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ABSTRACT 

Kilauea Volcano is an ideal location for studying the short-term changes in basaltic 

magma genesis because it is a highly active volcano with numerous eruptions during its 

historical period ( 1790-1999). Despite decades of research, many aspects of Kilauea's 

magmatic processes remain poorly understood. The goal of this dissertation is to determine 

the relative importance of the processes that generate Kilauea magmas and modify them 

during transport to the surface (and their effect on lava composition). The Pb, Sr, and Nd 

isotope and incompatible trace element ratios (e.g., La/Yb) of Kilauea's historical lavas 

vary systematically over time with an abrupt reversal after 1924. The isotopic variations 

can be explained by melting small-scale heterogeneities within the Hawaiian mantle plume. 

Model calculations suggest that the degree of partial melting decreased from the 19th 

century until the mid-20th century, which correlates with a lower eruption rate (and 

presumably magma supply rate) during this period. This interval of declining output from 

the Hawaiian plume culminated with an explosive eruption in 1924. Lavas erupted just 

after 1924 are geochemically anomalous and may have been contaminated by the 

assimilation of country rock into the volcano's summit magma storage reservoir during the 

explosions. Subsequently, the inferred degree of partial melting and the volcano's eruption 

rate have increased, with the highest values observed during the ongoing Puu Oo rift zone 

eruption. The (23°Thl238U) and (226Ra/23°Th) ratios of Kilauea's historical lavas have 

remained relatively constant over the last 200 years, despite significant variations in ratios 

of melting-sensitive incompatible trace elements. These observations are reconciled using 

the two end-member "ingrowth" models for producing U-series disequilibria during mantle 

melting (dynamic and equilibrium percolation melting). Physical constraints on the melting 

process using these models suggest high melting rates (0.003-0.006 kg m·3 yr-1
) and melt

zone porosities (0.5-3% ). The systematic temporal changes in lava chemistry at Kilauea 

since the 19th century suggest that the shape of the volcano's summit reservoir is relatively 
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simple (e.g., a single magma body). Residence time analysis of these rapid geochemical 

fluctuations indicates that the size of the reservoir is -2 km3
, which is smaller than most 

other estimates. 
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CHAPTER 1 

INTRODUCTION 

Kilauea Volcano is an ideal location for studying the short-term (tens to hundreds of 

years) changes in basaltic magma genesis because it is a highly active volcano with 

numerous eruptions during its historical period ( 1790 to the present). Continuous 

monitoring of the volcano's activity since the establishment of the Hawaiian Volcano 

Observatory in 1912 has made it the "best understood basaltic volcano in the world" 

(Tilling and Dvorak, 1993). Geophysical studies have delineated the basic plumbing 

system of Kilauea, which includes a shallow (2-4 km deep) magma storage reservoir 

located beneath the volcano's summit region (e.g., Fiske and Kinoshita, 1969; Klein et al. , 

1987). Furthermore, the fundamental magmatic processes that operate within this 

plumbing system, such as crystal fractionation (mostly olivine controlled) and magma 

mixing, have been well identified by major element studies of the volcano's lavas (e.g., 

Wright, 1971; Wright and Fiske, 1971). 

Despite decades of volcanological and geochemical research, many aspects of 

Kilauea's magmatic processes remain poorly understood. The mainly "crustal" magmatic 

processes of crystal fractionation and magma mixing are thought to be superimposed upon 

changes in the composition of parental magma delivered to Kilauea's summit reservoir 

(e.g., Wright, 1971; Tilling et al., 1987). However, these changes have never been 

studied using high-resolution geochemical analyses of lavas from the full 200-year eruptive 

history of the volcano. Thus, a major goal of this dissertation is to determine the relative 

importance of the basic processes that generate Kilauea's parental magmas and modify 

them during transport to the surface: compositional heterogeneity in the source region, 

changes in the process of partial melting, and crustal contamination. Furthermore, the 

geometry (size and shape) of Kilauea's summit magma reservoir is controversial, even 
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though this is one of the most important components of the magmatic plumbing system of 

the volcano (e.g., Tilling and Dvorak, 1993). An important byproduct of this detailed 

study of Kilauea's geochemical evolution is the ability to evaluate the geometry of the 

volcano's summit reservoir using the technique of residence time analysis (Albarede, 

1993). This technique allows the calculation of the magma volume required to "buffer" the 

temporal geochemical fluctuations observed in the lavas of active volcanoes, such as 

Kilauea. 

This dissertation is organized into three chapters. Chapter 2 presents a geochemical 

time-series analysis of the short-term (-200 years) geochemical evolution of Kilauea using 

the historical lavas erupted at the summit of the volcano and discusses the origin of the 

compositional variations in the volcano's parental magma composition. Chapter 3 

examines the geochemical constraints on the geometry of the volcano's summit magma 

storage reservoir and proposes a new model for its shape and size. Chapter 4 presents a 

detailed examination of the mantle melting process within the Hawaiian plume using U

series isotope analyses of the volcano's historical summit lavas and lavas from two of the 

Kilauea's sustained rift zone eruptions, Mauna Ulu (1969-1974) and Puu Oo (1983 to the 

present). Each of these chapters is introduced in more detail below. 

THE SHORT-TERM GEOCHEMICAL EVOLUTION OF KILAUEA VOLCANO (1790-

1982) 

The historical lavas of Kilauea display subtle variations in major element 

composition due the intrusion of compositionally distinct "magma batches" into the summit 

reservoir of the volcano (Wright, 1971; Wright and Fiske, 1971). However, the nature 

and cause of these short-term variations in parental magma composition at Kilauea are 

poorly understood. The oldest subaerial Kilauea lavas (from the -25-100 kyr old Hilina 

Basalt), exposed 10-15 km south of the volcano's summit along fault scarps, display 
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source- and melting-related fluctuations of incompatible trace element and isotope ratios 

(Chen et al., 1996), a feature also observed in lavas drilled from the flank of Mauna Kea 

Volcano during the Hawaii Scientific Drilling Project (e.g., Lassiter et al., 1996; Yang et 

al., 1996). The time scale of the geochemical variations in these stratigraphic sections is 

not well-known, but is probably limited by the average time it takes for a lava flow to 

return to distal areas of the volcano (-500-1000 years for Kilauea, Holcomb, 1987; - 700-

1375 years for Mauna Kea, Albarede, 1996). The walls of Kilauea Caldera preserve a 

more complete record of the changes in the volcano's parental magma composition than 

either the Hilina Basalt or Mauna Kea sections. These lavas, which erupted -0.2 to 2.8 kyr 

ago, exhibit cyclic major and trace element fluctuations when normalized to a constant MgO 

to correct for olivine control (Casadevall and Dzurisin, 1987). However, the timing of 

these geochemical cycles is uncertain (perhaps hundreds of years?) because several eruptive 

pauses may have occurred within the stratigraphic section (Casadevall and Dzurisin, 1987). 

Historical lavas present the best opportunity to investigate the origin of the short

term parental magma variations at Hawaiian volcanoes. For example, Mauna Loa Volcano 

lavas erupted from 1843 to 1984 display systematic temporal variations of incompatible 

trace element and isotope ratios that probably result from melting small-scale source 

heterogeneities near the margin of the Hawaiian mantle plume (Rhodes and Hart, 1995). 

Kilauea lavas can be used to study the dynamics of melt generation and the nature of source 

heterogeneity within a fundamentally different part of the Hawaiian plume (e.g., Frey and 

Rhodes, 1993). Lavas from the Mauna Ulu (1969-1974) and Puu Oo (1983 to the present) 

rift zone eruptions of Kilauea record changes in the volcano's parental magma composition 

over short periods of time ( < 10 years) that can be explained by variations in the extent of 

partial melting of a relatively homogeneous mantle source (Hofmann et al., 1984; Garcia et 

al., 1996). However, the geochemical variations of historical Kilauea lavas have never 

been examined systematically beyond these single eruptions (except for major elements; 
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Wright, 1971; Wright and Fiske, 1971). Chapter 2 of this dissertation presents the results 

of the first detailed study of the incompatible trace element, and Pb, Sr, and Nd isotope 

geochemistry of Kilauea's historical lavas. 

A GEOCHEMICAL PROBE OF THE GEOMETRY OF KILAUEA'S SUMMIT MAGMA 

STORAGE RESERVOIR 

The basic structure of the magmatic plumbing system for an idealized Hawaiian 

volcano was first outlined in 1960 by Eaton and Murata (1960). In their model, mantle

generated melt is transported by a primary conduit from a depth of 60 km to a shallow (2-

4 km deep) magma reservoir beneath the volcano's summit region. This reservoir stores 

magma prior to eruption at the volcano's summit or lateral intrusion into the rift zones of 

the volcano (for further storage and/or eruption). This basic model has been refined over 

the last four decades by continuous monitoring of the deformation and seismicity of 

Kilauea Volcano, one of the world's most active basaltic volcanoes (see reviews of Decker, 

1987 and Tilling and Dvorak, 1993). Kilauea's plumbing system has now been delineated 

in 3-D from the primary mantle conduit to the rift zones of the volcano (Klein et al., 1987; 

Ryan, 1988). One of the most important components of this system is the summit magma 

storage reservoir, which is thought to act as a control center for the volcano's magmatic 

processes (Decker, 1987; Tilling and Dvorak, 1993). Nevertheless, the geometry (size and 

shape) of Kilauea's summit reservoir remains controversial. Models for the reservoir's 

shape range from a complex network of interconnected dike- and sill-shaped magma bodies 

(Fiske and Kinoshita, 1969) to a single, spherical magma body (Yang et al., 1992), and 

estimates of the reservoir's size vary widely (0.08 to 40 km3
; Decker, 1987; Klein et al., 

1987; Klein, 1982; Wright, 1984; Johnson, 1992). A solution to this "geometry problem" 

is required to better understand Hawaiian shield volcanoes, which serve as models for 

other ocean-island volcanoes. 
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Geochemistry can help to decipher the geometry of Kilauea's summit reservoir. 

The number, shape, and size of magma bodies beneath other frequently active volcanoes 

such as Piton de la Fournaise, Vesuvius, Mt. Etna, and Hekla have been inferred from the 

geochemical variations of their eruptive products (Cortini and Scandone, 1982; Sigmarsson 

et al., 1992; Albarede, 1993; Condomines et al., 1993). Like these other volcanoes, 

Kilauea's historical summit and rift zone lavas (1790 to the present) show significant 

geochemical fluctuations over time (Wright, 1984; Wright, 1971; Hofmann et al., 1984; 

Garcia et al., 1996; Pietruszka and Garcia, 1999). Unfortunately, most of Kilauea's rift 

zone lavas cannot be used to probe the summit reservoir because they may be stored in the 

rift zones of the volcano for many years and/or mixed with unrelated magma prior to 

eruption (Wright and Fiske, 1971), or may even bypass the summit reservoir (Garcia et al., 

1996; Ryan et al., 1981). In contrast, most of Kilauea's historical summit lavas are 

thought to have erupted directly from the summit reservoir (Wright, 1971). The relatively 

uniform and unique major element chemistry of individual summit lavas (except for the 

effects of olivine fractionation or accumulation) has been used to suggest that these 

eruptions may tap chemically distinct and physically discrete magma batches that remain 

isolated within a compartmental storage reservoir (Wright, 1971; Wright and Fiske, 1971). 

However, this model has not been tested using high-resolution geochemical tracers such as 

isotopes or trace elements, Chapter 3 of this dissertation uses the temporal variations of 

Pb, Sr, and Nd isotope and incompatible trace element ratios in Kilauea's historical summit 

lavas (1790-1982) to determine the geometry of the volcano's summit reservoir with the 

geochemical time-series approach pioneered by Albarede (1993). 
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238U-23°Th-226Ra DISEQUILIBRIA IN HISTORICAL KILAUEA LAVAS AND 

IMPLICATIONS FOR MANTLE MELTING WITHIN THE HAWAIIAN PLUME 

A fundamental goal of geochemical research at ocean-island volcanoes and mid

ocean ridges is to infer the process of basaltic melt generation and transport. The U-series 

isotope abundances of lavas, in conjunction with other high-resolution geochemical tracers, 

are particularly well suited for this purpose (e.g., Condomines et al., 1988; Gill and 

Condomines, 1992; Macdougall, 1995). The source regions of basaltic lavas prior to 

melting will generally be in a state of radioactive, or secular, equilibrium in which the 

activities (i.e., decay rates) of the short-lived isotopes in the mu decay chain (e.g., 23°Th 

and 226Ra) are equal. When secular equilibrium prevails, the (230Th/238U) and (226Ra/230Th) 

ratios (parentheses around nuclides are used to indicate activities) in the source are known 

(and equal to unity), in contrast to most other geochemical tracers of the melting process 

such as stable, incompatible trace elements. Any process that fractionates these elements, 

such as partial melting of the mantle, induces a state of radioactive disequilibrium in which 

the activities of mu, 23°Th, and 226Ra become unequal. The unique geochemical behavior 

of U-series isotopes compared to the stable incompatible trace elements offers the potential 

to separate the compositional effects of mantle melting from those of source heterogeneity. 

Furthermore, (23°Th/238U) and (226Ra/23°Th) disequilibria may also be used to quantify the 

rate of melt generation because 23°Th and 226Ra have half-lives (-75 kyr and 1600 yr, 

respectively) that are similar to the time scale of magmatic processes. 

Early U-series studies of the active Hawaiian shield volcanoes, Kilauea and Mauna 

Loa, used radioactive decay counting techniques to identify small, but significant (23°Th) 

and (226Ra) excesses in the lavas relative to their respective parents (238U) and (23°Th) and 

proposed a magmatic (e.g., mantle melting) origin for these disequilibria (e.g., 

Krishnaswami et al., 1984; Newman et al., 1984). In a time-series investigation of lavas 

from the first two years of the Puu Oo rift zone eruption of Kilauea, Reinitz and Turekian 
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(1991) found a striking decrease in the activities of several U- and Th-series nuclides (e.g., 

23°Th and 226Ra). These decreases from 1983 to 1985 correlate with this eruption's early 

period of magma mixing when the lavas became progressively more mafic (Garcia et al., 

1992). More recent decay counting (Hemond et al., 1994) and mass spectrometric (Cohen 

and O'Nions, 1993; Sims et al., 1995, in review; Cohen et al., 1996) studies of historical 

Kilauea and Mauna Loa lavas have produced considerably more precise data than the earlier 

decay counting measurements. These studies observed small or no disequilibria between 

(23°Th) and (238U), and (226Ra) excesses up to 28%, which were used to calculate melting 

rates and melt-zone porosities (i.e., the volume fraction of liquid in equilibrium with the 

residue during mantle melting) for tholeiitic basalt production in the Hawaiian plume of 

>0.0005 kg m·3 y( 1 and 0.1-2%, respectively, using the dynamic melting and equilibrium 

percolation melting "ingrowth" models for U-series isotope disequilibria that account for 

the time scales of melt generation and transport (e.g., McKenzie, 1985; Williams and Gill, 

1989; Spiegelman and Elliott, 1993). However, these preliminary estimates for the melting 

rate and porosity of the melting region at Kilauea and Mauna Loa are based on relatively 

small, non-representative suites of lavas (as little as one sample analysis per volcano with a 

bias towards lavas erupted during the 20th century) that do not span the full compositional 

range of either volcano. Furthermore, none of these previous studies have integrated their 

U-series results with the historical changes in the melting process and source composition 

inferred from other geochemical tracers such as Pb, Sr, and Nd isotopes and incompatible 

trace elements that are known to occur at these volcanoes (e.g., Hofmann et al., 1984; 

Garcia et al., 1996; Rhodes and Hart, 1995; Pietruszka and Garcia, 1999). 

Chapter 4 of this dissertation presents the results of a detailed study of the U-series 

isotope geochemistry of three suites of historical lavas from Kilauea Volcano: the summit 

lavas erupted between 1790 and 1982, rift zone lavas from the ongoing Puu Oo eruption 

( 1985-1998) after the end of the early period of magma mixing, and lavas from the first 
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half of the sustained Mauna Ulu rift zone eruption ( 1969-1971). Most of Kilauea's 

historical summit lavas are inferred to have erupted from the shallow (2-4 km deep) magma 

reservoir that underlies the volcano's summit region (e.g., Tilling and Dvorak, 1993). In 

contrast, the lavas from the Mauna Ulu and Puu Oo rift zone eruptions of Kilauea are 

thought to have partially bypassed the volcano's summit magma reservoir and avoided its 

buffering effects on the composition of the magma (Ryan et al., 1981; Garcia et al., 1996). 

Thus, the lavas from these rift zone eruptions potentially offer a better opportunity to infer 

mantle processes. Furthermore, the geochemical variations of lavas from Kilauea's 

historical summit and rift zone eruptions are fundamentally different. The historical summit 

lavas of Kilauea display source- and melting-related fluctuations of Pb, Sr, and Nd isotope 

and incompatible trace element ratios over the last 200 years that require small-scale 

heterogeneities within the Hawaiian mantle plume (Pietruszka and Garcia, 1999), similar to 

the geochemical variations observed in historical Mauna Loa lavas erupted from 1843 to 

1984 (Rhodes and Hart, 1995). In contrast, the lavas from the Mauna Ulu and Puu Oo rift 

zone eruptions of Kilauea record changes in the volcano's parental magma composition 

over short periods of time ( < 10 years) that require variations in the extent of partial melting 

of a relatively homogeneous mantle source (Hofmann et al., 1984; Garcia et al., 1996). 

Together, these samples span nearly the entire known geochemical range for this volcano. 

Nearly all of these lavas have been extensively geochemically characterized including 

incompatible trace elements and Pb, Sr, and Nd isotope ratios (except Pb isotopes for the 

Mauna Ulu lavas) by previous studies (Hofmann et al., 1984; Garcia et al., 1996, in prep.; 

Pietruszka and Garcia, 1999). The main purpose of this study is to further investigate the 

details of the processes of magma genesis within the Hawaiian plume using U-series 

isotope analyses of historical lavas from Kilauea. 
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CHAPTER 2 

THE SHORT-TERM GEOCHEMICAL EVOLUTION OF KILAUEA 

VOLCANO, HAW All 

Aaron J. Pietruszka and Michael 0. Garcia 

Hawaii Center for Volcanology, Department of Geology and Geophysics, 

University of Hawaii, Honolulu, HI 96822, USA 

ABSTRACT 

The geochemical variations of Kilauea's historical summit lavas ( 1790-1982) 

document the short-term magmatic evolution of one of the Earth's most active volcanoes. 

Most of these lavas are inferred to have erupted directly from the shallow (2-4 km deep) 

magma reservoir that underlies the volcano's summit region. This paper details a 

remarkable variation of lava chemistry that spans nearly the entire compositional range of 

the volcano in only 200 years. The Pb, Sr, and Nd isotope and incompatible trace element 

ratios (e.g., La/Yb or Nb/Y) of the lavas vary systematically over time with an abrupt 

reversal after 1924. These geochemical fluctuations record temporal changes in the parental 

magma composition delivered to Kilauea's summit reservoir. The isotope and incompatible 

trace element ratio systematics suggest that the source of historical Kilauea magma is both 

isotopically and chemically heterogeneous. These source variations can be explained by 

melting small-scale heterogeneities within the Hawaiian mantle plume. Model calculations 

suggest that the degree of partial melting decreased from the early 19th century until the 

mid-20th century, which correlates with a lower eruption rate (and presumably magma 

supply rate) for the volcano between 1840 and 1959. This interval of declining output 

from the Hawaiian plume culminated with an explosive summit eruption in 1924 and the 
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longest quiescent period in Kilauea's historical record ( 1934-1952). Lavas erupted just 

after 1924 are geochemically anomalous and may have been contaminated by the 

assimilation of country rock into the volcano's magma reservoir during the explosions. 

Subsequently, the inferred degree of partial melting and the volcano's eruption rate have 

increased, with the highest values since the early 19th century observed during the ongoing 

Puu Oo rift zone eruption. 

INTRODUCTION 

Kilauea Volcano is an ideal location for studying the short-term (tens to hundreds of years) 

changes in basaltic magma genesis because it is a highly active volcano with numerous 

eruptions during its historical period (1790 to the present). Continuous monitoring of the 

volcano's activity since the establishment of the Hawaiian Volcano Observatory in 1912 

has made it the "best understood basaltic volcano in the world" (Tilling and Dvorak, 1993). 

Geophysical studies have delineated the basic plumbing system of Kilauea, which includes 

a shallow (2-4 km deep) magma storage reservoir located beneath the volcano's summit 

region (e.g., Fiske and Kinoshita, 1969; Klein et al., 1987). Furthermore, the 

fundamental magmatic processes that operate within this plumbing system, such as crystal 

fractionation (mostly olivine controlled) and magma mixing, have been well identified by 

major element studies of the volcano's lavas (e.g., Wright, 1971; Wright and Fiske, 1971). 

In addition, these mainly "crustal" magmatic processes are thought to be superimposed 

upon changes in the composition of parental magma delivered to Kilauea's summit 

reservoir (e.g., Wright, 1971; Tilling et al., 1987). 

The short-term variations in parental magma composition at Kilauea are poorly 

understood. The oldest subaerial Kilauea lavas (from the -25-100 kyr old Hilina Basalt), 

exposed 10-15 km south of the volcano's summit along fault scarps, display source- and 

melting-related fluctuations of incompatible trace element and isotope ratios (Chen et al., 
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1996), a feature also observed in lavas drilled from the flank of Mauna Kea Volcano during 

the Hawaii Scientific Drilling Project (e.g., Lassiter et al., 1996; Yang et al., 1996). The 

time scale of the geochemical variations in these stratigraphic sections is not well-known, 

but is probably limited by the average time it takes for a lava flow to return to distal areas of 

the volcano (-500-1000 years for Kilauea, Holcomb, 1987; -700-1375 years for Mauna 

Kea, Albarede, 1996). The walls of Kilauea Caldera (Fig. 2.1) preserve a more complete 

record of the changes in the volcano's parental magma composition than either the Hilina 

Basalt or Mauna Kea sections. These lavas, which erupted -0.2 to 2.8 kyr ago, exhibit 

cyclic major and trace element fluctuations when normalized to a constant MgO to correct 

for olivine control (Casadevall and Dzurisin, 1987). However, the timing of these 

geochemical cycles is uncertain (perhaps hundreds of years?) because several eruptive 

pauses may have occurred within the stratigraphic section (Casadevall and Dzurisin, 1987). 

Historical lavas present the best opportunity to investigate the origin of the short

term parental magma variations at Hawaiian volcanoes. For example, Mauna Loa Volcano 

lavas erupted from 1843 to 1984 display systematic temporal variations of incompatible 

trace element and isotope ratios that probably result from melting small-scale source 

heterogeneities near the margin of the Hawaiian mantle plume (Rhodes and Hart, 1995). 

Kilauea lavas can be used to study the dynamics of melt generation and the nature of source 

heterogeneity within a fundamentally different part of the Hawaiian plume (e.g., Frey and 

Rhodes, 1993). Lavas from the Mauna Ulu (1969-1974) and Puu Oo (1983 to the present) 

rift zone eruptions of Kilauea record changes in the volcano's parental magma composition 

over short periods of time ( < 10 years) that can be explained by variations in the extent of 

partial melting of a relatively homogeneous mantle source (Hofmann et al., 1984; Garcia et 

al., 1996). However, the geochemical variations of historical Kilauea lavas have never 

been examined systematically beyond these single eruptions (except for major elements; 

Wright, 1971; Wright and Fiske, 1971). 
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This paper presents the results of the first detailed study of the incompatible trace 

element, and Pb, Sr, and Nd isotope geochemistry of Kilauea's historical lavas. A suite of 

43 lavas that erupted within or near Kilauea's summit caldera (Fig. 2.1) with known 

eruption dates (1790-1982) was collected. Most of these lavas are thought to have erupted 

directly from the summit reservoir of the volcano. These samples preserve a nearly 

continuous, 200-year history of the changes in lava chemistry at Kilauea. Rift zone lavas 

were excluded because these magmas intruded into the rift zones at unknown times (e.g., 

Wright and Fiske, 1971). The main purposes of this study are (1) to document the 

geochemical evolution of Kilauea lavas over the last 200 years and (2) to evaluate the 

cause(s) of geochemical diversity within these lavas. The petrography, mineral chemistry, 

and whole rock major and trace element compositions of these lavas will be reported 

separately (M. Garcia et al., in preparation). Our results show that the isotope and 

incompatible trace element ratios (e.g., La/Yb or Nb/Y) of Kilauea's historical summit 

lavas vary systematically over time with an abrupt reversal following the explosive 1924 

eruption (Fig. 2.2). The post-1924 compositional trends continue through the ongoing 

Puu Oo eruption. These short-term parental magma changes can be explained by variations 

in the degree of partial melting of small-scale heterogeneities within the Hawaiian plume. 

Lavas erupted just after the explosive 1924 eruption of Kilauea are geochemically 

anomalous and may have been contaminated by the assimilation of country rock into the 

volcano's magma reservoir. 

AN OVERVIEW OF KILAUEA'S HISTORICAL SUMMIT ERUPTIONS 

Kilauea's historical period began with a violently explosive summit eruption around 

the year 1790. The events of this eruption have been reconstructed from early 19th century 

native Hawaiian oral accounts and modem geologic studies (e.g., Swanson and 

Christiansen, 1973; McPhie et al., 1990). During the 1790 eruption, a series of 

12 



phreatomagmatic followed by phreatic explosions ejected 0.1 km3 of tephra (-70% 

juvenile) from a vent within the boundaries of the modern caldera (McPhie et al., 1990). 

Between the phreatomagmatic and phreatic phases of the eruption, a few small lava flows 

issued from a circumferential fissure 1.3 km southwest of the caldera (e.g., McPhie et al., 

1990; Fig. 2.1 ). Following these explosions and prior to the first recorded observations in 

1823, there are no descriptions of volcanic activity at Kilauea. However, Sharp et al. 

(1987) reconstructed a fire-fountaining eruption, presumably emanating from a vent within 

the caldera between 1820-1823, based upon a deposit of reticulite (commonly termed the 

"golden pumice") found stratigraphically overlying the 1790 tephra deposits on the 

southwest rim of the caldera. Five Kilauea samples that erupted between 1790 and 1823 

are included in this study (Fig. 2.1): two analyses of the golden pumice, two extracaldera 

1790 lava flows, and scoria from the 1790 eruption (layer 6 of McPhie et al., 1990). 

Written descriptions of Kilauea's volcanic activity began in August 1823 

(Macdonald et al., 1983 is used for this summary unless otherwise noted). Over the next 

century (1823-1924), volcanism at the summit of Kilauea was dominated by nearly 

continuous lava lake activity from several vents on the caldera floor before 1868 and from 

Halemaumau (Fig. 2.1) alone after the great earthquake of 1868. Overflows of the lava 

lake(s) occurred frequently. We sampled the six lava lake overflows that remain exposed 

on the caldera floor (Fig. 2.1 ). In addition, we analyzed some samples that are no longer 

exposed: an 1866 caldera lava (Wright, 1971), and lavas that erupted from Halemaumau in 

1912 and 1917. We also analyzed samples from the three brief eruptions on the edge of 

Kilauea Caldera near Kilauea Iki Crater in 1832, 1868, and 1877 (Fig. 2.1 ), which 

coincided with brief hiatuses in lava lake activity. 

In 1924, the lava lake within Halemaumau drained away and major collapses of the 

floor and walls of Halemaumau occurred. This engulfment was accompanied by three 

weeks of phreatic explosions that ejected 0.0008 km3 of lithic material (e.g., Decker and 
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Christiansen, 1984; Dvorak, 1992). The volume of Halemaumau increased by 

approximately 0.2 km3
, which is 250 times greater than the amount of ejected rock 

(Dvorak, 1992). After the 1924 explosions, sporadic eruptions at the summit of Kilauea 

have been of short duration (<one day to several months) from fissures within and near the 

caldera (Fig. 2.1). We analyzed samples from 1924 and 1929, and a lava from nearly 

every summit eruption between 1931 and 1982. There have been no eruptions at the 

summit of the volcano since September 1982. 

PETROGRAPHY 

All of the samples analyzed in this study are pristine, moderately to strongly 

vesicular lavas with a glassy to microcrystalline groundmass. Like most Kilauea summit 

lavas (e.g., Wright, 1971; Casadevall and Dzurisin, 1987), olivine is the main phenocryst 

(>0.5 mm across) and microphenocryst (>0.1 to <0.5 mm across) phase. Most of the 

lavas are aphyric ( <0.5% phenocrysts), although some samples are weakly olivine phyric 

(<5% phenocrysts) and a few are olivine rich (the December 1974 and 1959 eruption 

lavas) . These olivines commonly contain minute Cr-spinel and glass inclusions. Many of 

the lavas (sample HM68- l 5, and most of those erupted between 1868 and 1921) contain 

rare glomerocrysts (mostly microphenocrysts) of clinopyroxene±plagioclase±olivine. 

Rare, small phenocrysts of clinopyroxene are found in many of the lavas erupted between 

1885 and 1921, although they are generally present only in glomerocrysts. Plagioclase 

phenocrysts do not occur in any of Kilauea's historical summit lavas. For more detailed 

petrographic descriptions of these lavas (including modes), see M. Garcia et al. (in 

preparation). 
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ANALYTICAL METHODS 

The abundances of Cs, Rb, Ba, Th, U, Nb, Sr, Zr, Hf, Y, and the rare earth 

elements (REE) were measured on 43 samples by inductively coupled plasma mass 

spectrometry (ICP-MS) at Washington State University (Table 2.1). Prior to dissolution, 

samples of glass/groundmass were repeatedly washed in a sonic bath of distilled water until 

the water was clear, and then hand picked to avoid crystals. Some samples (1924, 

KL1952S, Dec 1974 E2, and Dec 1974 E3) and the Hawaiian basalt standards BHV0-1 

and Kil 1919 (both from the same 1919 lava flow in Kilauea Caldera) were analyzed from 

whole-rock powders. Details of the chemical and analytical procedures for the ICP-MS 

analyses are described in King et al. (1993). Table 2.1 includes an estimate of the 

analytical precision for each element based on replicate analyses of BHV0-1 and Kill 919 

as unknowns over the course of this study ( 1 a errors of -1-3 % for most elements except 

Cs -4% and Th -5%). Compared to recent analyses of the Kil1919 standard for the 

Hawaii Scientific Drilling Project by neutron activation (Yang et al., 1996) and X-ray 

fluorescence (Rhodes, 1996), our results for Kil1919 agree within 1-5% for all elements 

except Th (11 % higher in this study), Y (12% higher), and Zr (7% lower) . 

Measurements of Pb, Sr, and Nd isotope ratios were made on 17 samples using the 

University of Hawaii VG Sector thermal ionization mass spectrometer (Table 2.2). Hand 

picked samples of 50-80 mg of glass/groundmass chips were cleaned in distilled water (see 

above) and washed briefly (-10 minutes) in sonic baths of methanol, 2N HCl, and 

ultrapure water prior to dissolution. One sample (the Kil 1919 standard) was analyzed from 

a whole-rock powder. The chemical and mass spectrometric techniques used in this study 

are described by Mahoney et al. (1991). Additional information on standard measurements 

and procedural blanks is presented in Table 2.2. 
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THE GEOCHEMISTRY OF KILAUEA'S HISTORICAL SUMMIT LAV AS 

Incompatible trace element variations 

The historical summit lavas of Kilauea show small but significant variations of 

incompatible trace element abundances and ratios. Trace elements with similar degrees of 

incompatibility produce tight, positive correlations on variation diagrams (e.g., Nb versus 

Th; Fig. 2.3). The coherence of these trends decreases with increasing difference in the 

incompatibility of the trace elements (e.g., Nb versus Hf to Nb versus Y; Fig. 2.3). This 

scatter results from systematic changes in the highly over moderately incompatible trace 

element ratios of the lavas (e.g., Nb/Y and Nb/Hf versus La/Yb and La/Sm; Fig. 2.4). 

These incompatible trace element systematics are similar to those that have been found 

previously for other Kilauea lavas (e.g., Hofmann et al., 1984; Casadevall and Dzurisin, 

1987; Tilling et al., 1987; Chen et al., 1996; Garcia et al., 1996). For comparison, the 

ranges in highly over moderately incompatible trace element ratios for the historical summit 

lavas are similar to those found in the prehistorical Hilina Basalt lavas of Kilauea, which 

erupted over a -75 kyr period (Chen et al., 1996; Fig. 2.4). 

Pb, Sr, and Nd isotope ratio variations 

The total ranges of the Pb, Sr, and Nd isotope ratios in the historical summit lavas 

of Kilauea are small but significant relative to our analytical uncertainty (Fig. 2.5). The 

206Pb/204Pb, 207Pb/2°4Pb, and 208Pb/2°4Pb isotope ratios of the lavas define tight, direct 

correlations, whereas the Pb and Sr isotope ratios are roughly inversely correlated. The Nd 

isotope ratios of the lavas vary only slightly and correlate poorly with the other isotope 

ratios. The isotopic variability of the historical summit lavas is close to (Pb and Nd 

isotopes) or larger than (Sr isotopes) the prehistorical Kilauea lavas from the Hilina Basalt 

(Chen et al., 1996; Fig. 2.5). Thus, Kilauea has erupted lavas in only 200 years with 

compositions that span almost the entire known isotopic range for this volcano. Previous 
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analyses of Pb, Sr, and Nd isotope ratios in Kilauea's historical summit lavas represent 

only a few eruptions (1919, 1921, and 1967-8) and no isotopic variation has been noted 

(Tatsumoto, 1978; White and Hofmann, 1982; Hofmann et al., 1984; Stille et al., 1986; 

Chen et al., 1991). 

THE TEMPORAL GEOCHEMICAL VARIATIONS OF HISTORICAL KILAUEA 

LAVAS 

The historical summit lavas of Kilauea display systematic variations of incompatible 

trace element, and Pb, Sr, and Nd isotope ratios over time (Fig. 2.2). In this section, we 

describe these temporal geochemical fluctuations and discuss the changes in the parental 

magma composition delivered to the volcano's summit reservoir since 1790. 

1790-1921 

The highly over moderately incompatible trace element ratios (e.g., La/Yb or Nb/Y) 

of Kilauea's historical summit lavas increased from 1790 to 1921 (Fig. 2.2), when the 

eruptive style of the volcano was dominated by nearly continuous lava lake activity. The 

only lava that plots significantly off these temporal trends ( 1868) erupted outside the 

boundaries of the caldera near Kilauea Iki Crater (Fig. 2.1 ), and may have been stored in 

this area for several decades prior to eruption. This interpretation is consistent with the 

moderately evolved composition of the 1868 lava (-6.7 wt. % MgO; Garcia et al., in 

preparation). The increase of the highly over moderately incompatible trace element ratios 

from 1790 to 1921 also correlates with a systematic temporal change in the Pb, Sr, and Nd 

isotope ratios of the lavas (87Sr/86Sr varies inversely; Fig. 2.2), except for the lavas erupted 

during the 1790 explosive summit eruption. Crystal fractionation from a single parental 

magma cannot explain these geochemical variations (cf., Rhodes and Hart, 1995). Thus, 

the composition of the parental magma delivered to the volcano's summit reservoir must 

have changed over time. Parental magma changes at Kilauea have been proposed for this 
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period based on major and limited trace element data (the "magma batches" of Wright, 

1971 ), which show a temporal increase of MgO-normalized incompatible element 

abundances (e.g., KiO and La) in lavas erupted during the 18th, 19th, and 20th centuries 

(Wright, 1971; Tilling et al., 1987). 

1924-1982 

After the collapse of Halemaumau lava lake and subsequent phreatic explosions in 

1924, the highly over moderately incompatible trace element and Pb, Sr, and Nd isotope 

ratios of Kilauea's summit lavas display a sudden shift (Fig. 2.2). This time period was 

also characterized by a major change in eruptive style at Kilauea from nearly continuous 

lava lake activity to sporadic summit eruptions, and the longest quiescent period in the 

volcano's historical record (1934-1952; Macdonald et al., 1983). During the second half 

of the 20th century, the highly over moderately incompatible trace element and Pb isotope 

ratios of the lavas decreased over time, whereas the Sr and Nd isotope ratios remained 

essentially constant (Fig. 2.2). Crystal fractionation from a single parental magma cannot 

explain a temporal decrease in the highly over moderately incompatible trace element or Pb 

isotope ratios (cf., Rhodes and Hart, 1995). Therefore, the geochemical variations during 

the second half of the 20th century record a previously undetected reversal in the parental 

magma composition supplied to the volcano's summit reservoir. This change has 

continued through the ongoing Puu Oo rift zone eruption with lavas that are geochemically 

similar to those erupted at the volcano's summit in the early 19th century (Fig. 2.2). 

A HAWAIIAN PLUME SOURCE FOR KILAUEA LAV AS? 

Kilauea lavas form an end member in the isotopic array of Hawaiian volcanoes 

(e.g., West et al., 1987; Chen et al. 1996) which is characterized by relatively high 

206Pbt204Pb and £Nd• and low 87Sr/86Sr (Fig. 2.6). Several models have been proposed for 
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the origin of this unique isotopic signature in Hawaiian lavas, including ( 1) assimilation of 

oceanic crust into plume-derived melts (e.g., Eiler et al., 1996), (2) melting the upper 

mantle below Hawaii (e.g., Tatsumoto, 1978; Stille et al., 1986; Hauri, 1996; Lassiter et 

al., 1996), and (3) melting a "Kilauea" mantle component within a heterogeneous Hawaiian 

plume (e.g., West et al., 1987; Bennett et al., 1996; Chen et al., 1996). Because our 

interpretations depend critically on the source of the "Kilauea" end member (oceanic crust, 

ambient upper mantle, or plume?), we briefly evaluate these models by comparing the 

isotopic composition of Kilauea's historical summit lavas with inferred Pb, Sr, and Nd 

isotope ratios for the oceanic crust and upper mantle below Hawaii. 

The Cretaceous basalts from Ocean Drilling Program Site 843 are the best available 

samples of the oceanic crust near Hawaii. Assimilation of oceanic crust with Pb, Sr, and 

Nd isotope ratios between that of seawater altered (unleached analyses) and "fresh" 

(leached analyses) Site 843 basalts into a plume-derived magma might explain Kilauea's 

isotopic signature (King et al., 1993). However, enormous amounts of assimilation are 

required (>50 to 95%; Fig. 2.6). Assimilation of upper mantle also cannot explain the 

"Kilauea" end member. Mantle xenoliths from Salt Lake Crater on the Island of Oahu are 

fragments of the lithosphere below Hawaii (Okano and Tatsumoto, 1996). Although these 

xenoliths have Sr and Nd isotope ratios that could account for the relatively high ENd and 

low 87Sr/86Sr ratios of Kilauea lavas, their 206Pb/204Pb ratios are too low (Fig. 2.6). 

Furthermore, an alternative upper mantle composition inferred from the Site 843 basalts 

also cannot explain Kilauea's isotopic composition because the 206Pb!204Pb and 87Sr/86Sr 

ratios are too low (similar to modern-day mid-ocean ridge basalts from the East Pacific 

Rise; Fig. 2.6). Instead, the most likely interpretation_ is that the isotopic signature of 

Kilauea's historical summit lavas (and the "Kilauea" end member of Hawaiian volcanoes) 

results from melting a long-term depleted mantle component within the Hawaiian plume, 

rather than part of the oceanic crust or upper mantle. The relatively radiogenic Pb isotopic 
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composition in this plume source is poorly understood, but might be explained if the 

ancient source depletion occurred by melting in the presence of residual garnet because 

trace element partitioning studies suggest that Pb is more incompatible than Th and U in 

garnet (Beattie, 1993; Hauri et al., 1994). 

THE ORIGIN OF KILAUEA'S PARENTAL MAGMA VARIATIONS 

The parental magma changes in historical Kilauea lavas are characterized by rapid 

geochemical variations on a time scale of decades to centuries that are similar in magnitude 

to the volcano's overall compositional range. Because no long-term geochemical evolution 

has been recognized for Kilauea (Chen et al., 1996), these short-term fluctuations or 

"cycles" seem to be the dominant mode of parental magma variation at this volcano (cf., 

Casadevall and Dzurisin, 1987; Chen et al., 1996). A similar pattern of relatively large, 

fast parental magma changes (including both isotope and incompatible trace element ratios) 

is emerging for the shield stages of other Hawaiian volcanoes such as Mauna Loa (Rhodes 

and Hart, 1995; Kurz et al., 1995) and Mauna Kea (Lassiter et al., 1996; Yang et al., 

1996), although these volcanoes also display a long-term geochemical evolution. 

The systematic variations of Pb, Sr, and Nd isotope ratios in lavas erupted at 

Kilauea since 1790 require an isotopically heterogeneous source for the volcano's parental 

magma. The rapid changes in the source (or proportions of the source components) for 

Kilauea (and other Hawaiian shield volcanoes) suggest that the scale of source 

heterogeneity in the Hawaiian plume is small relative to the scale of partial melting (cf., 

Rhodes and Hart, 1995). This small scale of source heterogeneity must be superimposed 

on any possible large-scale Hawaiian plume heterogeneity, such as a radial zonation (e.g., 

Frey and Rhodes, 1993; Hauri 1996). 

Chen et al. (1996) proposed that the source of Kilauea magma is also chemically 

heterogeneous (in ratios of incompatible trace elements such as Nb/Zr) based on a 
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correlation between Nb/Zr and 206Pb!204Pb for the prehistorical Hilina Basalt lavas. The Pb 

and Sr isotope ratios of Kilauea's historical summit lavas generally correlate with highly 

over moderately incompatible trace element ratios (e.g., La/Yb; Fig. 2.7), except for the 

lavas that erupted during the phreatomagmatic 1790 eruption and 40 years after the 

phreatic explosions of Halemaumau in 1924. This correlation might be explained in the 

context of chemical heterogeneity if the early 20th century lavas (with relatively high 

206Pb!204Pb and low 87Sr/86Sr; Fig. 2.2) were derived from a source with a higher La/Yb 

ratio (for example) and vice versa for the early 19th-late 20th century lavas. In detail, 

however, a simple mixture of two chemically and isotopically distinct source components 

cannot explain the combined geochemical variations observed historically at Kilauea (Fig. 

2.8). Short-term changes in the partial melting process are also required. In the next 

section, we attempt to unravel the geochemical effects of source versus melting processes 

on the composition of Kilauea's parental magma for the last 200 years. 

AP ARTIAL MELTING MODEL FOR KILAUEA'S HETEROGENEOUS SOURCE 

At least two source components are required to explain the combined Pb, Sr, and 

Nd isotope ratio variations in Kilauea's historical summit lavas (Fig. 2.2). One of these 

components has relatively high 206Pb/2°4Pb and ENct• and low 87Sr/86Sr (lavas erupted in the 

early 20th century), and the other has relatively low 206Pb!204Pb and ENct• and high 87Sr/86Sr 

(early 19th and late 20th century lavas). For our partial melting model, we assume that the 

isotopic composition of these two lava groups represent the end member values in 

Kilauea's heterogeneous source. The Pb, Sr, and Nd isotope ratios of Kil 1919 and the 

average 1990 Puu Oo lavas (Garcia et al., 1996) are used for the early 20th century and 

early 19th-late 20th century sources, respectively (i.e. the lavas with the maximum and 

minimum Pb isotope ratios observed historically at Kilauea). Of course, the actual source 
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components probably have more extreme isotope ratios, but it is noteworthy that the early 

20th century Kilauea lavas define (87Sr/86Sr=0.70347) or closely approach (2°6Pb/204Pb and 

ENct) the "Kilauea" isotopic end member for Hawaiian volcanoes (cf., maximum 

206Pb/2°4Pb=18.86 and ENct=7.2; Chen et al., 1996; Lassiter et al., 1996). 

The source of historical Kilauea lavas must also be chemically heterogeneous 

because some highly incompatible trace element ratios vary slightly over time (e.g., Ba/Nb; 

Fig. 2.9). The nature of this chemical heterogeneity is revealed by the temporal variation of 

highly over moderately incompatible trace element ratios involving the most highly 

incompatible trace elements (e.g., Rb and Ba). For example, the early 20th century lavas 

have lower Ba/Y and Ba/Sm ratios than would be expected from their relatively high La/Yb 

and Nb/Y ratios (cf., Figs. 2.2 and 2.9) based on the order of trace element incompatibility 

during partial melting (Ba>Nb>La>Sm> Y> Yb; Sun and McDonough, 1989). This can be 

explained if the early 20th century lavas were derived from a source that has relatively low 

concentrations of highly incompatible trace elements (compared to the source of earlier and 

later erupted lavas). The incompatible trace element inversion model of Hofmann et al. 

(1984) for Mauna Ulu eruption lavas, and similar results for other Hawaiian shield 

volcanoes (e.g., Budahn and Schmitt, 1985), suggest that Kilauea lavas are derived from a 

source that is slightly depleted in highly incompatible trace elements (such as Rb and Ba). 

Thus, we constrain the early 20th century source to be more depleted in highly 

incompatible trace elements than the early 19th-late 20th century source (primitive mantle 

normalized La/Sm ratios of 0.8 and 0.9, respectively; see Fig. 2.10 for more details). This 

inferred chemical heterogeneity is opposite to that expected from a simple comparison of 

the highly over moderately incompatible trace element and isotope ratios (Fig. 2.7) because 

the lavas with the highest La/Yb ratios (for example) are assumed to be derived from a 

source with relatively low La/Yb (and vice versa). However, a more chemically depleted 
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source for the early 20th century lavas is consistent with their relatively low 87Sr/86Sr and 

high f.Nct· 

We model the variations in the partial melting process at Kilauea since 1790 as 

follows. The incompatible trace element abundances in the source for each of the historical 

summit lavas are calculated as a simple mixture based on the observed 206Pb/204Pb ratio 

compared to the assumed Pb isotope ratios in the early 20th century and early 19th-late 20th 

century end-member sources. This mixed source is then partially melted to a degree 

necessary to reproduce the observed La/Yb ratio of the lava (see Fig. 2.8 for more details). 

Finally, the calculated primary magma compositions were evolved by olivine control to 

match the observed Yb concentration of the lavas. Although the absolute degree of partial 

melting calculated using this method is model dependent, the relative differences between 

samples are significant. 

This partial melting model successfully explains the overall geochemical variations 

of Kilauea's historical summit lavas (the results are summarized in Table 2.4). However, 

some aspects of the data are not well explained: (1) the calculated 87Sr/86Sr ratios are 

generally slightly lower than observed in the lavas, (2) the lavas erupted just after the 1924 

explosions have the lowest f.Nct even though their Pb and Sr isotope ratios are intermediate, 

and (3) the residuals are generally higher for isotopically intermediate lavas derived by 

relatively low melt fractions (such as those from late 19th century and just after 1924). 

These discrepancies suggest that Kilauea's source is slightly more isotopically and 

chemically heterogeneous than can be explained by a simple two-component mixture. The 

Pb and Sr isotope ratio variations are consistent with this interpretation because lavas from 

the Puu Oo eruption have somewhat lower 87Sr/86Sr ratios for a given 206Pb/204Pb (similar 

to the 1790 tephra and late 20th century summit lavas) compared to early 19th century 

summit lavas (Fig. 2.5). 
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THE SOURCE, MELTING, AND ERUPTIVE HISTORY OF KILAUEA COMPARED 

TOMAUNALOA 

In addition to the source changes recorded by the fluctuations in the Pb, Sr, and Nd 

isotope ratios (Fig. 2.2), our model results suggest that there have also been significant and 

systematic variations in the partial melting process at Kilauea over the last 200 years (Fig. 

2.11). The inferred degree of partial melting decreased from the early 19th century to the 

mid-20th century. This correlates with a change in the volcano's eruption rate from 0.1 

km3/yr before 1840 (Mastin, 1997; Fig. 2.11) to 0.01 km3/yr between 1840-1959 

(Dvorak and Dzurisin, 1993; Fig. 2.11 ). The lowest model melt fractions began a few 

years before and lasted 40 years after the collapse of Halemaumau lava lake and 

subsequent phreatic explosions in 1924, which was also a period of greatly reduced 

eruptive activity that included the longest quiescent period in the volcano's historical record 

(1934-1952; Macdonald et al., 1983). Subsequently, the calculated degree of partial 

melting increased. The higher model melt fractions after 1959 correlate with a greater 

average magma supply rate for Kilauea of -0.06 km3/yr from 1959 to 1990 (Dvorak and 

Dzurisin 1993). The eruption rate during the Puu Oo eruption (which has the highest 

model melt fraction in the 20th century; Fig. 2.11) has generally been higher than this 

average supply rate (-0.1 km3/yr; Dvorak and Dzurisin, 1993; Heliker et al., 1998). Thus, 

when the melt output of the Hawaiian plume is inferred to be the lowest, Kilauea's eruption 

rate (and presumably its magma supply rate) is correspondingly low, and vice versa. 

Similar observations were made for historical Mauna Loa lavas where the most chemically 

depleted parental magmas that are thought to be produced by greater extents of partial 

melting erupt during periods of relatively high eruption rate (Rhodes and Hart, 1995). 

Historical Kilauea lavas also display an inverse correlation between the source 

(expressed as a% of the early 20th century end member) and the model melt fraction 

(except for the lavas erupted during the 1790 and 40 years after the 1924 explosive 
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summit eruptions; Fig. 2.11). This explains the observation that the lavas with greater 

ratios of highly over moderately incompatible trace elements (such as those that erupted in 

the early 20th century with high La/Yb; Fig. 2.5) seem to be derived from a more 

chemically depleted source (with relatively high 206Pb/2°4Pb and £Nd• and low 87Sr/86Sr). In 

contrast, historical Mauna Loa lavas with higher La/Yb ratios tap a source with relatively 

high 87Sr/86Sr, and low £Nd and 206Pb/204Pb (Rhodes and Hart, 1995), which is opposite to 

the relationship observed at Kilauea (Fig. 2.7). This is further evidence for fundamental 

differences in the source composition and/or melting process between Kilauea and Mauna 

Loa (cf., Frey and Rhodes, 1993). However, there are geochemical similarities between 

historical Kilauea lavas and the oldest analyzed Mauna Loa lavas from the volcano's 

submarine southwest rift zone (-100-300 kyr old; Garcia et al., 1995). These prehistorical 

Mauna Loa lavas have relatively high 206Pb/2°4Pb, £Nd• and highly over moderately 

incompatible trace element ratios (e.g., La/Yb up to 6.3), and low 87Sr/86Sr ratios (Garcia et 

al., 1995; Kurz et al., 1995) compared to historical Mauna Loa lavas (Rhodes and Hart, 

1995). These samples also plot along the extension of the trend between highly over 

moderately incompatible trace element ratios (e.g., La/Yb) and Pb and Sr isotope ratios for 

Kilauea's historical summit lavas (Fig. 2.6). These prehistorical Mauna Loa lavas may 

have been derived by relatively high degrees of partial melting of a source that is similar to 

the source of Kilauea's early 19th-late 20th century summit lavas. 

THE GEOCHEMICAL EFFECTS OF KILAUEA'S EXPLOSIVE 1924 SUMMIT 

ERUPTION 

In February 1924, the long-standing lava lake within Halemaumau pit crater drained 

away, and less than three months later, major collapses of the floor and walls of 

Halemaumau were accompanied by three weeks of phreatic explosions that ejected 0.0008 
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km3 of lithic material (Dvorak, 1992). Although this eruption was probably caused 

primarily by near-surface interaction between hot rock and groundwater (e.g., Decker and 

Christiansen, 1984), approximately 0.4 km3 of magma was withdrawn from the volcano's 

summit reservoir and Halemaumau was enlarged by 0.2 km3 through collapse (which is 

more than 250 times greater than the amount of ejected material; Dvorak, 1992). This event 

profoundly affected the magma stored in the volcano's summit reservoir because (1) the 

composition of lavas erupted just after 1924 changed suddenly to lower 206Pbt204Pb and 

143Nd/144Nd, and higher 87Sr/86Sr and highly over moderately incompatible trace element 

ratios (Figs. 2.2 and 2.9) and (2) these post-1924 lavas (for up to 40 years) are 

geochemically anomalous (e.g., elevated La/Yb for a given Pb or Sr isotope ratio; Fig. 

2.7). In the following discussion, we explore two possible eruption-related mechanisms 

for the post-1924 geochemical shift and subsequent anomaly. 

Kilauea's summit reservoir may control the observed geochemical variations in the 

lavas erupted at this volcano by buffering and delaying any mantle-derived fluctuations in 

parental magma composition (cf., Albarede, 1993). The inferred rate of geochemical 

variation around the time of the explosive eruption in 1924 is the greatest observed for 

historical summit lavas (e.g., an implied rate of 206Pb!204Pb change -5 times faster than the 

average for the previous century). The intrusion of a compositionally-distinct parental 

magma following a drastic reduction in the volume of Kilauea's summit reservoir might 

explain these relatively fast geochemical shifts. If the volume of this reservoir is small (<a 

few km3
; A. Pietruszka and M. Garcia, in preparation), then the 0.4 km3 of magma 

withdrawn in 1924 (Dvorak 1992) would have been volumetrically significant. A 

substantial reduction in the volume of magma in the summit reservoir would reduce its 

buffering capacity and thus lead to a greater rate of geochemical variation (cf., Albarede, 

1993). Thus, the post-1924 lava compositions might simply represent a new parental 
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magma that formed by relatively low degrees of partial melting of a source that is 

isotopically distinct from the source of lavas erupted earlier in the 20th century (Fig. 2.11 ). 

Crustal assimilation due to stoping of country rock during the engulfment of 

Halemaumau in 1924 is another possible explanation for the geochemical shift and 

subsequent anomaly (Fig. 2.7). The oxygen isotope ratios of Kilauea's summit lavas also 

decrease suddenly after 1924, which supports the idea that these lavas are contaminated 

(M. Garcia et al., in preparation). We model the effects of assimilation for the most 

geochemically anomalous post-1924 eruption lava (sample HM1931) using a mass-balance 

approach (Table 2.5). For this model, we attempt to calculate the isotopic (Pb and Sr) and 

incompatible trace element (REE) composition of this sample by mixing three components 

likely to be found in the shallow plumbing system: uncontaminated resident magma, input 

magma, and melted country rock. The composition of the magma residing in the summit 

reservoir prior to 1924 is assumed to be identical to the average of lavas erupted from 

1918-1921 (Table 2.5). For the country rock, we choose an average historical Kilauea 

trace element and Pb isotopic composition (La/Yb=6.9; 206Pb!204Pb=18.53) because the 

country rock most likely consists of a random sampling of Kilauea compositions. 

However, we must assume that the country rock has an elevated 87Sr/86Sr ratio (0.7045) 

due to isotopic exchange with seawater to explain the Sr isotope ratio shift to higher values 

after 1924 (Fig. 2.2). Altered lavas from the bottom of the 2 km deep SOH-4 drill hole in 

Kilauea's east rift zone have 87Sr/86Sr ratios as high as 0.7043 (H. West, personal 

communication). We posit that two rock types with this average Kilauea chemistry were 

stoped into the magma reservoir: fine-grained volcanic rocks and crystalline intrusive 

rocks. The crystalline intrusive rocks are assumed to be gabbros containing a small amount 

of highly-evolved interstitial glass, similar to the residual liquids of dacitic to rhyolitic 

composition observed during the final stages of solidification of Kilauea Iki lava lake (Helz 

1987). Since the lowest melting temperature component of these two rock types would be 
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the interstitial glass ( <1000 °C; Helz 1987), we assume that only this material was 

assimilated by the reservoir magma in 1924. The trace element composition of this 

interstitial glass is calculated from 95% equilibrium crystal fractionation of olivine, 

clinopyroxene, plagioclase, and orthopyroxene in 1 :3:2:0.67 proportions (estimated from 

the modal mineralogy of gabbroic xenoliths from Kilauea's 1960 rift zone eruption lavas; 

Fodor and Moore, 1994) from our average Kilauea composition using the mineral/liquid 

partition coefficients in Table 2.3. Finally, we assume that the magma reservoir is 

recharged with an input magma equal to the average of the 1990 Puu Oo lavas (the 

composition ultimately observed over time; Fig. 2.2) with the incompatible element 

abundances diluted by olivine addition to 16 wt.% MgO for a presumed parental magma 

composition (using the mineral/liquid partition coefficients in Table 2.3). A high MgO 

concentration for the input magma is required to reproduce the observed trace element 

abundances of sample HM 1931. 

This calculation (Table 2.5) indicates that the observed Pb and Sr isotope, and 

La/Yb ratios of the most geochemically anomalous lava, HM 1931, can be reproduced by 

mixing 3.6% interstitial glass, 48.75% resident magma, and 47.65% input magma. 

Although this assimilation model does not explain the low £Nd of HM 1931 (Fig. 2.2), the 

calculation does reproduce the observed REE concentrations within analytical uncertainty 

for most elements. The model also predicts negative Eu (-2%) and Sr (-17%) anomalies 

(which are not observed in the lavas) due to the large amount of plagioclase fractionation 

assumed for the calculation of the interstitial glass composition. However, these may not 

be problems because Kilauea's parental magma may contain positive Eu and Sr anomalies 

(Hofmann et al., 1984; Hofmann and Jochum, 1996). Despite these potential difficulties, 

this assimilation model provides a mechanism to explain the oxygen isotope evidence that 

lavas erupted just after the 1924 explosions are contaminated (M. Garcia et al., in 

preparation). 
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The assimilation model results are also geologically reasonable. First, only a small 

portion of Kilauea's summit magma reservoir must be contaminated. The total volume of 

lava erupted at Kilauea's summit between 1924 and 1961 , the period of time covered by the 

anomalous lavas, is 0.13 krn3 (Macdonald et al., 1983). If this represents the volume of 

magma that was contaminated in 1924 and Kilauea's magma reservoir is assumed to be -3 

km3
, then only 4% of the reservoir needs to be affected. Second, the volume of rock that 

collapsed into the plumbing system in 1924 is adequate to account for the volume of 

contaminated magma. Our calculation suggests that only a small percentage of melted 

interstitial glass from gabbros (-3.6%) is required to produce the most geochemically 

anomalous lava. If the volume of contaminated magma is 0.13 krn3
, this corresponds to 

0.005 km3 of interstitial glass. Because this represents 5% residual liquid, the total amount 

of crystalline country rock required would be 0.09 km3
, which is much less than the 0.2 

km3 of rock that collapsed into Halemaumau during the 1924 explosions (Dvorak, 1992). 

CONCLUSIONS 

The geochemical variations (incompatible trace elements, and Pb, Sr, and Nd 

isotope ratios) of Kilauea's historical summit lavas (1790-1982) document the short-term 

magmatic evolution of one of the Earth's most active volcanoes. Most of these historical 

Kilauea lavas are inferred to have erupted directly from the shallow magma reservoir that 

underlies the volcano's summit region. Our results show a remarkable variation in 

Kilauea' s lava chemistry that spans nearly the entire compositional range of the volcano in 

only 200 years. The isotope and incompatible trace element ratios (e.g., La/Yb or Nb/Y) of 

Kilauea's historical summit lavas vary systematically over time with an abrupt reversal 

following the explosive 1924 eruption. The geochemical trends after 1924 continue 

through the volcano's ongoing Puu Oo rift zone eruption. The isotope and incompatible 

trace element ratio systematics suggest that the source of historical Kilauea magma is both 
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isotopically and chemically heterogeneous. These source variations can be explained by 

melting small-scale heterogeneities within the Hawaiian mantle plume. Model calculations 

suggest that the degree of partial melting decreased from the early 19th century until the 

mid-20th century, which correlates with a lower eruption rate (and presumably magma 

supply rate) for the volcano between 1840 and 1959. This interval of declining output 

from the Hawaiian plume culminated with an explosive summit eruption in 1924 and the 

longest quiescent period in Kilauea's historical record ( 1934-1952). Lavas erupted just 

after 1924 are geochemically anomalous and may have been contaminated by the 

assimilation of country rock into the volcano's magma reservoir during the explosions. 

Subsequently, the inferred degree of partial melting and the volcano's eruption rate have 

increased, with the highest values since the early 19th century observed during the ongoing 

Puu Oo rift zone eruption. 
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Table 2.1. ICP-MS trace element data for the historical summit lavas of Kilauea Volcano. 

1790-6 1790-1* 1790-2* 1820-1 1820-2 1832* 1866Kil 1868* 1877* 1885-1 1885-2 1885-3 1885-4 1889 1894-2 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

FI 

Tm 

Yb 

l.n 

Cs 

Rb 

Ba 

Th 

u 
Nb 

Sr 

'b: 

Hf 

y 

11.0 

27.9 

4.12 

19.0 

5.18 

1.77 

5 .67 

0 .87 

5.07 

0.95 

2.46 

0.353 

1.99 

0.290 

0.074 

7.3 

101 

0.83 

0.290 

12.4 

324 

141 

3.73 

27.5 

9.2 

23.2 

3.51 

16 .6 

4.58 

1.61 

5 . 17 

0.75 

4.69 

0.88 

2.32 

0.329 

1.87 

0.261 

0.055 

5.7 

75 

0 .68 

0.236 

10.0 

129 

3.28 

24 .9 

8.8 

22 .6 

3.50 

16.4 

4 .62 

1.63 

4.99 

0.78 

4.62 

0.89 

2.28 

0 .322 

1.86 

0.271 

0 .058 

5.7 

74 

0.70 

0.233 

10 .0 

128 

3.33 

24.8 

1820-1823 

10 .2 

26.0 

3 .81 

17 .8 

4.91 

1.67 

5.28 

0 .80 

4.78 

0.90 

2.35 

0 .329 

1.90 

0.272 

0.063 

6 .1 

93 

0.80 

0.265 

11.1 

300 

131 

3.55 

24.8 

10. l 11.6 

26.2 29.4 

3.88 4.45 

18.1 20 .7 

4.95 5.62 

1. 72 1.89 

5 .36 5 .86 

0.81 0 .86 

4 .73 5.17 

0 .88 0.97 

2.28 2.50 

0 .323 0.346 

1.84 2.04 

0 .261 0 .285 

0.065 

6.4 

93 

0.76 

0.265 

11. 7 

312 

137 

3.51 

25.2 

0.082 

8 .1 

109 

0 .88 

0 .309 

12 .5 

152 

3.95 

27.3 

14.8 

36 .9 

5.18 

23 .2 

5.90 

2.01 

6.38 

0.93 

5.41 

1.00 

2.66 

0.366 

2 .12 

0.297 

0.096 

10.2 

133 

1.16 

0.403 

16.8 

174 

4.32 

29 .2 

(n=2) 

13.5 13 .1 16.3±0 .1 16.5 

34.0 33.6 40.3±0.6 41.0 

5.15 4.86 5.81±0.03 5.85 

23.3 22.3 26.3 ±0.2 26.6 

6.28 5.69 6 .72±0.03 6.85 

2.10 1. 96 2.24±0.03 2.26 

6.60 6.15 7.12±0.05 7.31 

1.00 0. 90 1.04±0.00 1.07 

5.86 5.27 6.02±0.06 6.12 

1.13 0.98 1.12±0.01 1.13 

2.89 2 .50 2.89±0.00 2.97 

0.413 0.352 0.408±0.002 0.413 

2.34 2.03 2.31±0 .00 2.33 

0.321 0.284 0.325±0 .001 0.338 

0.088 

9.6 

123 

1.05 

0.366 

15.9 

182 

4.62 

33.0 

0.088 

8.5 

125 

1.02 

0.348 

15.4 

364 

154 

4.02 

27.0 

0.106±0.004 

10.5±0.1 

150±1 

1.27±0.03 

0.443±0.001 

19.4±0.0 

395±0 

188±2 

4.85±0.05 

31.5±0.0 

0.112 

10.7 

151 

1.32 

0.460 

20.I 

392 

192 

4.91 

32. l 

15.7 

38.0 

5.44 

24.9 

6 .28 

2.15 

6.68 

0.98 

5.74 

1.08 

2.79 

0.389 

2.23 

0.308 

0.100 

9 .9 

145 

1.16 

0.426 

17.5 

166 

4.39 

30.3 

15.5 

38.8 

5.54 

24.5 

6.26 

2.13 

6.63 

0.96 

5.60 

1.06 

2.75 

0.383 

2.19 

0.305 

0.096 

9.6 

142 

1.19 

0.409 

17.4 

172 

4.51 

29.4 

15.2 

37.4 

5.34 

24.0 

6.01 

2.05 

6.60 

0 .95 

5.67 

1.03 

2.71 

0 .377 

2.11 

0.301 

0.095 

9 .8 

137 

1.15 

0.404 

17 .2 

174 

4.45 

29.7 

15.4 

38.2 

5.39 

23.8 

6.09 

2.10 

6 .41 

0 .94 

5.50 

1.01 

2.65 

0.363 

2.12 

0.287 

0.099 

9.6 

141 

1.15 

0.403 

17.6 

175 

4.37 

29 .5 
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Table 2.1. (Continued) ICP-MS trace element data for the historical summit lavas of Kilauea Volcano. 

La 

Ce 

Pr 

Nd 

Sm 

Fn 

QI 

Tu 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Cs 

Rb 

Ba 

Th 

u 
Nb 

Sr 

'ZI 

Hf 
y 

95-TAJ-3 

1912 

15 .6 

39.7 

5.69 

25.9 

6 .43 

2.16 

6.73 

0.97 

5.60 

1.03 

2 .70 

0.370 

2.11 

0.294 

0.099 

9.4 

138 

1.24 

0.444 

19 .0 

390 

179 

4.62 

28.5 

1917 . 1918-1919 

(n=3) 

15.2±0.3 

38 .1±0.8 

5.50±0.11 

25 .0±0.5 

6.18±0.12 

2.10±0.07 

6.26±0.12 

0.91±0.02 

5.30±0.07 

0 .97±0.02 

2.50±0.08 

0 .351 ±0.009 

1.97±0.03 

0.277±0.006 

0.090±0.001 

8.8±0.2 

129±2 

1.21 ±0.03 

0.425±0.001 

18 .0±0.2 

396±10 

169±4 

4.38±0.06 

26 .7±0.4 

15.4 

38. l 

5.42 

24.6 

6.17 

2.08 

6 .28 

0.92 

5.39 

0 .98 

2.59 

0 .358 

2.02 

0 .285 

0.092 

9.8 

134 

1.26 

0 .462 

18.4 

181 

4.48 

28.3 

BHV0-1 

1919 

(n=7) 

15.2±0.2 

38.3±0.4 

5.53±0.07 

25.0±0.5 

6.18±0.14 

2.12±0.04 

6.42±0.11 

0.94±0.02 

5.34±0.10 

0.98±0.02 

2.53±0.06 

0.357±0.011 

2.02±0.05 

0.286±0.008 

0.097±0.003 

9.0±0.4 

131±2 

1.26±0.06 

0.428±0.021 

18.2±0.3 

399±15 

170±5 

4.45±0.09 

27.3±0.8 

Kill919 

(n=4) 

15.1±0.3 

38.1±0.6 

5.45±0.10 

24.6±0.3 

6.11 ±0.07 

2.12±0.04 

6.40±0.08 

0.92±0.02 

5.27±0.05 

0.97±0.02 

2.50±0.02 

0.358±0.007 

1.96±0.07 

0.283±0.007 

0.096±0.005 

9.4±0.2 

131±3 

1.27±0.07 

0 .438±0.009 

18.7±0.4 

411±5 

174±5 

4.48±0.07 

28.0±0.2 

1921-2 1921-4 1924 1929 HM1931 

16.6 

41.1 

5.82 

25.8 

6.46 

2.16 

6.50 

0.95 

5.68 

1.05 

2.63 

0.363 

2.13 

0 .292 

0.100 

10.2 

139 

1.22 

0 .438 

18.9 

163 

4.42 

28.4 

16 .0 

39.7 

5.72 

24.8 

6.17 

2.10 

6.35 

0.91 

5 .36 

0.98 

2.56 

0.348 

2.02 

0.281 

0.092 

9.5 

136 

1.28 

0.459 

18.8 

180 

4.52 

28.0 

16.5 

41.0 

5 .75 

26.2 

6 .36 

2.15 

6.22 

0.91 

5.26 

0 .99 

2.56 

0.363 

2.08 

0.284 

0.100 

10.3 

145 

1.35 

0.463 

20. l 

427 

182 

4.55 

28.4 

15.3 

37.2 

5.20 

22.9 

5 .66 

1.84 

5.55 

0.83 

4.83 

0.90 

2.38 

0.332 

1.89 

0.259 

0.088 

9 .7 

135 

1.32 

0.429 

18 .3 

385 

162 

4.05 

25.8 

1931-1932 

17 .0 

41.3 

5 .82 

24.6 

6.01 

2.08 

6.27 

0.91 

5.24 

0.97 

2.52 

0.350 

1.99 

0.283 

0 .101 

11.5 

143 

1.36 

0.458 

19 .7 

176 

4.41 

27.1 

1934 KL1952S 1954-2 

14.8 

36.8 

5 .24 

23.2 

5.55 

1.90 

5.76 

0 .83 

4.85 

0.90 

2.30 

0.319 

1.82 

0 .252 

0.090 

8.7 

130 

1.16 

0.378 

17 .6 

349 

148 

3.89 

23.9 

15.9 

39.0 

5.54 

24.5 

5 .94 

2 .00 

6.21 

0 .90 

5 .24 

0.99 

2.50 

0 .350 

2.01 

0.288 

0.103 

10.2 

142 

1.32 

0.444 

19.8 

401 

170 

4.29 

27.7 

16.6 

40.3 

5.65 

24.8 

5.92 

2.04 

6.38 

0.89 

5.21 

0 .98 

2.54 

0 .352 

2.07 

0.281 

0.098 

10.4 

144 

1.33 

0.446 

18.6 

168 

4.28 

27.6 
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Table 2.1. (Continued) ICP-MS trace element data for the historical summit lavas of Kilauea Volcano. 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Th 

Dy 

Ho 

F.c 

Tm 

Yb 

Lu 

Cs 

Rb 

Ba 

Th 

u 
Nb 

Sr 

Zr 

Hf 
y 

1959* K61-22 HM68-15 

15.0 

37.1 

5.36 

23.4 

5.80 

1.95 

5.90 

0.86 

5.05 

0.93 

2.37 

0.333 

1.89 

0.260 

0.095 

10.1 

140 

1.21 

0.424 

17.6 

161 

4. 15 

25.5 

1961 1968 

16.4 

40.6 

5.67 

25.2 

6.38 

2.17 

6.60 

0.95 

5.52 

1.03 

2.63 

0.368 

2.08 

0.292 

0.108 

10.1 

148 

1.29 

0.434 

18.5 

391 

172 

4.50 

28.5 

16.1 

39.7 

5.63 

25.3 

6.51 

2.21 

6.88 

1.00 

5 .69 

1.06 

2.78 

0.394 

2.20 

0 .319 

0.106 

10.0 

145 

1.24 

0.413 

17.6 

400 

182 

4.66 

30.0 

Aug 

1971-1 

14.3 

35.7 

5.08 

23 .0 

5.83 

2.00 

6.20 

0.91 

5.21 

0 .96 

2.49 

0.358 

2.03 

0.281 

0.102 

9.0 

131 

1.13 

0 .373 

15.7 

373 

163 

4.09 

27 .6 

Aug 

1971-2* 

11.4 

28.3 

4.07 

18.9 

4.95 

1.73 

5 .35 

0.78 

4.72 

0 .88 

2.29 

0.332 

1.87 

0.269 

0.078 

7 .3 

105 

0.90 

0.305 

13 .0 

324 

135 

3.57 

25.3 

Sep 

1971 

13.8 

34.3 

5.07 

22.8 

5.78 

2.04 

6 .12 

0 .91 

5.20 

0 .95 

2 .51 

0.355 

2.03 

0.279 

0.087 

9.4 

128 

1.08 

0 .375 

15 .3 

173 

4.20 

28.7 

Sep 

1974 

13.4 

33.4 

4.80 

21.4 

5.55 

1.93 

6.05 

0.86 

5 .31 

0 .97 

2.49 

0.344 

1.99 

0.279 

0.079 

8.4 

120 

1.02 

0 .3 56 

14.4 

160 

4.01 

27.3 

Jul 

1974 

13.2 

33.1 

4.74 

21.5 

5.68 

1.94 

6.04 

0.90 

5.17 

0.97 

Dec 1974 

E2* 

(n=3) 

11.1±0.1 

27 .5±0.5 

3 .94±0.03 

18 .1±0.1 

4.79±0.02 

1.65±0.02 

5.02±0.02 

0 .75±0.01 

4.38±0.10 

0.81 ±0.01 

Dec 1974 

E3* 

(n=2) 

11.1±0.1 

27.8±0 .3 

3.95±0.08 

18.3±0.4 

4.83±0.14 

1.68±0.06 

5.12±0.22 

0.77±0.04 

4.40±0.04 

0.83±0.00 

2 .54 2.15±0.04 2.18±0.01 

0 .359 0.304±0.003 0.312±0.004 

2.06 1.76±0.00 1.74±0.00 

0.291 0.245±0.002 0.244±0.000 

0.090 

8.4 

121 

1.05 

0 .344 

14.8 

374 

154 

4 .09 

27.5 

0.074±0.006 

7 .3 ±0.1 

101±1 

0.84±0.01 

0.294±0.005 

12.7±0.2 

315±4 

134±1 

3.46±0.07 

23.7±0.0 

0.082±0.003 

7 .7±0.1 

105±1 

0.88±0.04 

0.292±0.012 

12.7±0.l 

311±3 

134±0 

3.46±0.02 

23.3±0.0 

1975 A20-S 

Apr 

1982 

13.0 12.4 

32.1 30.6 

4.64 4.54 

21 .2 20.0 

5.49 5.40 

1.93 1.87 

5.84 5.82 

0.86 0.87 

5.17 5 .06 

0.95 0.95 

2.49 

0.340 

1.98 

0.277 

0.080 

7.9 

115 

0.99 

0 .342 

14. l 

158 

3.94 

27.1 

2.48 

0.345 

1.96 

0.283 

0.083 

8.0 

113 

0.92 

0 .315 

13.4 

145 

3.79 

27.2 

SlO-S 

Sep 

1982 

12.6 

31.3 

4.74 

21.1 

5.62 

1.93 

5.97 

0.90 

5.38 

1.01 

2.62 

0 .368 

2.13 

0.285 

0 .076 

8.8 

117 

0.97 

0.337 

14 .3 

160 

4.10 

29 .0 

Sl2-S 

Sep 

1982 

12.9 

32 .1 

4.72 

21.3 

5.52 

1.96 

5.95 

0.90 

5.35 

0.98 

2.61 

0 .365 

2.05 

0.289 

0 .080 

8.7 

119 

1.00 

0.334 

14. 1 

162 

4 .06 

28.7 

Sl4-S 

Sep 

1982 

13.6 

34 .3 

5.14 

23.1 

5.93 

2.06 

6.30 

0.96 

5.59 

1.06 

2.75 

0.379 

2.20 

0.313 

0.087 

9.3 

123 

1.06 

0.375 

14.6 

158 

4.23 

30.0 



VJ 
-+::-. 

Table 2.1. (Continued) ICP-MS trace element data for the historical summit lavas of Kilauea Volcano. 

Most of these lavas erupted from vents within Kilauea Caldera (the exceptions are marked with an asterisk). Trace element abundances are in parts per million. All analyses 
were performed at Washington State University. Analytical uncertainties (lcr) for each element are based on replicate analyses of the standards BHV0-1 and Ki11919 as 
unknowns during the sample runs (expressed as%): La (1 .9), Ce (1.4), Pr (1.6), Nd (1.5), Sm (1.7), Eu (2.0), Gd (1.5), Tb (2.0), Dy (1.4), Ho (2.2), Er (1.7), Tm (2.4), Yb 
(3.0), Lu (2.7), Cs (4.2), Rb (2.9), Ba (2.1), Th (5.4), U (3.4), Nb (1.9), Sr (2.4), Zr (3.0), Hf (1.9), Y (1.7). 



Table 2.2. Pb, Sr, and Nd isotope data for the historical summit lavas of Kilauea Volcano. 

1790-6 

1790-1 

1820-1 

1832 

1866Kil 

1885-4 

1894-2 

95-TAJ-3 

1917 

Ki11919 

1929 

HM1931 

1954-2 

K61-22 

Sep 1971 

Al-F 

A20-S 

18 .398 

18.512 

18.403 

18.433 

18.563 

18.543 

18 .556 

18.603 

18 .652 

18.675 

18.576 

18 .553 
18.566 

18 .576 

18 .544 

18.513 

18.459 

18.458 

15.469 

15.478 

15.473 

15.469 

15.482 

15.492 

15.484 

15.493 

15.494 

15.505 

15.496 

15.478 
15.493 

15 .500 

15.475 

15.484 

15.467 

15.472 

38.033 

38 . 140 

38.060 

38 .044 

38.131 

38.138 

38 . 124 

38.142 

38 . 178 

38 .254 

38 .229 

38 . 158 
38.207 

38 .238 

38 . 167 

38 . 142 

38 .066 

38 .089 

0.703563 
0.703564 

0.703595 

0.703673 

0.703649 

0.703534 
0.703529 

0.703563 

0 .703528 

0.703509 

0.703469 

0.703471 
0.703471 

0.703552 

0.703577 

0.703611 

0.703550 

0.703585 

0.703568 

0.703579 

0.512970 

0.512945 

0.512953 

6.4 

5.9 

6 . 1 
0.512952 6. 1 
0.512956 6.2 

0.512948 

0.512952 

0.512969 

6.0 

6.1 

6.4 
0.512980 6.6 

0.512970 
0.512978 
0.512958 

0.512968 

0.512975 

0.512968 

0 .512940 

0 .512943 

0.512940 

0.512969 

0.512961 
0 .512959 

0.512971 

0.512975 

6.4 
6.6 
6.2 

6.4 

6.5 

6.4 

5.9 

5.9 

5 .9 

6.4 

6.3 
6.2 

6.5 

6.5 

All isotopic measurements were made at the University of Hawaii. Nd and Sr isotopic fractionation corrections are 
148Nd0/144Nd0=0.242436 (1 48Nd/144Nd=0.241572) and 86Sr/88Sr=O. l 194. The data are reported relative to 
University of Hawaii standard values (maximum uncertainties based on repeated standard measurements) : La Jolla 
Nd, 143Nd/ 144Nd=0.511844±0.000009 (la) and NBS 987 Sr, 87Sr/86Sr=0.710258±0.000013 (la). Pb isotope 
ratios are corrected for fractionation using the NBS 981 Pb standard values of Todt et al. (1996) . The estimated 
maximum uncertainties (l a ) for the Pb isotope ratios are 206Pbt204Pb, ±0.007, 207Pb/204Pb, ±0.007, and 208Pb/204Pb, 
±0.018, based on repeated measurements of NBS 981. Within-run uncertainties on individual sample 
measurements of Pb, Sr, and Nd isotope ratios are less than the la mean external uncertainties of the La Jolla Nd, 
NBS 987, and NBS 981 standards in all cases. Values in italics represent replicate analyses of separate sample 
dissolutions (all other repeats are aliquots of the same solution or multiple measurements of a single load). Most 

analyses were made in single collector mode. Total procedural blanks are negligible: 10-50 pg for Pb, <120 pg 
for Sr, and <20 pg for Nd. Note that ENd is calculated relative to 143Nd/144Nd=0.512640 for ENd=O. Sample Al-F 
erupted in April 1982. 

35 



Table 2.3. Mineral/liquid partition coefficients. 
Olivine Clinopyroxene Orthopyroxene 

Rb 0 0.006 0 
Ba 0 0.006 0 
Th 0 0 .014 0 
u 0 0.013 0 
Nb 0 0.008 0 
La 0 0 .07 0 .02 
Ce 0 0 . 10 0.03 
Pr 0 0 . 18 0 .035 
Nd 0 0.25 0 .04 
Sm 0 0 .35 0 .05 
Eu 0 0.40 0.06 
G:I 0 0.45 0 .07 
Dy 0 0.48 0.11 
Er 0 0.49 0.13 
Yb 0 0 .50 0 .1 5 
Pb 0 0.01 0 
Sr 0 0 . 16 0 

Partition coefficients (D) were estimated as follows: 

Gamet 
0.0007 
0.0007 
0 .001 
0 .006 
0 .05 
0 .01 
0 .02 
0 .05 
0 .09 
0.22 
0 .3 2 
0.5 
1. I 
2.0 
3.0 

0 .0001 
0.01 

Plagioclase 

0.036 
0.031 
0.028 
0.025 
0.020 
0.3 3 

0.016 
0.013 
0.010 
0.007 
0.26 
1.8 

Olivine : The D values for these incompatible trace elements are very low in 
olivine (e.g. Green, 1994) and are assumed to be zero. 
Clinopyroxene : The highly incompatible trace element (Ba, Th, U, and 
Nb), Pb, and Sr D values are from Hauri et al. (1994). DL., Dsm• Dad• and Dvb 
(=DL.) are average values of experiments using Kilauea starting materials from 
Gallahan & Nielsen (1992). 
Orthopyroxene: The highly incompatible trace element, Pb, and Sr D values 
are assumed to be zero. DLa, Dsm• and Dad are average values from Nielsen et al. 
(1992). 
Garnet: The highly incompatible element, Pb, and Sr D values are from Hauri 
et al. (1994). Dee• DNd• Dsm• DEu• Dad• Doy• and DEr are from Shimizu & Kushiro 
(1975). 
Plagioclase : DLa, Dee, Dsm• Dad• and Dvb are from the experimental run of 
Phinney & Morrison (1990). DEu is calculated using the relationship between 
oxygen fugacity and the oxidation state of europium from Drake ( 197 5) 
assuming DEucni=D5, and DEucmi=average of Dsm and DGd. An oxygen fugacity of 
1.4* 10-s is calculated from Kilinc et al. (1983) using the major element 
composition of sample HM1931 from Wright (1971) and a magmatic 
temperature of I 164°C estimated from the MgO geothermometer of Helz & 
Thomber (1987). D5, is calculated from the expression in Blundy & Wood 
(1991) that relates D5, to plagioclase composition and magmatic temperature 
assuming XAn=0.75 and T=l 164°C. DPb is the average value for basic rocks 
from Henderson (1982). 
All other partition coefficients are interpolated or extrapolated from these 
values, or are estimated by comparison with the average D profiles of Green 
(1994). 
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Table 2.4. ReEresentative results of the Eartial meltin~ model for Kilauea's historical summit lavas. 

2cr Error ( % ) 1790-1 1820-1 1885-4 95-TAJ-3 1917 1929 K61-22 A20-S 
(% Diff) (% Diff) (% Diff) (% Diff) (% Diff) (% Diff) (% Diff) (% Diff) 

Rb (5.8) 5.6 (-2.0) 6.7 (9.6) 9.9 (2.9) 9.8 (4.4) 9.4 (6.5) 9.9 (2.3) 10.8 (6.5) 8.1 (1.8) 
Ba (4.2) 78 (2.9) 92 (-1.3) 138 (-3 .0) 137 (-1.0) 131 (1.4) 138 (2.6) 150 (0.9) 112 (-0.7) 
Th (10 .8) 0.68 (-0.7) 0.75 (-5.6) 1.21 (1.7) 1.24 (0.0) 1.22 (0.5) 1.23 (-6.2) 1.31 (2.1) 0.95 (3.3) 
u (6.8) 0.236 (-0.2) 0.259 (-2.4) 0.423 (3.4) 0.435 (-2.0) 0.430 (1.0) 0.431 (0.5) 0.458 (5.4) 0.327 (3 .8) 
Nb (3.8) 10.0 (-0.4) 10.8 (-2.8) 17.6 (1.0) 18.l (-4.4) 17.9 (-0.6) 17.8 (-3.0) 18.9 (2.1) 13.6 (1.5) 
La (3.8) 9.2 (0.0) 10.2 (0.0) 15.5 (0.0) 15.6 (0.0) 15.2 (0.0) 15.3 (0.0) 16.4 (0.0) 12.4 (0.0) 
Ce (2.8) 23.7 (2.5) 25.8 (-1.0) 38.8 (0.0) 39.0 (-1.7) 37.8 (-0.8) 37.7 (1.3) 40.5 (-0.1) 31.2 (2.0) 
Pr (3.2) 3.60 (2.5) 3.82 (0.2) 5.59 (1.0) 5.60 (-1.6) 5.41 (-1.7) 5.32 (2.3) 5.73 (1.1) 4.55 (0.2) 
Nd (3.0) 17.0 (2.9) 17.9 (0.3) 25 .3 (3.5) 25.2 (-2.9) 24.2 (-3.2) 23.6 (3.4) 25.6 (1.4) 20.9 (4.5) 
Sm (3.4) 4.62 (1.0) 4.83 (-1.6) 6.45 (3.0) 6.34 (-1.5) 6.03 (-2.4) 5.88 (3.8) 6.39 (0.2) 5.46 (1.0) 
F.u (4.0) 1.63 (1.4) 1.69 (1.5) 2.21 (3.6) 2.16 (0.1) 2.05 (-2.2) 1.99 (8.5) 2.17 (-0.1) 1.89 (0.6) 
Gi (3.0) 5.05 (-2.5) 5.14 (-2.7) 6.65 (0.4) 6.51 (-3.2) 6.19 (-1.2) 5.95 (7.3) 6.48 (-1.8) 5.68 (-2.3) 
Dy (2.8) 4.65 (-0.8) 4.78 (0.0) 5.80 (3.5) 5.59 (-0.1) 5.25 (-0.8) 5.08 (5 .2) 5.57 (1.0) 5.10 (0.8) 
& (3.4) 2.31 (-0.5) 2.36 (0.2) 2.77 (0.7) 2.66 (-1.7) 2.49 (-0.5) 2.40 (0.7) 2.64 (0.3) 2.46 (-0.6) 
Yb (6.0) 1.87 (0.0) 1.90 (0.0) 2.19 (0.0) 2.11 (0.0) 1.97 (0.0) 1.89 (0.0) 2.08 (0.0) 1.96 (0.0) 

w :ER' (358) (44.4) (152) (80.8) (73.3) (71.7) (247) (88.9) (63.9) 
-.) 

Ba/Sm (5.4) 16.8 (1.9) 19.0 (0.4) 21.4 (-5.8) 21.6 (0.6) 21.8 (3.9) 23.5 (-1.2) 23.4 (0.7) 20.6 (-1.7) 
Ba/Nb (5.6) 7.8 (3.4) 8.5 (1.6) 7 .8 (-3.9) 7.5 (3.6) 7.3 (2.0) 7.8 (5 .8) 7.9 (-I.I) 8.3 (-2.2) 

87Sr/86Sr (0.0037) 0.70353 0.70358 0.70352 0.70350 0.70348 0. 70351 0.70352 0.70356 
(-0.0087) (-0.0131) (-0.0060) (-0.0016) (0.0015) (-0.0063) (-0.0042) (-0.0032) 

% Early 20th c. Source 54.1 7.8 64.6 82.2 94.6 74.7 64 .8 33.1 
Model Melt% 10.3 10.2 6.2 5.6 5 .1 5 .1 5.4 7.8 

The first column lists the analytical uncertainties from Tables I and 2, and the :ER2 value based on the incompatible trace element uncertainties (:ER2=the sum of 
the squared % uncertainties). Subsequent columns show representative model results (the incompatible trace element concentrations are in ppm) with the residuals 
(% Diff) expressed as lOOx[(calculated/observed)-1]. The :ER2 value for each sample is the sum of the squared% residuals for each element. The calculated degree 
of partial melting and the source mixing proportions used to model each sample are shown (see text for more information). 
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Table 2.5. Assimilation model results for the most geochemically anomalous lava erupted after the 1924 summit explosions. 

Resident Magma + 

Pre-1924 Reservoir 
Magma 

1918-1921 Avg. 

Mixing% 48.75 

La 15 .7 
Ce 39.1 
Pr 5 .59 
Nd 25 .0 
Sm 6 .22 
Ell 2.12 
Gd 6.39 
Dy 5.41 
Er 2.56 
Yb 2 .03 
Sr 405 
Pb I. I 

I:R' 

La/Yb 7 .7 

87Sr/86Sr 0 .70347 
206Pb/'o•p b 18 .673 . 

Mixing Components 

Input Magma + Country Rock 

16% MgO Parental Seawater Altered Interstitial Glass 
Magma Basalt/Gabbro of Gabbro 

1990 Puu Oo Avg. 95% Crystal 
+ Avg. Kilauea ----> Fractionation of 

olivine Avg. Kilauea 

47.65 0 3 .6 

9.5 14.0 152 
24.0 34.9 334 
3.54 5.03 36.9 
16.5 22 .6 135 
4.45 5.79 27.6 
1.55 1.98 6.20 
4 .71 6. 11 24.1 
4 .38 5.26 19.5 
2.15 2 .54 9 .24 
1.73 2.03 7 .25 
262 368 594 
0 .7 1.0 7 .8 

5 .5 6 .9 21 

0.70359 0.70450 0 .70450 
18 .3 87 18.529 18 .529 

Model Results 

= Anomalous Lava 

HM1931 (% DifO 

I 00.00 

17.6 (3 .6) 
42.5 (2.8) 
5.74 (-1.4) 
24.9 (1.2) 
6.14 (2.2) 
2.00 (-4.0) 
6.23 (-0.6) 
5.43 (3.5) 
2.61 (3.5) 
2.07 (4.2) 

(88.3) 

8.5 (-0.6) 

0.70358 (0.0001) 
18.557 (-0.001 ) 

2cr Error 
(%) 

(3.8) 
(2.8) 
(3.2) 
(3.0) 
(3.4) 
(4.0) 
(3.0) 
(2.8) 
(3.4) 
(6.0) 

(133) 

(7.1) 

(0.0037) 
(0.083) 

The compositions (the incompatible trace element concentrations are in ppm) and mixing proportions of the components used to model HM1931 are summarized 
in the first four columns (see text for more information). The model results for HM1931 are shown with the residuals (% Diff) expressed as 
lOOx[(calculated/observed)-1]. The final column lists the analytical uncertainties from Tables I and 2, and the LR2 value based on the incompatible trace element 
uncertainties (LR2=the sum of the squared% uncertainties). 



Figure 2.1. Geologic map of Kilauea's summit region showing the distribution of 

historically erupted lavas (modified from the unpublished map of J. Lockwood and T. 

Neal) . The boundary of Kilauea Caldera is shown by the heavy solid line. Pit craters, 

such as Halemaumau, are marked by the heavy hatchured lines, and eruptive fissures are 

indicated by straight or curved lines. The small dots and arrows mark the locations of 

samples analyzed in this study (the small numbers indicate sub-samples of a single 

eruption). Samples not shown on the map were covered by later flows (e.g., 1868), 

collected molten (e.g., September and April 1982), or obtained from museum collections 

(e.g., HM1931). The gray area includes both prehistorical volcanics and tephra from 

historical eruptions (e.g., 1790 and 1959). The location of the Hawaiian Volcano 

Observatory (HVO) is provided for reference. 
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Figure 2.2. Temporal variations of Pb, Sr, and Nd isotope and highly over moderately 

incompatible trace element ratios in Kilauea's historical summit lavas. The geochemical 

trends defined by the volcano's summit lavas have continued through the ongoing Puu Oo 

rift zone eruption (gray rectangles; Garcia et al., 1996; Garcia et al., in preparation). Only 

Puu Oo lavas that erupted after the initial period of mixing with an evolved rift-zone magma 

are shown on this and subsequent figures. The vertical shaded lines mark the dates of 

Kilauea's explosive summit eruptions in 1790 and 1924. The 1868 lava may have been 

stored beneath Kilauea Iki Crater for several decades prior to eruption (dashed arrow). The 

open symbols are from Tatsumoto (1978), White and Hofmann (1982), Hofmann et al. 
} 

(1984), Stille et al. (1986), and Chen et al. (1991). The 2cr error bars are given in the 

upper left comer of each plot. 
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Figure 2.3. Incompatible trace element variation diagrams for Kilauea's historical 

summit lavas. For comparison, the dashed fields enclose the geochemical range of lavas 

from the prehistorical Hilina Basalt of Kilauea (Chen et al., 1996). The Th and Y 

concentrations from Chen et al. (1996) have been adjusted to account for the interlaboratory 

differences described in the text. The samples are grouped according to eruption date (see 

inset for symbols). The 2cr error bars are given in the upper left corner of each plot. All 

trace element concentrations are in ppm. 
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Figure 2.4. Highly over moderately incompatible trace element ratio variations for 

Kilauea's historical summit lavas. For comparison, the dashed fields enclose the 

geochemical range of prehistorical Hilina Basalt lavas of Kilauea (Chen et al., 1996). The 

Y concentrations from Chen et al. (1996) have been adjusted to account for the 

interlaboratory difference described in the text. The 2cr error bars are given in the upper left 

comer of each plot. The other symbols are the same as in Fig. 2.3. 
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Figure 2.5. Pb, Sr, and Nd isotope ratio variations for Kilauea's historical summit lavas. The open symbols are previous 

analyses of the historical summit lavas of Kilauea from Tatsumoto (1978), White and Hofmann (1982), Hofmann et al. (1984), 

Stille et al. (1986), and Chen et al. (1991). The gray field shows the isotopic range of lavas from the Puu Oo eruption (Garcia et 

al., 1996; Garcia et al., in preparation). For comparison, the dashed fields enclose the isotopic ranges of lavas from the 

prehistorical Hilina Basalt of Kilauea (Chen et al., 1996). All of the reported isotopic data from literature sources discussed in the 

text and shown on the figures are corrected relative to the University of Hawaii standard values (Table 2.2) whenever possible. 

The 2cr error bars are given in a comer of each plot. The other symbols are the same as in Fig. 2.3. 
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Figure 2.6. Pb, Sr, and Nd isotope ratios of Kilauea's historical summit lavas compared to 

Koolau and Mauna Loa lavas, and possible explanations for the high 206Pb/204Pb and £Nd• and 

low 87Sr/86Sr isotopic end member of Hawaiian volcanoes (i.e. the "Kilauea" component). 

Assimilation of oceanic crust (represented by the Site 843 basalts) into a plume-derived, 

parental magma of either historical Mauna Loa or Koolau isotopic composition cannot 

explain Kilauea's isotopic signature because enormous amounts of assimilation are required 

(black lines) . The composition of the oceanic crust used in this calculation (black circle) is 

constrained to lie in the field of the Site 843 basalts so that the mixing trends pass through the 

Kilauea data (assuming average unleached isotope dilution Pb, Sr, and Nd concentrations; 

King et al., 1993). Two possible isotopic compositions for the Hawaiian plume source (black 

squares) are represented by historical Mauna Loa lavas (ML-85; Kurz et al., 1995) and 

Koolau lavas (69-TAN-2; Roden et al., 1994). The Pb, Sr, and Nd concentrations in the 

assumed plume-derived magmas are from the picrite data of M. Norman and M. Garcia (in 

preparation) for Koolau (average of KOO-CF and K00-17 A) and Rhodes and Hart (1995) 

for Mauna Loa (ML-85 assuming 0.6 ppm Pb) . To estimate the present day isotopic 

composition of the upper mantle below Hawaii today (black rectangle), we age correct the 

least altered (for Pb and Nd) and/or leached (for Sr and Nd) Site 843 lavas (110 Myr old; 

King et al., 1993) to obtain the Pb, Sr, and Nd isotope ratios of the mid-ocean ridge basalt 

source at the time of eruption, and then assume reasonable parent/daughter ratios for depleted 

mantle (Rb/Sr=0.0045 and 238U/204Pb=6.3 from White, 1993; 147Sm/144Nd=0.2148 from Zindler 

and Hart, 1986) to evolve the isotopic composition of the source to the present day. The 

calculated 206Pb/204Pb ratio for this source today is only approximate because the U and Pb 

concentrations used for the calculation were measured on different sample splits that were not 

acid washed (Garcia et al., unpublished data) . Additional data sources are Roden et al. 

(1984), Mahoney et al. (1994), and Okano and Tatsumoto (1996). Only the least altered 

Koolau samples with K20/P20 5 1.4 (e.g., Frey et al. 1994) or leached analyses are shown. 

The prehistorical Mauna Loa field only includes samples from the volcano's submarine 

southwest rift zone (Kurz et al., 1995). The other symbols are the same as in Fig. 2.3. 
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Figure 2.7. Geochemical variations of Kilauea's historical summit lavas. The 

compositional range of the prehistorical Hilina Basalt lavas of Kilauea (Chen et al., 1996) 

is shown to emphasize the relatively large variations present in Kilauea lavas erupted over 

only 200 years. The geochemical ranges of other Hawaiian volcanoes are shown for 

comparison: Koolau lavas (Frey et al., 1994; Roden et al., 1994), and the prehistorical 

(Garcia et al., 1995; Kurz et al., 1995) and historical (Rhodes and Hart, 1995) lavas of 

Mauna Loa. Only the least altered Koolau samples with ~0/P205 1.4 (e.g., Frey et al. 

1994) are shown. The 2cr error bars are given in a corner of each plot. The other symbols 

are the same as in Fig. 2.3. 
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Figure 2.8. A partial melting model for Kilauea's historical summit lavas. A simple 

mixture (dashed line) of two chemically- and isotopically-distinct sources (calculated from 

the early 20th century and early 19th-late 20th century isotopic end-member lavas assuming 

they were produced by a constant degree of partial melting) fails to explain the combined 

206Pb/204Pb versus Ba/Sm ratio variations. Changes in the degree of partial melting of an 

isotopically and chemically heterogeneous source are required (grid). The large circle and 

square represent the assumed compositions of the early 19th-late 20th century and early 

20th century sources, respectively. The melt/source variation grid was calculated by 

mixing the two end-member sources in variable proportions and partially melting these 

mixtures from 4-11 %. We assume non-modal batch partial melting with a source 

mineralogy of olivine (60%), clinopyroxene (15%), orthopyroxene (15%) and garnet 

(10%) which enter the melt in 3:4:2: 1 proportions. The mineral/liquid partition coefficients 

are given in Table 2.3. The other symbols are the same as in Fig. 2.3. 
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Figure 2.9. Temporal variations of incompatible trace element ratios involving Ba in 

historical Kilauea lavas. The 2cr error bars are given in the upper left comer of each plot. 

See Fig. 2.3 for additional information. 
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Figure 2.10. Primitive mantle normalized incompatible trace element patterns of 

historical Kilauea lavas and the inferred source end members used in the partial melting 

model. Note that the patterns are plotted on a linear scale with the elements in the order of 

decreasing incompatibility during partial melting (e.g., Sun and McDonough, 1989). A. 

Average incompatible trace element abundances for summit lavas erupted between 1918-

1921 (circles) and 1990 Puu Oo lavas (squares; Garcia et al., 1996), which are used to 

calculate the incompatible trace element concentrations in the source end members for the 

model. Patterns for the historical summit lavas with the highest and lowest concentrations 

of highly incompatible trace elements (HMl 931 and 1790-2, respectively) are shown for 

comparison (dashed lines). B. Source compositions calculated from the average 

incompatible trace element concentrations of the 1990 Puu Oo lavas and 1918-1921 summit 

lavas. The lavas are normalized to 16 wt. % MgO by addition of Fo78 olivine using the 

MgO values of Garcia et al. ( 1996) for the 1990 Puu Oo lavas, Rhodes ( 1996) for Kil 1919 

and BHV0-1, and M. Garcia et al. (in preparation) for the other 1918-1921 summit lavas. 

The source compositions were calculated from these primary magmas assuming that they 

were produced by non-modal batch partial melting of a source containing olivine (60%), 

clinopyroxene (15%), orthopyroxene (15%) and garnet (10%) which entered the melt in 

3:4:2: 1 proportions. The partition coefficients are given in Table 2.3. The degrees of 

partial melting are arbitrarily constrained to 5% for the 1918-1921 lavas and 10% for the 

1990 Puu Oo lavas in order to obtain a pattern for the early 20th century source (circles) 

that is slightly more depleted in highly incompatible trace elements than the early 19th-late 

20th century source (squares). The Sr and Pb concentrations of the source end members 

were calculated using the using the above references for Sr and assumed values for Pb: 

1990 Puu Oo (0.8 ppm Pb) and 1918-1921 (1.1 ppm Pb). 
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Figure 2.11. The short-term geochemical evolution (and eruptive history) of Kilauea 

Volcano. A. Eruptive history. The vertical shaded lines mark the dates of Kilauea's 

explosive summit eruptions in 1790 and 1924. The upper panel shows the temporal variation 

of Kilauea's average eruption rate. The eruption rate from 1823 to 1840 is calculated using 

the information in Mastin (1997), Finch (1940a,b), and Macdonald et al. (1983). Our result 

for this period (-0.1 km3/yr) is lower than the -0.1-0.5 km3/yr estimates of Mastin (1997) 

because we assume a shallower depth for Kilauea Caldera at this time (cf., Finch 1940a). The 

1840 to 1959 eruption rates are estimated using the approach and data of Dvorak and 

Dzurisin (1993) except that we divide the analysis into two time periods (1840-1924 and 

1924-1959) to account for the decrease in eruptive activity at Kilauea after the 1924 

explosive eruption (Macdonald et al., 1983). Between 1959 and 1990, we use the -0.06 

km3/yr magma supply estimate of Dvorak and Dzurisin (1993), which is lower than the 

average eruption rate for the Puu Oo eruption ( -0.1 km3 /yr; Dvorak and Dzurisin, 1993; 

Heliker et al., 1998). The lower panel shows the eruptive activity of Kilauea's summit region 

(black bars) since August 1823 determined from Macdonald et al. (1983) and references 

therein. Eruptive activity during the late 20th century has been concentrated along the 

volcano's east rift zone with the sustained Mauna Ulu (1969-1974) and Puu Oo (1983 to the 

present) eruptions (gray bars). B. Source history. As predicted from the variation in 

206Pb/2°4Pb, the source (or proportions of the source components expressed as a % of the early 

20th century end member) of Kilauea lavas has changed over time. The large circle and 

square represent the average 1918-1921 summit and 1990 Puu Oo lavas, respectively, which 

are used to define the isotopic compositions in the partial melting model. The other symbols 

are the same as in Fig. 2.3 . C. Melting history. The results of the partial melting model 

suggest that the degree of partial melting has varied significantly and systematically over the 

last 200 years. The large circle and square represent the amount of partial melting assumed 

to produce the 1918-1921 summit and 1990 Puu Oo lavas, respectively. The other symbols 

are the same as in Fig. 2.3 . 
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CHAPTER 3 

THE GEOMETRY OF KILAUEA VOLCANO'S SUMMIT MAGMA 

STORAGE RESERVOIR: A GEOCHEMICAL PROBE 

Aaron J. Pietruszka and Michael 0. Garcia 

Hawaii Center for Volcanology, Department of Geology and Geophysics, 

University of Hawaii, Honolulu, HI 96822, USA 

ABSTRACT 

One of the most important components of the magmatic plumbing system of 

Kilauea Volcano is the shallow (2-4 km deep) magma storage reservoir that underlies the 

volcano's summit region. Nevertheless, the geometry (shape and size) of Kilauea's 

summit reservoir is controversial. Two fundamentally different models for the reservoir's 

shape have been proposed based on geophysical observations: a plexus of dikes and sills 

versus a single, "spherical" magma body. Furthermore, the size of the reservoir is poorly 

constrained (0.08 to 40 km3
). The geometry of Kilauea's summit reservoir must be 

resolved to better understand the magmatic processes of Hawaiian shield volcanoes, which 

serve as models for other ocean-island volcanoes. In this study, we use the temporal 

variations of Pb, Sr, and Nd isotope and incompatible trace element (e.g., La/Yb and 

NbN) ratios of Kilauea's historical summit lavas ( 1790-1982) to probe the geometry of the 

volcano's summit reservoir. These lavas preserve a nearly continuous, 200-year record of 

the changes in the composition of the parental magma supplied to the volcano. Systematic 

temporal variations in lava chemistry at Kilauea since the early 19th century suggest that the 

shape of the volcano's summit reservoir is relatively simple (e.g., a single magma body). 

Residence time analysis of these rapid geochemical fluctuations indicates that the size of 
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Kilauea's summit reservoir is only -2 km3 (=effective magma mixing volume), which is 

smaller than most other estimates. For comparison, this volume is an order of magnitude 

larger than the magma reservoir of Piton de la Foumaise Volcano, another frequently active 

ocean-island volcano. 

INTRODUCTION 

The magmatic plumbing system for an idealized Hawaiian volcano was first 

outlined by Eaton and Murata (1960). In their model, mantle-generated melt is transported 

by a primary conduit from a depth of 60 km to a shallow (2-4 km deep) magma reservoir 

beneath the volcano's summit region. This reservoir stores magma prior to eruption at the 

volcano's summit or lateral intrusion into the rift zones of the volcano (for further storage 

and/or eruption). This basic model has been refined over the last four decades by 

continuous monitoring of the deformation and seismicity of Kilauea Volcano, one of the 

world's most active basaltic volcanoes (see reviews of Decker, 1987 and Tilling and 

Dvorak, 1993). Kilauea's plumbing system has now been delineated in 3-D from the 

primary mantle conduit to the rift zones of the volcano (Klein et al., 1987; Ryan, 1987). 

One of the most important components of this system is the summit magma storage 

reservoir, which is thought to act as a control center for the volcano's magmatic processes 

(Decker, 1987; Tilling and Dvorak, 1993). Nevertheless, the geometry (size and shape) of 

Kilauea's summit reservoir remains controversial. Models for the reservoir's shape range 

from a complex network of interconnected dike- and sill-shaped magma bodies (Fiske and 

Kinoshita, 1969) to a single, spherical magma body (Yang et al., 1992), and estimates of 

the reservoir's size vary widely (0.08 to 40 km3
; Decker, 1987; Klein et al., 1987; Klein, 

1982; Wright, 1984; Johnson, 1992). A solution to this "geometry problem" is required to 

better understand Hawaiian shield volcanoes, which serve as models for other ocean-island 

volcanoes. 
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Geochemistry can help to decipher the geometry of Kilauea's summit reservoir. 

The number, shape, and size of magma bodies beneath other frequently active volcanoes 

such as Piton de la Fournaise, Vesuvius, Mt. Etna, and Hekla have been inferred from the 

geochemical variations of their eruptive products (Cortini and Scandone, 1982; Sigmarsson 

et al., 1992; Albarede, 1993; Condomines et al., 1995). Like these other volcanoes, 

Kilauea's historical summit and rift zone lavas (1790 to the present) show significant 

geochemical fluctuations over time (Wright, 1984; Wright, 1971; Hofmann et al., 1984; 

Garcia et al. , 1996; Pietruszka and Garcia, 1999a). Unfortunately, most of Kilauea's rift 

zone lavas cannot be used to probe the summit reservoir because they may be stored in the 

rift zones of the volcano for many years and/or mixed with unrelated magma prior to 

eruption (Wright and Fiske, 1971), or may even bypass the summit reservoir (Garcia et al., 

1992; Ryan et al., 1981 ). In contrast, most of Kilauea's historical summit lavas are 

thought to have erupted directly from the summit reservoir (Wright, 1971). The relatively 

uniform and unique major element chemistry of individual summit lavas (except for the 

effects of olivine fractionation or accumulation) has been used to suggest that these 

eruptions may tap chemically distinct and physically discrete magma batches that remain 

isolated within a compartmental storage reservoir (Wright, 1971; Wright and Fiske, 1971 ). 

However, this model has not been tested using high-resolution geochemical tracers such as 

isotopes or trace elements. The purpose of this study is to use the temporal variations of 

Pb, Sr, and Nd isotope and incompatible trace element ratios in Kilauea's historical summit 

lavas (1790-1982) to determine the geometry of the volcano's summit reservoir with the 

geochemical time-series approach pioneered by Albarede (1993). 

THE SHAPE OF KILAUEA'S SUMMIT MAGMA STORAGE RESERVOIR 

Kilauea's summit magma storage reservoir is thought to be located 1-2 km 

southeast of the pit crater Halemaumau (Fig. 3.1) at a depth of 2-4 km based on 
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measurements of the deformation associated with the volcano's frequent activity (Fiske and 

Kinoshita, 1969; Yang et al., 1992). These geodetic studies also show that the apparent 

locus of deformation (or "pressure center") during periods of summit inflation migrates 

over a large area (up to 16 km2
). This observation has led to contradictory conclusions 

about the shape of the volcano's summit reservoir (Tilling and Dvorak, 1993). The classic 

interpretation (Fig. 3.2c) is that the migration of the center of inflation results from the 

sequential pressurization of a network of interconnected dikes and sills beneath the 

volcano's summit region (Fiske and Kinoshita, 1969). However, dike intrusion during 

periods of summit inflation may bias the loci of deformation towards the direction of the 

dikes, leading to an apparent migration of the pressure center (Yang et al., 1992). The 

removal of this effect causes the inflation centers to coincide within a 1 km2 area, which 

suggests that Kilauea's summit reservoir may instead be a single, spherical body (Yang et 

al., 1992; Fig. 3.2a orb). Independent data (such as lava chemistry) are required to 

evaluate these two end-member models. 

Hawaiian shield volcanoes display short-term, and possibly cyclic, geochemical 

fluctuations which are thought to result from changes in the composition of the parental 

magma delivered to the volcano (Pietruszka and Garcia, 1998a; Casadevall and Dzurisin, 

1987; Albarede, 1996; Rhodes and Hart, 1995). These temporal variations in lava 

chemistry may be profoundly affected by the shape of the volcano's magma reservoir (e.g., 

simple body versus complex network). Lavas from eruptions that frequently tap a 

geometrically simple, well-mixed magma reservoir (e.g., a single, spherical magma body) 

should preserve any progressive temporal changes in the composition of the parental 

magma delivered to the volcano (Fig. 3.2a orb). The geochemical variations of these lavas 

over time will only be "buffered" and "delayed" relative to the compositional fluctuations of 

the parental magma due to the finite residence time of magma in the reservoir (Albarede, 

1993). In a geometrically complex magma reservoir (e.g., a plexus of dikes and sills), the 
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geochemical signature of a particular lava will depend on a number of factors, including ( 1) 

the location of the eruptive vent, (2) the portion of the reservoir tapped by the eruption, (3) 

the length of time the magma spends in that area of the reservoir prior to eruption, and ( 4) 

the degree of interaction between magmas in different pockets of the reservoir. Changes in 

any of these parameters between different eruptions will destroy any systematic temporal 

variations in parental magma composition (Fig. 3.2c). Thus, a geochemical time-series 

analysis of a suite of lava samples may be used to infer (at least qualitatively) the shape of 

the volcano's magma reservoir. 

The historical summit lavas of Kilauea preserve a nearly continuous, 200-year 

record of the changes in the volcano's lava chemistry (Fig. 3.3). Following Kilauea's 

phreatomagmatic 1790 eruption (McPhie et al., 1990), the ratios of highly over moderately 

incompatible trace elements in the lavas increased until the early 20th century (e.g., La/Yb 

or Nb/Y). The only lava that significantly departs from the overall trends in trace element 

ratios erupted near Kilauea lki Crater following the great earthquake of 1868 (Macdonald et 

al., 1983). The relatively low La/Yb and Nb/Y ratios of this lava (compared to 

contemporaneous intracaldera lavas) may have resulted from the intrusion of early 19th 

century magma from summit reservoir to the area below Kilauea lki Crater and storage for 

several decades prior to its eruption in 1868. The temporal increase of the highly over 

moderately incompatible trace element ratios of the lavas also correlates with a systematic 

change in their Pb, Sr, and Nd isotope ratios (87Sr/86Sr varies inversely), except for the 

lavas erupted during the 1790 eruption. In 1924, the collapse of the long-standing 

Halemaumau lava lake resulted in three weeks of phreatic explosions at Kilauea's summit 

(Dvorak, 1992). This event correlates with a sudden shift in the ratios of highly over 

moderately incompatible trace elements and Pb, Sr, and Nd isotopes in Kilauea's summit 

lavas that persisted for up to 40 years (Fig. 3.3). These anomalous lavas may have been 

contaminated by the assimilation of country rock into the volcano's summit reservoir 
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during the 1924 eruption (Pietruszka and Garcia, 1999a; Garcia et al., 1996), and are not 

considered in our modeling. During the second half of the 20th century, the highly over 

moderately incompatible trace element and Pb isotope ratios decreased rapidly, whereas the 

Sr and Nd isotope ratios remained essentially constant. Although there have been no 

eruptions at Kilauea's summit since September 1982 (Macdonald et al., 1983), the 

compositional trends defined by the late 20th century summit lavas have continued through 

the volcano's ongoing (1983 to the present) Puu Oo rift zone eruption (Fig. 3.3). 

The variations of Pb, Sr, and Nd isotope and highly over moderately incompatible 

trace element (e.g., La/Yb and Nb/Y) ratios in Kilauea's historical summit lavas over the 

last 200 years (Fig. 3.3) are thought to result from short-term changes in the composition 
' 

of the parental magma supplied to this volcano (Pietruszka and Garcia, 1998a). Thus, 

these geochemical tracers can be used to probe the shape of Kilauea's summit reservoir. 

The remarkably systematic nature of the compositional trends over time is difficult to 

reconcile with a compartmental storage reservoir, as proposed from the distinct major 

element chemistry of individual summit lavas (Wright, 1971; Wright and Fiske, 1971 ). If 

these lavas are assumed to erupt from a geometrically complex reservoir (Fig. 3.2c), the 

systematic temporal changes in lava chemistry (Fig. 3.3) would require very efficient 

magma mixing between different storage areas on the short time scale of Kilauea's average 

repose period (less than a few years; Klein, 1982). Otherwise, eruptions that occur closely 

in space and time might tap physically and compositionally unrelated magma bodies (and 

produce scatter on plots of the temporal variations in lava chemistry). Instead, our results 

suggest that the shape of the summit reservoir must be relatively simple in order to transmit 

the progressive changes in the volcano's parental magma composition observed during the 

19th and early 20th centuries, and the late 20th century (Fig. 3.2a orb), in accord with the 

deformation study of Yang et al. ( 1992). 
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THE SIZE OF KILAUEA'S SUMMIT MAGMA STORAGE RESERVOIR 

The size of Kilauea's summit magma storage reservoir is poorly constrained. The 

smallest previous estimate is -0.08 km3
, which is the product of the volcano's average 

eruption rate and repose period (Klein, 1982). This "active volume" is similar to the size of 

Kilauea's largest short-duration eruptions (Klein, 1982; Macdonald et al., 1983) and 

probably represents a minimum eruptable volume for the volcano's summit reservoir. In 

contrast, geophysical estimates range widely from -2-13 km3 based on geodetic data 

(Wright, 1984; Johnson, 1992) to a maximum of -40 km3 based on the approximate 

volume of the volcano's aseismic zone (Fig. 3.2a; Klein et al., 1987). An independent 

method for calculating the size of Kilauea's summit reservoir is required. 

The magma residence time model 

The volumes of the magma bodies beneath several active volcanoes such as Piton 

de la Fournaise (0.1-0.3 km3
), Vesuvius (two, 0.1-1.0 km3 bodies), and Mt. Etna (a 

shallow, 0.3-1.6 km3 body connected to a deep, 30 km3 body) have been calculated from 

the geochemical variations of their lavas (Cortini and Scandone, 1982; Albarede, 1993; 

Condomines et al., 1995). The volume of magma in Kilauea's summit reservoir may also 

be estimated using the technique ofresidence time analysis developed by Albarede (1993). 

The basic idea of this model is that the temporal geochemical fluctuations observed in a 

time-series of lavas (such as Kilauea's historical summit lavas) result from the progressive 

mixing of compositionally distinct input and resident magmas within the volcano's magma 

reservoir (Albarede, 1993). For a given magma supply rate, the rate of variation in lava 

chemistry is inversely proportional to the magma residence time and the volume of the 

reservoir (see equations below). In general, lavas from eruptions that frequently tap a 

relatively small-volume magma body should preserve any systematic temporal changes in 

the composition of the parental magma delivered to the volcano (Fig. 3.2a). The 
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geochemical variations of these lavas over time will only be slightly buffered and delayed 

relative to the compositional fluctuations of the parental magma (Albarede, 1993). In 

contrast, the geochemical variations of lavas that erupt from a relatively large volume 

magma body will be strongly dampened and shifted in time compared to the parental 

magma changes (Fig. 3.2b). 

For our calculations, we use the model of Albarede (1993) except that we define the 

residence time of magma in the reservoir relative to the magma supply rate (rather than the 

lava eruption rate) to make the final expression independent of short-term changes in the 

reservoir volume (i.e., inflation or deflation; Albarede, 1995). Thus, the magma residence 

time (rm) in terms of the reservoir volume ( V) and supply rate (Qin) is simply rm = V /Qin . 

Physically, this residence time represents the average duration of magma storage in the 

reservoir prior to eruption. The final equation for the residence time of magma in the 

reservoir is 

C~n ( Rin - Rre.1·) R'es ( a1 - az) 
r =-- - . 

m c;es dR/ dt dR/ dt 

The superscripts "in" and "res" refer to the input magma and magma in the reservoir (at the 

start of mixing), respectively. The variable R represents the ratio of two incompatible trace 

elements or isotopes ( = cl I C2)' where en is the concentration of element or isotope n. 

The rate of change of this ratio in the lavas is denoted by dR/ dt. Finally, an = s + r + xDn, 

where Dn is the bulk partition coefficient of an element or isotope n, and s, r, and x are 

the mass fractions of the input magma removed by summit eruptions, rift zone 

withdrawals, and crystal fractionation, respectively. Because we model ratios of trace 

elements (e.g., Nb/Y) that are highly to moderately incompatible in the minerals observed 

in Kilauea's historical summit lavas (mostly olivine with minor clinopyroxene ± 

68 



plagioclase; Wright, 1971 ), we assume that xDn << 1 and, thus, a1 - a2 = 0. This leads 

to a simplification of the expression for magma residence time to 

cin (Rin _ R'es) 
't' = _2_-'-----'-

m - c;es dR/dt . 

The volume of the magma reservoir (=effective magma mixing volume) may be estimated 

from the definition of the magma residence time ( V = rm x Qin), using the residence time 

calculated from the geochemical fluctuations and the volcano's magma supply rate 

(Albarede, 1993). 

Magma residence time calculation for Kilauea 

The residence time of magma in Kilauea's summit reservoir is estimated using the 

Nb/Y ratios of lavas from the two periods (early 19th to early 20th centuries and late 20th 

century) that display systematic temporal geochemical trends (Fig. 3.3). We use Nb/Y 

because this ratio shows the largest range and the most systematic variation, although 

similar results are obtained with other highly over moderately incompatible trace element 

(e.g., La/Yb) or Pb isotope ratios. Eight samples are excluded from the analysis for the 

following reasons: the six lavas that erupted from 1924 to 1954 may have been 

contaminated by crustal assimilation during the 1924 collapse of Halemaumau lava lake 

(Pietruszka and Garcia, 1999a; Garcia et al., 1996), the 1868 lava may have been stored 

beneath Kilauea Ik:i Crater for several decades prior to eruption (Fig. 3.3), and the magma 

supplying the 1959 Kilauea lki eruption may have bypassed the summit reservoir (Helz, 

1987; Anderson and Brown, 1993). 

From 1820 to 1921 the Nb/Y ratios of Kilauea's historical summit lavas increased 

from 0.46 to 0.66, whereas from 1961 to 1982 the Nb/Y ratios decreased from 0.65 to 

0.43 (Fig. 3.3). These temporal Nb/Y ratio variations correspond to rates of 0.022 yr· 1 and 

-0.066 yr·1
, respectively, based upon a linear regression of the data. In order to calculate 
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the residence time, the composition of the reservoir and input magmas for each period must 

be estimated. For the first period, we assume the geochemical trends result from mixing an 

input magma of "early 20th century" composition (1918-1921 lava average; Pietruszka and 

Garcia, 1999a) with an initial resident "early 19th century" magma composition (1820 lava 

average; Pietruszka and Garcia, 1999a). For the second period, we assume that an initial 

resident magma of "mid-20th century" composition ( 1961 lava; Pietruszka and Garcia, 

1999a) was mixed with an input magma of "late 20th century" composition ( 1990 Puu Oo 

rift zone lava average; Garcia et al., 1996). The input magma compositions are normalized 

to 10 wt. % MgO by olivine addition assuming complete incompatibility of Nb and Y (see 

Pietruszka and Garcia, 1999a for more details). This probably represents a minimum MgO 

content for Kilauea's parental magma because the most mafic, weakly olivine-phyric Puu 

Oo rift zone lavas (which are thought to have bypassed the summit reservoir) have -10 wt. 

% MgO (Garcia et al., 1996). Thus, rm = (26/25) x [(0.66-0.46)/0.0022 yr- 1
] = 95 years 

from 1820 tO 1921, and 'fm = (27/29)X [0.43-0.65)/-0.0066 yr-1
] = 31 years from 1961 tO 

1982. Apparently, the residence time of magma in Kilauea's summit reservoir decreased 

by a factor of -3 from the early 19th-early 20th centuries to the late 20th century. This 

large change in residence time may be due to a decrease in the reservoir volume, an increase 

in the magma supply rate, and/or an incorrect model assumption. In the following 

discussion, we evaluate each of these possibilities. 

Although the Nb/Y ratios and Y concentrations of the resident magmas are probably 

correct (because lavas with these compositions were erupted), the actual values for the 

input magmas are unknown. The relative Y abundances of the input magmas are probably 

not much different from the assumed values because the concentrations of moderately 

incompatible trace elements such as Y and Yb in Kilauea lavas are essentially constant at a 

given MgO value (Hofmann et al., 1984; Garcia et al., 1996). Therefore, an incorrect 
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assumption for the Y abundances cannot explain the apparent temporal decrease in the 

magma residence time. At most, the Y concentrations of the input magmas might be lower 

due to a more mafic parental magma. If a higher, 15 wt.% MgO parental magma is used 

instead (the most mafic Hawaiian glass composition ever observed; Clague et al., 1991), 

the residence times decrease proportionally from 95 to 84 and 31 to 28 years. In contrast, 

incorrect, assumed Nb/Y ratios for the input magmas may yield residence times that are too 

short (if the true ratios are higher). We evaluate this possibility by recalculating the 

maximum magma residence times for each period using the total observed range of Nb/Y 

ratios for Kilauea lavas (0.38-0.87; Chen et al., 1996; Rhodes et al., 1989): rm= 194 

years from 1820 to 1921 and rm = 38 years from 1961 to 1982. Thus, an incorrect choice 

for the Nb/Y ratio of the input magma is unlikely to explain the apparent decrease in magma 

residence time from the early 19th-early 20th centuries to the late 20th century. 

A major assumption of the residence time model is that the temporal geochemical 

trends result from mixing compositionally distinct magmas within the volcano's summit 

reservoir (Albarede, 1993). However, some of the short-term variations in lava chemistry 

at Kilauea's summit may also reflect progressive, mantle-derived changes in the 

composition of the parental magma delivered to the volcano. We evaluate this possibility 

for Kilauea's historical summit lavas using a plot of Ba/Sm versus 206Pb/2°4Pb, which are 

sensitive geochemical tracers of the variations in the melting process and source 

composition within the Hawaiian mantle plume (Pietruszka and Garcia, 1999a). The 

Ba/Sm versus 206Pb/2°4Pb trend of the lavas that erupted from 1961 to 1982 can be 

explained by mixing the end-member compositions assumed for the residence time 

calculation (Fig. 3.4). This suggests that the model assumption of magma mixing is 

justified for these lavas. Thus, the residence time of magma in Kilauea's summit reservoir 

during the late 20th century was -30-40 years (the range of our calculations above). In 

contrast, a simple magma-mixing scenario cannot account for the Ba/Sm versus 206Pb/2°4Pb 
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fluctuations from 1820 to 1921 (Fig. 3.4). In this case, the residence time estimate from 

the model is a maximum. Thus, the magma residence time for the early 19th-early 20th 

centuries is only constrained to be less than the range of values that we calculated above 

(<80-200 years), which may partly explain the apparent decrease from 1820-1921to1961-

1982. 

Our best estimate for the residence time of magma in Kilauea's summit reservoir 

during the late 20th century ( -30-40 years) is significantly shorter than a previous -100-

120 year estimate for this period (based on geodetic data; Decker, 1987; Wright, 1984). As 

expected, our magma residence time is much shorter than the -3000 year residence time for 

the entire magmatic plumbing system of the volcano (based on geophysical data; Denlinger, 

1997), and longer than the -10 year storage time for the 1959 Kilauea Iki eruption lavas 

(based on crystal size distribution; Mangan, 1990) which may have bypassed the summit 

reservoir (Helz, 1987; Anderson and Brown, 1993). No previous estimates for the 

residence time of magma in Kilauea's summit reservoir during the early 19th-early 20th 

centuries are available to compare with our result of <80-200 years. 

Volume estimate for Kilauea's summit reservoir 

Estimates of the magma supply rates for the early 19th-early 20th centuries and the 

late 20th century are required to calculate the volume of Kilauea's summit reservoir. The 

average magma supply rate to Kilauea between 1959 and 1990 was -0.06 km3/yr (Dvorak 

and Dzurisin, 1993). We use this value for the late 20th century. The best (and only) 

estimate of the supply rate before 1959 comes from the average lava eruption rate of the 

volcano, which was 0.1 km3/yr from 1823 to 1840 (Mastin, 1997) and -0.009 km3/yr 

between 1840 and 1950 (Dvorak and Dzurisin, 1993). Over periods longer than several 

tens of eruptions, Kilauea's eruption rate is thought to be proportional to the magma supply 

rate (cf., the 1959-1990 supply rate of 0.06 km3/yr versus the 0.05 km3/yr eruption rate 

72 



during this time; Dvorak and Dzurisin, 1993). Thus, the changes in Kilauea's eruption rate 

since the early 19th century (Fig. 3.3) probably reflect variations in the volcano's supply 

rate (Dvorak and Dzurisin, 1993; Mastin, 1997). Assuming supply rates of 0.1 km3/yr 

from 1823 to 1840 and 0.01 km3/yr from 1840 to 1924 (Fig. 3.3), we calculate an average 

from 1823-1924 of -0.025 km3/yr. This value (which we use for the early 19th-late 20th 

centuries) is significantly lower than the supply rate during the late 20th century. 

The volume of Kilauea's summit reservoir, estimated from our preferred magma 

residence times and supply rates, is -2 km3 for both periods: 1820-1921 (0.025 

km3/yrx95 years= 2.4 km3
) and 1961-1982 (0.06 km3/yrx31years=1.9 km3

). Thus, 

the increase in the magma supply rate accounts for most of the decrease in the magma 

residence time. It is not necessary to invoke a large change in the size of the summit 

reservoir between the early 19th-early 20th centuries and the late 20th century, which is 

consistent with the relatively small variations in the amount of magma storage since 1959 (a 

maximum of 0.4 km3 with little net change, based on geodetic data; Dvorak and Dzurisin, 

1993). The limits on the size of the Kilauea's summit reservoir can be estimated using the 

range of magma residence times for each period (as calculated above): <2.0-5.0 km3 from 

1820-1921 (from rm <80-200 years) and-1.8-2.4 km3 from 1961-1982 (from rm -30-40 

years). Thus, the summit reservoir volume from the early 19th to early 20th centuries must 

have been less than -5 km3 (but was probably smaller than -2 km3 based on the shorter 

magma residence time), whereas the volume during the late 20th century was -2 km3 (a 

size that is well constrained from either estimate of magma residence time). 

Our best estimate for the volume of Kilauea's summit magma storage reservoir 

since the early 19th century (-2 km3
; Fig. 3.2a) is smaller than most estimates based on 

geophysical data (2-40 km3
; Klein et al. 1987; Wright, 1984; Johnson, 1992). This 

discrepancy probably results from the definition of "summit reservoir". The volume from 

residence time analysis represents the part of the system in which magma mixing occurs 
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(Albarede, 1993), whereas techniques based on geophysical data may also include a hot, 

ductile region that surrounds the summit reservoir (the aseismic zone on Fig. 3.2a) and a 

crystal "mush" zone (Klein et al. 1987; Johnson, 1992). For comparison, the size of 

Kilauea's summit reservoir calculated from residence time analysis (-2 km3
) is 

approximately an order of magnitude larger than the volume of the magma body supplying 

Piton de la Fournaise Volcano, another frequently active ocean-island volcano (Albarede, 

1993). 

CONCLUSIONS 

Kilauea's summit magma storage reservoir is one of the most important 

components of the volcano's magmatic plumbing system. Nevertheless, geophysical 

studies have reached contradictory conclusions about the geometry (shape and size) of 

Kilauea's summit reservoir. We have used the incompatible trace element and isotope 

ratios of the Kilauea's historical summit lavas ( 1790-1982) as a geochemical probe of the 

volcano's summit reservoir. Our results suggest that the shape of Kilauea's summit 

reservoir must be relatively simple (e.g., a single magma body) in order to transmit the 

systematic changes in the volcano's parental magma composition observed in lavas erupted 

since the early 19th century. Residence time analysis of these rapid geochemical 

fluctuations indicates that the size of Kilauea's summit reservoir is only -2 km3 (=effective 

magma mixing volume), which is smaller than most other estimates. 
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Figure 3.1. Simplified geologic map of Kilauea's summit region (modified from the 

unpublished map of J. Lockwood and T. Neal), showing the distribution of historically 

erupted lavas. The boundary of Kilauea Caldera is shown by the heavy solid line. Pit 

craters, such as Halemaumau, are marked by the heavy hatchured lines. The "T''s indicate 

the orientation of the cross-sections in Fig. 3.2. See Pietruszka and Garcia (1999a) for the 

locations of the samples used in this study. 
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Figure 3.2. Hypothetical cross-sections through Kilauea's summit region contrasting the end-member models for the shape and 

size of the volcano' s shallow magma storage reservoir (lower panels). A. Geometrically simple, small-volume magma reservoir. 

The dashed line marks the approximate limit of the aseismic region beneath the volcano's summit region (Klein et al., 1987). B. 

Geometrically simple, large-volume magma reservoir. C. Geometrically complex reservoir (modified from Fiske and Kinoshita, 

1969). The upper panels show the geochemical effects of each magma reservoir geometry (modified from Albarede, 1993). The 

composition of the input magma delivered to the volcano (represented by any geochemical tracer of parental magma composition 

such as incompatible trace element or isotope ratios) is assumed to vary systematically over time (shown here as a sinusoidal, 

solid line). These systematic parental magma changes will be progressively buffered (e.g., a~ decrease) and delayed (e.g., a 

.....i 8t increase) as the volume of the reservoir increases (models A to B, Albarede, 1993), and/or destroyed by transport through a 
-.....) 

complex reservoir (model C). Thus, temporal variations in the output lava chemistry (gray circles connected by dashed lines) 

may be used to probe the geometry of the volcano's magma reservoir. See the text for more details. 
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Figure 3.3. Temporal geochemical variation of the Pb, Sr, and Nd isotope and La/Yb 

and Nb/Y ratios of Kilauea' s historical summit lavas. The geochemical trends defined by 

these lavas have continued through the ongoing Puu Oo rift zone eruption (gray rectangles, 

excluding the early lavas that experienced magma mixing within the rift zone; Garcia et al., 

1996). The vertical shaded lines mark the dates of Kilauea's explosive eruptions in 1790 

and 1924. The 1868 lava may have been stored beneath Kilauea Iki Crater for several 

decades prior to eruption (dashed arrow). The open symbols are literature data from 

references summarized in Pietruszka and Garcia (1999a). The 2cr error bars are given in 

the upper left comer of each plot. The lower right panel shows Kilauea's eruption rate and 

the eruptive activity of volcano' s summit region (black bars) since August 1823 

(Macdonald et al., 1983 and references therein). Eruptions during the late 20th century 

have been concentrated along the volcano's east rift zone with the sustained Mauna Ulu 

(1969-1974) and Puu Oo (1983 to the present) eruptions (gray bars). The temporal 

variation in Kilauea's eruption rate is calculated using the data and approach of Dvorak and 

Dzurisin (1993) and Mastin (1997) as described in Pietruszka and Garcia (1999a). Briefly, 

our results for 1823-1959 are different from the estimates of Dvorak and Dzurisin (1993) 

and Mastin ( 1997) because we assume a shallower depth for Kilauea Caldera from 1823 to 

1840 and subdivide the 1840-1959 period to account for the decrease in eruptive activity at 

Kilauea after the 1924 explosive eruption (Macdonald et al., 1983). Between 1959 and 

1990, we use the -0.06 km3/yr magma supply estimate of Dvorak and Dzurisin (1993), 

which is lower than the average eruption rate for the Puu Oo eruption ( -0.1 km3 /yr; Dvorak 

and Dzurisin, 1993). 
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Figure 3.4. Ba/Sm versus 206Pb/2°4Pb for Kilauea's historical summit lavas. The 

symbols are grouped according to eruption date as shown in Fig. 3.3. The black lines are 

two-component mixing trends connecting the Ba/Sm and 206Pbl204Pb ratios of the end

member magmas used for the calculation of Kilauea's summit reservoir volume from 

residence time analysis. The mixing lines are calculated using the data of Garcia et al. 

(1996) and Pietruszka and Garcia (1999a) as described in the text and assumed Pb 

concentrations (in ppm) of 0.7 (1820), 1.1 (1918-1921 and 1961), and 0.8 (1990 Puu 

Oo). The 2cr error bar is shown in the upper left comer. 
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CHAPTER 4 

238U-230Th-226Ra DISEQUILIBRIA IN HISTORICAL KILAUEA VOLCANO 

LAV AS: MANTLE MELTING WITHIN THE HAWAIIAN PLUME 

Aaron J. Pietruszka, Kenneth H. Rubin, and Michael 0. Garcia 

Hawaii Center for Volcanology, Department of Geology and Geophysics, 

University of Hawaii, Honolulu, HI 96822, USA 

ABSTRACT 

Three different suites of lavas with known eruption dates were collected from 

Kilauea Volcano to evaluate the processes of melt generation and transport within the 

Hawaiian Plume: historical summit lavas erupted from 1790 to 1982, rift zone lavas from 

the ongoing Puu Oo eruption ( 1985-1998), and lavas from the sustained Mauna Ulu rift 

zone eruption (1969-1971 ). Together, these lavas, which have been well characterized 

geochemically, span nearly the entire compositional range of this volcano. This paper 

presents the results of a detailed study of the U-series isotope geochemistry of these lavas 

using high-precision mass spectrometric techniques. The (230Th/238U) and (226RaJ230Th) 

disequilibria in Kilauea's historical lavas, 1.01-1.04 and 1.04-1.11, respectively, have 

remained relatively small and constant over the last 200 years, despite significant melting 

related variations in ratios of highly over moderately incompatible trace elements such as 

La/Yb or Nb/Y. These observation are reconciled using the two end-member "ingrowth" 

models for producing U-series disequilibria during mantle melting (dynamic melting and 

equilibrium percolation melting). The incompatible trace element ratios that are sensitive to 

changes in melt fraction are insensitive to or unaffected by the melting model parameters 

that control (23°Th) and (226Ra) disequilibria (such as the melting rate and the porosity of the 
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melting region), and vice versa. The melting rate and melt-zone porosity for Kilauea 

cannot be estimated from the U-series disequilibria alone because model output is highly 

dependent (by an order of magnitude or more) on the choice of the partition coefficients for 

Ra, Th, and U. Instead, physical constraints on the mantle melting process are required. 

The "instantaneous" mantle source volumes needed to sustain Kilauea's average magma 

supply rate are calculated using the melting rates from our U-series modeling results. The 

range in the radii of these source volumes (assuming a cylindrical 54 km long melting 

column) appear to be much wider than permitted by the intershield geochemical differences 

between Kilauea, Mauna Loa and Loihi. These differences require the mantle sources, 

melting regions, and magma pathways between these adjacent, active volcanoes to be 

physically distinct. The smallest acceptable source volumes (and radii) are obtained for 

those parameterizations of the equilibrium percolation model that give the highest average 

melting rates (0.003-0.006 kg m·3 yr- 1
) and melt-zone porosities (0.5-3% ). These may be 

the most reliable estimates so far of these melting parameters for tholeiitic basalt production 

in the Hawaiian plume. 

INTRODUCTION 

A fundamental goal of geochemical research at ocean-island volcanoes and mid

ocean ridges is to infer the process of basaltic melt generation and transport. The U-series 

isotope abundances of lavas, in conjunction with other high-resolution geochemical tracers, 

are particularly well suited for this purpose (e.g., Condomines et al., 1988; Gill and 

Condomines, 1992; Macdougall, 1995). The source regions of basaltic lavas prior to 

melting will generally be in a state of radioactive, or secular, equilibrium in which the 

activities (i.e., decay rates) of the short-lived isotopes in the 238U decay chain (e.g., 23°Th 

and 226Ra) are equal. When secular equilibrium prevails, the (230Th/238U) and {226Rai23°Th) 

ratios (parentheses around nuclides are used to indicate activities) in the source are known 
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(and equal to unity), in contrast to most other geochemical tracers of the melting process 

such as stable, incompatible trace elements. Any process that fractionates these elements, 

such as partial melting of the mantle, induces a state of radioactive disequilibrium in which 

the activities of 238U, 23°Th, and 226Ra are unequal. This unique geochemical behavior of 

U-series isotopes, compared to incompatible trace elements, offers the potential to separate 

the compositional effects of mantle melting from those of source heterogeneity. 

Furthermore, (23°Th/238U) and (226Ra/23°Th) disequilibria may also be used to quantify the 

timescale of melt generation and transport because 23°Th and 226Ra have half-lives (-75 kyr 

and 1600 yr, respectively) similar to the time scale of magmatic processes. 

Early U-series studies of the active Hawaiian shield volcanoes, Kilauea and Mauna 

Loa, used radioactive decay counting techniques to identify small, but significant (23°Th) 

and (226Ra) excesses in the lavas relative to their respective parents (238U) and (23°Th) and 

proposed a magmatic (e.g., mantle melting) origin for these disequilibria (e.g., 

Krishnaswami et al., 1984; Newman et al., 1984). In a time-series investigation of lavas 

from the first two years of the Puu Oo rift zone eruption of Kilauea, Reinitz and Turekian 

(1991) found a striking decrease in the activities of several U-series nuclides (e.g., 23°Th 

and 226Ra). These activity changes from 1983 to 1985 correlate with this eruption's early 

period of magma mixing when the lavas became progressively more mafic (Garcia et al., 

1992). More recent U-series studies by decay counting (Hemond et al., 1994b) and mass 

spectrometry (Cohen and O'Nions, 1993; Sims et al., 1995, in review; Cohen et al., 1996) 

of historical Kilauea and Mauna Loa lavas have produced data that is considerably more 

precise than the earlier decay counting measurements. These studies observed little or no 

disequilibria between (23°Th) and {238U), and larger (226Ra) excesses (up to 28% ), which 

were used to calculate melting rates and melt-zone porosities (i.e., the volume fraction of 

liquid in equilibrium with the residue during mantle melting) for tholeiitic basalt production 

in the Hawaiian plume of >0.0005 kg m-3 yr- 1 and <0.1 to 2%, respectively, using the 
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dynamic melting and equilibrium percolation melting "ingrowth" models for creating U

series isotope disequilibria during melt generation and transport (e.g., McKenzie, 1985; 

Williams and Gill, 1989; Spiegelman and Elliott, 1993). However, these preliminary 

estimates are based on relatively small, unrepresentative suites of lavas that do not span the 

full compositional range of either volcano (as little as one sample analysis per volcano with 

a bias towards lavas erupted during the late 20th century). Furthermore, none of these 

previous studies have integrated their U-series results with the historical changes in the 

melting process and source composition that have been inferred from other geochemical 

tracers such as Pb, Sr, and Nd isotopes and incompatible trace elements (e.g., Hofmann et 

al., 1984; Garcia et al., 1996; Rhodes and Hart, 1995; Pietruszka and Garcia, 1999a). 

This paper presents the results of a detailed study of the U-series isotope 

geochemistry of three suites of historical lavas from Kilauea Volcano: ( 1) the summit lavas 

erupted between 1790 and 1982, (2) rift zone lavas from the ongoing Puu Oo eruption after 

the initial period of magma mixing (1985-1998), and (3) lavas from the first half of the 

sustained Mauna Ulu rift zone eruption (1969-1971 ). Most of Kilauea's historical summit 

lavas are inferred to have erupted from the shallow (2-4 km deep) magma reservoir that 

underlies the volcano's summit region (e.g., Tilling and Dvorak, 1993). In contrast, the 

lavas from the Mauna Ulu and Puu Oo rift zone eruptions of Kilauea are thought to have 

partially bypassed the volcano's summit magma reservoir and avoided its buffering effects 

(Ryan et al., 1981; Garcia et al., 1996). Thus, the lavas from these rift zone eruptions 

potentially offer a better opportunity to infer mantle processes. 

The geochemical variations of lavas from Kilauea's historical summit and rift zone 

eruptions are fundamentally different. The historical summit lavas of Kilauea display 

source- and melting-related fluctuations of Pb, Sr, and Nd isotope and incompatible trace 

element ratios over the last 200 years that can be explained by melting small-scale 

heterogeneities within the Hawaiian mantle plume (Pietruszka and Garcia, 1999a), similar 
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· to the geochemical variations observed in historical Mauna Loa lavas erupted from 1843 to 

1984 (Rhodes and Hart, 1995). The lavas from the Mauna Ulu and Puu Oo rift zone 

eruptions of Kilauea record changes in the volcano's parental magma composition over 

shorter periods of time ( < 10 years) that can be explained by variations in the process of 

partial melting of a relatively homogeneous mantle source (Hofmann et al., 1984; Garcia et 

al., 1996). Nearly all of these lavas have been analyzed for incompatible trace elements 

and Pb, Sr, and Nd isotope ratios (except Pb isotopes for the Mauna Ulu lavas) by 

previous studies (Hofmann et al., 1984; Garcia et al., 1996, in prep.; Pietruszka and 

Garcia, 1999a). Together, these samples span nearly the entire known geochemical range 

for Kilauea. The main purpose of this study is to use U-series isotope analyses of historical 

Kilauea lavas to further investigate the process of melt generation and transport within the 

Hawaiian plume. 

Our results show that the (23°Th/238U) and (226Ra/23°Th) ratios in Kilauea's 

historical lavas have remained relatively small and constant over the last 200 years (l.01-

1.04 and 1.04-1.11, respectively). We evaluate two models for producing these U-series 

disequilibria during mantle melting: dynamic melting (McKenzie, 1985; Williams and Gill, 

1989) and equilibrium percolation melting (Spiegelman and Elliott, 1993). We show that 

these models are capable of explaining the 226Ra-23°Th-238U disequilibria and melting

related incompatible trace element ratio variations of Kilauea's historical lavas, and that 

these results are consistent with previous modeling for these lavas based only on 

incompatible trace element data (Hofmann et al., 1984; Garcia et al., 1996; Pietruszka and 

Garcia, 1999a) and simple batch melting (Shaw, 1970). However, our calculations show 

that it is difficult to estimate the melting rate and melt-zone porosity for melting in the 

Hawaiian plume from the U-series isotope disequilibria alone because the output of both 

models is highly dependent on the choice of the partition coefficients for Ra, Th, and U. 

Physical constraints on the mantle melting process are also required. Thus, the results of 
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previous attempts to quantify these melting parameters with the U-series isotope 

disequilibria of Kilauea and Mauna Loa lavas (particularly those studies using a single set 

of partition coefficients) must be used with caution (e.g., Cohen and O'Nions, 1993; 

Hemond et al., 1994b; Cohen et al., 1996; Sims et al., in review). 

The intershield geochemical differences between the three active volcanoes, 

Kilauea, Mauna Loa, and Loihi, place strong physical constraints on the mantle melting 

process in the Hawaiian plume (Frey and Rhodes, 1993). We estimate the "instantaneous" 

mantle source volumes required to sustain Kilauea's average magma supply rate (-0.06 

km3/yr; Dvorak and Dzurisin, 1993) using the melting rates calculated from our U-series 

model results. The radii of these source volumes (assuming a cylindrical 54-km deep 

melting column) appear to be much wider than permitted by the intershield geochemical 

differences, which requires that the mantle sources, melting regions, and magma pathways 

between the active, adjacent Hawaiian volcanoes be physically distinct on the 25-50 km 

length scale between them (Frey and Rhodes, 1993). The smallest, successful radii are 

obtained for those parameterizations of the equilibrium percolation model that give the 

highest average melting rates (0.003-0.006 kg m-3 yr- 1
) and melt-zone porosities (0.5-3%). 

We therefore hypothesize that these are the most reliable estimates so far of these 

parameters for tholeiitic basalt production in the Hawaiian plume. 

EXPERIMENT AL METHODS 

Sample description, processing, and dissolution 

High-precision measurements of the Th, U, 226Ra, Ba, and Sr abundances and 

(230Th/232Th), (234U/238U), and 87Sr/86Sr isotope ratios in Kilauea's historical summit and 

rift zone lavas (Tables 4.1 and 4.2) were made using the University of Hawaii VG Sector 

54 thermal ionization mass spectrometer fitted with a WARP filter for high abundance 

sensitivity isotope ratio measurements. All of the samples analyzed in this study are 
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pristine lavas in which olivine is the main phenocryst (>0.5 mm) and microphenocryst 

(>0.1 to <0.5 mm) phase. Most of the lavas are aphryic ( <0.5% phenocrysts), although 

some are weakly to moderately olivine phyric (<5% phenocrysts). One sample (1894-2) 

contains rare glomerocrysts (mostly microphenocrysts) of clinopyroxene, plagioclase, and 

olivine. The samples were crushed and repeatedly washed in a sonic bath of distilled water 

until the water was clear, and then hand picked with the aid of a binocular microscope to 

avoid crystals. Most of the samples analyzed were glass separates except for the Hawaiian 

basalt standard Kil1919 (a whole-rock powder prepared from the same lava flow as the 

BHV0-1 standard), DAS69-1-3 (a whole-rock powder), 1866Kil, 1894-2, and HM1931 

(the latter three were mostly microcrystalline groundmass). A glassy subsample of 1894-2 

was analyzed for Th, U, Ba, and Sr concentrations and 87Sr/86Sr to compare with the 

groundmass separate (which was also analyzed for Th and U isotope ratios and the 

abundance of 226Ra). Sample sizes for the Th and U isotope ratio and 226Ra concentration 

measurements were 0.4-0.6 g, whereas 15-30 mg samples were processed for the 

determination of Th, U, Ba and Sr abundances and 87Sr/86Sr ratios. In all cases, the 226Ra 

concentrations were measured on aliquots of the same solution used for Th, U, Ba, and Sr 

abundance measurements. 

The samples were washed briefly (-10 minutes) prior to dissolution in sonic baths 

of methanol, 2N HCl, and ultrapure water, digested in a mixture of HF/HN03, dried, and 

treated with 8N HN03 (2-3 times) until they were mostly (large samples) or completely 

(small samples) in solution. Small samples (for measurement of Th, U, Ba and Sr 

concentrations and 87Sr/86Sr ratios only) were diluted to 4N HN03 for spiking. Large 

samples (for complete analysis) were evaporated to dryness, dissolved in 6N HCl, and 

centrifuged. The residue was treated with 6N HCl until the sample was completely in 

solution, which was essential in order to insure complete sample-spike equilibration. This 

clear sample solution was then dried to a small volume, dissolved in 8N HN03, and diluted 
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to 4N HN03 for splitting and spiking. The small samples and the smaller splits of the large 

samples were spiked with 229Th, 233U, 135Ba, and 84Sr tracers, and the rest of the large 

samples were spiked with a 228Ra tracer (see below). Finally, these solutions were dried to 

equilibrate the sample with the spike(s). 

Thorium and Uranium isotope dilution analyses 

Th and U were purified and separated using a two-step procedure. The spiked 

sample was loaded in 8N HN03 onto a 500-µl column of AG 1-X8 anion exchange resin. 

This elutant and a wash of 8N HN03 was collected for the analysis of Ba and Sr 

concentrations (see below). Th and U were collected in 6N HCl and I.SN HBr, 

combined, dried, and dissolved in 6N HCI. The sample was then loaded in 6N HCl onto 

another 500-µl anion exchange column. This elutant and a 6N HCl wash was collected for 

Th. U was eluted in I .SN HBr. The total procedural blanks using this technique were 1-6 

pg for Th and 2-7 pg for U. Blank corrections of 0.003-0.04% for Th and 0.02-0.1 % for 

U were made to derive the final concentrations reported in Table 4.1. 

The purified Th and U fractions (-1-5 ng each) were loaded separately on 

outgassed Re filaments coated with a layer of graphite and analyzed using an ion-counting 

Daly detector in single collector mode. U abundances were determined by measuring 

masses 233, 235, and 238, with the final 233U/238U corrected for instrumental fractionation 

relative to natural 238U/235U (=137.88) using the average 238U/235U of the run (adjusted for 

the concentration, isotopic composition, and amount of the 233U tracer added to the 

sample). Th abundances were determined by measuring masses 229 and 232. No 

fractionation correction was applied to the final 229Th/232Th. We estimate a reproducibility 

for Th and U concentrations at 0.2% or better based on duplicate measurements of samples 

and standards in our lab. 
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Barium and Strontium isotope dilution and 87Sr/86Sr ratio analyses 

Ba and Sr were separated using a 4-ml column of AG50W-X8 cation exchange 

resm. The SN HN03 wash from the Th and U isotope dilution procedure was dried, 

dissolved in 2N HCl, and loaded onto the column. Sr was eluted in 2N HCl followed by 

Ba in 2N HN03• The total procedural blanks for Sr were negligible (20-60 pg). The total 

procedural blanks for Ba ranged from 0.2-1 ng, which amounts to a blank correction of 

0.005-0.07% for these samples (Table 4.1). 

Both Ba (-50 ng) and Sr (-150 ng) were loaded on outgassed W filaments with a 

T<l:i05 substrate and analyzed on the mass spectrometer in dynamic multicollector mode for 

both Sr isotope ratios, and Sr and Ba concentrations. The Sr isotope measurements were 

corrected for instrumental fractionation relative to 86Sr/88Sr=O. l 194. The Sr isotope ratios 

of the samples were measured over two periods of time separated by a major machine 

upgrade. Replicate analyses of the National Institute of Science and Technology (NIST) Sr 

standard SRM 987 over the course of this study gave 87Sr/86Sr=0.710259±0.000012 

(n=lO; all uncertainties in this paper are ±2cr) and 87Sr/86Sr=0.710268±0.000014 (n=l4) 

for the two periods, respectively. The 87Sr/86Sr ratio data collected during the second 

period were adjusted downward by 0.01330 to account for this small shift (i.e., all data are 

expressed relative to a value of 87Sr/86Sr=0.710259 for SRM 987). The within-run 

uncertainties on individual Sr isotope ratio measurements were always equal to or less than 

our lcr mean external reproducibility of SRM 987. The reproducibility of Sr concentrations 

is estimated at 0.2% or better (Mahoney et al., 1991). For Ba concentration analysis, the 

measured 135Ba/138Ba was corrected for instrumental fractionation relative to natural 

136Ba/137Ba=0.69975 (e.g., Lewis et al., 1983) using the measured 136Ba/137Ba ratios of the 

run adjusted for the concentration, isotopic composition, and amount of the 135Ba tracer 

added to the sample. Replicate analyses of Kil1919 (from separate dissolutions) gave 
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135.0 and 134.9 µgig Ba, which agree to better than 0.1 % (our estimated reproducibility). 

The results of analyses of the Ba abundances in the basalt standards BHV0-1 and BCR-1 

were 133.6 and 687.2 µgig, respectively. The higher Ba concentration for Kil1919 

compared to BHV0-1 is consistent with the relative MgO contents of these standards (6.9 

versus 7.1 wt.%, respectively; Rhodes, 1996). 

Thorium and Uranium isotope ratio measurements 

Th and U were separated for measurement of (234U/238U) and (23°Th/232Th) using a 

procedure similar to that for Th and U isotope dilution analysis. The sample was loaded in 

8N HN03 onto a 2-ml column of AG1-X8 anion exchange resin. This elutant and a wash 

of 8N HN03 was collected for the analysis of the 226Ra concentration (see below). Th was 

eluted in 6N HCl followed by U in l .5N HBr. To further purify the Th, the 6N HCl cut 

was dried, dissolved in 8N HN03, and loaded onto a 500-µl column of AG 1-X8 anion 

exchange resin. This elutant and an 8N HN03 wash was discarded, and Th was then 

collected in 6N HCl. The total procedural blanks using this technique were negligible ( 10-

20 pg for Th and 3-4 pg for U). 

Th and U (-50-100 ng each) were loaded separately on outgassed Re filaments 

coated with a layer of graphite and analyzed using an ion-counting Daly detector in single 

collector mode. Our technique of (23°Th/232Th) measurement is described in detail by 

Rubin et al. (in prep.). Briefly, the Th isotope ratios were measured near the intensity limit 

(for linear measurement) of the Daly detector at -2 x 106 counts/second (cps) 232Th and 9-

13 cps 230Th (the baseline at 228.5 mass was typically -0.4 cps). No fractionation 

correction was applied to the final 232Th/23°Th. The accuracy and reproducibility of this 

technique was verified by measuring the University of California Santa Cruz (UCSC) Th 

standard "A" with every group of samples run on the mass spectrometer. Our overall 

average for UCSC Th A was (23°Th/232Th)=l.086±0.012 (n=39), which is 0.3% lower 
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than the value ( 1.089) predicted by gravimetry of the original standard (Z. Palacz, personal 

communication). The (234U/238U) ratios were determined using a three-step procedure for 

each sample load: (1) a 238U/235U measurement until the internal error was <0.1 %, (2) a 

measurement of 235U/234U until the sample was nearly exhausted, and (3) a final 238U/235U 

measurement. The average of the two 238U/235U measurements was used to correct the 

235U/234U average for fractionation relative to natural 238U/235U (=137.88), and the 

234U/238U ratios were calculated assuming 238U/235U=137.88. Replicate analyses of the 

NIST U standard SRM UO 10 over the course of this study gave 

(234U/238U)=0.9993±0.0054 (n=lO), which is only -0.04% higher than the accepted value 

(0.9989). The average fractionation correction for the UOlO standard was -0.2%/amu 

compared to -0.03%/amu for samples. Because the differences between our measured and 

the accepted values for the UCSC Th A and UOlO standards are small, no other correction 

factors were applied to the data. All of our samples have (234U/238U) ratios that are slightly 

greater than unity (1.005 on average; Table 4.2). However, the variability of the 

(234U/238U) ratios of the samples is only slightly greater than our analytical uncertainty 

based on measurement of the UOIO standard (0.06 versus 0.05%, ±2cr, respectively) and 

there is no correlation between the (23°Th) and (234U) excesses. Therefore, we do not 

regard the slight deviation of the sample (234U/238U) ratios from secular equilibrium as 

significant. Finally, we verified that the Th and U blanks in the 228Ra tracer (0.2 pg Th and 

0.4 pg U for the typical amount that was added to the samples) had a negligible effect on 

the Th and U isotope ratios of the sample by measuring the (23°Th/232Th) and (234U/238U) 

ratios of a separate, unspiked dissolution of Kil1919. The unspiked results, 

(230Th/232Th)= 1.091±0.0011 and (234U/238U)= 1.005±0.005 agree within error of the 

analysis in Table 4.2 (this latter analysis was spiked with the 226Ra tracer). 
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Radium-226 isotope dilution analysis 

An enriched 228Ra tracer was prepared for 226Ra isotope dilution analysis from a -1 

µgig 232Th solution that was -50% ingrown with 228Ra towards secular equilibrium with 

232Th. The initial isotopic composition of this tracer (228Ral226Ra=5.08) was determined by 

mass spectrometry to better than ±0.5% (n=4). The 228Ra tracer was calibrated against the 

NIST 226Ra standard SRM 4966, which has an overall concentration uncertainty of 1.2%. 

Mass spectrometric analysis of this standard showed that it was essentially pure 226Ra 

(226Ra/228Ra> 104
). Four different mixtures of our 226Ra standard and 228Ra tracer gave 

spike concentrations that agree to ±0.8% (n=l 1), which demonstrates that our precision is 

better than the absolute uncertainty in the concentration of SRM 4966. 

To separate and purify Ra, we modified the technique of Chabaux et al. (1994) in 

order to increase the radium ionization efficiency and reduce potential hydrocarbon 

interferences. The 8N HN03 wash from the Th and U isotope ratio column was dried, 

dissolved in 2N HCl, and loaded onto a 13-rnl column of AG50W-X8 cation exchange 

resin. The column was washed with 2N HCl followed by 4N HCl to remove most of the 

unwanted major and trace elements (and -30% of the Ba). The Ra was collected in 6N 

HCl, dried, dissolved in 2N HCl, and loaded onto a 0.5-rnl column of AG50W-X8 cation 

exchange resin for further purification. The column was washed with 2N HCl, and the Ra 

was collected in 6N HCl, dried, and dissolved in 3N HN03• The sample was loaded onto 

a 0.5-ml column of Eichrom Sr Resin (Horwitz et al., 1992) to separate the Ba from the 

Ra, which is required for efficient thermal ionization of Ra (e.g., Chabaux et al., 1994 ). 

This Sr Resin procedure was repeated to further remove Ba from the sample (and increase 

the ionization efficiency). Next, the hydrocarbons that derive from the Sr Resin (and the 

earlier anion column resin) were eliminated using a multi-step procedure. The sample was 

dried, dissolved in 3N HN03, and loaded onto a 0.5-rnl column of Eichrom "pre-filter 

material". This elutant and a wash of 3N HN03 was collected for Ra, dried, and treated 
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with ultrapure aqua regia (made from a 50:50 mixture of >ION HCl and >ION HN03). 

The Ra ( -20-40 fg 226Ra and -10 f g 228Ra) was then loaded onto an outgassed W filament 

with a T~05 substrate, and heated until it glowed dull red for 15-20 seconds. Finally, the 

sample was thermally outgassed in the mass spectrometer at temperatures below that for 

running Ra using two Ta side filaments until no evidence of hydrocarbon interferences 

remained in the Ra mass range. The Ta side filaments were turned off for analysis using an 

ion-counting Daly detector in single collector mode at 90-900 cps for 226Ra and 30-300 cps 

for 228Ra (the baseline at 225.5 mass was typically -0.4 cps). The total procedural blank 

for Ra using this technique was negligible ( <0.01 fg). 

RESULTS 

The historical lavas of Kilauea display significant variations in their incompatible 

trace element abundances (Th, U, Ba, and Sr) and activities of short-lived U-series 

isotopes (Tables 4.1 and 4.2). The 226Ra and 23°Th activities, and incompatible trace 

element concentrations are highest for the historical summit lavas erupted during the late 

19th and early 20th centuries, and lowest for both the younger (late 20th century) and older 

( 1790 and early 19th century) summit lavas. The lavas from the Mauna Ulu and Puu Oo 

rift zone eruptions of Kilauea each display more restricted ranges in 226Ra and 23°Th 

activities and incompatible trace element abundances that are lower than contemporaneous 

summit lavas (cf., the 1971 and 1982 summit lavas, respectively). Our results also show 

systematic temporal variations in the incompatible trace element ratios of historical Kilauea 

lavas (Fig. 4.1 ). The Baffh and Ba/U ratios of Kilauea's historical summit lavas decrease 

during the 19th and early 20th centuries (with a distinct slope change in the late 19th 

century), shift to higher values after the 1924 explosive eruption, and increase during the 

rest of the 20th century. The Baffh and Ba/U ratios of the Mauna Ulu eruption lavas are 

relatively constant, whereas these ratios decrease systematically over time during the Puu 
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Oo eruption. The Th/U ratios of the volcano's historical summit lavas display a systematic 

temporal decrease from 1790 to the early 20th century, a sudden shift after the 1924 

eruption from the lowest to the highest values observed in the present study (-6% ), and 

then a slight decrease during the rest of the 20th century. The Th/U ratios of historical 

Kilauea lavas were previously thought to remain nearly constant (e.g., Jochum and 

Hofmann, 1995). Although the Mauna Ulu lavas do not display any systematic Th/U ratio 

variations, the Th/U ratios of the Puu Oo lavas decrease slightly (-1 % ) during the eruption. 

In contrast to the variability of the incompatible trace element ratios, the (23°Th!238U) 

and (226Ra/23°Th) ratios of Kilauea's historical lavas have remained relatively constant since 

1790 (Fig. 4.1), in general agreement with the combined data set from the most recent U

series isotope studies of lavas from this volcano (Cohen and O'Nions, 1993; Hemond et 

al., 1994b; Sims et al., 1996; Sims et al., in review). All of the samples have (23°Th/238U) 

ratios greater than unity, and fall within a narrow range ( 1.01-1.04 ). Nevertheless, the 

volcano's historical lavas seem to display systematic temporal variations in (230Th/238U). 

The (23°Th/238U) ratios of the summit lavas increase subtly during the 19th and early 20th 

centuries (-1 %), increase abruptly after the 1924 explosive eruption (-2%), decrease 

slightly thereafter (-1 % ), and then remain constant. The (23°Th/238U) ratios of the Mauna 

Ulu and Puu Oo lavas do not display any simple temporal trends, although the (23°Th) 

excesses of these samples decrease slightly from the earlier to later parts of these eruptions 

(-1 and 1.5% for Mauna Ulu and Puu Oo, respectively; Table 4.2). The (226Ra/23°Th) 

ratios of most of the lavas vary from 1.04 to 1.11 (except the 1894 groundmass ), which is 

a smaller (226Ra) excess and (226Ra/23°Th) range than has previously been observed for 

historical Kilauea lavas (e.g., Cohen and O'Nions, 1993; Hemond et al., 1994b; Sims et 

al., in review). 

Kilauea's historical lavas also display small, but significant temporal fluctuations in 

their Th isotope and Ba/(226Ra) ratios (Fig. 4.1 ), which have not been previously 
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recognized for lavas from a single Hawaiian shield volcano. Specifically, the (23°Th/232Th) 

ratios of the summit lavas increase during the 19th to early 20th centuries (-5%), shift 

abruptly to lower values after the 1924 explosive eruption (-5% ), and increase slightly 

towards the 20th century (-1 % ). These overall Th isotope ratio variations mirror 

(inversely) the observed temporal changes in the Th/U ratios of the lavas. There is no 

obvious correlation between the (23°Th) excesses and either the Th/U or Th isotope ratios of 

the lavas (Fig. 4.2). The Mauna Ulu lavas display a slight decrease (-2%) in (23°Th/232Th) 

over time, whereas the Th isotope ratios of the Puu Oo lavas remain essentially constant. 

Interestingly, this is opposite to the observed Th/U ratio variations for these rift zone 

eruptions. The Baf (226Ra) ratios of the lavas show systematic temporal variations that are 

similar to the Ba/U ratio changes over time, except that there is no change in the slope of 

the temporal variation during the 19th century. Like the (23°Th)-(238U)-(232Th) variations, 

there is no obvious correlation between the (226Ra) excesses and either the Ba/U or 

Bal(226Ra) ratios of the lavas (Fig. 4.2) . 

DISCUSSION 

Shallow-level processes 

In order to use our U-series results to investigate melting in the Hawaiian plume, it 

is necessary to first determine the extent to which crustal processes may have obscured the 

mantle signatures in Kilauea's historical lavas. In this section, we evaluate the shallow

level magmatic processes such as crystal fractionation, crustal assimilation, and magma 

residence time that may affect the mantle-derived abundances and ratios of the U-series 

isotopes and incompatible trace elements that are used in this study. 
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Crystal fractionation 

The compositions of Kilauea lavas with more than - 7 wt. % MgO are thought to be 

affected mainly by the addition or removal of olivine (i.e., olivine control; Wright, 1971). 

The accumulation or fractionation of olivine may affect the abundances of the trace elements 

and U-series isotopes used in this study, but this process will not change the ratios of these 

geochemical tracers because all of these elements and isotopes are highly incompatible in 

olivine (e.g., Beattie, 1993a). All of the lavas from the Mauna Ulu and Puu Oo rift zone 

eruptions that we studied have >8 wt.% MgO and are strictly olivine controlled (Wright et 

al., 1975; Garcia et al., 1992, 1996, in prep.). Although most of Kilauea's historical 

summit lavas are also olivine controlled (e.g., Wright, 1971), some of the lavas that 

erupted during the late 19th to early 20th centuries have evolved to relatively low MgO 

values (as low as 6.5 wt.% MgO for the samples analyzed in this study; Wright, 1971; 

Garcia et al., in prep.) and may have fractionated a small amount of clinopyroxene and 

plagioclase. 

Although the Sr contents of Kilauea lavas may be affected by clinopyroxene 

fractionation (e.g., D8,-0.l-0.2; Johnson, 1998; Beattie, 1993a; Hauri et al., 1994a), Ba 

and Ra are highly incompatible in this mineral (Table 4.3). In contrast, D8, and D8 a for 

plagioclase are expected to be -1.8 and -0.2, respectively (calculated from Bluntly and 

Wood, 1991 assuming a reasonable magmatic temperature of 1150°C for a lava with - 7 wt. 

% MgO from the geothermometer of Helz and Thomber, 1987, and a plagioclase 

composition of An75). The partition coefficient for Ra in plagioclase is unknown, but Ra is 

thought to behave similarly to Ba during magmatic processes governed by mineral/liquid 

partitioning, such as crystal fractionation (e.g., Rubin and Macdougall, 1990; Volpe and 

Hammond, 1991 ). Thus, we must evaluate the effect of plagioclase fractionation on both 

the Ba and Ra contents of those summit lavas that have differentiated beyond olivine 

control. 
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The most evolved historical summit lavas, samples 1885-1 and 1885-2 (not 

analyzed in this study) have MgO contents of 6.2 and 5.9 wt. %, respectively (Garcia et 

al., in prep). The primitive mantle normalized (using Sun and McDonough, 1989) Sr 

contents of these two samples relative to Nd and Sm are lower (by 9 and 11 %, 

respectively; Pietruszka and Garcia, in review) than olivine-controlled Mauna Ulu lavas 

which have been analyzed for both Sr and the rare-earth elements (Hofmann et al., 1984). 

Assuming Dsr= 1.8 for plagioclase, the relatively low Sr contents of the 1885 lavas can be 

explained by approximately 4.4 and 5.5% (equilibrium) plagioclase fractionation, 

respectively. However, these small amounts of plagioclase fractionation will only slightly 

decrease the Baffh, Ba/U, or (226Ra/23°Th) ratios of the 1885 lavas (-1.0-1.2%) assuming 

DRa=Daa=0.2 and DTh=Du=O. This is similar to our estimated ±2<J analytical uncertainty for 

(226Ra/23°Th), but -5-6 times larger than our reproducibility for the Baffh or Ba/U ratios. 

For comparison, this plagioclase effect is smaller than the size of the symbols for the Ba/U 

ratios on Fig. 4.1. Since the lavas that we analyzed from the late 19th to early 20th 

centuries have higher MgO contents (>6.5 wt.% MgO; Wright, 1971; Garcia et al., in 

prep), the geochemical effects of plagioclase fractionation on the Ba and Ra contents of the 

lavas will probably be even smaller or nonexistent (for olivine-controlled lavas). 

Evidence for crustal contamination during the late 19th century 

The groundmass of the 1894 lava has an elevated (226Ra/23°Th) ratio ( 1.19) 

compared to the other historical Kilauea lavas (Fig. 4.1 ), and higher Baffh ( 4.8%) and 

Ba/U (4.0%) ratios and lower Ba/Sr (1.9%), Th/Sr (6.3%), and U/Sr (5 .6%) ratios than 

the glass from this sample. A possible explanation for these observations is that the 

groundmass has accumulated plagioclase, which is consistent with the petrographic 

observation that this lava contains -5.5 vol. % glomerocrysts (mostly microphenocrysts) of 

plagioclase, clinopyroxene, and olivine (Garcia et al., in prep). Mass balance calculations 
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(based on the difference in the Th and U concentrations between the glass and groundmass 

assuming DTh=Du=O in plagioclase, clinopyroxene, and olivine) suggest that the 1894 

groundmass experienced -5.3 wt. % crystal accumulation relative to the glass. However, 

the apparent partition coefficients (assuming equilibrium and Dsa=Dsr=O in olivine and 

clinopyroxene) for Ba and Sr in plagioclase that would be required to explain the Ba and Sr 

concentration differences between the glass and groundmass are Dsa>0.8 and Dsr> I. I, 

depending on the proportion of plagioclase in the accumulating mineral assemblage. 

Assuming a reasonable Dsr for plagioclase of 1.8 (see above) the proportion of plagioclase 

in the accumulating mineral assemblage would be -63 wt.% (cf., a relative abundance for 

plagioclase of -90 vol. % observed in the rock; Garcia et al., in prep.). However, this 

would require a Dsa for plagioclase of 1.2, which is much higher than expected (-0.2; see 

above). 

Another possible explanation for the elevated (226Ra/23°Th) ratio in the 1894 

groundmass is that the lava has experienced crustal contamination. Hemond et al. (I994b) 

previously proposed coprecipitation of Ba and Ra from Th- and U-free hydrothermal fluids 

to form barium sulfate on the roof of the magma reservoir and subsequent assimilation as a 

mechanism to create (226Ra) excesses in the magma (and elevated Ba!fh and Ba/U ratios). 

Although speculative, this model may also explain the anomalously high calculated Dsa for 

plagioclase from the 1894 lava (and the relatively high Ba!fh and Ba/U ratios of the 

groundmass compared to the glass) if the plagioclase formed either in a more contaminated 

portion of the magma reservoir or at an earlier time when the contamination was more 

severe (compared to the environment of the host glass). Furthermore, the contamination is 

probably not limited to the plagioclase in the I 894 lava because the lavas erupted from I 866 

to perhaps I9I2 (including the I894 glass) seem to show higher Ba!fh and Ba/U ratios 

than would be expected from simple magma mixing during this period (Fig. 4.3), which 

might be expected from the systematic decrease in the Th/U ratios of these lavas over time 
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(Fig. 4.1 ). Even if these lavas have fractionated a small amount of plagioclase, as is 

suspected, their Baffh and Ba/U ratios would have originally been even higher. This effect 

plays little role for the rest of our U-series data set because none of the other lavas that 

erupted from 1866 to 1912 were analyzed for (226Ra) and none of the other historical 

Kilauea lavas that we analyzed show any signs that they have been affected by this process. 

Thus, we believe that the fairly constant (226Ra/23°Th) ratios of Kilauea lavas erupted since 

1790 reflect mantle processes (Fig. 4.1 ). Since the 226Ra signature of the 1894 

groundmass may be anomalous due to crustal contamination, however, we do not consider 

this sample further in our discussion. 

The geochemical effects of the 1924 explosive eruption 

In 1924, a violently explosive eruption occurred at the summit of Kilauea. During 

this eruption, -0.4 km3 of magma was withdrawn from the volcano's summit reservoir and 

the summit pit crater, Halemaumau, was enlarged by -0.2 km3 through collapse (>250 

times the amount of ejected rock; Dvorak, 1992). Nearly every geochemical tracer utilized 

in this study (and in our previous work; Pietruszka and Garcia, 1999a) displays an abrupt 

and significant shift after the explosive 1924 eruption, except (226Ra/23°Th) and perhaps 

Baffh (Fig. 4.1 ). Pietruszka and Garcia ( 1999a) proposed two explanations for similar 

changes in the Pb, Sr, and Nd isotope and highly over moderately incompatible trace 

element ratios (e.g., La/Yb or Nb/Y) of the lavas erupted after 1924: (1) intrusion of a 

compositionally distinct parental magma following a drastic reduction in the volume of 

Kilauea's summit magma storage reservoir, or (2) crustal contamination due to stoping and 

melting of hydrothermally altered country rock into the magma reservoir during the 1924 

summit explosions. 

There are problems with both models. Either model must account for a significant 

increase in the ratios of highly over moderately incompatible trace elements, Th/U, Ba/U, 
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(230Th/238U), and 87Sr/86Sr, a decrease in (23°Th/232Th), £Nd• and 206Pb/2°4Pb, and little or no 

change in (226Ra/23°Th) and Ba/Th (Fig. 4.1 and 4.3; Pietruszka and Garcia, 1999a). Many 

of the geochemical characteristics of the post-1924 lavas (e.g., 206Pb/204Pb ratios, ratios of 

highly over moderately incompatible trace element such as La/Yb or Nb/Y) can be 

explained if they formed by relatively low degrees of partial melting of a source that was 

compositionally and isotopically intermediate between the sources of the pre-1924 and late 

20th century lavas (Pietruszka and Garcia, 1999a). This model also provides a potential 

mantle-related origin for the relatively high (23°Thf38U) ratio in the 1929 lava (Fig. 4.1) if 

the degree of partial melting decreased after 1924. However, this simple model provides 

no explanation for the relatively low £Nd (Pietruszka and Garcia, 1999a) and high Th/U 

ratios (Fig. 4.1) of the post-1924 lavas compared to other historical Kilauea lavas. Another 

potential problem with the idea that the post-1924 geochemical shifts are due simply to the 

influx of a compositionally distinct parental magma is that the oxygen isotope ratios of 

Kilauea's summit lavas also decrease suddenly after 1924, which instead supports the idea 

that these lavas are somehow contaminated (Garcia et al. , in prep.). Although the details of 

this contamination process are unclear, many of the post-1924 geochemical signatures can 

be explained by the assimilation of hydrothermally altered Kilauea basalts and gabbros 

(Pietruszka and Garcia, 1999a). In the context of this model, the post-1924 shifts to higher 

(23°Th/238U), Th/U, and Ba/U, and lower (23°Th!232Th) ratios might be accounted for if the 

contaminant was compositionally similar to the 10-15 kyr old Mauna Loa lavas studied by 

Cohen et al. (1996), some of which have relatively low (230Th/232Th), and high Th/U and 

(23°Th/238U) ratios due to past U loss. Additional research is required to better resolve this 

issue. However, for the remainder of this discussion we assume that the geochemical 

signatures of the post-1924 lavas are mantle derived. 
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The effect of magma residence time on U-series isotopes 

Because 226Ra and 23°Th have relatively short half-lives (1600 and - 75,000 years, 

respectively), we must also consider the possible effects of radioactive decay during 

magma storage and transport on these U-series isotopes. Assuming both signatures were 

created at the same time, the significant (226Ra) excesses in the lavas indicate that the 

(230Th/238U) disequilibria probably have not decreased measurably (because of the long 

half-life of 230Th compared to 226Ra). In contrast, it is possible that the (226Ra/23°Th) ratios 

may have decreased significantly during magma transport and storage. However, the 

residence time of magma in Kilauea's shallow magma storage reservoir is believed to be 

much shorter than the half-life of 226Ra (<80-200 years during the early 19th to early 20th 

centuries and 30-40 years during the late 20th century; Pietruszka and Garcia, 1999b). 

Furthermore, the Mauna Ulu and Puu Oo rift zone lavas are believed to have partially 

bypassed the summit reservoir (Ryan et al., 1981; Garcia et al., 1996). Thus, the effective 

residence time of magma supplying these eruptions is probably even shorter than for 

Kilauea's historical summit lavas, which are thought to have erupted directly from the 

summit reservoir. Although the transit time from the source to the crust is unknown, the 

maximum residence time of magma in Kilauea's plumbing system is probably -3000 years 

(Denlinger, 1997) so the 226Ra activities and (226Ra/23°Th) ratios must strictly represent 

minimum values. However, the relatively constant (226Ra/23°Th) ratios and the correlated 

Ba/(226Ra) and Ba/U ratios in Kilauea's historical lavas (except for the 1894 groundmass; 

Fig. 4.1) suggest that the overall time of magma transport and storage in the plumbing 

system of the volcano has been relatively short and that the (226Ra) has been minimally 

lowered by decay. We assume no post-melting decay of 226Ra in the following sections on 

mantle melting. 
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Modeling U-series disequilibria by melting within the Hawaiian mantle 

plume 

Simple batch melting models have been used in the past to explain the melting

related variations of incompatible trace elements in Kilauea's historical lavas (e.g., 

Pietruszka and Garcia, 1999a; Hofmann et al., 1984). Although batch melting models can 

also explain the subtle (23°Th) excesses in Hawaiian shield lavas (e.g., Sims et al., 1995), 

these models fail to explain the observed (226Ra/23°Th) disequilibria (e.g., Cohen and 

O'Nions, 1993; Hemond et al., 1994b; Sims et al., in review). Thus, another class of 

models which allow the "ingrowth" of the short-lived daughter nuclides of 238U during 

partial melting are frequently employed to explain the combined (23°Th/238U) and 

(226Ra/23°Th) disequilibria in these lavas (e.g., Elliott, 1997). Although a number of 

ingrowth models have been proposed (e.g., Qin, 1993; Iwamori, 1994; Richardson and 

McKenzie, 1994), we discuss only the two end-member models in this paper: the dynamic 

melting model of McKenzie ( 1985) and the equilibrium percolation melting model of 

Spiegelman and Elliott (1993). 

Both models assume a one-dimensional, steady-state column of upwelling mantle in 

which melting occurs at a constant rate, and that the melt and the residue remain in chemical 

equilibrium until the melt is extracted. The dynamic melting model assumes that all melt in 

excess of a constant porosity up to the total melt fraction is instantaneously removed from 

the residue (at all depths of the melting column, simultaneously), mixed together, and 

transported to the surface (McKenzie, 1985). In contrast, the equilibrium percolation 

model assumes that the melt and residue continuously interact as the melt moves up the 

length of the melting column, although it is still possible to have melt extraction at any 

depth (Spiegelman and Elliott, 1993). For both models, the "ingrowth" of U-series 

isotopes (i.e., the creation of disequilibria) is a direct consequence of the relative 

incompatibility of the shorter-lived daughter nuclide compared to the parent, which leads to 
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different residence times on the melting column for 226Ra, 23°Th, and 238U (e.g., Elliott, 

1997). Excesses of (226Ra) and (23°Th) during dynamic melting arise from a slow rate of 

melting relative to the half-lives of 226Ra and 230Th, which allow the parent nuclides in the 

matrix to "grow" additional amounts of the more incompatible, shorter-lived daughters and 

preferentially transfer them to the melt (McKenzie, 1985). For equilibrium percolation 

melting, (226Ra) and (23°Th) excesses arise both from a "chromatographic effect" in which 

the more incompatible (shorter-lived) daughter nuclides move faster up the melting column 

than their less incompatible (longer-lived) parents, and from the continuous decay of 

slower parent nuclides to augment their faster daughters (Spiegelman and Elliott, 1993). In 

the rest of this paper, we evaluate the ability of these models to explain the observed 

(226Ra!23°Th) and (230Th/238U) disequilibria in Kilauea's historical lavas and discuss the 

implications of these models and our U-series results for melting in the Hawaiian mantle 

plume. 

The results of the ingrowth melting models for U-series disequilibria are 

independent of the mantle source composition as long as the source is in secular 

equilibrium prior to melting (e.g., McKenzie, 1985; Spiegelman and Elliott, 1993). Thus, 

the following discussion of the dynamic melting and equilibrium percolation melting 

models applies to any lavas with (23°Th/238U) and (226Ra/23°Th) disequilibria similar to 

those observed in Kilauea's historical lavas given the following assumptions that we make 

for mantle melting in the Hawaiian plume (and specifically for Kilauea): (1) the range in 

the degree of partial melting is 5 to 20% (e.g., Watson and McKenzie, 1991; Watson, 

1993), (2) melting occurs in the presence of residual garnet (e.g., Hofmann et al., 1984) 

with modal abundances for the source mineralogy as described below, and (3) the height of 

the melting column is 54 km (82-136 km deep; Watson and McKenzie, 1991). However, 

the model results are relatively insensitive to column height. In order to evaluate the effects 

of the assumed partition coefficients on the U-series model results, we have compiled a 

105 



range of experimental D values for Ra, Th, and U (Beattie, l 993a, b; LaTourrette and 

Burnett, 1992; LaTourrette et al., 1993; Hauri et al., l 994a; Salters and Longhi, in review; 

Table 4.3). Furthermore, we have also chosen a set of "optimal" partition coefficients from 

these literature sources (i.e., the "Summit" and "Puu Oo" D values from Table 4.3). Most 

of our parameterizations of the U-series melting models assume a source made of 60% 

olivine, 15% clinopyroxene, 15% orthopryoxene, and 10% garnet (i.e., the same modal 

mineralogy used by Pietruszka and Garcia, 1999a), except for our "Puu Oo" 

parameterization, which uses 5% less clinopyroxene (see below for additional explanation). 

The bulk partition coefficients are calculated from these modes using the mineral/liquid D 

values in Table 4.3. The optimal "Summit" and "Puu Oo" parameterizations were chosen 

to (1) account for the full range of the U-series disequilibria observed in historical Kilauea 

lavas, (2) explain the melting-related incompatible trace element ratio variations of the 

summit and Puu Oo rift zone lavas, respectively, and (3) best satisfy the physical 

constraints on the melting process in the Hawaiian plume (see below). Given these basic 

assumptions (and a few others listed in Tables 4.4 and 4.5), we varied the melting rate and 

melt-zone porosity in order to best reproduce the observed (226Ra/23°Th) and (23°Th/238U) 

ratios of Kilauea's historical lavas using the equations for dynamic melting from Williams 

and Gill (1989) and a numerical solution (using a computer code provided by Marc 

Spiegelman) to the equations for equilibrium percolation melting (Spiegelman and Elliott, 

1993). 

The largest (23°Th/238U) and (226Ra/23°Th) disequilibria observed in mid-ocean ridge 

basalts are difficult to explain using either the dynamic melting or equilibrium percolation 

melting models because very low melting rates and melt-zone porosities are required (e.g., 

Williams and Gill, 1989; Spiegelman and Elliott, 1993). We found that it is also relatively 

difficult to reproduce the combined (226Ra) and (23°Th) excesses in Kilauea's historical 

lavas, even though these are among the smallest U-series disequilibria observed in basalts 
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from either mid-ocean ridges (e.g., Rubin and Macdougall, 1988; Reinitz and Turekian, 

1989; Volpe and Goldstein, 1993; Lundstrom et al., 1998) or other ocean-island volcanoes 

(e.g., Condomines et al., 1981; Sigmarsson et al., 1992; Chabaux and Allegre, 1994; 

Hemond et al., 1994a; Turner et al., 1997). Although the (226Ra/23°Th) ratios of the lavas 

were relatively easy to match by changing the melt-zone porosity, some combinations of 

the partition coefficients produced (23°Th) excesses that were simply too small or too large 

to explain the data no matter how much the porosity or melting rate were varied (Tables 4.4 

and 4.5 and Figs. 4.4 and 4.5). 

Overall, the dynamic melting and equilibrium percolation melting models were 

equally successful (or unsuccessful) in explaining the full range of the (23°Th/238U) and 

(226Ra/23°Th) disequilibria in Kilauea's historical lavas (cf., Figs. 4.4 and 4.5). However, 

we found that the melting rates and melt-zone porosities calculated from the ingrowth 

models were strongly affected by the choice of the partition coefficients (Fig. 4.6). For 

example, the calculated melting rates were found to vary widely for successful 

parameterizations from essentially zero to 0.01 kg m·3 yr·1 for dynamic melting (Table 4.4) 

and from 0.0003 to 0.03 kg m·3 yr·' for equilibrium percolation melting (Table 4.5). 

Similarly, the calculated melt-zone porosities for successful parameterizations ranged from 

0.002 to 0.05 for dynamic melting (Table 4.4) and 0.004 to 0.05 for equilibrium 

percolation melting (Table 4.5). Even for successful parameterizations of the models using 

a single set of partition coefficients, relatively large ranges in the porosity and melting rate 

(in particular) were required to explain the combined (23°Th/238U) and (226Ra/23°Th) 

disequilibria of the lavas (Tables 4.4 and 4.5). These problems are a direct consequence of 

the narrow shape of the melting "grid" for small (226Ra) and (23°Th) excesses in both the 

dynamic melting and equilibrium percolation melting models (Figs. 4.4 and 4.5). Thus, 

for the case of small U-series disequilibria such as those observed in historical Kilauea 
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lavas, it is difficult to infer a melting rate (in particular) and melt-zone porosity with any 

confidence from the (23°Th/238U) and (226Rai23°Th) ratios alone. 

The (23°Th) and (226Ra) excesses of Kilauea and Mauna Loa lavas have been used 

by previous workers to quantify the melting parameters for tholeiitic basalt production in 

the Hawaiian plume (Cohen and O'Nions, 1993; Hemond et al. 1994b; Cohen et al., 1996; 

Sims et al., in review). These studies calculated melting rates and melt-zone porosities of 

>0.0005 kg m·3 y(1 and <0.1to2%, respectively, using either the dynamic melting or 

equilibrium percolation melting models. However, these attempts have relied on either a 

single set of partition coefficients (Cohen and O'Nions, 1993; Hemond et al. 1994b; Cohen 

et al., 1996) or a single 226Ra-23°Th-238U analysis per volcano (Sims et al., in review). 

Given the strong dependence between the assumed partition coefficients and the calculated 

melting rate and melt-zone porosity (Fig. 4.6), and the relatively large variations in these 

melting parameters for subtle changes in the (23°Th/238U) and (226Ra/23°Th) ratios of the 

lavas (Tables 4.4 and 4.5 and Figs. 4.4 and 4.5), these previous estimates are not 

trustworthy. 

Despite the complications related to partition coefficeints, a robust inference from 

our modeling results using the dynamic melting and equilibrium percolation melting models 

is that the low (226Rai23°Th) ratios of Hawaiian shield lavas probably require higher melt

zone porosities than basalts with greater (226Ra) excesses, such as those from mid-ocean 

ridges and other ocean-island volcanoes. This suggests that the melting process for 

tholeiitic basalt production in the Hawaiian plume may be closer to batch melting (or, 

conversely, further from fractional melting) than the melting processes in these other 

locations. In any case, an ingrowth melting model is still required to explain the 

(23°Th/238U) and (226Ra/23°Th) disequilibria of Kilauea and Mauna Loa lavas (cf., Elliott, 

1997). 
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Partial melting in Kilauea's heterogeneous mantle source region 

The tholeiitic basalts from Hawaiian volcanoes, such as Kilauea (e.g., Chen et al., 

1996; Pietruszka and Garcia, 1999a), Mauna Loa (e.g., Kurz et al., 1995; Rhodes and 

Hart, 1995) and Loihi (Staudigel et al., 1984; Garcia et al., 1998), display short- and long

term fluctuations of Pb, Sr, and Nd isotope and incompatible trace element ratios that are 

thought to result from melting compositional heterogeneities in the source regions of the 

lavas. At least two source components are needed to explain the combined Pb, Sr, Nd, and 

Th isotope, Bal(226Ra), and highly incompatible trace element ratio (e.g., Th/U, Ba/Th, and 

Ba/U) variations in Kilauea's historical lavas (Pietruszka and Garcia, 1999a; Fig. 4.1). 

However, the temporal variations in the ratios of highly over moderately incompatible trace 

element ratios (e.g., La/Yb or Nb/Y) of these lavas also require changes in the degree of 

partial melting (of a chemically and isotopically heterogeneous source) over the last 200 

years (see Pietruszka and Garcia, 1999a for more details). Pietruszka and Garcia (1999a) 

modeled this process using the equations for non-modal batch partial melting of Shaw 

( 1970) and inferred that the degree of partial melting at Kilauea decreased by a factor of two 

(e.g., 10 to 5%) from the early 19th century until the mid-20th century, and subsequently 

increased towards the present (again by a factor of two; Fig. 4.7). The relatively low 

model melt fractions during the late 19th and early 20th centuries correlate with a dramatic 

decrease in Kilauea's eruption rate (and presumably magma supply rate) between 1840 and 

1959 (from -0.l to 0.01 km3/yr; Dvorak and Dzurisin, 1993; Mastin, 1997) and the 

longest quiescent period in the volcano's historical record (1934-1952; Macdonald et al., 

1983). 

We now revisit Kilauea's melting history since 1790 to discuss a revised, 

internally-consistent model that accounts for both the (23°Thf38U) and (226Ra/230Th) 

disequilibria and the melting-related incompatible trace element ratio variations of the 

volcano's historical lavas. For this purpose, we use the same approach of Pietruszka and 
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Garcia (1999a), but evaluate the more sophisticated dynamic melting and equilibrium 

percolation melting models. Each of these U-series ingrowth models has an equivalent for 

stable trace elements. The equilibrium percolation model for stable trace elements is 

mathematically identical to the batch melting equation of Shaw ( 1970) due to the continuous 

equilibration of the melt and residue throughout the melting column (Spiegelman and 

Elliott, 1993). When the porosity of the melting region is small, the geochemical effects of 

the dynamic melting model for stable trace elements are similar to accumulated fractional 

melting (Shaw, 1970). In contrast to some recent suggestions (e.g., Elliott, 1997; Sims et 

al., in review), however, the dynamic melting model for stable trace elements does not 

simply approach batch melting as the porosity increases (cf., Williams and Gill, 1989). 

Indeed, the geochemical effects of the dynamic melting model for stable trace elements 

when the porosity is close to the total melt fraction can be significantly different from the 

equilibrium percolation (=batch) melting model (see the "rift zone" discussion section 

below). Thus, the melting-related variations of incompatible trace elements in lavas offer 

the potential to distinguish between these two end-member ingrowth models for producing 

U-series disequilibria. 

The "Summit" parameterization of both the dynamic melting and equilibrium 

percolation models successfully explains the overall range of (226Ra/23°Th) and (23°Th/238U) 

disequilibria in Kilauea's historical lavas (Figs. 4.4 and 4.5, and Tables 4.4 and 4.5). We 

use this parameterization to model the stable trace element variations since 1790. The bulk 

partition coefficients are calculated from the "Summit" mineral/liquid D values described in 

Table 4.3, although the model results (for the Ba, Th, and U concentrations) are insensitive 

to the exact choice for D8 a, DTh and D0 . We also assume a constant melt-zone porosity of 

2.5% to model the stable trace element variations with the dynamic melting model (i.e., the 

average porosity calculated for the "Summit" parameterization of this U-series ingrowth 

model in Table 4.4). Our results show that both the dynamic melting and equilibrium 
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percolation melting models account for the variations in the abundances of the incompatible 

trace elements in Kilauea's historical summit lavas (and, thus, the melting-related 

incompatible trace element ratios such as La/Yb or Nb/Y) within the estimated ± 1 cr 

analytical uncertainties for most samples (Fig. 4.7). Furthermore, the incompatible trace 

element abundances, residuals, and melt fractions calculated for each sample from the 

stable trace element equivalents of the dynamic melting and equilibrium percolation melting 

models are nearly identical to each other, and the results of the non-modal batch melting 

model of Pietruszka and Garcia (1999a). Because of this result, the incompatible trace 

element variations of Kilauea's historical lavas do not allow us to determine which U-series 

ingrowth model is more appropriate for mantle melting in this case using stable trace 

elements (although this may be possible for Puu Oo lavas; see below). 

Given the evidence for relatively large variations in the degree of partial melting for 

Kilauea's historical lavas, however, we might expect to see a strong correlation between 

the calculated melt fraction and the (23°Th/238U) and (226Ra/23°Th) ratios of the lavas 

(because these U-series disequilibria are thought to arise during mantle melting). Except 

for the possibility of a slight increase in the (230Th/238U) ratios from the 19th to the early 

20th centuries and the shift to higher (23°Th/238U) after the 1924 explosive eruption, 

however, there is no obvious correlation between the inferred melt fraction and the CT-series 

disequilibria (cf., Figs. 4.1 and 4.7). 

Our U-series model results help us to resolve this paradox. For the range of 

partition coefficients that we evaluate (Table 4.3), the calculated porosities for a given set of 

D values are insensitive to changes in the total melt fraction from 5-20%, using either the 

dynamic melting or equilibrium percolation melting models (Fig. 4.6). Similarly, changes 

in the extent of partial melting from 5-20% at a constant porosity are predicted to have little 

effect on the observed (226Raf30Th) disequilibria. This observation provides a simple 

explanation for the lack of correlation between (226Ra/23°Th) ratios and geochemical tracers 
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that are sensitive to changes in the degree of partial melting in Hawaiian tholeiites, such as 

ratios of highly over moderately incompatible trace elements. For a given set of partition 

coefficients, only the melt-zone porosity has an appreciable effect on the (226Ra) excess of 

the lava (e.g., Figs. 4.4 and 4.5). Thus, an intriguing explanation for the non-systematic 

temporal variations in the (226Ra/23°Th) ratios of Kilauea lavas (if not analytical in nature) is 

that these reflect small variations in the porosity of the melting zone, rather than changes in 

melt fraction. 

In contrast to the (226Ra) excesses, our model results indicate that the calculated 

melting rates (which are mostly a function of the 23°Th-238U disequilibria) are slightly more 

sensitive to changes in the melt fraction from 5-20% for both models. For a given set of D 

values, this is particularly true for lower overall degrees of partial melting and for those sets 

of partition coefficients with the largest difference between DTh and Du (Fig. 4.6). 

Conversely, for a given melting rate and set of partition coefficients, the (23°Th/238U) ratios 

of the lavas may be affected by changes in overall degree of partial melting, particularly for 

sets of partition coefficients with the largest difference between DTh and Du (Fig. 4.6). As 

might be expected, for a given melting rate, lower melt fractions result in greater excesses 

of (23°Th), although the effect disappears somewhat above 10% melting (Fig. 4.6) . Given 

these observations, it is interesting that the (230Th/238U) ratios of Kilauea's historical 

summit lavas seem to increase slightly during the 19th and early 20th centuries, when the 

melt fraction is inferred to decrease. However, is clear from our CT-series model results 

that the melting rate exerts a much stronger control on the (23°Th) excess than the melt 

fraction (cf., Fig. 4.4-4.6). Thus, neither the dynamic melting or equilibrium percolation 

melting models predict a strong correlation between the (226Ra/23°Th) and (23°Th/238U) 

ratios of the lavas and the degree of partial melting inferred from melting-related variations 

in ratios of highly over moderately incompatible trace elements (e.g., La/Yb or Nb/Y). 
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Partial melting models for Kilauea's rift zone lavas 

The lavas from the Mauna Ulu and Puu Oo rift zone eruptions of Kilauea are 

thought to have partially bypassed the volcano's summit magma storage reservoir (Ryan et 

al., 1981; Garcia et al., 1996). Thus, these eruptions potentially offer a more direct view 

of the processes that generate tholeiitic basalts in the Hawaiian mantle plume. Overall, the 

lavas from the these rift zone eruptions display a rapid temporal decrease in ratios of highly 

over moderately incompatible trace elements such as Ce/Yb with little or no change in Pb, 

Sr, and Nd isotope ratios (Hofmann et al., 1984; Garcia et al., 1996). Furthermore, the 

CaO contents of the Puu Oo eruption lavas have decreased over time (Garcia et al. 1996; in 

prep.), whereas no change in the Cao abundances of the Mauna Ulu lavas erupted from 

1969 to 1971 were observed (Wright et al., 1975; Hofmann et al., 1984). 

Two models have been proposed to explain the geochemical signatures of these 

lavas. Hofmann et al. (1984) suggested that a simple increase in the degree of (batch) 

partial melting of a relatively homogeneous source occurred during the Mauna Ulu 

eruption. In contrast, Garcia et al. ( 1996) proposed that the source region of lavas from the 

ongoing Puu Oo is being progressively depleted in incompatible elements and a 

clinopyroxene-rich component over time. In this section, we test each of these hypotheses 

using the dynamic melting and equilibrium percolation melting models to find an internally

consistent parameterization that accounts for both the (23°Thl238U) and (226Ra/23°Th) 

disequilibria and the melting-related incompatible trace element ratio variations during these 

eruptions. 

Our new data indicate that the Ba/Sr, Th/Sr, and U/Sr ratios of both the Mauna Ulu 

and Puu Oo lavas decrease systematically during these eruptions (Fig. 4.8), as expected 

from earlier work (Hofmann et al. , 1984; Garcia et al., 1996). Additionally, ratios of 

highly incompatible trace elements (Th/U, Ba/Th, and Ba/U) have also decreased slightly in 

the Puu Oo lavas (Figs. 4.1 and 4.8), whereas these ratios display no systematic temporal 
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variation in the Mauna Ulu lavas. The temporal decrease in the Th/U, Ba!Th, and Ba/U 

ratios for the Puu Oo lavas is consistent with the incompatibility of these trace elements 

during mantle melting in the presence of residual garnet (Table 4.3), suggesting that these 

small variations may be melting related. However, our data also show a small but 

systematic variation in 87Sr/86Sr ratios during each of these eruptions, which suggests that 

the source composition has also changed slightly during these eruptions (albeit in different 

directions for each; Fig. 4.8). Furthermore, these geochemical differences between the 

Mauna Ulu and Puu Oo rift zone lavas suggest that there was a fundamental change in the 

nature of the melting and source processes at Kilauea between these eruptions ( -10 years 

apart). 

The temporal variation in ratios of highly over moderately incompatible trace 

elements for the Mauna Ulu eruption were explained by Hofmann et al. (1984) by a 20% 

relative increase in the degree of (batch) partial melting during the eruption. We test a 

similar model for the Puu Oo eruption lavas using the "Summit" parameterization (see 

above) of the dynamic melting and equilibrium percolation models, which successfully 

explains the overall range of (226Ra/23°Th) and (23°Th/238U) disequilibria in these lavas 

(Figs. 4.4 and 4.5, and Tables 4.4 and 4.5). The bulk partition coefficients are calculated 

from the "Summit" mineral/liquid D values described in Table 4.3, with a bulk Ds, assumed 

to be intermediate between Pr and Nd as expected from the order of trace element 

incompatibility during partial melting (e.g., Sun and McDonough, 1989). We also assume 

a constant melt-zone porosity of 2.5% to model the stable trace element variations with the 

dynamic melting model (i.e., the average porosity calculated for the "Summit" 

parameterization of this U-series ingrowth model in Table 4.4). Although a -30% relative 

increase in the degree of partial melting using either the dynamic melting model or 

equilibrium percolation melting models (dashed curves in Fig. 4.9) explains the variation in 

Ba/Sr, Th/Sr, and U/Sr and other ratios of highly over moderately incompatible trace 
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element such as Ce/Yb (from Garcia et al., 1996; in prep.), this model cannot explain the 

temporal decrease in Th/U, Ba!fh, and Ba/U observed at Puu Oo. If this melting scenario 

applies to Puu Oo, the variation of these highly incompatible trace element ratios would 

have to be related to subtle shifts in the source composition. 

To test the progressive melting hypothesis for geochemical variations of the Puu Oo 

lavas, we use a "Puu Oo" parameterization of the dynamic melting and equilibrium 

percolation melting models. This parameterization successfully explains the overall range 

of the (226Ra/23°Th) and (23°Th/238U) disequilibria in these lavas (Figs. 4.4 and 4.5, and 

Tables 4.4 and 4.5). However, we note that the progressive melting model requires two 

different assumptions compared to our previously discussed models. First, the bulk 

partition coefficient for Sr must be lower to explain the observed decreases in the Ba/Sr, 

Th/Sr, and U/Sr ratios. For this reason, we assume the experimentally determined partition 

coefficients for garnet (Dsr=0.003) and clinopyroxene (Dsr=O. l) from Johnson (1998), 

which are at the low end of published values (cf., Dsr=0.1-0.2 for clinopyroxene; Beattie, 

1993a; Hauri et al., 1994a). Second, the proportion of clinopyroxene in the source must 

be 5% lower, which results in a bulk partition coefficient for Sr that is similar to La. 

Although these changes may seem ad hoc, both requirements (i.e., less clinopyroxene and 

lower Dsr) are consistent with the idea, based on a temporal decrease in the CaO contents of 

the Puu Oo lavas, that a clinopyroxene-rich component in Kilauea's source was 

preferentially melted during the eruption (Garcia et al., 1996) because a lower 

clinopyroxene/gamet ratio in the source would effectively lower the bulk partition 

coefficient for Sr. These two assumptions are required to obtain model residuals for the 

Ba/Sr, Th/Sr, and U/Sr ratios of the Puu Oo lavas that are similar to or less than our 

analytical uncertainty. Finally, for the stable trace element equivalent of the dynamic 

melting model, we assume a constant melt-zone porosity of 2.2% (i.e., the average 
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porosity calculated for the "Puu Oo" parameterization of this U-series ingrowth model in 

Table 4.4). 

Our results indicated that for both the dynamic melting and equilibrium percolation 

melting models, simply remelting the same source that formed the early Puu Oo lava that 

erupted in 1985 to the same degree (e.g., 10%) cannot explain the observed chemistry of 

the subsequent lavas because the lavas from the remelted source have incompatible trace 

element abundances and ratios that are too low (arrows in Fig. 4.9 point to these 

compositions). A more complex progressive melting model is required: (1) the early Puu 

Oo lavas are assumed to form by 10% partial melting of a "fresh" source, (2) a relatively 

low degree partial melt (e.g., 3%) is removed from a source that is initially compositionally 

identical to this "fresh" source, (3) this depleted source is mixed with additional "fresh" 

source, and (4) the mixed source is melted to the same degree as the early Puu Oo lavas 

( 10% ). The relative amount of the "remelted" source is inferred to increase progressively 

during the eruption (Fig. 4.9). However, only the equilibrium percolation model can 

reproduce both the ratios of highly over moderately incompatible trace elements such as 

Ce/Yb (from Garcia et al., 1996; in prep.) and the Th, U, Ba, and Sr data (Figs. 4.8 and 

4.9) . Although the dynamic melting model approximately explains the Th, U, Ba, and Sr 

concentrations and ratios (Fig. 4.9), the liquids that are calculated from this model have 

ratios of highly over moderately incompatible trace elements such as Ce/Yb that are too low 

(>10%). The discrepancy between the two models arises because the assumed melt-zone 

porosity for the dynamic melting model (2.2%) is similar to the melt fraction removed from 

initial Puu Oo source (3%), which highlights our assertion (see above) that the dynamic 

melting model for stable trace elements does not simply approach batch melting 

(=equilibrium percolation melting) as the porosity increases. Furthermore, the failure of 

the dynamic model compared to the equilibrium percolation model illustrates that 
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incompatible trace element variations can sometimes be used to determine which model best 

describes the actual mantle melting process. 

The results of our melting models suggest that most of the geochemical variations 

for the Mauna Ulu lavas may have been imparted by a simple increase in the degree of 

partial melting (as originally proposed by Hofmann et al., 1984), whereas the chemistry of 

the Puu Oo lavas may be explained partly by an increase in the degree of partial melting or 

mostly by progressive depletion. There is independent evidence to support progressive 

melting model for the Puu Oo lavas. Besides the temporal decrease in the CaO contents of 

the Puu Oo lavas (Garcia et al., 1996, in prep.), the Th/U versus 208Pb/2°6Pb and 

232Th/238U (atomic ratio) versus 208Pb*t2°6Pb* (i.e., the "radiogenic" Pb ratio; Allegre et 

al., 1986) ratio variations for Puu Oo lavas compared to other Kilauea, historical Mauna 

Loa, and the 1996 Loihi tholeiitic lavas may support the idea of progressive depletion. The 

most recently erupted Puu Oo lavas have relatively high 208Pb/2°6Pb and 208Pb*/2°6Pb* 

ratios that trend towards historical Mauna Loa lavas, and away from a correlation defined 

by the 1996 Loihi and other historical Kilauea lavas (Fig. 4.10). This trend is consistent 

with the progressive melting model if the source of these Puu Oo lavas originally had a 

higher Th/U ratio (as suggested by their relatively high 208Pb/2°6Pb and 208Pb*/206Pb* 

ratios) and if this source recently experienced melt removal (with residual garnet) to lower 

its Th/U ratio. In this case, essentially modem melting in the Hawaiian plume may be 

"creating" a new mantle component, which has also been proposed for the mid-ocean ridge 

system (Rubin and Macdougall, 1992). Interestingly, the Puu Oo lavas trend towards or 

overlap with historical Mauna Loa lavas on Fig. 4.10, which is consistent with the idea that 

the source of Mauna Loa lavas has also been progressively depleted as the volcano drifts 

off the center of the Hawaiian plume (Garcia et al., 1995b; Kurz et al., 1995; Rhodes and 

Hart, 1995). However, the exact nature and timing of the "recent" depletion that seems to 

be recorded by Puu Oo lavas is poorly understood. The lavas from the Mauna Ulu and 

117 



Puu Oo eruptions seem to show different U-series isotope signatures that may be related to 

this issue. Although the (23°Thl238U) ratios for both eruptions decrease slightly from start 

to end, the Th/U and (23°Th/232Th) ratios behave differently. The Th/U ratios are constant 

and the (23°Th/232Th) ratios decrease slightly during the Mauna Ulu eruption, whereas the 

reverse is true for the Puu Oo eruption lavas (Fig. 4.1 ). The origin of these differences is 

poorly understood at present, but may be related to the different melting styles of the two 

eruptions. 

Physical constraints on the U-series melting model results for Kilauea 

The geochemical differences between adjacent, active Hawaiian volcanoes, such as 

Kilauea, Mauna Loa, and Loihi (Fig. 4.11) place strong physical constraints on the 

processes of melt generation and transport in the Hawaiian plume. These intershield 

differences require that the mantle sources, melting regions, and magma pathways between 

these volcanoes be physically distinct on the 25-50 km length scale of the distance between 

the volcanoes (Frey and Rhodes, 1993). Furthermore, the rapid Pb, Sr, and Nd isotope 

ratio fluctuations of historical Mauna Loa and Kilauea lavas (the range for each volcano on 

Fig. 4.11) probably require even smaller heterogeneities within the Hawaiian plume 

(Rhodes and Hart, 1995; Pietruszka and Garcia, 1999a), which are not completely 

homogenized during the process of melting and melt extraction. 

An "instantaneous" source volume below Kilauea (i.e., the volume of mantle 

required to match the volcano's supply rate for a given melting rate) can be estimated from 

the melting rates calculated from the U-series models (Tables 4.4 and 4.5). For this 

purpose, we assume the average 0.06 km3/yr magma supply rate that was estimated for 

Kilauea between 1959 and 1990 by Dvorak and Dzurisin (1993). A cylindrical melt 

column with a height of 54 km (Watson and McKenzie, 1991) is used to calculate the 

radius of this hypothetical source volume. Ideally, this radius should be smaller than half 
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the distance between the adjacent, active volcanoes. The results of this calculation are 

shown on Fig. 4.12 for those U-series models that explain the full range of the 

(226Ra/23°Th) and (23°Th/238U) disequilibria for Kilauea's historical lavas at a total degree of 

partial melting of 10%. 

In all cases, the calculated range of source radii required by the U-series model 

results are significantly larger than half the distance between the volcanoes. This problem 

is only improved slightly if we assume that some of the (23°Thl238U) variations reflect real 

changes in the degree of partial melting (instead of the melting rate alone) and exclude the 

lavas that are thought to have been produced by relatively low melt fractions (Fig. 4.7). 

For example, the maximum source radii would still be larger than the radii calculated from 

the average (226Ra/23°Th) and (23°Th/238U) ratios observed at Kilauea (the dashed and solid 

circles on Fig. 4.12) because the (23°Th) excesses of Puu Oo lavas (which are thought to 

have formed by relatively high melt fractions, Fig. 4.7) are fairly high (Figs. 4.4 and 4.5). 

The instantaneous source volumes are also sensitive to the assumed magma supply rate, 

which is thought to have varied significantly at Kilauea since 1790 based on a range of 

estimated eruption rates between -0.01and0.1 km3/yr (e.g., Dvorak and Dzurisin, 1993; 

Mastin, 1997). If we use a higher magma supply rate, such as the 0.1 km3 /yr eruption rate 

observed during the Puu Oo eruption (e.g., Dvorak and Dzurisin, 1993) and calculated for 

Kilauea before 1840 (Mastin, 1997; Pietruszka and Garcia, 1999a), the source volumes 

(and radii) will be even larger than shown on Fig. 4.12 (by -30%). Although the magma 

supply rate to Kilauea may have been much lower during the late 19th and early 20th 

centuries, based on a lower calculated eruption rate between 1840 and 1959 of -0.01 

km3/yr (Dvorak and Dzurisin, 1993), the only lavas that we analyzed for (226Ra/23°Th) and 

(230Th/238U) ratios from this time are samples 1917, Kill 919 and 1929 (excluding the 1894 

groundmass). Of these, only the 1929 lava (diamond on Figs. 4.4 and 4.5) may bias the 

results because the 1917 and 1919 samples have (226Ra/23°Th) and (230Th/238U) ratios that 
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are within the range of Kilauea's other historical lavas. If we exclude the 1929 lava, the 

maximum source volumes calculated from the U-series disequilibria will be slightly 

smaller, but still larger than the radii that represent the average (226Ra/23°Th) and 

(23°Th/238U) ratios observed at Kilauea (the dashed and solid circles on Fig. 4.12). 

Even in the best-case scenarios (Fig. 4.12), the models for producing U-series 

disequilibria require relatively large instantaneous source volumes for Kilauea lavas that are 

hard to reconcile with the intershield geochemical differences (Frey and Rhodes, 1993) and 

the isotopic evidence for small-scale source heterogeneity in the Hawaiian plume (e.g., 

Rhodes and Hart, 1995; Pietruszka and Garcia, 1999a). However, seismic evidence 

suggests that Kilauea's magma conduit may tilt south towards Loihi with depth (Klein et 

al., 1987), which might help to resolve this problem because of the slightly greater distance 

between Kilauea and Loihi compared to Kilauea and Mauna Loa (Fig. 4.12). A small 

amount of overlap in the source regions of Kilauea and Loihi might also be permissible 

because the tholeiitic basalts from these volcanoes are geochemically more similar than 

either is with historical Mauna Loa lavas (Fig. 4.11; Garcia et al., 1995a; Garcia et al., 

1998). 

With these physical constraints from the geochemistry of the three active Hawaiian 

volcanoes, we can independently assess which U-series ingrowth models and partition 

coefficients best explain the overall melting-related geochemical variations of Kilauea's 

historical lavas. In general, the smallest instantaneous source volumes (and radii) are 

produced by those sets of partition coefficients that have the greatest difference in Du and 

D111 . ( cf., Figs. 4.6 and 4.12), which may suggest that these are close to the "true" D values 

(if either the dynamic or the equilibrium percolation model are assumed to be similar to the 

actual process that creates U-series disequilibria in Kilauea lavas). If we use this physical 

constraint as a measure of a "successful" U-series model then the best combinations of 

partition coefficients (for Th and U) for the dynamic melting model are those of Salters and 
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Longhi (in review) and for the equilibrium percolation model are those of Beattie ( 1993a, 

b) and the optimal "Puu Oo" and "Summit" values (which are based on the experimental 

data of Salters and Longhi, in review; Table 4.3). However, for all combinations of the 

partition coefficients that we tested (Table 4.3), the dynamic melting model gave lower 

melting rates (Fig. 4.6 and Tables 4.4 and 4.5), and thus, larger calculated source volumes 

(and radii; Fig. 4.12) than the equilibrium percolation model. Furthermore, both the 

maximum and minimum radii calculated from the results of the dynamic melting model are 

always equal to or larger than half the distance between Kilauea, Mauna Loa, and Loihi 

(Fig. 4.12). This suggests that the equilibrium percolation melting model may better 

describe the actual melt-generation process that creates U-series disequilibria in Kilauea 

lavas, which is consistent with our results for the melting-related incompatible trace element 

variations in lavas from the Puu Oo rift zone eruption. The equilibrium percolation models 

that imply the smallest instantaneous source volumes (and radii) give high average melting 

rates of 0.003-0.006 kg m·3 yr· 1 and melt-zone porosities of 0.5-3% (Tables 4.4 and 4.5), 

which may be the most reliable estimates so far of these parameters for the Hawaiian plume 

(cf., Cohen and O'Nions, 1993; Hemond et al., 1994b; Cohen et al., 1996; Sims et al., in 

review). 

CONCLUSIONS 

The (23°Th/238U) and (226Ra/23°Th) disequilibria in Kilauea's historical lavas have 

remained relatively constant over the last 200 years. The two end-member "ingrowth" 

models for producing U-series disequilibria during mantle melting (the dynamic and 

equilibrium percolation melting models) successfully explain both the (226Ra) and (23°Th) 

excesses and the melting-related variations of the incompatible trace element ratios and 

abundances in these lavas. However, the melting rate and melt-zone porosity cannot be 

estimated from the U-series disequilibria alone because model output is highly dependent 
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on the choice of the partition coefficients for Ra, Th, and U. The "instantaneous" mantle 

source volumes required to sustain Kilauea's average magma supply rate are calculated 

using the melting rates from our U-series modeling results. The radii of these columnar, 

54-km-deep source volumes appear to be much wider than permitted by the intershield 

geochemical differences between Kilauea, Mauna Loa and Loihi, which require that the 

mantle sources, melting regions, and magma pathways between these active volcanoes be 

physically distinct. The smallest source volumes (and radii) are obtained for those 

parameterizations of the equilibrium percolation model that give the highest average melting 

rates (0.003-0.006 kg m·3 yr-1
) and melt-zone porosities (0.5-3%). These may be the most 

reliable estimates of these melting parameters for tholeiitic basalt production in the 

Hawaiian plume. 
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Table 4.1. Trace element abundances and Sr isotope ratios of historical Kilauea Volcano lavas. 
Sample Eruption Date [Th] , µgig [U], µg/g [Ba], µg/g [Sr], µg/g s1Sr/&6Sr 

Summit 

1790-1 1790 0.6960 0.2344 79.67 278.6 0.703612 

1820-1 1820-1823 0.7812 0.2641 98 .34 310.6 0. 703638 

l 866Kil 1866 1.156 0.3969 141. 7 382.4 0.703548 
1894-2 (Groundmass) 1894 1.133 0. 3931 144.2 385 . 1 0 .703547 

1894-2 (Glass) 1894 1.20 I 0.4135 146 .0 382 .6 0.703548 
95-TAJ-3 1912 1.254 0.4399 144.3 398 .2 0.703536 

1917 1917 1.206 0.4243 132.5 397.7 0.703491 

Kil1919 1919 1.225 0.4279 135.0 401 .5 0.703471 
1929 1929 1.306 0.4289 146.5 392.5 0.703551 

HM1931 1931 1.336 0 .4393 150. I 400.0 0. 703546 
1954-2 1954 1.287 0 .4284 150.4 400 .9 0. 703607 
K61-22 1961 1.232 0 .4141 145.8 388.7 0.703584 

Sep 1971 1971 1.087 0 .3633 132.0 386.4 0.703580 
A20-S Apr 1982 0.9832 0 .3297 121.3 360.1 0.703566 

Mauna Ulu 

DAS69-l-3 24-May-69 1.049 0.3557 127.0 366.8 0 .703590 
DAS69-3-2 13-Jun-69 1.049 0.3512 126.2 367.3 0.703586 

DAS70-l 213-41 24-May-70 0.9812 0.3292 118.0 352.6 0.703567 
DAS71 -1213-134 12-Apr-71 0.9319 0.3122 113 .0 347.9 0.703557 

PuuOo 

KE30-362 8-Feb-85 0.9280 0.3102 116 .0 345 .2 0.703581 
26-Mar-89 26-Mar-89 0.8895 0.2983 110.6 343 .7 0.703588 
l 2-May-91 l 2-May-91 0.8632 0.2911 106.5 337 .8 0.703599 
29-Dec-92 29-Dec-92 0.8686 0.2931 106.1 340.4 0.703599 
27-Apr-95 27-Apr-95 0.8695 0.2934 106.2 341 .6 0 .703601 
10-Jan-98 10-Jan-98 0.8077 0.2728 98.41 325.4 0.703616 
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Table 4.2. U-series isoto~e abundances and activit~ ratios of historical Kilauea Volcano lavas. 

Sample [226Ra]. ±20' (2J°Th/212Th) ±20' (23°Th/21sU) (226Ra/21°Th)o (214U/21sU) ±20' 
f I 

Summit 

1790-1 89 . 1 0 .6 1.049 0.011 1.022 I. 111 1.003 0.004 

1.040 0 .011 

1820-1 96 .7 0.6 1.041 0.015 1.014 1.076 1.003 0 .003 
1.039 0 .011 

1894-2 (Groundmass) 159 .2 1.0 1.067 0 .016 1.020 1.185 1.004 0 .004 

1.082 0 .009 

1917 157 .1 1. 8 1.093 0.012 1.024 1.074 1.013 0 .003 

Kill919 164.6 1.3 1.085 0 .011 1.023 1.102 1.003 0.002 

160.1 0.8 

1929 161.0 2.3 1.035 0 .010 1.042 1.069 1.005 0 .003 

1.042 0.013 

K61-22 152.7 I. 1 1.048 0.009 1.029 1.063 1.006 0 .003 

1.051 0.015 

A20-S 125.5 0 .7 1.052 0 .014 1.029 1.096 1.005 0.003 

1.042 0.009 

Mauna Ulu 

DAS69-l-3 137 .8 0 .9 1.064 0.016 1.033 1. 113 1.003 0.002 

1.061 0.007 

DAS70-1213-41 124. l 0.8 1.052 0 .014 1.034 1.081 1.005 0.002 

1.054 0 .009 

DAS71-1213-134 119. l 0.6 1.037 0.013 1.022 1.107 1.003 0.004 

1.041 0.009 

PuuOo 

KE30-362 118.6 0 .6 1.045 0 .010 1.030 1.094 1.007 0 .002 

117 .2 0 .6 

26-Mar-89 110.7 0.9 1.054 0 .017 1.033 1.064 1.005 0 .003 

1.048 0 .008 

12-May-91 112.8 2.0 1.058 0 .008 1.034 I. I I 0 1.005 0.004 

29-Dec-92 l 05 .8 2 . 1 1.046 0.014 1.027 1.042 1.003 0.003 
1.057 0 .011 

27-Apr-95 108.5 0.9 1.051 0.008 1.027 1.067 1.003 0 .003 

10-Jan-98 I 01.2 1.0 1.037 0.008 1.016 1.081 1.008 0 .002 
1.045 0 .011 
1.042 0 .012 

The ±20' uncertainties for the 226Ra concentrations and the (23°Th/232Th) and (234U/238U) ratios are the within-run 
measurement errors. The (23°Th/238U) and the age-corrected (226Ra/23°Th) ratios are calculated using the average 
226Ra abundances and (23°Tht232Th) ratios for each sample. The decay constants used are: A.238U (1.551 x 10·10 yr'1), 

A.234U(2.835 x 10·6 yr' 1
), A.232Th (4.948 x 10·11 yr' 1

), A.23°Th (9.195 x 10·6 yr'1
), and A.226Ra (4.332 x 10·4 yr'1

). 
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Table 4.3. Summar,:t of mineral/li9uid 2artition coefficients. 

Clino12:troxene Garnet 
Ra Th u Ra Th u 

B 0.0005 0.0013 0.0009 0.00001 0.0015 0.0096 
LaT 0.01 0.0045 0.0017 0.015 
H 0.0058 0.014 0.013 0.00070 0.0014 0.0059 

S&L 0.005 0.005 0.009 0.028 
"Summit"/ 0.0005 0.005 0.005 0.00001 0.012 0.024 
"Puu Oo" 

B: Beattie (1993a, b). LaT: LaTourrette and Burnett (1992); LaTourrette et al. (1993). H: 
Hauri et al. (1994). S&L: Salters and Longhi (in review). The optimal "Summit" and 
"Puu Oo" partition coefficients are from Beattie (1993a, b) for DRa in clinopyroxene and 
garnet, Salters and Longhi (in review) for DTh and Du in clinopyroxene, and from a single 
experiment of Salters and Longhi (in review) for DTh and Du in garnet. Since Ra partition 
coefficients have never been measured, we assume that DRa=Daa· The D values for Ra, 
Th, and U in olivine and orthopyroxene are expected to be very low (e.g., Beattie, 1993a) 
and are assumed to be zero. The other partition coefficients used for our models are 
discussed in the text or are from a literature compilation (Pietruszka and Garcia, 1999). 
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Table 4.4. Results of the d~namic meltin~ model for £roducin~ the observed (23°Thl238U~ and ~226Ra/230Th) ratios in Kilauea's historical lavas. 

Source of Melt Fraction = 0.05 Melt Fraction = 0.1 Melt Fraction = 0.2 
D., DTh.U MA•g <l>A•g L\M L\<I> MA•g <l> A•g L\M L\<I> MA•g <I> A•g L\M L\<I> 

B B 0.00076 0.0028 0 .00042- 0.0018- 0.00076 0.0028 0.00042- 0 .0065- 0.00076 0.0028 0.00042- 0.0065-
0.0016 0.0065 0.0016 0.0018 0.0016 0.0018 

B H (0) 0.029 (0) 0.022- (0) 0.029 (0) 0.022- (0) 0.029 (0) 0 .022-
0.057 0.057 0.057 

B LaT (0) 0.022 (0)- 0.016- (0) 0.022 (0)- 0.016- (0) 0 .022 (0)- 0.016-
0.00047 0.044 0.00042 0.043 0.00042 0.043 

B S&L 0.0033 0.018 0.00080- 0.012- 0.0016 0.020 0.00062- 0.014- 0.0015 0.020 0.00061- 0.014-
0.014 0.040 0.0039 0.041 0.0035 0 .041 

H H (0) 0.017 (0)- 0.012- (0) 0 .017 (0)- 0.012- (0) 0.017 (0)- 0.012-
0 .0000010 0.034 0 .0000010 0.034 0.0000010 0.034 

H LaT 0.00029 0.0087 0.000018- 0.0061- 0.00029 0.0087 0.000018- 0.0061- 0.00029 0.0087 0.000018- 0.0061-
0.00085 0.019 0.00080 0 .019 0.00080 0.019 

H S&L 0.0021 0.0066 0.0012- 0.0040- 0.0019 0.0067 0.0010- 0.0040- 0.0019 0.0067 0.0010- 0.0040-- 0.0044 0.015 0.0039 0.016 0 .0039 0 .016 
N 
O'I 

"PuuOo" 0 .00091 0.022 0.000082- 0.016- 0.00071 0.022 0.000081- 0.016- 0.00070 0 .022 0.000081- 0.016-
0.0077 0 .044 0 .0021 0 .044 0.0019 0.044 

"Summit" 0 .00078 0.025 0- 0.018- 0.00062 0.025 0- 0.018- 0.00061 0.025 0- 0.018-
0.010 0.050 0.0020 0.050 0.0018 0.050 

M: Melting rate (kg m" yr"'). <1>: Porosity (vol. fraction). Liquid density=2800 kg m". Solid density=3300 kg m·'. The letter codes for the partition coefficients listed in 
the first two columns (D., and DTh.u) are keyed to Table 3. The bulk partition coefficients are calculated from these D values assuming 60% olivine, 15% clinopyroxene, 
15% orthopyroxene, and 10% garnet for all models except for the "Puu Oo" model (60% olivine, 10% clinopyroxene, 20% orthopyroxene, and 10% garnet). MA•• and <l>A•• 

are the M and <I> values that match the avaerage (23°Th/238U) and (226Ra/23°Th) ratio defined by our data. L\M and L\<I> are the range of M and <I> values that are required to cover 
the observed range in the (23°Th/238U) and ('"Ra!"0Th) ratios of the lavas. Melting rates of zero in parentheses indicate that even infinitisimally small M values failed to 
reproduce the observed range and/or average of the (230Th/238U) and (226Ra/23°Th) ratios of the lavas. These M values produce the maximum possible (23°Th/238U) ratios, and 
the closest approach to the observed (230Th/238U) ratio. In these cases, the porosities were calculated to match the observed (226Ra/"0Th) ratios using M-0. All calculations 
were performed using the model of McKenzie (1985) and the equations in Williams and Gill (1989). 



......... 
N 
-..J 

Table 4.5. Results of the equilibrium percolation melting model for producing the observed (230Th/238U) and (226Ra/23°Th) ratios in Kilauea's historical lavas. 

Source of Melt Fraction = 0.05 Melt Fraction = 0.1 Melt Fraction = 0.2 

D., DTh.U MA•g cp A•g li.M ti.cp M A•g cpA•g li.M ti.cp MA•g cp A•g li.M ti.cp 

B B 

B H 

B l..aT 

B S&L 

H H 

H LaT 

H S&L 

"PuuOo" 

"Summit" 

0.004 0 .005 

(0 .0002) 0.03 

(0.0001) 0.02 

>0 .01 

(0 .0001) 0 .0 2 

0 .001 0 .009 

>0 .01 

0 .006 0 .02 

0 .005 0 .03 

0.002-
>0 .0l 

(0.0002)
(0 .0002) 

(0 .0001)-
0 .002 

0.005-
>0 .0I 

(0.0001)-
0.0003 

0.0003-
0.005 

0.01-
>0.0l 

0 .0007-
>0 .0l 

0.0002-
>0.0I 

0.003-
0 .009 

0.02-
0 .06 

0.02-
0 .04 

0 .01-
0.03 

0.007-
0.02 

0.02-
0 .04 

0 .02-
0.05 

0.004 0.005 

(0 .0003) 0 .03 

0 .0004 0.02 

0.009 0.02 

(0 .0002) 0.02 

0.001 0 .009 

0.01 0 .01 

0.003 0.02 

0 .003 0.03 

0 .002-
0.01 

(0.0003)
(0 .0003) 

(0.0003)-
0.002 

0 .003-
>0.02 

(0.0002)-
0 .0006 

0.0005-
0 .003 

0 .004-
>0 .02 

0 .001-
0 .02 

0 .0006-
0 .01 

0.004-
0 .009 

0 .02-
0.06 

0.02-
0.04 

0.02-
0.04 

0 .01-
0 .03 

0.007-
0 .02 

0.005-
0.02 

0 .02-
0 .04 

0 .02-
0 .05 

0.004 0 .005 

(0.0004) 0 .03 

(0.0008) 0.02 

0.007 0.02 

(0.0003) 0 .02 

0.002 0 .009 

0.008 0 .01 

0.003 0 .02 

0.003 0.03 

0.002-
0.008 

(0.0004)
(0.0004) 

(0.0003)-
0.003 

0.003-
0.02 

(0.0003)-
0.0009 

0.0007-
0.004 

0.004-
0 .03 

0.001-
0.009 

0.001-
0.008 

0 .004-
0.009 

0.02-
0 .06 

0.02-
0 .04 

0.02-
0.04 

0.01-
0 .03 

0 .007-
0 .02 

0 .008-
0 .02 

0.02-
0.04 

0.02-
0 .05 

M: Melting rate (kg m" yr-') . cp: Maximum porosity (vol. fraction). Liquid density=2800 kg m". Solid density=3300 kg m·'. Permeability exponent=2. Melt column 
height=54 km. The letter codes for the partition coefficients listed in the first two columns (D., and Dn..u) are keyed to Table 3. The bulk partition coefficients are 
calculated from these D values assuming 60% olivine, 15% clinopyroxene, 15% orthopyroxene, and 10% garnet for all models except for the "Puu Oo" model (60% 
olivine, 10% clinopyroxene, 20% orthopyroxene, and 10% garnet) . MA•• and cpA•• are the Mand cp values that match the average (" 0Th/238U) and (226Ra/23°Th) ratio defined 

by our data. li.M and ti.cp are the range of M and cp values that are required to cover the observed range in the (23°Th!238U) and (226Ra/23°Th) ratios of the lavas. Melting rates 
in parentheses indicate that even smaller M values failed to reproduce the observed range and/or average of the (23°Th/238U) and ('26Ra/23°Th) ratios of the lavas. These M 
values produce the maximum possible (23°Th/238U) ratios, and the closest approach to the observed (" °Th/238U) ratio. In these cases, the porosities were calculated to 
match the observed (226Ra/23°Th) ratios using this value for M. Melting rates with "greater than" signs indicate that the calculated (2' 0Th/238U) ratios were too high to 
match the average and/or range of the data even at melting rates that correspond to initial mantle upwelling rates -2-10 times greater than the upwelling rate expected at 
the base of the Hawaiian plume (-30-170 cm yr·' ; Watson and McKenzie, 1991 ; Liu and Chase, 1991 ; Hauri et al. , 1994). All calculations were performed using the model 
of Spiegelman and Elliott (1993) with the numerical computer code provided by Marc Spiegelman. 



Figure 4.1. Temporal variation of U-series isotope and incompatible trace element ratios 

in Kilauea's historical lavas. The vertical shaded lines mark the dates of the explosive 

summit eruptions in 1790 and 1924. The sample symbols used in this paper are grouped 

according to eruption date: up triangle ( 1790 lava), down triangle ( 1790 tephra), circles 

(1820-1921), diamonds (1929-1954), squares (1959-1982 summit), left triangle (Mauna 

Ulu), and right triangle (Puu Oo ). The open symbols are literature data from Cohen and 

O'Nions (1993), Hemond et al. (1994b), Jochum and Hofmann (1995), and Sims et al. 

(1996, in review). Our average error bars, based on the ±2cr uncertainties for (23°Thf32Th) 

and (226Ra) measurements and our estimated reproducibility on Ba, Th, U concentrations as 

described in the text, are given in the upper left comer of each plot (unless they are smaller 

than the size of the symbols). · 
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Figure 4.2. (230Th/232Th) versus (238U/232Th) and (226Ra)/Ba versus (230Th)/Ba equiline 

diagrams for Kilauea' s historical lavas. The fields are drawn around thermal ionization 

mass spectrometry (TIMS) and radioactive decay counting data for Kilauea lavas from the 

literature sources listed in Fig. 4.1. Error bars, calculated as described in Fig. 4.1, are 

given in the upper left comer of each plot (unless they are smaller than the size of the 

symbols). The sample symbols are the same as in Fig. 4.1. 
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Figure 4.3. Ba/Th versus Th/U ratios for Kilauea's historical lavas. The magma mixing 

line (marked with 10% increments) is calculated between the compositions of the summit 

lava samples 1820-1 and Kil 1919. Our estimated reproducibility for these ratios is equal to 

or smaller than the size of the symbols. The tie line connects the 1894 groundmass and co

existing glass samples. The sample symbols are the same as in Fig. 4.1. 
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Figure 4.4. Results of the dynamic melting model. A. Partition coefficients for Ra 

from Beattie (1993a, b). B. Partition coefficients for Ra from Hauri et al. (1994). The Th 

and U partition coefficients are from LaTourrette and Burnett (1992), Beattie (1993a, b), 

LaTourrette et al. (1993), Hauri et al. (1994a), and Salters and Longhi (in review). Several 

different combinations of these partition coefficients were tested as shown on the figure 

(the letter codes are from Table 4.3). Each figure shows an example of a dynamic melting 

"grid" (using the Th and U D values from Salters and Longhi, in review) that is contoured 

for constant values of melting rate (M) and melt-zone porosity(<(>). The individual 

"polygons" are the best possible fit to the observed range in the (23°Th/238U) and 

(226Raf3°Th) disequilibria for each parameterization. The gray field represents the results 

of the "Summit" and "Puu Oo" model parameterizations (Tables 4.3 and 4.4), which have 

nearly identical melting-grid shapes. The M and <!> values for each parameterization are 

presented in Table 4.4. The star marks the average (226Ra/23°Th) and (23°Th/238U) ratios 

defined by our data. Our average error bars, calculated as described in Fig. 4.1, are given 

in the upper left comer of each plot. The 1894 groundmass sample has not been plotted 

because its (226Ra!23°Th) ratios is thought to have been elevated by crustal processes. 
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Figure 4.5. Results of the equilibrium percolation melting model. A. Partition 

coefficients for Ra from Beattie (1993a, b). B. Partition coefficients for Ra from Hauri et 

al. (1994a). The Th and U partition coefficients are from LaTourrette and Burnett (1992), 

Beattie (1993a, b), LaTourrette et al. (1993), Hauri et al. (1994a), and Salters and Longhi 

(in review). Several different combinations of these partition coefficients were tested as 

shown on the figure (the letter codes are from Table 4.3). Each figure shows an example 

of a equilibrium percolation melting "grid" (using the Th and U D values from Salters and 

Longhi, in review) that is contoured for constant values of melting rate (M) and maximum 

melt-zone porosity (<j>). The individual "polygons" are the best possible fit to the observed 

range in the (23°Th/238U) and (226Raf3°Th) disequilibria for each parameterization. The 

gray field represents the results of the "Summit" and "Puu Oo" model parameterizations 

(Tables 4.3 and 4.5), which have nearly identical melting-grid shapes. The M and <j> values 

for each parameterization are presented in Table 4.5. The star marks the average 

(226Ra/23°Th) and (23°Thl238U) ratios defined by our data. Our average error bars, 

calculated as described in Fig. 4.1, are given in the upper left comer of each plot. The 

1894 groundmass sample has not been plotted because its (226Raf3°Th) ratios is thought to 

have been elevated by crustal processes. 
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Figure 4.6. The effect of the assumed total melt fraction (0.05, 0.10, or 0.20) and 

partition coefficient difference on the calculated melting rates and melt-zone porosities from 

the dynamic melting and equilibrium percolation melting models. The values plotted are 

those that best match the average (226Ra/23°Th) and (23°Th/238U) ratios of our data (stars in 

Figs. 4.4 and 4.5). The partition coefficients used for the "Summit" (diamonds) and "Puu 

Oo" (right triangles) parameterizations are given in Table 4.3. The partition coefficients for 

the other parameterizations (Table 4.3) are indicated on the figure with text for DTu.u and 

symbols for DRa (see the upper left comer of each plot). The total melt fractions are 

indicated only for those parameterizations that show a significant dependence of melting 

rate and porosity on melt fraction. Vertical lines connect parameterizations with the same 

values for Du-DTh and DTh-DRa· 
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Figure 4.7. "Goodness of fit" from the dynamic melting and equilibrium percolation 

melting models for the incompatible trace element concentrations in Kilauea's historical 

lavas. The :LR2 value for each sample is the sum of the squared % residuals for each 

element used in the models (Rb, Ba, Th, U, Nb, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, 

and Yb). The dashed lines indicates the :LR2 value calculated from the ±lcr and ±2cr 

uncertainties for each of these elements from Pietruszka and Garcia (1999a). The model 

melt % values are from the non-modal batch partial melting model of Pietruszka and Garcia 

(1999a) and are nearly identical to the results of the dynamic melting and equilibrium 

percolation melting models. No residuals are shown for the 1919-21 and 1990 Puu Oo 

lavas because these samples were used to calculate the source compositions used for the 

model at assumed degrees of partial melting of 5 and 10%, respectively (Pietruszka and 

Garcia, 1999a). 
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Figure 4.8. Temporal geochemical variations of the Mauna Ulu and Puu Oo rift zone 

lavas and the "progressive melting" model results for the Puu Oo lavas (see the text for 

more details). The shaded bars on the plots of the Puu Oo incompatible trace element ratios 

versus time are the results of the progressive melting model using the equations for 

equilibrium percolation melting from Spiegelman and Elliott (1993). The vertical thickness 

of these bars are 2x our estimated reproducibility for these ratios (with is shown in the 

upper comer of each plot). See the text for more details. The ±2cr error bars for our 

87Sr/86Sr measurements are shown in the upper comer of each plot. The literature data 

(open symbols) for the Mauna Ulu rift zone eruption lavas are from Hofmann et al. (1984). 
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Figure 4.9. Ba/U versus Th/Sr for the Puu Oo lavas (black right triangles) and the 

melting model results (solid and dashed lines, and symbols with arrows). The dashed lines 

show the geochemical effect of an increase in the degree of partial melting using a constant 

source composition that is identical to the source of the 1985 Puu Oo lava. The symbols 

with arrows point towards the Ba/U and Th/Sr ratios of a lava that formed by remelting the 

residue of the 1985 Puu Oo lava to the same degree (10% ). The solid lines show the 

geochemical effects of a "progressive melting" model (see the text for more details). An 

error bar, based on the estimated reproducibility of Ba, Th, U, and Sr concentrations as 

described in the text, is given in the upper left comer of the plot for Ba/U (the estimated 

error for the Th/Sr ratio is smaller than the size of the sample symbols. 
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Figure 4.10. 208Pb/206Pb versus Th/U and 208Pb*/2°6Pb* versus 232Th/238U (atomic 

ratio) for historical Kilauea lavas compared to historical Mauna Loa lavas and the tholeiitic 

basalt erupted from Loihi in 1996. The 208Pb*/206Pb* is the "radiogenic" Pb ratio (Allegre 

et al., 1986). The fields are drawn around literature data for Mauna Loa (Tatsumoto, 1978; 

Jochum and Hofmann, 1995; Kurz et al., 1995; Cohen et al., 1996) and Loihi (Garcia et 

al., 1998). The other symbols are the same as in Fig. 4.1. The ±2cr error bars for the Pb 

isotope ratios, calculated from the uncertainties listed in Pietruszka and Garcia (1999a), and 

the estimated reproducibility for the Th/U ratios are equal to or smaller than the size of the 

symbols. 
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Figure 4.11. 206Pb!204Pb versus 87Sr/86Sr for historical Kilauea lavas compared to 

historical Mauna Loa lavas and recent Loihi tholeiites. The fields are drawn around 

literature data for Mauna Loa (Rhodes and Hart, 1995; Kurz et al., 1995) and Loihi (Garcia 

et al. , 1993, 1998). Sr isotope analyses of Kilauea's historical summit lavas from 

Pietruszka and Garcia (1999a) that were not repeated in the present study are also included. 

The other symbols are the same as in Fig. 4.1. The ±2cr error bars for samples analyzed in 

this study and from Pietruszka and Garcia ( 1999) are equal to or smaller than the size of the 

symbols. 
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Figure 4.12. Calculated instantaneous source volumes for Kilauea lavas based on the 

most successful U-series model results for a range of parameterizations (Tables 4.4 and 

4.5) at a total degree of partial melting of 10%. The solid and dashed lines indicate the radii 

that correspond to the melting rate that explained the average (23°Th/238U) and (226Ra/23°Th) 

ratios of our Kilauea data. The maximum and minimum radii correspond to the melting rate 

extremes that are required to explain the range of U-series disequilibria observed in 

Kilauea's historical lavas. The letter codes in the upper left comers refer to the values for 

DRa and DTu.u• respectively, from Table 4.3. See the text for more details. 
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CHAPTER 5 

CONCLUSIONS 

• Nearly the entire compositional range of Kilauea Volcano is displayed in only 200 years 

by the volcano's historical summit lavas (1790-1982). 

• The isotope and incompatible trace element ratios (e.g., La/Yb or Nb/Y) of Kilauea's 

historical summit lavas vary systematically over time with an abrupt reversal following 

the explosive 1924 eruption. The geochemical trends after 1924 continue through the 

volcano's ongoing Puu Oo rift zone eruption. Overall, these compositional variations 

record nearly a complete cycle in Kilauea's geochemical evolution. 

• The isotope and incompatible trace element ratio systematics suggest that the source of 

historical Kilauea magma is both isotopically and chemically heterogeneous. These 

source variations can be explained by melting small-scale heterogeneities within the 

Hawaiian mantle plume. 

• Model calculations suggest that the degree of partial melting decreased from the early 

19th century until the mid-20th century, which correlates with a lower eruption rate 

(and presumably magma supply rate) for the volcano between 1840 and 1959. This 

interval of declining output from the Hawaiian plume culminated with an explosive 

summit eruption in 1924 and the longest quiescent period in Kilauea's historical record 

(1934-1952). Subsequently, the inferred degree of partial melting and the volcano's 

eruption rate have increased, with the highest values since the early 19th century 

observed during the ongoing Puu Oo rift zone eruption. 
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• Lavas erupted just after the 1924 explosive summit eruption of Kilauea are 

geochemically anomalous and may have been contaminated by the assimilation of 

country rock, which collapsed into the volcano's magma reservoir following the 

explosions. 

• The systematic temporal variations in lava chemistry at Kilauea since the early 19th 

century suggest that the shape of the volcano's summit reservoir is relatively simple 

(e.g., a single, "spherical" magma body). 

• Residence time analysis of these rapid geochemical fluctuations indicates that the size of 

Kilauea's summit reservoir is only -2 km3
, which is smaller than most geophysical 

estimates. For comparison, this volume is an order of magnitude larger than the 

magma reservoir of Piton de la Fournaise Volcano, another frequently active ocean

island volcano. 

• The (23°Th/238U) and (226Ra/23°Th) disequilibria in Kilauea's historical lavas ( 1.01-1.04 

and 1.04-1.11) have remained relatively constant over the last 200 years, despite 

relatively large melting-related geochemical variations. 

• The two end-member "ingrowth" models for producing U-series disequilibria during 

mantle melting (the dynamic and equilibrium percolation melting models) successfully 

explain both the (226Ra) and (230Th) excesses and the melting-related variations of the 

incompatible trace element ratios and abundances in these lavas. 
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• The melting rate and melt-zone porosity that produced Kilauea lavas cannot be 

estimated from the U-series disequilibria alone because model output is highly 

dependent on the choice of the partition coefficients for Ra, Th, and U. Physical 

constraints are needed. 

• The physical constraints for mantle melting in the Hawaiian plume are better known 

than any other magmatic system. For example, the intershield geochemical differences 

between Kilauea, Mauna Loa and Loihi, which require that the mantle sources, melting 

regions, and magma pathways between these active volcanoes be physically distinct. 

The "instantaneous" mantle source volumes required to sustain Kilauea's average 

magma supply rate are calculated using the melting rates from our U-series modeling 

results. The range of the radii of these source volumes (assuming a 54 km deep 

cylindrical melting column) appear to be much wider than permitted by the intershield 

geochemical differences between the volcanoes. However, the smallest reasonable 

source volumes (and radii) are obtained for those parameterizations of the equilibrium 

percolation model that give the highest average melting rates (0.003-0.006 kg m-3 yr-1
) 

and melt-zone porosities (0.5-3% ). These may be the most reliable estimates so far of 

these melting parameters for tholeiitic basalt production in the Hawaiian plume. 
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