavas (MgO_ 7%) may be ex- 
plained by olivine fractionation. Parental magma com- 
positions were calculated by addition or subtraction of 
olivine to form parental magmas with 17.2% MgO; i.e. 
comparable to the high MgO lava, C123. The abun- 
dances of incompatible elements (Ba, Nb, La, Ce, Sr, 
P, Nd, Zr, Hf, Sm, Eu, Ti, Yb, and Lu) in these calculat- 
ed parental melts of the mafic Honomanu tholeiitic lavas 
are between those of C122 (La/Yb=4.1) and C123 (La/ 
Yb = 5.8) (Fig. 12a-b). Therefore, the range of partial 
melting in tholeiitic Honomanu lavas can be defined by 
these two picrites (C122 and C123). Abundances of high- 
ly incompatible elements in C123 are about 1.5 times 
those in 122 (1.6 for Ba and Nb, 1.5 for La and Sr, 
and 1.4 for Ce, P, Nd, Zr and Hf; Fig. 12b). Therefore, 

2.5 

2.0 

1.5 

E 
1.0 

0.5 

(a) Thole i i t ic  
La/Yb = 4.8 - 4.9 

| | i i i i i i i i i | i I 

BaNbLaCe  Sr P N d Z r H f S m E u T i Y b L u  

HO-23 
HO-21 

2.5 

2.0 

. 1.5 

1.0 

0.5 

(b)  Tho le i i t i c  
La/Yb = 5.5 - 6.0 

D-t3 

! I I I ' ' ' l i i i , , 

BaNbLa Ce Sr P NdZr  HISmEu Tf YbLu 

C123 
; HO-1 

- - ' O - -  HO-3 
HO-4 

�9 HO-5 

HO-17 
.t HO-16 
.L HO-15 

2.5 

2.0 

5 

~ 1.5 

1.0 

. (C)  A l k a l i c  B a s a l t s  

= , - , 

0 . 5 a i ' l l f f i l f l l | l  

HO-20 
�9 HO-22 

HO-14 
4 HO-12 

BaNbLa Ce Sr P NdZr  HISmEu Ti YbLu 

Fig. 12. Olivine f rac t iona t ion-cor rec ted  (corrected to 17.2% M g O  
by addi t ion  or  sub t r ac t ion  o f  equi l ib r ium olivine) trace d e m e n t  
a b u n d a n c e s  in mar ie  H o n o m a n u  lavas  ( M g O  > 7%)  relative to sam-  
ple C122 



197 

the range of tholeiitic compositions formed from vari- 
able degrees (~  a factor of 1.5) of melting. 

The best samples for inferring the difference in the 
degrees of partial melting which generated tholeiific and 
alkalib basalts are those that were derived from the same 
mantle source (e.g., same isotopic ratios) and have un- 
dergone similar degree of fractionation (i.e., similar 
MgO contents, and plot on the same major element vari- 
ation trends). Sample HO-I (a tholeiite with Mg ~ = 
56.8) and sample HO-20 (alkalic basalt with Mg 41: = 
56.2) may serve this purpose. Abundances of highly in- 
compatible elements in HO-20 are about 20% (Nb, La, 
Ce, and Nd) to ~ 50% (Ba) higher than in HO-1. There- 
fore, the degree of partial melting which generated the 
Honomanu alkali basalts may have been about a factor 
of 1.5 lower than that required to generate HO-1 (or 
C123), or about a factor of 2.3 lower than that required 
for C122. 

As in the tholeiitic lavas, the range in the degrees 
of partial melting in the Honomanu alkalic basalts may 
be estimated by adjusting the mafic lavas for olivine 
fractionation. After correction for olivine fractionation, 
the four mafic alkalic lavas (MgO > 7%) have very simi- 
lar abundances in highly incompatible elements 
(Fig. 12c). For example, the fractionation-corrected al- 
kalic lavas have abundances of incompatible elements 
which vary by only a factor of 1.1 (Nb, La, Ce) to 1.2 
(Ba, Sr); therefore, the degrees of partial melting for 
the Honomanu alkalic basalts varied by less than a fac- 
tor of 1.2. 

In summary, if sample C122 is derived by -v15% 
melting (Chen and Frey 1985), the Honomanu tholeiitic 
lavas reflect a melting range of ~ 10 to 15%, and the 
intercalated Honomanu alkalic basalts reflect a range 
of --~6.5 to 8% melting. 

Constraints on mineralogy of the sources and residues 

The isotopic similarity of the alkalic and tholeiitic Hono- 
manu lavas combined with the higher incompatible ele- 
ment abundances in the alkalic lavas implies that these 
magmas were derived from the same source composi- 
tion, but the alkalic basalts were derived by lower de- 
grees of melting. Although the mafic (7% to 19% MgO) 
alkalic and tholeiitic lavas define similar trends in most 
major and compatible element plots (Figs. 4-6), compar- 
isons of lavas with ,-~9 to 11% MgO show that the 
alkalic basalts have lower Sc contents than the tholeiitic 
basalts (Fig. 6a). Lower Sc contents in lavas that were 
derived by lower degrees of melting requires that the 
bulk residual solid/melt partition coefficient for Sc was 
> 1. Consequently, a residue with abundant clinopyrox- 
ene (33% for D ~px/~ -,~3) or significant garnet (25% for 
D gt/1 ~ 4) is required. The higher La/Sm, La/Eu, and La/ 
Yb ratios in the alkalic basalts compared to the tholeiites 
(Fig. 9 e-f) is consistent with the inference that clinopy- 
roxene and garnet are in the residual mantle. Moreover, 
the mafic alkalic basalts and tholeiites have very similar 
HREE (Yb and Lu) abundances (e.g., Yb=2.1 to 
2.3 ppm for alkalic basalts and 2.2 to 2.3 for tholeiites 
with MgO ~8 to 9%; Table 1; Y b =  1.6 to 1.8 for frac- 
tionation-corrected mafic tholeiitic and alkalic basalts) 
which indicate that the bulk partition coefficients for 

HREE between the solid and the liquids were very close 
to 1. Because clinopyroxene/basaltic melt partition coef- 
ficients are < 1 for REE (Green and Pearson 1985), the 
Sc and REE data require that garnet was residual during 
the partial melting processes that formed the Honomanu 
primary magmas. 

In MgO variation plots abundances of the compati- 
ble trace elements, Cr, Co, and Ni, in the alkalic and 
tholeiitic Honomanu lavas define the same trends (e.g., 
Fig. 6c-d). Although these magma types were derived 
by different degrees of melting, the primary tholeiitic 
and alkalic lavas had silrfilar Cr, Co and Ni abundances. 
This result requires residual solid/melt partition coeffi- 
cients for Cr, Co and Ni that were > 1. A residue con- 
taming olivine and/or orthopyroxene is implied. 

As discussed earlier the abundance ratios, Nb/La, 
La/Ce, La/Sr, Hf/Sm, Zr/Hf and Ti/Eu are similar in 
the alkalic and tholeiitic Honomanu lavas. The con- 
stancy of these ratios is consistent with a compositional- 
ly homogeneous source for the Honomanu alkalic and 
tholeiitic basalts, and a residual peridotite mineralogy. 
However, a surprising result is that the alkalic basalts 
consistently have higher Ba/La ratios than the tholeiites 
(Figs. 8 d and 9 a). Because the tholeiites were generated 
by larger degrees of partial melting than the alkalic ba- 
salts, lower Ba/La ratios in the tholeities (8.3 + 1.7) than 
the alkalic basalts (10.5 _+ 1.4) imply that Ba was signifi- 
cantly more incompatible than La. 

Among the major minerals of a peridotite assem- 
blage, clinopyroxene is the most likely phase to control 
Ba/La in an equilibrium melt. The capacity of residual 
clinopyroxene to control Ba/La is shown in Fig. 13. For 
degrees of melting >3%,  the ~25% observed Ba/La 
variation requires a large amount, > 33%, of residual 
clinopyroxene for average reported partition coefficients 
(D ~px/t= 0.05 for La, D epx/l= 0.003 for Ba; Philpotts and 
Schnetzler 1970; Hart and Brooks 1974; Arth 1976). 
Alternatively, the Ba/La differences may reflect larger 
cpx/melt partition coefficients. Other minerals such as 
plagioclase, amphibole, biotite, and phlogopite are also 
capable of fractionating Ba from La during basalt petro- 
genesis. However, Ba is more compatible than La in 
these mineral (Philpotts and Schnetzler 1970; Hart and 
Brooks 1974; Arth 1976). If plagioclase, amphibole, bio- 
tite, or phlogopite were present in the mantle residue, 
the alkalic basalts (derived by smaller degrees of partial 
melting) should have lower Ba/La ratio than the tholeiit- 
ic lavas which is opposite to the observed trend (Figs. 8 d 
and 9 a). 

We conclude that the alkalic and tholeiitic Hono- 
manu lavas may have been derived from compositionally 
similar sources and that the residual mineralogy con- 
tained olivine/orthopyroxene plus significant amounts 
of clinopyroxene and garnet. Although this residual min- 
eralogy is similar to that inferred from other trace ele- 
ment studies of Hawaiian lavas (Budahn and Schmitt 
1985; Feigenson etal. 1983; Hofmann et al. 1984), it 
contrasts markedly with interferences based on experi- 
mental melting studies. For example, Falloon et al. 
(1988) conclude that Hawaiian tholeiites equilibrated 
with harzburgite (clinopyroxene and garnet absent) resi- 
dues if they were generated by anhydrous partial melting 
of pyrolite at less than 30 kb pressure. However, garnet 
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Fig. 13a, b. Variation of (Ba/La) ratio between two liquids (LI 
and L2) as a function of F1 (degree of partial melting which gener- 
ated L,) for the case where F~ equaIs 2 times F1. Calculated results 
are shown for batch melts and aggregated fractional melts. The 
solid horizontal line at Ba/La = t.26 indicates the average difference 
between the alkalic and tholeiitic lavas of the Honomanu Basalt. 
The two cases show the effects of different partition coefficients: 
a solid lines' represent the case where the bulk partition coefficients 
for Ba and La are assumed to be 0.001 and 0.0167. If average 
clinopyroxene/basaltic melt partition coefficients for Ba and La 
are used (i.e., 0.0003 for Ba and 0.05 for La, e.g., Philpotts and 
Schnetzler 1970; Hart and Brooks 1974; Arth 1976), the solid line 
corresponds to a case with 33% of clinopyroxene in the residue. 
Compared to most mantle-derived peridotites occurring as xeno- 
liths or massif peridotites, this is an unrealistically large amounts 
of residual clinopyroxene. Moreover, even with this large amount 
of clinopyroxene the observed Ba/La fractionation requires that 
F1 be _< 3%. b Dotted lines correspond to a case with higher bulk 
partition coefficients, i.e., 0.003 for Ba and 0.05 for La. In this 
case, the observed Ba/La variation is created at F1 ~ 7% 

is a stable solidus phase at pressure > 30 kb for anhy- 
drous partial melting, or > 20 kb in the presence of small 
(<0.3 wt %) water contents (Green 1973). Therefore, 
the significant role of garnet in the mantle residue in- 
ferred from trace elements abundances implies that the 
Hawaiian lavas are generated at > 30 kb pressure for 
anhydrous melting, or > 20 kb if the water is present. 

Interpretations of the temporal geochemical trends defined 
by lavas from Haleakala Volcano 

Because the stratigraphic section in Honomanu Gulch 
includes the transition from the Honomanu Basalt to 
the Kula Volcanics, we can integrate the geochemical 
trends defined by lavas in Honomanu Gulch with those 
in the Nahiku drill cores (Chen and Frey 1985). As 
shown in Fig. 8 a and Table 1 the two youngest Hono- 
manu lavas (HO-13 and HO-12) and the oldest Kula 
lava (HO-ll) demonstrate that there is a gradational 
decrease in 87Sr/86Sr across the Honomanu Basalt-Kula 
Volcanics boundary. As shown by Chen and Frey (/983, 
1985) this decrease in SVSr/S6Sr with decreasing eruption 
age is characteristic of the Nahiku drill cores which con- 
tain lavas from the Kula and Hana Volcanies. This tem- 
poral 87Sr/S6Sr trend is accompanied by systematic vari- 
ations in abundance ratios such as Nb/La, La/Ce, Sin/ 

Nd and Rb/Sr. Chen and Frey (1983, 1985) interpreted 
these temporal geochemical variations as reflecting a sys- 
tematic change in mixing proportions between melts de- 
rived from a plume-derived component and depleted, 
MORB-related mantle component, coupled with a tem- 
poral decrease in the extent of melting that created the 
depleted melt (" depleted" in terms of a lower Sr isotopic 
ratio). This depleted melt was interpreted to be derived 
from the oceanic lithosphere, but entrainment of 
MORB-related asthenosphere in an ascending plume 
(Griffiths 1986) is another possibility. Kurz et al. (1987) 
reported 3He/4He data for several samples from the Na- 
hiku drill cores and Honomanu Gulch. The systematical- 
ly higher 3He/4He in Honomanu lavas (13.1 to 16.8 Ra) 
and the MORB-like 3He/gHe ratios in Kula and Hana 
lavas (6.6 to 8.3 Ra) are consistent with mixing between 
plume-related and depleted, MORB-related mantle com- 
ponents. 

The models proposed by Chen and Frey (1983,/985) 
used batch melting. Ribe (1988) recently evaluated a 
more sophisticated "dynamical model" for melting of 
an ascending plume. In this model melts segregated from 
a partially melted ascending plume have higher abun- 
dances of incompatible elements than melts derived by 
equivalent amounts of batch melting. Although different 
melting models for the plume were used by Chen and 
Frey (1983, 1985) and Ribe (1988), both approaches con- 
clude that STSr/86Sr and incompatible element abun- 
dance ratios, such as La/Ce, in Haleakala lavas are pri- 
marily controlled by the degree of melring of the MORB- 
related mantle component; i.e., oceanic lithosphere in 
these models. Specifically, the temporal increase of La/ 
Ce and decrease of S7Sr/S6Sr defined by lavas from the 
Honomanu Basalt, Kula Volcanics, and Hana Volcanies 
requires the degree of partial melting of the lithosphere 
to decrease with time (Fig. 9 Chen and Frey 1985; 
Figs. 4--7 Ribe 1988). However, the inferred degrees of 
partial melting in the lithosphere depend strongly on 
the trace element partition coefficients utilized. For ex- 
ample, if the plume component is assumed to have bulk 
earth S7Sr/S6Sr and La/Ce ratios, and bulk solid/melt 
partition coefficients for La and Ce are assumed to be 
0.0025 and 0.005 (Dco/DL, =2), respectively (Chen and 
Frey/983, 1985), then La/Ce ratios in Honomanu lavas 
require ~0.5 to 2% melting of lithosphere for a batch 
melting model. This range of partial melting successfully 
accounts for La/Ce, STSr/86Sr and '43Nd/lg4Nd ratios 
(Fig. 9 Chen and Frey 1985). However, this choice of 
La and Ce partition coefficients leads to ~ 1 to 2% litho- 
sphere melting in the dynamical melting model (Fig. 6, 
Ribe 1988), and this result is inconsistent with the in- 
ferred 5-10% melting of the lithosphere that is required 
to account for SYSr/S6Sr and 143Nd/144Nd in the dynam- 
ical melting model (Figs. 4 and 5, Ribe 1988). In order 
to eliminate this inconsistency, Ribe (1988) used lower 
La and higher Ce partition coefficients (i.e., DL~ = 0.001 
and Dc~-~0.01 ), that is, a much larger Dce/DL, ratio 
(/0). Although the required 5 to 10% lithosphere melting 
was presented as a significant difference from the results 
of Chen and Frey (/983, 1985), we note that with this 
choice of partition coefficients, 4 to 10% melting of the 
lithosphere is also required by the batch melting model. 



Thus, the results of both models are similar for this 
choice of partition coefficients. Is a DcjDL, ratio of 
10 reasonable? With such a large difference in partition 
coefficients, significant variations in La/Ce should result 
from varying degrees of melting. Specifically, the range 
in degree of melting required by incompatible element 
abundances in Honomanu lavas, a factor of ~2.3, 
should result in systematically varying La/Ce ratios in 
Honomanu lavas. The anticipated positive correlation 
between La/Ce and La content (a measure of degree 
of melting) is not seen in the Honomanu lavas (Fig. 9c). 
We conclude that a Dce/DL, of ~ 2 is more likely than 
a value of ~ 10. 

Finally, the uniformity of isotopic and abundance 
ratios involving highly incompatible elements in the 
Honomanu lavas requires a source homogeneity that is 
not observed in lavas from the Kula and Hana Volcanics. 
Possibly, the Honomanu lavas represent a pure plume 
component. However, given the isotopic diversity of la- 
vas from different Hawaiian shields (Stille et al. 1986; 
West et al. 1987), the diversity of mantle components 
that may be represented in Hawaiian lavas (Wyllie 1988), 
and the possibility of plume-asthenosphere mixing dur- 
ing ascent (Griffiths 1986), it is more likely that these 
Honomanu lavas reflect a brief stage of volcano evolu- 
tion when the mixing proportions of mantle components 
were approximately constant. In either case, the variable 
incompatible element contents reflected by the interca- 
lated alkalic and tholeiitic Honomanu lavas coupled 
with near isotopic homogeneity are easiest to interpret 
as resulting from different extents of melting. For exam- 
ple, the center of a plume will be hotter than the margins 
and this should create a gradient in extent of melting. 
Therefore, the intercalated tholeiitic and alkalic Hono- 
manu lavas may reflect a process which tapped melts 
generated in different portions of a rising pl,ume. 

Conclusions 

This geochemical study of a stratigraphic section 
through the oldest subaerially exposed lavas on Haleak- 
ala Volcano, a 250 m section in Honomanu Gulch, com- 
plements previous geochemical studies of younger strati- 
graphic sections (Chen and Frey 1985; Chen et al. 1990; 
West and Leeman ]987). Major results and conclusions 
are: 
A. This section of the Honomanu Basalt contains inter- 
calated tholeiitic and alkalic lavas ranging in age from 

1.1 to 0.97 Ma. There is, a continuous gradation from 
tholeiific to alkalic compositions. Because only alkaline 
lavas occur in the overlying Kula and Hana Volcanics, 
this section of the Honomanu Basalt represents a transi- 
tion from tholeiitic to alkalic volcanism. 
B. Samples from the lower 200 m of section are margin- 
ally heterogeneous in Sr, Nd and Pb isotopic ratios (e.g., 
S7Sr/S6Sr ranges from 0.70371 to 0.70384 for 15 sam- 
ples), but there are no systematic temporal variations 
in these isotopic ratios. Moreover, there is complete 
isotopic overlap between the tholeiitic and alkalic lavas. 
Abundance ratios involving elements of similar incom- 
patibility, such as Nb/La, La/Ce, La/Sr, Nb/La, Hf/Sm, 
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Zr/Hf, Ti/Eu, are also similar in these alkalic and tho- 
leiitic Honomanu lavas, These isotopic and incompatible 
element abundance data are consistent with derivation 
of the alkalic and tholeiitic Honomanu lavas from com- 
positionally similar mantle sources. 
C. The MgO-rieh Honomanu lavas establish that a range 
of tholeiitic parental magma compositions were erupted; 
perhaps representing primary magmas formed over a 
small range in degree of melting. One of the tholeiitic 
lavas in this Honomanu section is similar in major ele- 
ment composition to submarine lavas dredged from the 
east rift of Haleakala (Moore et al. 1990), but all other 
tholeiitic lavas in Honomanu Gulch are compositionally 
distinct from these submarine glasses. 

By assuming the same source composition for alkalic 
and tholeiitic lavas, we infer that the tholeiitic lavas 
formed over a range in degree of melting (a factor of 
~1.5, e.g., 10% to 15% melting), and that the alkalic 
lavas formed by a lower degree of melting (,,~ a factor 
of 1.5 lower than the tholeiitic lavas, e.g., 6.5 to 8% 
if the tholeiitic lavas formed by 10 to 15 % melting). 

After a first-order correction for post-melting crys- 
tal-melt fractionation (i.e., olivine, addition to lavas with 
> 7% MgO), the calculated tholeiitic and alkalic paren- 
tal magmas have very similar compatible trace element 
and heavy REE contents, but the alkaline lavas have 
lower Sc contents and higher Ba/La. If the same source 
composition is assumed for these Honomanu lavas, a 
peridotite residue containing significant amounts of cli- 
nopyroxene and garnet is required. 
D. The uppermost Honomanu lavas (~  0.97 Ms) in this 
section and three overlying Kula lavas (~0.78 to 
0.93 Ma) establish that during this time period 87Sr/86Sr 
gradually decreases, from 0.70371 to 0.70328. This result 
is consistent with the previously defined temporal 
changes in S7Sr/S6Sr during eruptions of the Kula Volca- 
nics (Chen and Frey 1985; West and Leeman 1987). 
These isotopic and accompanying trace element abun- 
dance changes require a mixing model, and the geochem- 
ical trends are consistent with mixing between compo- 
nents derived from a plume-related source and a de- 
pleted MORB-related source. Apparently, during the 
waning stages of volcanism (~  0.97 Ma to present) there 
has been a systematic change in mixing proportions with 
an increasing contribution from the MORB-related 
component. 
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