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Abstract 

The crystallization history of a flow is affected by many emplacement 

and post-emplacement processes, which are revealed in the petrology of the 

rocks. These studies use a petrographic focus to unravel the formation 

histories of two complicated rock suites, Theo's Flow (from Ontario) and the 

nakhlites (from Mars), using the former as a terrestrial analog for the latter. 

Theo's Flow has differentiated into three distinct lithologies, peridotite, 

pyroxenite, and gabbro, and has a capping hyaloclastic breccia. Petrography 

and mineral and whole rock compositions show that the multiple lithologies 

are co-magmatic, deriving from a magma represented by the breccia 

composition. Quantitative petrography implies the pyroxenite grew from 

accumulation of clusters of grains, each cluster representing a separate 

population that underwent steady-state nucleation and growth. Crystal size 

distribution analysis provides two estimates of pyroxene growth rate and 

puts constraints on the pyroxene growth times of days to weeks. 

A suggested model for the flow' s formation is as follows. Insulated by 

the quenched breccia, intergrown olivine and pyroxene phenocrysts settled 

through a thick melt pool early, forming the peridotite. Once the upper 

layers of melt began to cool, steady-state nucleation and growth of pyroxene 

clusters began. Once each cluster reached a sufficient weight, it settled out of 

the convecting melt and accumulated onto the growing cumulus pile. 

Interstitial melt pockets gradually evolved in the pile until plagioclase grew, 

rapidly, as long sprays. With continued evolution of the large melt pool, 

plagioclase joined the liquidus, convection stopped, and pyroxene and 

plagioclase co-crystallized in situ, forming the gabbro. 
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The nakhlites are pyroxenitic martian meteorites with young ages, 1.3 

Ga. To unravel their magmatic history, they were compared with Theo's 

pyroxenite layer. The two suites are remarkably similar in general texture, 

specific petrographic features, mineral and whole rock compositional 

features, and pyroxene crystallization histories. This implies the nakhlites 

formed in a similar manner to Theo's pyroxenite and may well have formed in 

surface lava flows on Mars with other lithologies. The more ultramafic parent 

magma of the nakhlites led to longer pyroxene growth, producing a more 

concentrated cumulate texture. 
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CHAPTERl: 
Introduction 

Volcanism has been an important geologic process throughout the solar 

system. Signs of past volcanism exist in the form of lava flows on the Moon, 

some asteroids, all the terrestrial planets, and lo. Examining the volcanic 

products of each planet, either directly with samples or remotely, gives us 

some important information about the planet's evolution. For example, lava 

flow samples can act as probes into a planet's interior, showing variations in 

composition with time, and the temporal distribution of flows can give clues 

to the thermal history of a planet. Studying flows also reveals more about the 

processes of volcanism in general: magma generation and storage, eruption 

mechanics, and flow emplacement. Comparing flows from different worlds 

may reveal how extrusive processes are affected by different environmental 

conditions, such as varying magma composition, volatility, gravity, and 

atmosphere. 

The primary magmatic process of concern in this dissertation is 

crystallization, the processes that affect it and the textures which result. The 

emplacement process is intimately tied to crystallization: the type of transport 

mechanism, the degree of degassing and insulation experienced during 

emplacement, and the extent of cooling and undercooling, all affect the 

nucleation rate and eventual crystallization of the lava. Post-emplacement 

processes also play a large role in the final petrologic form of the flow. 

Whether such processes as crystal settling, convection, magma injection, 

inflation, compaction, secondary growth, insulation or quenching are 

involved can have a dramatic affect on the rate and progress of crystallization. 
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The final petrographic textures of the solidified rock, along with mineralogic 

and compositional information, can reveal much about the processes that 

occurred during its formation. 

The studies presented here share a large petrographic element, 

investigating crystal textures, sizes, and phase relationships, both 

qualitatively and quantitatively. The petrographic relationships can tell us 

what crystallized when, in what order, under what conditions, and what has 

happened to the rock since its original formation. The primary goal of this 

dissertation is to use these relationships to investigate the formational 

histories of two unusual suites of rocks: Theo's Flow, a 120-m thick, highly 

mafic, differentiated flow in Ontario, and the nakhlites, three pyroxenitic 

martian meteorites. Several issues are addressed in the process of completing 

this task: 1) what was the mechanism of differentiation in Theo's Flow; 2) what 

roles did other post-emplacement processes (crystal settling, convection, 

secondary growth, etc.) play in the differentiation; 3) how did these processes 

effect the petrographic textures now observable; 4) how similar are the 2.6 

byr-old terrestrial rocks and the 1.3 byr-old martian rocks; 5) how was the 

formation of the nakhlites similar to and different from Theo's formation. 

There ·is an additional petrographic lava flow study included in the 

dissertation that has some important and intriguing results, but since it is still 

somewhat preliminary in nature, it is presented as Appendix A. Hawaiian 

basaltic lava flows were examined for this project in an attempt to use flows 

with better understood emplacement and formation histories to address the 

issue of the effects of various emplacement processes on petrographic texture. 

Textural variations between flow types, as well as depth variations within 

individual flows, were examined in the context of the flows' cooling histories. 
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Crystal size distribution analysis 

The quantitative textural descriptions herein are mostly derived by 

crystal size distribution (CSD) analysis. CSD analysis is a fairly recent 

technique for the geologic community, taken from chemical engineering 

(Randolph and Larson, 1983) and introduced by Marsh (1988a) and Cashman 

and Marsh (1988). The theory states that a given population of grains that 

grew under the conditions of steady state nucleation and growth will have a 

distribution of sizes governed by the original nucleation density, the growth 

rate of the grains, and the duration of growth. The practical application of 

this theory is that by simply measuring the grain sizes in a population, a plot 

can be generated that reveals whether the grains were grown under the 

required conditions of steady state nucleation and growth and whether other 

geologic processes like accumulation or sorting occurred. (See Chapter 2 for 

more details.) 

Usually this technique has been applied to phenocryst and 

microphenocryst populations that rest in a glassy or fine-grained matrix (e.g. 

Cashman and Marsh, 1988; Cashman, 1988). In such cases, there was little or 

no interference between grains during growth. The main mineral phases in 

my studies were cumulate in nature (Chapters 2, 3) or ophitic and intergrown 

(Appendix A}. This led to speculation about whether the technique would 

even apply in such a situation (E. Stolper, personal communication, 1994). 

However, the results for the cumulates matched the expected log-linear 

relationship so well that it seemed valid to apply the CSD results to the 

formation problems of Theo's Flow and the nakhlites. The preliminary plots 

made for the basalts in the Hawaiian study were less satisfactory, so the 

information applied in that study was limited to average grain sizes. 
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The nakhlites 

To explain the original motivation for the studies in this dissertation, I 

must begin with the study in Chapter 3. That project aimed at investigating 

the N's of the SNC meteorites from Mars, the nakhlites. The nakhlites, named 

for the type meteorite Nakhla, are unusual rocks composed of about 70-80% 

calcic pyroxene with interstitial pockets of fine radiating plagioclase laths. 

The pyroxene textures imply a deep, cumulate history, but the fine sprays of 

interstitial material imply rapid cooling. Compositional details imply 

formation at shallow depths (lava flows or thin sills) and one can imagine that 

launching rocks off a planet would certainly be easier, dynamically, if those 

rocks are already on the surface. At the time I began to work on the nakhlites, 

details of their formation, such as the depth, remained undetermined. It 

seemed worthwhile to try a new slant on the problem, so I decided to apply a 

textural focus to the study of the nakhlites to unravel some of these details, 

partly to determine whether they could have formed as lava flows on Mars. 

Another aspect of this project involved looking at the heterogeneity of 

the nakhlites. This was prompted by a previous study of Zagami (McCoy et 

al., 1992), a basaltic martian meteorite, which found quite heterogeneous 

textures in that meteorite. As a result, my study involved more samples of 

nakhlites than any previous study, from museums and universities all over 

the world: the Smithsonian Institution, the American Museum of Natural 

History, the Field Museum, University of New Mexico, Arizona State 

University, University of Hawai'i, the British Museum, the Musee nationale 

d'histoire naturelle (Paris), and the Naturhistorisches Museum Wien. I am 

indebted to the curators at these facilities for their generous loans. 

Upon beginning the study, however, it became apparent that the lack of 

geologic context made the task of determining the method of the nakhlites' 
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formation difficult. So when a previous nakhlite investigator, Allan Treiman, 

suggested a terrestrial analog for the nakhlites, a great opportunity opened 

up. This analog project, to describe the formation of the pyroxenite layer of 

Theo's Flow, yielded some gratifying results in their application to the 

nakhlites. In fact, the details of the Theo's Flow study became so important 

for understanding the nakhlites that I present that study first in Chapter 2, and 

follow with the nakhlites in Chapter 3. From comparison with Theo's Flow, it 

appears the nakhlites could well have formed as surface flows by a complex 

crystal settling mechanism, and perhaps represent only one lithology of a 

multi-layered, differentiated flow. 

Theo's flow 

The focus of Chapter 2 is the formation of Theo's Flow. This 120-m thick, 

highly mafic flow in Ontario, Canada has apparently undergone complete 

differentiation and now has three lithologic layers, upturned in the field: a 

peridotite, a pyroxenite, and a gabbro, capped by a hyaloclastic top. 

Originally, only the pyroxenite layer was of interest as an analog for the 

nakhlites' formation, as mentioned above. However, after one intensive field 

trip to Canada (with Allan Treiman and Ralph Harvey) and with further 

investigation of samples back in Hawai'i, Theo's Flow turned out to be 

fascinating in its own right. This began to shift the motivation of the 

dissertation to understanding more about crystallization and differentiation 

processes, which ended up providing other interesting insights into the 

formation of the nakhlites. 

Previous work on Theo's Flow (named for its describer) had been done 

by Nick T. Arndt as part of his doctoral dissertation in 1975, but his work had 
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a different focus than my study. He spent much of his efforts mapping the 

units in the area and on describing the hyaloclastic top of the flow. I am 

indebted to his mapping--it is truly very difficult to find one's way around a 

set of vegetation-separated outcrops when all the rocks look fine-grained and 

dark! In addition, his detailed work of the hyaloclastite was key in 

establishing Theo's extrusive origin, a particularly important aspect for using 

it as an analog for the nakhlites. 

It soon became clear that Theo's formation was quite complex, and the 

pyroxenite could not be taken out of context. The project expanded rapidly, 

demanding another field season and extensive microprobe and XRF analyses 

to supplement the textural analyses. Fascinating details and complexities of 

crystallization emerged from this work, and as a result of its expansion, this 

study now makes up the bulk of the dissertation. 

The details of the formation of Theo's Flow are laid out in Chapter 2. 

There is strong evidence in 'mineral compositions and textures and whole 

rock chemistry, that the lithologies of Theo's Flow did indeed form by 

differentiation from a common magma, whose composition is represented by 

the quenched hyaloclastic top. There is also evidence that convection and 

crystal settling (in clusters) played key roles in the formation of the different 

lithologies, a surprising result considering these two processes are considered 

somewhat passe as important magmatic processes. However, the model is a 

self-consistent one, involving these processes to explain the many important 

details of Theo's Flow, and it seems a plausible formation scheme for both 

Theo's Flow and the nakhlites. 

6 



Hawaiian basalts 

The studies of Theo's Flow and the nakhlites focussed on the relationship 

between post-emplacement processes and petrographic textures. The pilot 

study in Appendix A also concentrates on textural features, but focuses 

instead on the effects of emplacement history on flow crystallization and 

petrographic textures. To evaluate whether there is a consistent correlation 

between texture and general emplacement history, I examined flows whose 

emplacement histories were much better known: several basaltic flows from 

the two active Hawaiian volcanoes Mauna Loa and Kilauea. Most of the 

samples collected for this basalt lava flow study were from 'a'a and inflated 

pahoehoe flows whose cross-sections were conveniently accessible in 

roadcuts. These exposures meant that textures from the flow interiors, where 

complete crystallization had taken place, could be examined. Also included 

in this study were several fresh pahoehoe lobes, each with a slightly different 

emplacement history, which were sampled immediately after cooling on 

Kilauea's south flank in 1996. 

Since the modern eruptions at Kilauea and Mauna Loa have been 

studied so closely, the flow emplacement mechanisms are becoming better 

understood and there is a better chance of relating the final petrographic 

textures in a rock to the various aspects of that flow's emplacement. 

Successfully describing any connection between petrographic texture and 

emplacement history would mean basaltic textures could be used in 

evaluating the style of emplacement of a sample for which there is little field 

context, like a drill core sample or a meteorite. For example, textures of a 

basaltic eucrite meteorite could show whether emplacement of the flow on its 

parent body was more like an uncrusted, channellized 'a'a or more like an 

7 



insulated, tube-fed pahoehoe, with the high or low eruption rates associated 

with these two types of flows. Such determinations could lend insight into 

volcanism on parent bodies with different conditions than Earth. 

This study shows, qualitatively and quantitatively, that in the pahoehoe 

and 'a'a flows we have investigated, there are distinct and consistent textural 

differences between the flow types attributable to their different emplacement 

histories. The additional study involving the different pahoehoe lobes also 

showed visible and quantifiable differences between the pahoehoe lobe types, 

demonstrating consistent variations in crystallinity with only minor variations 

in emplacement history. 

With the ability to sample the full height of pahoehoe and 'a'a flows, I 

also investigated variations in texture and crystallinity with depth in the thick 

flows. The aim was to examine the specific relationship between average 

grain size and depth in a flow to compare with such information suggested 

from studies on dikes (e.g. Brandeis and Jaupart, 1987a) and in lunar basalts 

(e.g. Walker et al., 1977). Surprisingly, below the outermost 30 cm or so, 

there was minimal increase in average grain size with depth ( <20 µm) within 

'a'a or pahoehoe flows, even those >3 m thick. This implies the cooling 

histories of flow interiors are not as simple as once thought, which probably 

relates to their complex emplacement styles. It also has serious implications 

for interpretation of grain size as depth indicator. 
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CHAPTER2: 
Differentiation and solidification 
of a thick, highly mafic lava flow: 

Theo's Flow, Ontario, Canada 
(To be submitted for publication with G. Jeffrey Taylor as co-author) 

Introduction 

A good understanding of lava flow emplacement and solidification 

requires detailed knowledge of the processes operating within a flow. Many 

of these processes are interrelated, and the ones involved in any given 

situation affect many of the final characteristics of the flow. Cooling and 

crystallization, crystal settling and convection, fluid migration and 

differentiation, all affect in some way the flow rheology, dimensions, surface 

morphology, mineralogy, composition, and crystal textures and distributions. 

In most basaltic lava flows, conductive cooling and in situ 

crystallization are the primary post-emplacement processes and there is no 

significant change or compositional differentiation throughout the flow. 

Even in situations of very thick basaltic flows, such as the Columbia River 

basalts, or very long flows, like 1859 Mauna Loa flow, there is little, if any, 

variation in mineralogy and composition within a flow (Rhodes, 1983; Reidel 

and Hooper, 1989). This is generally attributed to the relative buoyancy of the 

mixed crystallizing phases (plagioclase and pyroxene) and the viscosity of the 

basaltic melt both preventing crystal settling from occurring fast enough to 

escape the advancing solidification front (e.g. Mangan and Marsh, 1992). 

There are exceptions to this, but on a minor scale in basalts. Late stage 

volatile movement can lead to coarse-grained, volatile-rich segregation veins 

(Dungan et al., 1986; Helz et al., 1989; Puffer and Horter, 1993; Philpotts et 
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al., 1996). There are also cases of olivine phenocryst concentration due to 

flow differentiation (Komar, 1972) or crystal settling (Walker et al., 1976; 

Warner et al., 1977). But usually, to find examples of extensive differentiation 

where multiple lithologies have formed, we must turn to ultramafic 

compositions. Komatiites are well-known for their layered lithologies of 

olivine and pyroxene cumulates (e.g. Arndt, 1977; Donaldson, 1982). 

In the Munro Township, in eastern Ontario (Fig. 2.la}, however, there is a 

fascinating example of a thick, differentiated surface flow. Arndt (1975, 1977) 

thoroughly mapped the Munro Township area to study the Archean 

ultramafic magmatic units found there. He also identified Theo's Flow, 

(Arndt, 1975) which is not ultramafic. This 120-m thick unit displays three 

distinct layers of different lithologies: a peridotite, a pyroxenite, and a gabbro. 

The existence of this differentiated mafic flow poses some interesting 

questions about the processes that were at work during solidification. 

Mechanisms of differentiation called upon for formation of komatiites may 

not be applicable, just as mechanisms derived for differentiation of large 

intrusive igneous complexes, like the Stillwater, may not hold in the case of 

Theo's Flow. Theo's Flow has an unusual composition and the good 

preservation of the flow provides an interesting, and potentially unique, 

opportunity to investigate the nature of a thick, differentiated, extrusive mafic 

body. The main task for this study was twofold: to describe the details of this 

unusual magmatic unit and to investigate the differentiation mechanisms and 

post-emplacement processes that aided in its formation. 

In this chapter, I will present results of qualitative petrography and 

chemical analyses (mineralogic and whole rock) to help describe, and 

establish the connection between, the units of the flow; results of quantitative 
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petrography to put limits on crystallization parameters (cooling rates, growth 

rates, etc.); and an interpretation from our results of how the differentiation 

process occurred in Theo's Flow, generating the lithologies, textures and 

compositions seen today. 

Geologic Setting 

Regional geology 

Theo's Flow is a part of the Abitibi greenstone belt, a large area on the 

Canadian Precambrian craton, which straddles the current Ontario-Quebec 

border. The belt is composed of mafic and ultramafic volcanic regions, 

intruded locally by mafic and felsic plutons and sills. Subaerial and 

subaqueous settings are suggested by the pyroclastics, hyaloclastics, and 

pillow basalts associated with some eruptive areas (Condie, 1981). Likewise, 

sedimentary rocks which bound the belt to the north and south (Arndt, 1975) 

display characteristics of both terrestrial channel-fill deposits and 

subaqueous turbidites (Condie, 1981). The whole area has since been 

extensively folded, producing upturned stratigraphic sections; Theo's Flow 

lies on the northern limb of a syncline. Several episodes of faulting 

throughout the region have produced repeated stratigraphic sections on large 

and small scales. Metamorphic alteration was greenschist fades throughout 

most of the region, only reaching amphibolite fades near felsic plutons. 

Local setting 

Theo's Flow lies in the north central portion of the Munro Township, 

Ontario (Fig. 2.la). The area is best known for its komatiite exposures (e.g. 

Arndt et al., 1977; Arndt, 1977), and Theo's Flow is closely associated with at 
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least one komatiite flow, Fred's flow (Arndt, 1975). Extensive mapping 

projects (Arndt, 1975; Johnstone, 1987) show the local area is characterized, 

like the region, by intrusive and extrusive mafic to ultramafic formations. 

The type locality, and best outcrop, of Theo's Flow (Fig. 2.lb) stretches 

east-west for nearly 500 m and presents an entire upturned (-70°) section of 

the flow, with an abbreviated, fault-produced repeated section immediately 

above, stratigraphically. The full exposure of the flow displays roughly 120 

m of stratigraphy, while the repeated section has a truncated bottom and only 

spans 30 m of stratigraphy. Theo's Flow is underlain by a thick intrusive 

gabbro and is overlain by the komatiitic Fred's Flow. The eastern margin of 

Theo's Flow is bounded by a complex of thinner (5-25 m) pyroxenitic flows, 

while the western margin is fault bounded. The relationships of the east and 

west boundaries make it unclear whether the orientation of the cross-section is 

along or across the flow. Arndt (1975) reported that other fabrics and flow 

features in the region suggest flow was east to west, implying the outcrop is 

along-flow. Small faults crisscross the area (Fig. 2.lb) and are mainly 

recognizable by offset units to either side of vegetated gullies; we only 

identified one well-defined fault scarp in the field. 

Metamorphism in the immediate area was low-grade, reaching chlorite 

to prehnite-pumpellyite grade (Arndt, 1975; Clondie, 1981). This has caused 

the serpentinization of olivine and the alteration of plagioclase and other, 

minor phases. However, much of the original information still remains: 

augite compositions and major phase textures are well-preserved throughout 

the unit, and except for a few elements, whole rock compositional information 

seems largely unaffected. 
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Sampling and Analytic Methods 

Field sampling 

The entire thickness of Theo's Flow was sampled across the most 

continuous portion of the flow (Fig. 2.lb). We sampled for petrographic work 

at 10-m intervals (Fig. 2.2), except near the basal unit and at lithologic 

boundaries where the concentration of sampling was increased. We also 

sampled two thinner pyroxenitic flows (TFl and TF2) at the eastern margin of 

the main Theo's Flow exposure for petrographic analysis. 

A few larger samples (~0.5 kg) were taken for chemical analysis. From 

Theo's Flow, one sample from the basal unit, two from the pyroxenite layer, 

one from the gabbro, and one from the flow top breccia were taken. In 

addition, two smaller, petrographic samples from the peridotite were later 

used for bulk analysis. A breccia knob and an interior sample were also taken 

from TF2 for whole rock chemistry. 

Chemical analyses 

Quantitative analyses of pyroxenes, amphiboles, and Fe-oxides were 

made using a Cameca SX-50 electron microprobe. An acceleration voltage of 

15 ke V was used with a beam current of 20 nA, 30-90 sec count times 

(depending on the element), and a beam size of one µm . Well-known 

minerals were used as standards and all analyses were corrected using a 

company supplied ZAF routine (PAP). In addition, x-ray elemental maps 

were made of Al, Ca, Fe, Mg, Ti for several pyroxenite samples and of Fe, Ti, 

and Cr for several oxide grains. Augite analyses with totals between 98.5% 

and 101 % were considered acceptable, but on the whole, most analyses fell 

between 99% and 100.5%. Amphiboles in the basal layer were analysed for the 

14 



Figure 2.2: Advisor Jeff Taylor sampling near the base of the pyroxenite along 
our traverse line, marked by draped measuring tape. This particular 
sampling location was more overgrown than most. 
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major elements as well as K, Cl, and FL Water contents were calculated by the 

SamX software. Water-corrected amphibole totals fell between 99-100.5%. 

Samples for bulk rock chemistry were crushed, and weathered outer 

surfaces were removed. For each sample, 300-500 g of material was powdered 

for analysis, sufficient to be a good bulk representative sample. Bulk rock 

compositions were determined by XRF, using a Siemens 303AS x-ray 

fluorescence spectrometer. Major and minor elements were analysed in fused 

glass disks using the methods similar to those of Norrish and Hutton (1969) . 

These analyses are reported to be accurate to better than 1 % (Na to within 5%) 

relative to the measured value. Trace elements were analysed iri pressed 

powder pellets using the technique described by Chappell (1991), and 

generally have errors of less than 5% relative. 

Quantitative petrographic techniques 

Two techniques were employed to quantify the textural information of 

the thin sections examined: crystal size distribution (CSD) analysis and cluster 

analysis. CSD analysis was first used in the geologic community by Marsh 

(1988a) and has since been used for a variety of geologic problems (e.g. 

Cashman and Marsh, 1988; Mangan et al., 1993; Wilhelm and Worner, 1996). 

The method applied here was described by Marsh (1988a) and Cashman and 

Marsh (1988). The technique involves calculating the population density for 

different grain size bins. Theory predicts that steady-state nucleation and 

growth will generate a negative linear correlation between grain size and the 

log of the grain number density. Plots of CSD analysis results, then, reveal 

whether crystallization occurred as a steady-state phenomenon and whether 

other processes such as accumulation or fractionation may have occurred. 
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For this work, "grain size" was defined by apparent grain width, in 

accordance with the results of Juster et al. (unpublished). They determined 

that for elongate prism-shaped grains, measuring apparent grain width in the 

plane of the thin section minimized geometric bias in size measurements. In 

our study, apparent grain widths of >1000 augite grains were measured in six 

pyroxenite samples and two transitional gabbro samples. Digital images were 

taken of the thin sections, and measurements were made using NIH Image 

software. Pyroxenes in the gabbro are so intergrown with plagioclase that 

measuring accurate grain widths was unfeasible. 

The cluster analysis method was derived by Jerram et al. (1996). They 

developed the technique to quantify the spatial distribution pattern of grains 

and to determine whether compaction, sorting, and/ or late stage crystal 

overgrowth took place during the formation of a given sample. The critical 

measurement for applying their formula is finding the location of all grain 

centers in a sample and the average nearest neighbor distance between 

centers. For this study, the analysis was applied to five samples, spanning the 

pyroxenite layer. For each sample, an outline of each pyroxene grain was 

drawn on a photomicrograph overlay. This overlay was digitally scanned 

and grain centers (x&y} were found using an NIHimage macro. Sample 

porosity was also determined from the overlays as the inverse of grain area. 

Qualitative Petrography and Field Observations 

As Arndt (1977) shows, the 120-m stratigraphy of Theo's Flow can be 

conveniently divided into several units (Fig. 2.3): a basal unit (0-4 m), a 

peridotite (4-12 m), a thick pyroxenite (12-70 m), a gabbro (-70-113 m) and a 

hyaloclastic, brecciated top (-113-120 m). The thinner flows to the east of 

Theo's Flow each display only one, pyroxenitic layer. 
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The low-grade metamorphism that occurred in the region has affected 

the preservation of several of the primary phases of Theo's Flow. The 

clinopyroxene is well-preserved throughout the flow, but serpentine has 

pseudomorphically replaced olivine. Orthopyroxene, which we could only 

identify with confidence in one sample of the peridotite, has also been 

replaced. Plagioclase, too, has been pseudomorphically replaced throughout 

the pyroxenite and gabbro layers, but its textural relationships with pyroxene 

are still apparent. Fe-oxide is well-preserved in the lower layers but has been 

altered throughout the gabbro. Modal abundances of these phases 

throughout Theo's Flow are shown in Table 2.1. 

Basal unit (0-4 m) 

Arndt (1977) describes the base of Theo's Flow as resembling the top, 

with an aphanitic pyroxenite and brecciated basal unit. We could not confirm 

these lithologies in the field. The basal unit we identified in the field has a 

faulted lower surface and is quite coarse grained. It is, in fact, unique in 

character compared with the rest of the flow. The basal unit is composed 

primarily of large augite and brown amphibole (hornblende) grains in 

roughly equal proportions, about 10-20 vol% each (Fig. 2.4a). The augite 

grains average about 0.8-0.9 mm in width but can be found as large as 1.5 mm 

wide. Euhedral chromite (Fig. 2.4b ), with rimming titanomagnetite, is also 

present, but only in minor amounts (-1-3 vol%). 

The brown amphiboles occur in two forms. They are often closely 

related to clinopyroxene (Fig. 2.4a), rimming or partly replacing the 

subhedral grains, suggesting some were converted from original pyroxene. 

They also occur as isolated grains with well-developed 120° cleavage and 
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Table 2.1. Modal abundances in Theo's flow 

Section hat (m) CDVX "ol" "oovx· amph plag oxides serp matrix total# ots 

TS1 0 20.6 21 .6 0.8 57.3 1034 

TS2 1.8 15.2 19.1 2.8 21.2 41 .7 1040 

TS2.1 3.2 9.8 7.6 2.4 22.8 57.3 1038 

TS2.2 6.9 1.3 28.7 14.1 1.9 15.6 38.4 1038 
TS2.3 10.1 9.3 31.9 1.4 13.6 43.7 1038 

TS4 12.3 62.9 13.6 nc 23.5 1365 

TS2.4 13.2 50.9 16.6 0.9 31.7 1045 

TS2.5 14.3 68.3 6.7 1.4 6.7 17.0 1043 

TS2.6 15.4 56.0 9.9 1.6 32.4 1036 

TS6 23.4 69.9 13.4 nc 16.7 1464 

TS7 33.1 73.4 9.1 nc 17.5 1377 

TS8 42.3 58.7 11.1 nc 30.2 1452 

TS2.7 51.2 60.6 20.3 2.3 16.8 1040 

TS9 51.7 64.8 16.7 nc 18.5 1439 

TS10 61.2 60.8 20.9 nc 18.3 1314 

TS11 70.5 56.8 27.0 nc 16.2 1230 

TS2.8 75.1 59.5 27.8 3.4 9.3 1039 

TS12 79.6 37.7 37.8 nc 24.5 1532 

TS13 81.5 28.3 51.8 nc 19.9 1349 

TS14 89.3 26.9 51.6 nc 21.5 1257 

TS15 98.7 16.7 48.3 6.3 28.7 1080 

TS17 120 1.7 4.0 nc 94.3 2353 

nc = not counted but present 
"ol","opyx" = assumed original phase for pseudomorphically replaced minerals 
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a) 

b) 

Figure 2.4: Photomicrographs of basal unit phases in Theo's Flow. a) Pyroxene 
phenocrysts coexist with, and some are rimmed by, igneous amphiboles. 
Rimming textures suggest at least some amphiboles are due to late-stage 
conversion of pyroxene. (BSE, about 1 mm POV) b) Euhedral chromites 
display Ti-rich rims. (0.36 mm POV, refl. light) 
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primary phase morphologies, as if some grains grew independently. These 

amphiboles commonly display round inclusions (Fig. 2.4a), as if the large 

grains were oikocrysts. Unfortunately, the inclusions are highly altered and 

difficult to identify. Arndt (1975) speculated that they were serpentinized 

olivines. These amphibole morphologies imply the hornblende is an original 

igneous phase, co-magmatic with the clinopyroxenes and distinct from other 

secondary green amphiboles which were metamorphically produced. 

Comparison of amphibole compositions to those of local augites seems to 

support this textural conclusion (see below). 

The presence of these magmatic amphiboles poses some difficult 

questions with regards to their origin and the relationship of this basal unit to 

the rest of the flow. This issue will be addressed in the Discussion section. 

Peridotite ( 4-12 m) 

At about 4 m, stratigraphically, this basal unit is overlain by a 

serpentinized peridotite. In the field the wavy contact is not obvious (Fig. 

2.5), marked only by a subtle change in weathering color. Petrographically, 

the transition is quite distinct. Above the contact, brown amphiboles are 

completely absent and pyroxene is present only as large poikilitic grains (up 

to 2 mm wide) enclosing large pseudomorphically replaced olivine grains. 

The olivine grains in this case are more easily identified by the equant shape 

of the serpentine, outlined by deposits of magnetite (Fig. 2.6). The amount of 

olivine represented by these grains is low for a true peridotite (only 30 vol%) 

but much of the groundmass serpentine and secondary minerals (55 vol%) 

may also have been finer-grained olivine, originally. 
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Figure 2.5: Subtle, wavy contact between the basal unit (left) and peridotite 
layer (righ t, orange weathering). Note the lack of any obvious jointing. 
Measuring tape is at 0.25 m for scale. 

Figure 2.6: Photomicrograph (2.9 mm FOV, PPL) of olivine phenocrysts in 
peridotite. Olivine is serpentinized and rimmed by opaque Fe- oxides. 
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The only stratigraphic horizon in which we identified orthopyroxene 

was in the lower half of the peridotite layer, and there this phase represents 

only about 14 vol% of the section. The large grains have also been 

pseudomorphically replaced (by chlorite?) and so display the characteristic 

parallel extinction and negative biaxial optic axis figure of orthopyroxene. 

Only 3 m higher in the peridotite, orthopyroxene is gone; instead, large 

unaltered clinopyroxene grains (10 vol%) enclose the altered olivine grains. 

Minor amounts (1-2 vol%) of spinel also occur throughout the peridotite 

layer . . As in the basal unit, compositions of the euhedral chromite cores are 

quite uniform, while the titanomagnetite rims show wider compositional 

variation. These euhedral spinels disappear upsection. 

The transition from peridotite to pyroxenite occurs around 12-13 m 

above the base, and is characterized by alternating bands of the two 

lithologies. In the field, this is identifiable by an alternation in the color of the 

weathered rock surface from orange (peridotite) to dark grey (pyroxenite) 

(Fig. 2.7). Petrographically, the change is marked by a switch from the two 

large, intergrown phases (augite and olivine) to a single primary phase 

(augite). For several meters above the banded contact, ghostly euhedral 

pseudomorphs after olivine are visible (Fig. 2.8), in small modal abundances. 

Pyroxenite (12-70 m) 

The 60-m pyroxenite layer is remarkably consistent in petrology and 

petrographic texture (Fig. 2.9). Clinopyroxene, the sole liquidus mineral, 

appears as euhedral to subhedral, twinned grains. Undulatory and bow-tie 

extinction are not uncommon. Interstitial plagioclase has been replaced 

almost entirely by secondary minerals, but original grain outlines are visible 
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a) 

b) 

c) 

Figure 2.9: Photomicrographs (5.2 mm FOV, XPL) of Theo's pyroxenite at 
three stratigraphic heights: a) 24 m, b) 42 m, c) 61 m. All euhedral grains are 
augite . . Note the impressive continuity in petrographic texture and grain size 
throughout. Interference color variations due to varying section thicknessf45. 
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and display a long, lathy habit. Interstitial groundmass has been altered to 

chlorite, epidote and other secondary greenschist metamorphic phases. There 

are also sporadic occurrences of spinel and sulfides (pyrite and chalcopyrite). 

Augite abundance is mostly constant (Fig. 2.10), with only a slight 

decrease up section (from 70 to 61 vol% between 23 and 70 m), while 

plagioclase gradually increases in abundance (from 13 to 21 vol%). Interstitial 

groundmass varies widely, and unsystematically, from 16-30 vol%. Average 

pyroxene grain size (by width) is remarkably constant, varying only 50 µm 

over 60 m (Figs. 2.9, 2.11). Plagioclase grain size is also fairly constant through 

the pyroxenite unit, averaging 50-100 µmin width. 

Spinel continues to be a minor phase throughout the pyroxenite layer, 

but it no longer displays the fine euhedral habit of the chromites in the basal 

and peridotite zones. The Fe-oxide tends to be a fine-grained, interstitial 

matrix phase in the pyroxenite, and its abundance varies from <1 vol% to 

nearly 3 vol%. 

The transition from pyroxenite to gabbro is a subtle one, especially in the 

field, due to the extensive alteration of plagioclase. In thin section, the best 

indicator of the lithology shift is the change in plagioclase morphology from 

thin, interstitial laths to thick, euhedral prisms equal in size and modal 

abundance to augite (Fig. 2.12a,b). 

Gabbro (70-113 m) 

The textures of the gabbroic unit of Theo's Flow shows plagioclase and 

pyroxene as co-crystallizing phases. Within that unit, there are two zones of 

different petrographic character: a transitional gabbro from the top of the 

pyroxenite (at about 65-70 m) to about 80 m above the base; and a more 
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b) 

Figure 2.12: Photomicrographs of varying plagioclase texture throughout 
Theo's flow. a) Plagioclase in pyroxenite displays long sprays interstitial to 
augite. (2.6 mm FOV, PPL) b) Plagioclase in transitional gab bro is more 
euhedral and of comparable size to euhedral augite. (2.6 mm FOV, XPL) 
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typically basaltic subophitic gabbro that gradually becomes more ophitic up 

to the undulatory base of the hyaloclastic breccia (about 105-113 m). 

In the transitional gabbro, plagioclase morphology is distinctly different 

from that in the pyroxenite. Average plagioclase grains size increases sharply 

from around 50 µm in the uppermost pyroxenite to > 150 µm in the lower 

gabbro, equaling and then exceeding the average pyroxene grain size. There 

is also an increase in plagioclase abundance (Fig. 2.10) from about 15-20 vol% 

in the pyroxenite to nearly 30 vol% in the transitional gabbro, and a rapid 

increase to 38 vol% at 80 m, the base of the true gabbro. However, despite the 

increase in plagioclase grain size and abundance, we consider this only a 

transitional gabbro because augite maintains its euhedral character (Fig. 

2.12b) and predominant modal abundance (55-60 vol%) throughout. 

Above 80 m, though, the gabbro takes on a more basaltic, subophitic 

texture (Fig. 2.12c), with euhedral plagioclase intergrown with augite grains, 

suggesting the phases co-crystallized. Plagioclase increases dramatically in 

abundance to 52 vol%, while pyroxene drops to 28 vol%. Further upsection, 

the textural relationship between augite and plagioclase is more ophitic with 

large, elongate augite grains almost enclosing plagioclase (Fig. 2.12d). 

Fe-oxides continue sporadically through the gabbro as a minor phase 

(up to 6 vol% at maximum), but with a change in textural character. The 

oxide grains are altered, so original compositions are unknown. However, 

pseudomorphic replacement displays a cuniform texture common to 

titanomagnetite, and x-ray elemental maps show a correlated abundance of Fe 

and Ti (Fig. 2.13a). In some occurrences, the original titanomagnetite outline 

is adorned by a lattice of ilmenite exsolved from the magnetite (Fig. 2.13b). 
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c) 

d) 

Figure 2.12 (cont.): c) Gabbro plagioclase shows a wide range of sizes and is 
intergrown with pyroxene in subophitic texture. (2.6 mm FOV, PPL) d) X-ray 
map for Ca (5 mm FOV) shows more ophitic texture of upper gabbro. Large 
pyroxene grains (light grey) are almost poikilitic to plagioclase (dark grey) . 
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a) 

b) 

Figure 2.13: Titanomagnetite grain (500 µm) in transitional gabbro. a) Ti X-ray 
elemental map highlights ilmenite; darker regions (within the grain outline) 
are still high Fe from original magnetite. b) Secondary backscatter electron 
image showing bright latticework of ilmenite exsolving from Fe-oxide. 
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Hyaloclastite 

The uppermost layer of Theo's Flow is a rubbly, knobby breccia (Fig. 

2.14a). Arndt (1975) was the first to make a detailed analysis of this breccia 

and described it as a hyaloclastite, thereby implying an extrusive, submarine 

origin for Theo's Flow. Arndt (1975) made a thorough investigation of 

hyaloclastite outcrops, and he found the breccia to be characterized by two 

types of material: large angular fragments of fine-grained pyroxenite, and 

broken "globules and strips ... with glassy margins and crystalline cores" 

(Arndt, 1975). He reports that both types contain pyroxene and serpentinized 

olivine phenocrysts held in a groundmass of glassy angular fragments . The 

preponderance of glass and fragmental material led him to believe that the 

material was indeed the product of lava-water interactions, which is 

consistent with the theory that much of the region was covered by a shallow 

sea at the time of Theo's formation (Condie, 1981). An eruption could well 

have occurred under several tens or hundreds of meters of water. Field 

observations revealed brecciated silicic veins penetrating beneath the 

hyaloclastic top, whose presence and basaltic composition suggested to 

Arndt (1975) that fractures developed late in the flow's evolution, allowing 

seawater to interact with late-stage gabbroic melt several meters into the hot 

interior of the flow. 

Our investigation of the hyaloclastic top was limited. Our petrographic 

observations of a single sample of the knobby breccia, however, convincingly 

suggest a quench history. The matrix of the sample is crystalline pyroxene 

grains in feathery sprays and coarse to fine arcuate grains, resembling a coarse 

quenched groundmass (Fig. 2.14b). There are small phenocrysts (0.2-0.3 mm) 

of pyroxene and serpentinized olivine in minor amounts (7 vol% total), some 
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Figure 2.14: Hyaloclastic breccia of Theo's flow. a) Rough knobby texture of 
breccia in the field. Scale is 1 m. b) Photomicrograph (5.2 mm FOV, XPL) of 
hyaloclastite showing quench texture of pyroxenitic groundmass . 
Phenocrysts are pyroxene (colored) and serpentinized olivine (dark gray). 
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displaying a skeletal structure with axial cavities. The paucity of these 

phenocrysts bears on the crystallization history of the flow, implying that the 

vast majority of the pyroxene grains must have crystallized after 

emplacement. The cumulate nature of the flow is not due simply to a large 

population of phenocrysts settling through a melt. 

Other features 

At several locations, including two along our arbitrary traverse, coarse 

pockets or lenses of pyroxenite and gabbro composition were found; Arndt 

(1975) termed these "pegmatoids." The limited extent of these large-grained 

crystalline lenses and the extreme difference in grain size (Fig. 2.15) to the 

surrounding rock suggest the pegmatoids might have been pockets of volatile 

concentration, like segregation veins identified in other bodies (Dungan et 

al., 1986; Puffer and Horter, 1993). 

Aside from these pegmatoids, most of Theo's Flow shows little evidence 

of volatiles. This could be explained several ways. The submarine depth 

could have been sufficient to suppress volatile exsolution, the erupted 

magma could have been mostly dry, or the magma might have completely 

devolatilized upon eruption. Only one obvious occurrence of vesicles was 

found and that was limited to a 20-cm thick band, running horizontally (with 

respect to the original orientation of the flow) for only 10-15 m across the flow 

(Fig. 2.16). In hand sample, this band is visibly coarser grained than the 

surrounding gabbro, like the pegmatoids. 

A feature that we did not identify in the field or in our traverse samples 

was a layer beneath the hyaloclastic top of similar bulk composition but of 

medium grain size from being cooled at a more moderate rate. Such a simple 
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Figure 2.15: Photomicrograph (8.1 mm FOV, XPL) of a pyroxenitic pegmatoid 
found along traverse line. Note the exaggerated sizes of the augite grains 
compared with those in Fig. 2.9. 

• ... . -
..... . . 

Figure 2.16: One vesicle band (outlined in white chalk) was found in the 
gabbro with limited outcrop extent. Its surface texture (upper right) was 
unique, though, formed by weathered out previously calcite-filled hollows. 
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roof layer would be expected to form as heat radiated from the flow's surface 

and a solidification front advanced downward. Arndt (1975, 1977) mapped an 

"aphanitic pyroxenite" which he described as being immediately beneath the 

hyaloclastite, but of variable thickness. This layer could be the missing roof 

crust, but we were unable to identify such a lithology in the field. 

Pyroxenitic thin flows 

As shown on the outcrop map (Fig. 2.lb), the eastern boundary of the 

Theo's Flow exposure is a fault marked by a small, vegetated gully. On the 

far side is a series of thinner flows ranging in thickness from 5-25 m. The 

details of the overlapping flows are complex in places, but each individual 

flow seems to have a dense interior with a rubbly, brecciated layer on top. We 

sampled two of these flows, whose upper and lower boundaries seemed 

relatively simple. 

The top flow of the series (TFl) is only about 5 m thick with nearly 2 m of 

that a rubbly breccia. The petrographic texture of the breccia is similar to that 

of Theo's top, but shows the arcuate nature of quenched pyroxene even more 

clearly (Fig. 2.17a). Patches of quenched material are also visible in thin 

section within the flow' s interior, suggesting the flow might have been well 

stirred-up for a time or incorporated foundering pieces of breccia into the 

interior. The dense portion of the flow is pyroxenitic, with euhedral to 

subhedral augite and microcrystalline interstitial material. Average grain 

size is smaller (80 µm) than anywhere throughout the pyroxenite layer of 

Theo's Flow, and there is little grain size variation through the 3 m of the 

interior. Augite grain distribution clearly displays clustering to a greater 

degree than seen in the other flows (Fig. 2.17b). 
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a) 

b) 

Figure 2.17: Photomicrographs of TFl, a 5-m thick pyroxenitic flow. a) 
Quench texture of brecciated top (2.6 mm FOV, PPL). Note arcuate pyroxene 
grains and sprays. b) Clusters and chains of grains of pyroxene in the 
undifferentiated interior of TFl. (8.1 mm FOV, PPL) 
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The flow stratigraphically beneath TFl, dubbed TF2, was also examined. 

TF2 measured about 15 m thick with a variably thick brecciated top averaging 

about 4 m thick. The flow also has a pyroxenitic character, with augite being 

the only primary phase. Average grain size (190 µm) is comparable to sizes in 

Theo's pyroxenite, and grain distribution is more like in Theo's than TFl. In 

fact, the petrographic texture is nearly identical to the pyroxenite layer of 

Theo's Flow, with well-developed euhedral augites and interstitial 

plagioclase laths (Fig. 2.18). A bit surprisingly, we found no basal peridotite 

or overlying gabbro in TF2. 

In summary, our field studies revealed that the boundaries between the 

three primary lithologies of Theo's Flow (peridotite, pyroxenite, gabbro) are 
' 

identifiable but not abrupt. There is no evidence for distinct contacts between 

individual flow units along our traverse line. These field relations are 

consistent with the individual lithologic layers forming sequentially from one 

magmatic body rather than by distinct magmatic injections. 

Chemistry 

Mineral and whole rock compositions show trends and relationships 

important to the evaluation of the post-emplacement processes that formed 

Theo's Flow. The data help evaluate the validity of the flow having formed 

from a single magmatic unit and point to the processes that formed the 

layered lithologic units. Data for the thin flows to the east, TFl and TF2, show 

that their similarity to Theo's Flow is not limited to petrography. 
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Figure 2.18: Photomicrograph (5.2 mm FOV) of TF2, a 15-m thick pyroxenitic 
flow. Note the similarity of TF2's interior to the pyroxenite layer of Theo's 
Flow. Even the grain sizes are similar (see Fig. 2.9). 
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Mineral compositions: Theo's Flow 

Most of the minerals in Theo's Flow have been altered by metamorphism 

and are not suitable for in-depth compositional analysis. Augite, fortunately, 

is unaltered. It is the primary mineral through most of the flow, providing an 

opportunity for examining the relationships between the lithologic units and 

the evolution of the melt. 

Pyroxenite and gabbro 

Through most of the pyroxenite layer and into the gabbro layer, augite 

grains have euhedral cores with thin ( <10 µm) Fe-enriched rims. Average 

pyroxene core compositions are remarkably constant, but do show a gradual, 

well-defined trend of increasing FeO content upsection and little variation in 

CaO (Table 2.2, Fig. 2.19a). Pyroxene rims, which are visible in BSE images at 

several stratigraphic levels (Fig. 2.20), are more diverse, with rim thickness 

and average composition varying unsystematically with stratigraphic height 

(Table 2.3, Fig. 2.19b). Overall, though, rims do show an Fe enrichment, with 

those near the base of the unit closer to the local average core FeO 

composition and those higher in the unit more enriched in FeO with respect 

to the augite cores they surround (Table 2.3). There is also more scatter in rim 

compositions than in core compositions for any given stratigraphic level, and 

the scatter increases with stratigraphic height. 

The gradual trend of increasing FeO in augite cores with stratigraphic 

height is consistent with a gradual evolution of the melt in which the augite 

cores are forming. By the time the pyroxene grains of the upper gabbro are 

forming, the magma must be more heterogeneous in composition to produce 

the greater scatter of the core compositions. The more differentiated rim 
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N 

Sample 

Strat. Hgt (m) 

Si02 
Ti02 
Al20 3 

Cr20 3 

FeO* 

MnO 

MgO 

Cao 

Na,O 

Total 

#analyses 

Wo 

st. dev. 

En 

st. dev. 

Fs 

st. dev. 

Fe# 

basal unit perid. 

TS2 TS2.1 TS2.3 

1.8 3.2 10.1 

52.6 52.7 53.5 

0.4 0.4 0.3 

2.0 1.9 1.6 

0.8 0.9 0.9 

5.7 5.6 5.3 

0.2 0.1 0.1 

17.3 17.5 17.4 

20.6 20.6 20.8 

0.3 0.3 0.3 

99.9 99.9 100.3 

37 31 17 

41 .9 41.8 42.3 

1.1 0.7 0.5 

49.0 49.4 49.2 

1.5 0.9 0.7 

9.1 8.8 8.5 

1.0 0.6 0.5 

15.7 15.2 14.7 

Table 2.2. Average clinopyroxene core compositions 

pyroxenite transitional oabbro 

TS4 TS2.4 TS2.6 TS6 TS7 TS8 TS2.7 TS9 TS10 TS11 TS2.8 TS12 

12.3 13.2 15.4 23.4 33.1 42.3 51 .2 51 .7 61.2 70.5 75.1 79.6 

53.7 54.0 53.4 53.9 53.6 53.8 53.6 54.0 53.6 52.9 52.9 52.0 

0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.6 

1.2 1.2 1.2 1.1 1.3 1.5 1.3 1.3 1.3 1.6 1.7 2.8 

0.7 0.8 0.8 0.5 0.4 0.3 0.2 0.3 0.1 0.1 0.0 0.0 

5.3 5.4 4.9 5.5 6.2 6.4 6.4 6.8 6.8 7.5 8.0 8.8 

0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 

18.3 18.1 18.0 17.9 17.5 17.5 17.5 17.2 17.6 16.7 16.5 15.8 

20.7 20.4 20.2 21 .1 20.7 20.5 20.4 20.7 20.5 20.3 20.3 19.8 

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 

100.5 100.5 99.1 100.7 100.5 100.7 100.2 100.7 100.6 99.9 100.2 100.2 

15 9 11 17 18 9 10 6 19 17 10 9 

41.2 41 .0 41 .1 41.9 41.5 41.1 41.0 41.5 40.7 41 .1 41 .0 40.7 

1.2 1.3 0.6 0.9 0.7 0.7 0.9 0.7 1.5 1.3 0.6 1.0 

50.6 50.6 51 .1 49.6 48.7 48.9 48.9 47.8 48.7 47.0 46.4 45.1 

0.9 1.2 0.3 1.4 0.8 1.1 1.1 1.0 0.6 1.0 1.3 1.1 

8.2 8.4 7.8 8.5 9.7 10.0 10.1 10.6 10.5 11 .9 12.6 14.2 

0.7 1.2 0.4 1.0 0.9 1.3 1.0 0.5 1.0 0.8 1.0 1.2 

13.9 14.3 13.2 14.6 16.7 17.0 17.1 18.2 17.8 20.2 21 .3 23.9 

loabbro too 

TS13 TS14 TS15 TS16 TS17 

81 .5 89.3 98.7 108.1 120 

51.0 51 .7 51.1 49.8 52.9 

0.6 0.6 0.7 1.1 0.4 

2.6 2.8 2.3 2.8 2.2 

0.0 0.0 0.0 0.0 0.6 

10.4 10.5 13.4 16.5 6.4 

0.2 0.2 0.3 0.5 0.1 

14.8 15.3 13.2 10.9 17.3 

19.2 19.1 18.9 18.6 20.0 

0.3 0.3 0.3 0.3 0.3 

99.0 100.5 100.1 100.4 100.3 

19 12 9 9 41 

40.1 39.3 39.6 39.9 40.7 

1.5 1.7 1.6 1.5 1.4 

42.9 43.8 38.4 32.6 49.1 

2.0 1.5 1.8 4.8 1.4 

17.0 16.9 22.0 27.6 10.2 

1.7 1.1 1.2 4.0 0.9 

28.4 27.8 36.4 63.6 17.2 
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Figure 2.19: Pyroxene quadrilaterals of average augite compositions 
throughout Theo's flow. a) Average core compositions show gradual Fe
enrichment up flow. b) Average rim compositions show same Fe
enrichement up flow and Fe-enrichment with respect to corresponding core 
compositions (compare with a). Rim compositions also show more scatter 
from sample to sample. 
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Figure 2.20: Secondary backscatter electron image (2.9 mm FOV) showing 
cores (medium grey) and thin Fe-rich rims (lighter grey) of augite grains in 
the pyroxenite of Theo's Flow. 
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Sample 
Strat. Hgt (m) 

Si02 
Ti02 
Al20 3 
Cr203 
FeO* 
MnO 
MgO 
Cao 
Na?O 
Total 
#analyses 

Wo 

st. dev. 
En 

st. dev. 
Fs 
st. dev. 

Fe# 

Table 2.3. Average clinopyroxene rim compositions 

pyroxenite trans. gabbro gab bro 
TS6 TS? TS8 TS10 TS11 TS2.8 TS12 TS13 

23.4 33.1 42.3 61.2 70.5 75.1 79.6 81.5 

52.9 50.9 52.0 52.5 51.1 50.8 51.2 51.0 
0.4 0.6 0.7 0.4 0.8 0.7 0.5 0.5 
1.6 2.6 2.3 2.0 2.4 2.2 2.0 1.4 
0.2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 
7.9 13.3 9.7 8.2 10.4 15.5 15.4 15.9 
0.2 0.4 0.3 0.2 0.3 0.5 0.5 0.4 

16.2 13.3 15.3 16.1 14.5 12.6 12.0 13.7 
21.0 18.6 19.8 20.6 19.7 17.5 18.0 15.7 
0.3 0.3 0.3 0.3 0.3 0.3 0.8 0.2 

100.7 99.9 100.4 100.5 99.4 100.1 100.1 98.8 
12 6 10 9 7 10 10 2 

42.2 39.2 40.7 41.6 41.1 37.1 38.6 33.3 
0.9 2.3 1.3 0.8 1.8 3.3 2.2 

45.3 38.9 43.8 45.3 41.9 37.2 35.4 40.3 
5.2 1.0 1.6 3.9 3.8 2.7 7.3 

12.5 21.9 15.5 13.1 17.0 25.7 26.0 26.4 
4.8 2.2 2.0 4.2 5.1 4.9 8.0 

21.6 36.0 26.1 22.4 28.6 40.7 42.1 39.6 

TS14 TS15 
89.3 98.7 

50.7 51.1 
0.7 0.5 
1.5 1.1 
0.0 0.0 

18.0 17.2 
0.5 0.5 

10.2 11.4 
18.7 17.8 
0.3 0.2 

100.6 99.7 
3 1 

40.6 37.9 

25.6 33.7 

33.8 28.5 

56.9 45.8 



compositions suggest rim growth occurred in equilibrium with a more 

evolved melt. Pockets of melt trapped between grains could provide limited 

sources of melt which could evolve quickly with rim growth. Localized melt 

pockets as a rim source could also explain the heterogeneity of the late stage 

growths since some pockets would evolve more than others with varying 

amounts of subsequent rim growth. 

Variations in minor element contents in the cores agree with the Fe trend 

(Fig. 2.21). There are definite kinks in elemental plots of Al20 3, Cr20 3, and 

Ti02 consistent with melt evolution from highly mafic near the base to more 

felsic near the top. Cr20 3 is abundant in augite cores through the lower 

pyroxenite, but gradually drops off upsection (increasing Fe#) until the 

gabbroic pyroxenes have essentially none (Fig. 2.2lb). This is consistent with 

Cr being compatible in olivine and pyroxene, causing a gradual depletion of 

it in the melt with continued crystallization. In contrast, Al20 3, which is 

incompatible in olivine and pyroxene, is minimal in the lower pyroxenite but 

gradually increases upsection as it is concentrated in the remaining melt (Fig. 

2.2la). However, the Al20 3 shows that with the increase in plagioclase 

production at the formation of the gabbro, Al concentration in the melt (and, 

therefore, in the pyroxene) leveled off, and even declined. Ti02 shows a 

similar mafic-incompatible element trend (Fig. 2.21c). 

Spinel compositions also reflect these melt composition changes (Table 

B.l). In the peridotite and lower pyroxenite, oxides are predominantly 

chromites, with thin rims of ilmenite and chromium-rich magnetite. Fe

oxides in the gabbroic zones do not yield good analyses, but x-ray elemental 

maps show the lack of Cr and the predominance of Ti in these spinels. 
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Figure 2.21: Augite core compositions for pyroxenite through gabbro, 
showing Fe# (Fe*lOO/(Fe+Mg)) vs. oxides. Upsection moves right. a) 
and c) show increasing amounts of pyx-incompatible elements, while 
b) shows a decrease for the pyx-compatible element. All are 
consistent with simple differentiation by crystal fractionation. 
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Hyaloclastic top and peridotite 

Clinopyroxene core compositions in the hyaloclastic top and peridotite 

do not follow the same trend as those in the pyroxenite and gabbro (Fig. 2.22). 

The trend defined by the two outer units is steeper in Al20 3 and Ti02 than 

that of pyroxenite augites, but seems to parallel the trend of the more.steeply 

fractionating transitional gabbro. In addition, the range in Fe# from these 

limited samples is as large as that of the whole 55-m pyroxenite layer. 

Curiously, while the peridotite and hyaloclastite compositions lie on the 

same trend, the large poikilitic augites in the peridotite plot at the least 

fractionated end of the trend for each element, while the small hyaloclastite 

augites represent the high Fe#'s (Fig. 2.22). 

Since the hyaloclastic top is probably a quenched sample of the 

originally erupted lava, the pyroxene grains within it must have been present 

upon eruption. These phenocrysts could have been either grown in a 

subsurface chamber or scoured from chamber or conduit walls. If these 

phenocrysts had crystallized from the Theo's Flow parent magma before 

eruption, we would expect them to have lower Fe#'s than those pyroxenes 

which grew later. The overlap of Fe#'s with the pyroxenite population 

suggests that the augites of the hyaloclastic top and peridotite probably did 

not crystallize from the same magma as the main flow augites. The fact that 

the augites in the peridotite follow the same trend as the hyaloclastite 

phenocrysts suggests that these large grains may have grown from the same 

magma as the small phenocrysts. Perhaps the larger, more magnesian augites 

of the peridotite represent the fraction of the phenocryst population that grew 

first, and longer, in this alternate source magma, and settled out quite 

promptly upon eruption of Theo's magma due to their size. The hyaloclastite 
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data show trends distinct from the pyroxenite augites, suggesting 
these other augites were phenocrysts grown from a different magma. 
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phenocrysts grew later in the alternate source magma, so are smaller and have 

higher Fe#'s. These were also incorporated into Theo's magma in some way, 

but did not fall out as quickly and were captured in the quenched top. 

Basal unit 

Pyroxenes of the basal unit also diverge in their compositions from the 

trend of the pyroxenite augites. Their core compositions overlap the trend of 

the phenocrysts in the hyaloclastite and peridotite (Fig. 2.22), but cover nearly 

the entire range of Fe#'s of those augites. The minor elements (Ti, Al, and Cr) 

also show large ranges in composition for such limited stratigraphic range 

(samples at 1.8 m and 2.3 m), and the incompatible elements (Al, Ti) are 

enriched compared to the other phenocryst augites. The compositional 

discrepancies of the basal augites with the other pyroxene populations, taken 

with other petrologic evidence suggest they are distinct in their origin. 

The other major phase present in the basal unit is amphibole. 

Microprobe analyses of the amphiboles were made on those grains that 

showed morphologies more indicative of individual grain growth, rather 

than overgrowth or rim conversion of a previously existing pyroxene. The 

measured compositions (Table B.2) are not inconsistent with the amphiboles 

having grown from the same magma as the pyroxenes, and the high amounts 

of Al20 3 and Ti02 (Fig. 2.23) support the conclusion of a magmatic, rather 

than a metamorphic, origin for the brown amphiboles (P. Shiffman, personal 

communication, 1996). 

Whole rock compositions: Theo's Flow 

Bulk rock compositions were measured to supplement mineralogic data 

m determining details of the formational process and to determine the 
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Figure 2.23: Basal unit pyroxene and amphibole core compositions. 
High contents of Al and Ti in amphiboles are consistent with an 
igneous origin. 
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composition of the magma which erupted. As with the rest of the chemical 

data, we must be aware of the changes that may have affected the whole rock 

compositions during metamorphism. Most of the major and minor elements 

define good trends and appear not to have been affected to a great extent, but 

some trace elements were undoubtedly mobile during alteration. Major, 

minor, and trace element data are shown in Tables 2.4 and 2.5. 

Hyaloclastic top 

Whole rock data can first help determine whether the hyaloclastic top is 

really representative of the magma from which the other lithologies formed. 

We performed a rough summation of peridotite, pyroxenite, and gabbro 

compositions, weighting each rock composition by its lithologic thickness 

(Table 2.6). Despite the limited number of samples (5 total), the weighted 

balance yields a remarkably good match to the breccia composition in most 

major, minor, and trace elements (Fig. 2.24). There are some elements which 

do not match well, notably K, Sr, and Zn, and FeO. The first three may be 

partly attributable to metamorphic alteration, since the elements are fairly 

mobile, but there is probably also some aspect of sampling involved in the 

poor match of all four. The amount of material crushed to be analyzed for 

each sample was probably sufficient to be representative, but more likely the 

number of samples was simply not representative of the whole flow. For 

example, the gabbro changes in plagioclase content upsection but we had 

only one sample analyzed for composition, and elements like K and Sr are 

highly sensitive to plagioclase content. To verify this match more thoroughly, 

more whole rock samples should be analyzed, but overall, the match is quite 

good, especially for the incompatible elements (Table 2.6). 
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Table 2.4. Whole rock major and minor element compositions 

to basal unit eridotite roxenite abbro TF2: to I xite 

Sample ._T_S_C_K--t_TS_C_1_--t_TS_C_2_.2_T_S_C_2_.3-+-T_S_C_2 __ T_S_C_3--+T_S_C_4_+T_F_2_T __ Tc..;,.F..;;:2""'M'--I 

Strat. Hgt (m) 120 1.7 6.9 10.1 32.4 51.9 82.1 15 1.8 

Si02 (wt%*) 49.74 46.61 44.11 44.52 52.53 52.40 51.53 51.94 52.07 
Ti02 1.04 0.37 0.50 0.46 0.71 0.79 1.37 1.07 0.77 

Al20a 8.57 6.12 4.03 3.73 5.46 6.09 14.45 9.37 6.39 

FeO* 15.93 15.33 15.83 15.85 11.16 11.54 15.20 13.35 12.68 

MnO 0.23 0.24 0.22 0.22 0.19 0.19 0.21 0.18 0.20 

MgO 11.92 25.11 32.96 30.93 13.97 13.21 4.89 10.17 13.74 

cao 11.41 5.90 2.46 4.26 15.47 14.93 9.76 11.94 13.60 

Na20 1.11 0.00 0.03 0.02 0.29 0.78 2.20 1.95 0.26 

K20 0.05 0.03 0.01 0.02 0.00 0.00 0.53 0.03 0.00 

P20s 0.07 0.03 0.04 0.03 0.04 0.05 0.12 0.07 0.05 

Total* 100.05 99.73 100.18 100.02 99.80 99.97 100.24 100.06 99.74 

LOI% 1.53 5.34 9.72 8.93 2.25 2.46 2.10 1.34 2.81 

* Anhydrous oxide wt% and totals reported 

Table 2.5. Whole rock trace element compositions 

top basal unit oeridotite ovroxenite qabbro TF2 (15-m flow) 

Sample TSCK TSC1 TSC2.2 TSC2.3 TSC2 TSC3 TSC4 TF2T TF2M 

Strat. Hgt (m) 120 1.7 6.9 10.1 32.4 51.9 82.1 15 1.8 

Sr (ppm) 74 44 5 8 117 33 270 124 78 

Zr 70 20 28 24 43 48 101 72 49 

Nb 4 2 2 1 3 3 6 5 3 
y 20 7 7 7 15 16 26 21 16 

v 247 145 94 100 238 258 254 257 234 

Sc 30 21 12 14 42 45 23 33 36 

Zn 152 91 61 71 72 65 119 56 87 

cu 134 76 25 39 71 89 204 127 107 

Cr 602 2504 4071 3135 1316 678 5 630 1984 

Co 72 21 147 138 65 64 59 56 70 

Mn 1731 1731 1521 1575 1514 1504 1582 1426 1566 

Ni 173 1249 1336 1181 266 217 46 148 282 

U** nd nd 2 nd nd nd nd nd nd 
Pb** nd nd nd nd nd nd nd 3 nd 
Rb** nd 2 1 1 nd nd 13 nd nd 
** Detection limits: Pb= 1.8 ppm, Rb= 0.6 ppm; U =1.6 ppm; all Th below detection 
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Table 2.6. Measured breccia vs. calculated lithology sum 

abbro wt'd sum* breccia** % diff 

strat hgt(m) 

thickness (m) 

% of flow 

Si02 

Ti02 

Al20 3 

FeO* 

MnO 

MgO 

Cao 

Na20 

K20 

P20 5 

NB 

ZR 

y 

SR 

ZN 

cu 

NI 

co 

MN 

CR 

v 
SC 

6.9 

3 

2.8 

44.11 

0.50 

4.03 

15.83 

0.22 

32.96 

2.46 

0.03 

0.01 

0.04 

2 

28 

7 

5 

61 

25 

1336 

147 

1521 

4071 

94 

12 

10.1 

6 

5.5 

44.52 

0.46 

3.73 

15.85 

0.22 

30.93 

4.26 

0.02 

0.02 

0.03 

1 

24 

7 

8 

71 

39 

1181 

138 

1575 

3135 

100 

14 

32.4 

27 

24.8 

52.53 

0.71 

5.46 

11 .16 

0.19 

13.97 

15.47 

0.29 

0.00 

0.04 

3 

43 

15 

117 

72 

71 

266 

65 

1514 

1316 

238 

42 

51.9 

30 

27.5 

52.40 

0.79 

6.09 

11.54 

0.19 

13.21 

14.93 

0.78 

0.00 

0.05 

3 

48 

16 

33 

65 

89 

217 

64 

1504 

678 

258 

45 

82.1 

43 

39.4 

51.53 

1.37 

14.45 

15.20 

0.21 

4.89 

9.76 

2.20 

0.53 

0.12 

6 

101 

26 

270 

119 

204 

46 

59 

1582 

5 

254 

23 

51.42 

0.97 

9.04 

13.24 

0.20 

11.63 

12.09 

1.15 

0.21 

0.07 

4 

66 

19 

145 

88 

126 

245 

69 

1542 

799 

238 

33 

* wt'd sum= 0.028*per1 + 0.055*per2 + 0.248*pyx1 + 0.275*pyx2 + 0.394*gab 

** measured hyaloclastic breccia composition 
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Figure 2.24: Comparison of measured hyaloclastic breccia composition 
and calculated bulk composition. Calculated composition based on 
balanced sum of individual lithology (peridotite, pyroxenite, gabbro) 
compositions. Dashed line represents one-to-one match. Closeness of 
nearly all elements and oxides suggests hyaloclastic top represents 
original magma composition from which the other lithologies formed. 
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The match implies that the quenched breccia is a good representative 

composition of the initial erupted magma and that the current primary 

lithologic layers were not the result of sequential injections of different 

magma types. If any subsequent inflation (Walker, 1991) did occur, the 

injected magma compositions must have been very close to the original, and 

the inflation must have occurred early, before any substantial crystallization 

had occurred. In addition, the fact that a sum of the current lithologic 

compositions does match the breccia composition implies that no significant 

material has been squeezed out and lost from the stratigraphic pile. The 

lithologies present represent all that were crystallized, and they all derived 

from one starting liquid. 

On the basis of its composition, Theo's Flow has previously been 

classified as an Fe-rich tholeiite (e.g. Arndt, 1977) and grouped with other 

basaltic flows in the region. However, comparing the bulk composition of the 

hyaloclastite with typical oceanic and continental tholeiites (Table 2.7) reveals 

certain important discrepancies. Theo's Flow is noticeably higher in FeO, as 

Arndt (1977) indicated, but it is also higher in MgO by several wt% and 

significantly lower in Al20 3. This Al-depletion, also seen in the Al/Ca, makes 

Theo's Flow more similar to certain groups of basaltic komatiites than to other 

typical tholeiites (Treiman et al., 1995; Jensen and Pyke, 1982). Even the 

"average tholeiite" composition that Arndt derived for the Munro region 

(Arndt, 1977) is significantly higher in Al20 3 and lower in MgO than Theo's 

Flow (Table 2.7). This led Treiman et al. (1995) to suggest the new petrologic 

name "theolite" to describe this highly mafic, Al depleted composition. 
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Table 2.7. Tholeiite compositions 

TSCK 

Si02 49.74 

Ti02 1.04 

Al20a 8.57 
FeO* 15.93 
MnO 0.23 

MgO 11.92 

Cao 11.41 
Na20 1.11 
K20 0.05 

P20s 0.07 
Total 100.05 
Al20:/CaO 0.75 

P9-156 
50.02 

1.15 
9.36 

14.04 
0.27 

13.31 

9.46 
2.16 
0.09 

99.86 
0.99 

P9-142 
52.29 

0.88 
8.61 

12.03 
0.24 

13.69 

9.03 
3.05 
0.06 

99.88 
0.95 

TSCK = hyaloclastlc breccia composition, this study 

P9-156 = hyaloclastlc breccia composition, Arndt (1976) 

Sill 1,#546 
49.64 

0.81 
9.02 
15.2 
0.29 

11.3 
12.35 

0.97 
0.1 

0.17 

99.85 
0.73 

"avg thol." 
51.1 

1.7 
13.3 

15 
0.28 

5.92 

8.6 
3.9 

0.25 

100.05 
1.55 

P9-142 = hyaloclastic top composition from southern exposure of Theo's flow, Arndt (1976) 

Sill 1 #546 = Favourable Lake sill bulk composition, Raudsepp and Ayers (1981) 

•avg thol" = regional average tholeiite from Arndt (1976, #18 table 7) 

OIT =average ocean Island tholelitic composition, BVSP (1981) 

CFT =average continental flood tholeiitic composition, BVSP (1981) 
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OIT 
50.51 

2.63 
13.45 
11.19 

0.17 

7.41 

11.18 
2.28 
0.49 
0.28 

99.59 
1.20 

CFT 
50.1 

1 
17.08 
10.01 

0.14 

7.84 

11.01 
2.44 
0.27 
0.19 

100.08 
1.55 



Main flow units 

The major and minor element data (Table 2.4) define trends consistent 

with the formation of the observed lithologies by olivine and pyroxene 

settling. For example, throughout the peridotite and pyroxenite, Al20 3 is 

lower than the starting composition (the hyaloclastite), but Al20 3 is enriched 

in the gabbro where plagioclase has become a liquidus phase (Figs. 2.25, 2.26). 

Similarly, CaO is depleted in the peridotite, which is dominated by olivine, 

enriched in the Ca-pyroxene cumulate, and only slightly depleted in the 

gabbro where plagioclase becomes dominant. Ti02 shows a gradual 

enrichment from the mafic cumulates up into the gabbro, mimicking the 

mineral data. In all cases, the bulk composition lies between the pyroxenite 

and gabbro in the oxide content. 

The trace element data (Table 2.5) is examined by plotting various 

elements versus a convenient incompatible element, Ti in this case. For an 

incompatible element versus Ti, we would expect to see a linear relationship 

increasing with fractionation since the element (e.g. Zr, Y) would be 

concentrated in the remaining melt. Contrarily, a compatible element should 

decrease with increasing fractionation since the element (e.g. Ni, Cr) would be 

incorporated into the solid. Horizontal trends suggest an element has a D=:::l, 

so there is little variation in its abundance, regardless of the processes at work. 

The Theo's Flow data is somewhat complicated. Some elements (Zr, Y, 

Ni, Cr, Sc, V) show well-developed trends (Figs. 2.27a-d, 2.28a, b) for most 

samples. Other elements that are commonly mobile during metamorphism 

(Rollinson, 1993) do appear to have been affected (e.g. Zn, Sr) by the local 

greenschist history and plot in a random, scattered manner (Fig. 2.27e, f). In 

the cases where the elements appear to be mostly unaffected, concentrations 
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of the given elements in the pyroxenite and gabbro are consistently reciprocal 

around the bulk magma composition. In other words, where there is an 

enrichment of the element in the pyroxenite, it is depleted in the gabbro (Figs. 

2.27c, d, 2.28a), and vice-versa (Fig. 2.27a, b ). This suggests simple crystal 

fractionation was probably key to the formation of these lithologies. 

Basal Unit 

An outlier in many of these plots is the basal unit sample. It falls off the 

trends of most plots and is uncharacteristically enriched or depleted in some 

trace element ratios (Fig. 2.28c, d). In fact, this information helps to 

substantiate that this unit is unlikely to be genetically related to the original 

extrusive body that made Theo's Flow, except perhaps through a common 

phenocryst source. Using trace element partitioning coefficients (Rollinson, 

1993), we have found no way to produce the trace element enrichments and 

depletions with the minerals observed petrographically (or by adding 

sensible minerals which might have been altered beyond recognition). For 

example, since Nb is less incompatible in amphibole and magnetite than in 

clinopyroxene (Rollinson, 1993), we can try to generate the anomalous basal 

ratios of Y /Nb and Nb/Zr (Fig. 2.28c, d), which are too low and too high 

respectively, by adding more amphibole and magnetite. However, V and Sc, 

both of which are highly compatible in amphibole and magnetite, should then 

be enriched; instead, these elements are extremely depleted in the basal unit 

(Fig. 2.28a, b ). These sorts of trace element contradictions usually suggest a 

distinct source magma with different starting ratios of the various elements. 

There is also a discrepancy between the basal unit and the rest of the flow 

in the major elements. One of the defining compositional characteristics of 
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the "theolitic" magma type is its Al-depletion. The hyaloclastic breccia has an 

Al20 3 /Ca0 = 0.75 (Table 2.6). An accumulation of clinopyroxene, which 

raises CaO content, would lower this value, as we see in the pyroxenite 

samples: Al20 3/Ca0 is 0.35 for TSC2 and 0.41 for TSC3. Since the mineral 

make-up of the basal unit includes a significant amount of clinopyroxene (10-

15%) as well as calcic-amphibole (up to 20%), we would expect at least some 

reduction in the Al/Ca ratio if the layer had started with the theolitic ratio. 

Instead, we find Al20 3 /Ca0 = 1.04 in the basal sample. The presence of 

pyroxene and hornblende in the sample suggests the source magma was even 

less Al-depleted, making it quite different from the magma that quenched to 

form the breccia. The likeliest explanation, therefore, is that the magma that 

produced the basal unit was distinct from that which formed the rest of 

Theo's Flow. 

Mineral and whole rock compositions: TFl and TF2 

Compositional analysis of the two thinner pyroxenitic flows supports 

some of the petrographic relationships of these flows to Theo's Flow: TFl is 

highly pyroxenitic but seems not to have differentiated, while TF2 resembles 

more closely the pyroxenite layer of Theo's Flow, suggesting some 

differentiation has occurred. 

Augite core compositions support these findings. Pyroxene grains from 

just one sample of TFl show a wide range of core compositions in Fe#, Al20 3, 

and Ti02, which span nearly the entire compositional range of Theo's 

pyroxenite and transitional gabbro cores combined (Fig. 2.29). This suggests 

that the TFl pyroxene population, from just one sample, represents grain 

growth throughout almost the entire crystallization of that flow, generating 
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compositions which represent the extent of the melt evolution of this small . 

flow. The grains did not settle out. Unfortunately, the bulk flow composition 

for TFl was not obtained, so comparison to Theo's breccia is not possible. 

TF2 compositions tell a different story. Pyroxene cores from a sample of 

TF2 are, on the whole, more limited in composition (Fig. 2.29), overlapping 

closely the compositions of Theo's pyroxenite layer. The melt composition 

during the time these grains formed must have remained more constant, 

implying the population from this one sample represents a limited time in the 

flow's crystallization history. 

Whole rock compositions from the 15-m thick flow also support the idea 

that differentiation affected this flow. Analysis of TF2's breccia matches the 

composition of Theo's breccia quite closely in almost every major and trace 

element (Figs. 2.26-2.28), suggesting the starting magmas for the two flows 

were very similar. (The only difference of note is that TF2 has a slightly less 

mafic starting magma, suggesting it may have produce no peridotite.) 

Likewise, a sample from the dense interior of TF2 matches well the 

pyroxenitic samples from Theo's Flow (Figs. 2.26-2.28). The compositional 

similarities of the TF2 and Theo's samples suggest the same processes which 

formed the 120-m thick Theo's Flow were involved in formation of the 15-m 

thick TF2 flow, causing differentiation of both these lava bodies. What 

happened to the late-stage gabbroic material from TF2 remains unclear. 

There was no evidence of a gabbro in our field and petrographic studies. 

In summary, the mineral and whole rock compositions all point to the 

main layers of Theo's Flow--the peridotite, pyroxenite, gabbro, and 

hyaloclastic top--as being co-magmatic. The compositions of the different 
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lithologies are consistent with having evolved from a starting composition 

close to that of the hyaloclastic top, with fractional crystallization producing 

the final lithologies. A similar process produced TF2 from a smaller batch of 

a similar magma, while TFl simply crystallized, with no differentiation. 

Quantitative Petrography 

Crystal size distribution analysis 

CS D analysis theory 

Developing the crystal size distribution theory began with some basic 

assumptions (Marsh, 1988a). First, the population in question grew under 

conditions of steady-state nucleation and growth. This implies that as grains 

grow, and hence transfer to the next greater size bin, smaller grains will, in 

turn, grow to replace them, and with time, a steady-state size distribution is 

established. Also important is the assumption that any sample obtained and 

measured is representative of the distribution of the entire population. 

With such assumptions, population density can be calculated by the 

expression: 

n = n0 exp (-L/Gt) 

where n is the number density for grain size L, G is the growth rate, and 't is 

the residence time, or the period during which the grains are growing under 

the conditions of steady-state nucleation and growth. It follows that n 0 is the 

density of grains at L = 0, or nucleus-sized grains, and represents the 

nucleation density of the system. 

This equation can be applied by measuring population densities for 

given grain size bins, and then plotting the log of the density versus grain size. 
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This plot should demonstrate the log-linear relationship between L and n. 

The practical relevance of the line plots then emerges from two relationships: 

m=-1/Gt and exp(b) = n0 

where m is the slope of the line, b is the y-intercept, and G, 't and n0 are as 

above. Using the first relationship, if either the growth rate or residence time 

is known, the other parameter can be calculated. From the second equation, 

nucleation density can be calculated directly from the y-intercept of the line. 

CSD analysis application 

If the 120-m thick pool of molten magma of Theo's Flow had cooled 

simply by conduction and radiation, an exponential cooling curve would 

have resulted in progressively longer grain growth periods towards the 

center of the flow (Jaeger, 1968). If growth rates remained even approximately 

constant, grain sizes would now be small near the periphery, where cooling 

was faster, and gradually increase inward, where crystallization durations 

increased. This phenomenon has been well documented in dikes (Brandeis 

and Jaupart, 1987a). In fact, a thick gabbroic dike in the Munro Township area 

displays a fine example of this relationship. Grains near the dike margin ( <10 

cm) are on the order of 20-50 µmin width, and grain sizes increase until 35 m 

from the margin, grains are 0.5 - >2 mm in size. 

On first examination of Theo's Flow, there was no such obvious 

progression of grain sizes, and so we decided to apply CSD analysis to try to 

quantify the observed textures (Table 2.8). Average grains sizes vary 

remarkably little (50 µm) over the 60 m of the pyroxenite layer (Table 2.8), 

although we do see a slight increase (0.16 mm) in the maximum grain sizes 

measured in the CSD population (Fig. 2.11). (Some anomalously larger grains 
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Table 2.8. Crystal size distribution information 

section 

TS4* 
TS6 
TS? 
TS8 
TS9 
TS10 
TS11 
TS12 

Plug** 
TF1 *** 

hgt (m) 

12.3 
15.4 
33.1 
42.3 
51.7 
61.2 
70.5 
79.6 

area (mm2
) 

104.7 
90.3 
84.3 
139.6 
73.2 

108.2 
71.6 
73.2 

19.0 
27.9 

#grains 

1103 
1186 
1111 
1121 
1104 
1104 

990 
1022 

2251 
1221 

* TS4-TS12: Main Theo's Flow samples 

avg size (mm) 

0.172 
0.169 
0.168 
0.199 
0.149 
0.179 
0.139 
0.121 

0.148 
0.083 

slope 

-20.9 ±2.3 
-19.7±1.7 
-19.3 ±1.7 
-14.0 ±0.8 
-18.2 ±1.2 
-13.7 ±0.8 
-29.6 ±4.4 
-33.2 ±4.8 

-14.3 ±1.5 
-30.2 ±4.8 

**Plug: Experimental plug (McCoy and Lofgren, 1996) used to calculate G1 

***TF1 : Thin 5-m pyroxenitic flow used for G2 

69 

intercept 

9.9 ±0.8 
9.7 ±0.6 
9.6 ±0.6 
7.8 ±0.3 
8.9 ±0.4 
7.8 ±0.3 

11.5 ±1.4 
11.5 ±1 .3 

7.8 ±0.5 
11.4 ±1.0 

R2 

0.962 
0.998 
0.987 
0.985 
0.977 
0.997 
0.994 
0.998 

I 0.9761 
0.988 



were measured but since they made for only a single grain defining a bin, 

they were considered outliers and not included in the CSD plots.) Even the 

augite grains in the transitional gabbro, where plagioclase begins to play a 

larger role in crystallization, show a similar, although slightly smaller, 

average grain size. Likewise, maximum grain sizes also diminish in the 

transitional gabbro. 

The CSD plots also show remarkable similarities (Fig. 2.30). Over the 

majority of grain sizes measured, the graphs are nearly linear. Some plots 

show a slight hump at the 0.5 or 0.6 mm size range, but since the values at that 

size range are dependent on so few grains, on the order of <10 out of 1000 

grains total, it is probably a negligible deviation from linearity. We also see a 

common levelling off or turnover at the smallest grain size bin. 

One way this small turnover could be generated is by a population of a 

given distribution (described by the current slope) forming through steady 

state nucleation and growth, but then experiencing a cessation of nucleation. 

If the whole population continued to grow, the number of smallest grains 

would decrease as new grains were not nucleated to replace those growing 

into the next greater size bin. In effect, the CSD plot would maintain the same 

slope, but the line would be shifted right and the smallest bin sizes would 

become under-represented (Fig. 2.3la). In order to get a more accurate 

measure of the nucleation density, then, we should use the intercept value of 

the "pre-shifted" plot, or they-value at which the measured plot flattens out. 

Another factor that would affect the value of the nucleation density is if 

the population experiences some amount of concentration by accumulation. 

The slope of the CSD line should be unaffected, although the nucleation 

density should be artificially higher than the nucleation density of the starting 
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Figure 2.30: Crystal size distribution (CSD) plots of pyroxenite and 
transitional gabbro samples from Theo's Flow. Note the linear nature of the 
graphs over most grain sizes, implying that most growth occurred under 
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Fig. 2.30 (cont): conditions of steady-state nucleation and growth. Note, 
too, the slope steepening at the transitional gabbro (TSll), when plagioclase 
became a liquidus phase. Solid symbols are points used in line fits. 
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Figure 2.31: Theoretical line shifts in CSD plots. a) If growth continued 
without further nucleation, the CSD line would shift right as grains grow 
into larger bins. With no small replacement grains, a turnover forms. 
Uniform growth of 0.08 mm simulated. b) If grains are concentrated after 
growth ceases, an increase in number density occurs, shifting the line up. 
Accumulation is simulated by doubling the number of grains per size bin. 
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population. The degree of this effect can be determined by simulating the 

concentration of grains (Fig. 2.3lb). Doubling the number of grains in each 

size bin for a hypothetical sample simulates an increase from 30 vol% to 60 

vol% grains. The line fit for this new plot gives a slightly greater y-intercept 

than the original plot (Fig. 2.3lb ). 

Having said all this, the effect on the nucleation density from these two 

processes is relatively small. For accumulation, even though the deviation in 

they-intercept is >lcr, the difference in n0 is less than a factor of 3 (6800/cm3 

vs. 2400 I cm3 in this case). This effect is not large and would probably be 

outweighed by any natural variations in the nucleation density of the system. 

Line fits and their implications 

The nearly linear nature common to all these CSD plots implies that 

steady-state nucleation and growth was a primary process, ongoing for most 

of the grain growth period. Least squares best-fit lines were calculated by 

weighting each point by its uncertainty, the lower the uncertainty the greater 

the weight. The lines of the pyroxenite samples (Fig. 2.32) are very similar but 

do fall into two discernible groups, trading off slope and intercept values 

(Fig. 2.33), while those of the transitional gabbro samples have significantly 

steeper slopes and slightly higher intercept values. 

The fact that samples from the whole pyroxenite layer have such similar 

slopes implies that for crystallization of at least sixty meters' worth of the 

flow's interior, conditions described by Gt did not vary much. This suggests 

that either growth rate and residence time were fairly constant or that G and 't 

traded off in a remarkably balanced way. 
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Figure 2.32: Line fits to pyroxenite and transitional gabbro CSDs. Note the 
three groupings of lines, showing minor changes in nucleation density, 
growth rate, and residence time periodically during crystallization. 
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In the upper half of the pyroxenite, CSD plots do indicate small changes 

in conditions. At about 42 m (TS8), the CSD slope shallows and the intercept 

lessens (Figs. 2.32, 2.33), indicating a decrease in nucleation density and a 

slight increase in Gt. Ten meters higher (TS9), the previous conditions have 

returned, but then at 61 m (TSlO) Gt has increased again. The effect on grain 

growth from these fluctuations shows itself in the average grain sizes of these 

samples. TS8 (42 m) and TSlO (61 m) each have slightly higher average grain 

sizes than the other pyroxenite samples: 0.20 and 0.18 mm, respectively, 

versus 0.15 - 0.17 mm. With the simultaneous shifts in nucleations density, 

this seems to highlight a connection between grain number density and size 

(Gt). Assuming a fairly constant growth rate, this implies that the more grains 

there are, the shorter the residence time and the smaller the final average grain 

size. Fewer grains apparently grew longer and, therefore, larger. This will 

have some bearing on the growth process. 

Overall though, throughout the pyroxenite, shifts in Gt and nucleation 

density are basically trivial, with the variability amounting to less than a 

factor of two and an order of magnitude, respectively. However, as 

plagioclase enters the arena of primary grain growth, there is a measurable 

effect on the augite grain growth. The transitional gabbro samples show 

marked steepening of line slopes with accompanying increases in n 0 (Figs. 

2.30, 2.32). The implied increase in nucleation density could be an artifact of 

the reduction in volume of the melt available for crystallizing pyroxene at this 

stage (Marsh, 1988a), but the slope increases indicate a reduction in Gt, 

resulting in smaller grains in the transitional gabbro (Fig. 2.11). 
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Cluster analysis 

The other quantitative petrologic technique we applied was a spatial 

analysis of the grain distribution. Jerram et al. (1996) devised a practical 

method for applying standard statistical cluster analysis to geologic samples 

to distinguish between ordered and clustered distributions, when compared 

to a random distribution. In addition, they related the parameterized results 

to real geologic processes of grain sorting, compaction, and secondary 

crystallization (overgrowth). 

The technique itself involves several steps. First, for a given thin section, 

the grain centers are all calculated, by an NIH Image macro in this case. For 

each central point, the distance to every other point in the population is 

found to determine the nearest neighbor and its distance. The average of 

these nearest neighbor distances is then compared to the equivalent average 

for a randomly distributed population of the same area and grain density (or 

porosity). This yields the key parameter R from: 

where r A is the mean nearest neighbor distance for the population, and rE is 

the predicted mean for a random distribution of points (Jerram et al., 1996). 

R values from populations of randomly distributed spheres, of several 

different grain concentrations, produce a reference line which separates 

ordered and clustered distributions, the "RSD line" of Figure 2.34. Jerram et 

al. (1996) also ran experiments with controlled populations to find R values 

and trends associated with processes of sorting, compaction, and overgrowth, 

shown by arrows in Figure 2.34. 
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Figure 2.34: Cluster analysis results. Line represents the "random sphere 
distribution" line (see text), separating the field of clustered grain 
distributions from that of ordered grain distributions (Jerram et al., 1996). 
Samples from Theo's pyroxenite (marked with stratigraphic heights) all 
plot clearly within the clustered distribution area. Arrows (upper right) 
indicate trend directions associated with various geologic processes. 
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This technique was applied to samples of Theo's Flow, spanning the 

pyroxenite (Fig. 2.34). The fact that the R values all lie well below the RSD 

indicates that the grains are clustered. This clustering implies that the 

emplacement of cumulus pyroxenes did not occur by individual crystal 

settling, but more likely by settling of clumps or chains of grains (Jerram et 

al., 1996). In addition, the trend hinted at by the few samples plotted 

suggests some secondary overgrowth has occurred. Samples from the middle 

of the pyroxenite show more overgrowth than samples from the top and base 

of the unit. There also seems to have been only modest mechanical 

compaction that has affected the grain distributions, which is consistent with 

the amount of interstitial material remaining in the pyroxenites. 

In summary, quantitative petrographic techniques have revealed that 

most of the crystallization of Theo's Flow was under fairly constant conditions 

of steady-state nucleation and growth. Most of the grains experienced similar 

growth rates and times, with some minor fluctuations. These grains grew in 

clusters or chains and experienced some amount of secondary overgrowth 

with minor, if any, mechanical compaction. 

Discussion 

The observations and results described above give clues to the 

differentiation of Theo's Flow. Now, the task is to take this remarkable set of 

data and determine the processes that produced the flow. We first establish 

some time constraints on the parameters of the crystallization process, and 

then discuss the fractionation processes that may have operated. Then, we 

present a self-consistent model of how Theo's Flow may have formed. 

79 



Relationship of basal unit 

Before discussing the formation of the main body of Theo's Flow, the 

presence of the amphibole-rich basal unit needs to be addressed. As 

presented earlier, the mineralogy and composition of this unit sets it apart 

from the peridotite, pyroxenite, and gabbro layers. The lack of Al-depletion 

and the implication, from the presence of the amphiboles, that the magma was 

water-rich, suggest that this unit is distinct in magmatic origin from the rest of 

Theo's Flow. The fact that the pyroxene phenocryst compositions lie along a 

similar trend to those in the peridotite and the quenched top could be due to 

the magmas sharing a common subsurface chamber or conduit; both pulses, 

one wet, one mostly dry, could then have had access to the same population 

of phenocrysts. 

One puzzling thing about the basal unit is how and when it was 

emplaced. In the field, the wavy contact with the overlying peridotite is not 

distinct, with no jointing structures or quenched margins on either side of the 

contact. Only a subtle shading difference in the weathering color marks the 

boundary (Fig. 2.5). If the basal unit were emplaced and cooled before Theo's 

Flow, we would expect to find a brecciated top layer on the unit, as is found 

on the other thin flows in the vicinity. There should also be a separate 

quenched basal unit to Theo's Flow. Alternatively, if the current basal unit 

were injected after Theo's Flow was emplaced and cooled, there should be an 

upper quenched margin to the basal unit and signs of cooling joints. 

Metamorphism could potentially have annealed away such joints, but since 

preserved pillow structures have been identified in the region (e.g. Arndt, 

1975), this seems unlikely. 
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If either the basal unit was warm when Theo's Flow was emplaced on top 

or vice verse, the contact could be quite subtle. However, eruptions of two 

such different magmas in such rapid succession would require that the 

source underwent significant swings in composition and volatility in a 

surprisingly short period of time. Injection of the basal unit near the bottom 

of a partly cooled Theo's Flow, though, could account for the lack of any 

convincing basal crust or quenched unit to the main flow. The true base of 

Theo's Flow would then have ended up beneath the current basal unit and has 

since been faulted away. Only a very detailed study of the contact zone can 

resolve the issue of the style and relative timing of the basal unit's 

emplacement, but we maintain that it is most likely a distinct magmatic unit. 

Peridotite olivines 

Another important question is the origin of the magnetite-rimmed 

olivines in the peridotite layer. As mentioned previously, the presence of 

olivine phenocrysts in the hyaloclastic top means that the peridotite could be 

composed primarily of accumulated phenocrysts. However, it is unclear 

whether these olivine phenocrysts grew from a different magma, as we 

suggest for the pyroxene grains of the quenched top and the peridotite, or 

whether they grew from Theo's magma but at depth prior to eruption. Since 

the olivine is serpentinized, accurate mineral compositions are unknown, so 

we must perform some rough calculations to try to determine their history. 

We want to check if the MgO of the peridotite layer is consistent with the 

olivine grains having an MgO content that would have been imparted by 

growth from Theo's magma. First, we derive an expression for the MgO in the 

peridotite based on modal volumes and mineral and bulk compositions in 
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the layer, to compare with the whole rock composition measured. Since the 

primary phases in the peridotite are olivine and pyroxene, we can calculate 

roughly: 

The last term assumes that the matrix of the peridotite was very close in 

composition to the original melt since little crystallization had occurred up to 

this point. So, from the hyaloclastite composition, CMgO(Theo's bulk) = 11.92 

wt%. For CMgO(px)' we use 17.4 wt%, the average content measured for 

clinopyroxenes of the peridotite layer. For CMgO{ol)1 there are no direct 

measurements, but using an appropriate Ka (=0.3) we can calculate the 

CMgO{ol) expected if the olivine phenocrysts had grown from Theo's magma. 

For an Mg# = 0.57 in the bulk magma, we would expect Fo = 81.6 or CMgO{ ol) 

= 43.2 wt% for native olivines. Then using the expression above and 

measured modal percentages, CMgO(per) = 22.2 wt%, as compared to that 

measured for TS2.3: CMgO(per) = 30.9 wt%. Alternatively, if we start with the 

measured CMgO(per) and solve for CMgO(ol)' the olivine should have Fo = 94.6. 

This discrepancy between calculated and measured values is large enough to 

imply that most of the olivine grains in the peridotite were phenocrysts that 

grew from a distinct magma, as we found for the pyroxene phenocrysts. This 

is consistent with the intergrown textures of the phases in the peridotite, 

which suggest the pyroxene phenocrysts grew around the olivine grains. 

Growth rates and residence times 

We have some qualitative idea that the grains throughout most of Theo's 

Flow experienced similar crystallization conditions, but it would be useful to 
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make some estimates of growth rate and residence time to put constraints on 

the crystallization process. We approached the problem by trying to find 

reasonable estimates for pyroxene growth rates under other circumstances. 

Simple conductive cooling 

As noted above, Theo's Flow bares little textural resemblance to thick 

dikes that have undergone in situ crystallization and cooling by conduction. 

It would be useful, however, to rule out this method of formation by 

addressing it quantitatively. A good approximation of the solidification time 

by simple conductive cooling can be calculated using: 

x = 5.8 ...rt 

(eq. 38, Jaeger, 1968) where xis in meters and tis in years. The fact that the top 

10-15 m of Theo's Flow is a breccia means that, originally, some portion of this 

layer would probably not act as a solid insulating layer but instead allow 

some circulation of sea water. This should be taken into account when 

assigning depths to samples for calculating cooling rates. We assume that, 

like an 'a'a flow, the lower half of the breccia acted as a coherent insulating 

layer (L. Keszthelyi, personal communication). Adjusting the depths of the 

samples, we can then calculate solidification times (Fig. 2.35) using the above 

relationship from Jaeger (1968). 

Solidification times, which are essentially residence times, can be used 

with the CSD line slopes to approximate a growth rate, G, for each sample 

(recall, slope = -1/Gt). Figure 2.35 shows these conductive cooling times and 

the wide range of growth rates, more than an order of magnitude difference, 

that would be required to produce the measured grain size populations, 
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Figure 2.35: Cooling times and resulting pyroxene growth rates based on 
simple conductive cooling. Solid line shows time for solidification of 
samples at various depths. Dashed line shows calculated growth rates 
necessary to produce the measured size distributions (from CSD) in those 
times. Note the wide range in both time and growth rates required by this 
cooling method to account for pyroxene grain sizes. 
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given those solidification times. Cashman and Marsh (1988) suggest that it is 

unlikely that growth rates vary much in such silicate systems, and Kirkpatrick 

(1981) shows that growth rate variations are dependent only on large changes 

in undercooling. There is also a natural balance that helps to minimize 

drastic changes in conditions. As Kirkpatrick (1981) describes it, as 

temperature decreases, undercooling increases, producing an increase in 

nucleation and growth rate. As the rate of crystallization increases, though, 

more latent heat will be released, which will slow the temperature decrease. 

So there is usually a natural balance of these parameters, leading to relatively 

constant growth rates. The calculated growth rates from conductive cooling 

are inconsistent with this, so a better estimate of growth rates must be found. 

Other growth rate and time estimates 

McCoy and Lofgren (1996) performed some controlled laboratory 

cooling experiments using a mafic basaltic liquid, which was modelled on the 

composition of the martian basaltic meteorite Zagami. Under certain 

nucleation and cooling conditions, pyroxene crystallized first, and long, lathy 

plagioclase grew interstitial to the pyroxene (Fig. 2.36a), much like Theo's 

pyroxenite texture. A CSD analysis performed on a sample of this run (Table 

2.8, Fig. 2.36b) gives an estimate for the pyroxene growth rate under these 

conditions. The sample was cooled at 2° C/hr from 1240° to 900° C, although 

the solidus was about 1050° C (T. McCoy, personal communication, 1996). 

This gives us a crystallization time for the pyroxenes of 95 hrs which, when 

combined with the CSD slope (-14.29/mm), gives a growth rate (G1) of 

2.05x10-8 cm/ s. 
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Figure 2.36: Results of a basaltic cooling experiment (McCoy and 
Lofgren, 1996). a) Photomicrograph of experimental plug (5.2 mm FOV, 
XPL). Note the resemblance to Theo's pyroxenite with cumulus 
pyroxene and sprays of plagioclase. b) CSD plot for experimental 
sample. 
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Another way to estimate growth rate is by using the thinner pyroxenitic 

flows to the east of Theo's Flow. TF2 seems to have undergone differentiation, 

so it has likely had as complicated a cooling history as Theo's Flow. TFl, 

though, does not show signs of differentiation, and is only 5 m thick, so its 

cooling history was probably more straight forward. There are signs that 

some crustal breccia material may have been mixed into the hot interior of the 

flow, as reportedly happens in 'a'a flows (Crisp and Baloga, 1994), but it seems 

safe to assume that conductive cooling would give a reasonable 

approximation of the cooling time for this flow once it stopped moving. As 

before, CSD analysis was performed on an interior sample of TFl {Table 2.8, 

Fig. 2.37) to get m and Gt. By eq. 38 of Jaeger (1968) above, the adjusted depth 

of the sample (1.7 m) gives a solidification time of about 31 days. This 't and 

the CSD slope then give G2 = 1.2xlo-9 cm/ s. 

Using the slopes of the CSDs for all Theo's pyroxenite samples and 

applying the m = -1/G't relationship again, the G1 and G2 give residence 

times, on average, of 4 days and 55 days, respectively. However, if instead we 

calculate average residence times by simply dividing the average grain size 

by the growth rate, the results are different: 't1 = 10 days and 't2 = 160 days. 

This implies that the actual total time during which the grains grew was two 

to three times longer than the CSD "residence time", i.e. growth while under 

the conditions of steady-state nucleation and growth. (This includes the 

widths of the thin Fe-enriched rims.) 

This potentially unsettling discrepancy in growth times can perhaps be 

linked back to the explanation of the CSD turnovers. Steady state nucleation 

and growth continued for the allotted time (4 or 55 days), but then there may 

have been a reduction or cessation of nucleation followed by continued 

87 



10.0..,....------------------------. 

• • TFl 

• 
7.5- • • • • • 

,.-... 

s 5.0- • 
.E • • • 

2.5- • • 

0.0-t-~~~~~~,~~~~~~,~~~~~-T-,~~~~--1 

0 0.1 0.2 0.3 0.4 
width(mm) 

Figure 2.37: CSD plot of pyroxenes in TFl, a 5-m thick, undifferentiated, 
pyroxenite flow. Like the CSD plots of Theo's Flow, this one shows a 
nearly linear trend for most of the grain sizes measured. The sample is 
finer grained on the whole, though, and displays a steeper slope, more 
reminiscent of the plots of the transitional gabbro (TSll, TS12) in Fig. 2.30. 
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growth (Fig. 2.3la) for the extra time (5 or 105 days). Alternatively, the CSD 

residence times and the calculated average size growth times are within the 

same order of magnitude, so this may not be any major discrepancy. For the 

sake of argument, we will include the range of times for each growth rate 

estimate in future calculations. 

A major change in growth rate could occur if the system conditions 

changed substantially, by adding another phase, for example. This seems to 

hold true since we find that with the introduction of plagioclase as a primary 

phase (at the transitional gabbro), there is a coincident drop in CSD slope, and 

therefore Gt. Keeping G constant yields residence times about half those 

calculated for the pyroxenites: about 2 days (G1) and 30 days (G2). (As above, 

we can also calculate the growth time from the average grain size and find 

average times of 7 days (G1) and 120 days (G2), again about three times longer 

than the CSD generated times.) It is unlikely, however, that pyroxene growth 

rates would remain unchanged. If instead, we keep 't about the same as for 

the pyroxenite samples, pyroxene growth rates during crystallization of the 

transitional gabbro would be on the order of lxl0-8 cm/ s. Most likely both 

growth rate and residence time would have varied slightly with the altered 

conditions of two primary phases co-crystallizing. 

Formation of Theo's Flow 

Summary of key factors 

In devising a model for the formation of Theo's Flow there are some key 

aspects, discussed above, that must be accounted for: 

1) Petrologic analysis of Theo's Flow identifies three distinct 

lithologies (peridotite, clinopyroxenite, gabbro), which, 

according to mineral and whole rock compositional analyses, 

are co-magmatic and related by simple fractionation. 
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2) Field evidence shows the contacts between the lithologies are not 

sharply defined (Figs. 2.5, 2.7), mostly involving changes in 

modal mineralogy and grain size. 

3) The hyaloclastic top has a unique composition, distinct from any 

of the individual lithologies (Table 2.4), but a close match to a 

weighted sum of the three lithology compositions (Fig. 2.24). 

4) Our field observations revealed no evidence of typical crustal 

material beneath the quenched top which might have 

crystallized in place, trapped by an advancing solidification 

front. Arndt's "aphanitic pyroxenite" (Arndt, 1975) could be a 

candidate for such a layer. However, since the mapped 

exposures of aphanitic pyroxenite are patchy, much of the flow 

still appears to lack a simply cooled roof crust. 

5) Modal analysis shows that cumulus phases make up 60-70 vol% 

of the rock. This seems too concentrated for all the cumulus 

grains to have grown in situ (Table 2.1), but there is also more 

interstitial material than one might expect if much mechanical 

compaction had taken place. 

6) Quantitative cluster analysis indicates that grains grew in clusters 

or chains, implying any accumulation was not in the form of 

individual grains settling (Fig. 2.34). There is also no apparent 

preferred orientation to the elongate pyroxene grains, which 

would be expected if single-crystal settling had occurred. 

7) CSD analysis of grain distribution in thin section is consistent 

with a population that has undergone steady-state nucleation 

and growth (Fig. 2.30). There is also minimal variation in 

average pyroxene grain size for 60 m of the flow (Fig. 2.11). 

8) Compositional analysis shows fairly uniform pyroxene core 

compositions, within grains, with a gradual increase in average 

Fe# with stratigraphic height (Fig. 2.19, Table 2.2). Pyroxene 

grains also display rims of more evolved composition than 

their corresponding cores (Fig. 2.19, Table 2.2). 
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Crystallization studies and differentiation models 

When devising a model for the formation of a differentiated lava body, 

the process of convection needs to be considered. Recently, there have been 

several theoretical and experimental studies aimed at investigating the role of 

convection in the crystallization and differentiation of magmatic bodies (e.g. 

Brandeis and Jaupart, 1987a; Brandeis and Marsh, 1989; Worster et al., 1990; 

Sparks, 1990). The work has focussed on magma chambers, lava lakes, and 

intrusive magma bodies, since those are the usual forms of thick collections of 

magma; the question of convection in lava flows has not really been 

considered, mostly because lava flows on Earth are rarely anywhere thick 

enough for convection to be a real possibility. However, the results of those 

studies basically fall into two camps. One conclusion is that convection is 

vigorous and important while there is any superheating of the fluid, but that 

it quickly dies out once the melt reaches the liquidus temperature and 

crystallization begins (Brandeis and Marsh, 1989; Marsh, 1989). This means 

that for most cases, where the magma contains phenocrysts and is close to, or 

below, its liquidus temperature, convection plays no role in the 

crystallization process (Marsh, 1989). Crust grows gradually down from the 

top of the magma body as the thermal boundary layer descends, as in a 

Hawaiian lava lake (Mangan and Marsh, 1992). Proponents of this view do 

agree that composition may play a role in determining the duration of the 

convection (Turner et al., 1986). 

The alternate view is that convection is a key process throughout 

crystallization (Sparks, 1990; Worster et al., 1990). The process of 

crystallization itself, in a multi-component system, contributes to sustaining 

convection, even in situations of no superheating (Worster et al., 1990). For 
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example, conduction through the crust produces undercooling in a shallow 

zone, promoting the nucleation and growth of crystals. However, this 

undercooling associated with crystallization also causes a temperature 

difference between the magma in the crystallization zone and the underlying 

body of magma (at the liquidus temperature). This temperature difference 

drives convection, which in turn causes cooling of the entire interior. This 

allows for the additional growth of crystals at the floor or in the body's 

interior and results in a build up of solid material at the base of the melt pool, 

despite cooling occurring at the top (Worster et al., 1990), and an improved 

possibility of differentiation. 

In considering various scenarios for the formation of Theo's Flow, 

keeping these convection constraints in mind, we find several possibilities, 

mostly unsatisfactory. Simple conductive cooling would be the case most 

similar to the constraint of no convection, with most, but not all, of the cooling 

occurring through the top and the gradual growth of crust moving inward 

from the top and bottom. As was mentioned above, however, this cooling 

scheme does not account for many observed features of Theo's Flow, 

including the evenness of grain sizes, the distinct lithologies, and the lack of 

any obvious roof crust material of similar composition to the hyaloclastite. 

Theo's Flow apparently did not crystallize like a typical Hawaiian lava lake. 

Alternatively, the different lithologies could be due to pulses of magmas 

of distinct composition, or inflation by different magma types, with simple 

cooling in place. The individual magmas could still be related, isotopically 

and compositionally, if they represent periodic samples from a large 

differentiating magma body at depth. In this scenario, the hyaloclastic top, 

with its bulk composition, could be due to a pulse of the undifferentiated 
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magma erupting first and completely brecciating. All subsequent magma 

pulses, of gradually more differentiated composition, could then have been 

injected beneath this protective layer. But this scenario seems contrived, and 

simply shoves the differentiation problem underground. In addition, the 

gradual transitions between the different lithologies seem hard to reproduce 

by injection, and the concentration of grains does imply some accumulation 

process rather than in situ growth. Theo's Flow more likely represents a 

single magmatic pulse. 

One method that has recently been called upon for differentiation in 

large igneous intrusions is the mechanism of double-diffusive convection 

(Sparks et al., 1984). This process involves the generation of density 

gradients in multiple components (e.g. temperature and composition). These 

gradients cause the formation of multiple layers, each convecting, with 

progressively lower density upsection (Wilson, 1989). This idea has been 

called upon to explain features in large intrusive bodies, such as repeated 

alternations of different lithologies, or cyclic layering. The applicability of 

double-diffusive convection to Theo's Flow is a unclear. While there is some 

banding at the peridotite/pyroxenite boundary, which suggests some small 

oscillation in composition, there are no dramatic shifts in mineralogy. There 

is nothing as finely delimited and repetitive as true "inch-scale" layering, and 

there are no signs of repeated cycles of peridotite-pyroxenite-gabbro. 

The lack of a satisfactory model in existing literature to explain the 

features we find in Theo's Flow leads us to formulate an alternative for Theo's 

differentiation. The typical units that result from purely conductive cooling 

appear so different from the Theo's Flow textures and stratigraphy that 

convection and convective cooling probably played a significant role, at least 

in the formation of the accumulated pyroxenite layer. While this is a 
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surprising result, it seems an unavoidable conclusion. Our theory of the 

flow's crystallization and differentiation is presented below, with two 

plausible models for the accumulation of the pyroxenite layer. 

Differentiation by suspension settling 

Eruption conditions 

The volcanism of the Archean, at least in the Abitibi Greenstone Belt, is 

thought to have taken place in a shallow marine setting (Condie, 1981). It 

appears that the eruption of Theo's Flow underwater played an important 

role in many aspects of the flow's formation, such as its upper surface 

morphology, its thermal flux, its potential to convect, etc. We find that this 

submarine setting, as well as the composition of the magma, were key factors 

in governing the solidified form of this unusual flow. 

Theo's Flow probably did not erupt as a 120-m thick body of lava, but it 

was likely fairly voluminous upon eruption, to have generated such a thick 

brecciated top and with no signs of low-effusion pillows. At some point the 

lava probably ponded in an area constrained by local topography. If the 

thickness of the flow is due to inflation by additional lava being supplied 

beneath the quenched breccia, the continued injection must have occurred 

quickly and early, such that the entire melt pool was still molten and no 

differentiation had begun. In any case, when the lava stopped flowing, it 

remained in a thick pool. 

The hot, highly mafic material of Theo's Flow that was exposed to the 

water upon eruption quenched rapidly and reacted explosively, forming 

meters of rubbly breccia during and after emplacement. Much of the breccia 

probably remained loosely consolidated, like 'a'a clinker with no continuous 

glassy cap to prevent seawater to circulate freely. The permeability of the 
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upper breccia and the circulation of seawater would have made for a higher 

heat flux, and a faster cooling rate at the surface than if the flow had erupted 

subaerially (Keszthelyi, 1995). The lower portions of the breccia, however, 

may have been warm enough for the broken pieces to be partly welded back 

together into a more solid surface, coherent and buoyant enough not to sink 

into the underlying molten lava. This lower portion of the breccia would 

have partly insulated the flow's interior. 

Initial state of Theo's Flow 

The thick pool of lava was initially quite hot, compared to typical 

basaltic magmas. The liquidus temperature of the bulk composition can be 

calculated, using liquid-solid equilibrium models (e.g. MELTS), to be about 

1265-1280° C (Ghiorso and Sack, 1995). The high temperature and highly 

mafic composition means the lava would have had a low viscosity, about 3 to 

4 Pa-s, as calculated by the MELTS program (Ghiorso and Sack, 1995). As 

soon as a temperature gradient was created between the hot interior and the 

cooled surface breccia, the interior conditions must have become unstable. 

We can determine whether this instability would generate convection by 

using the Rayleigh equation (Turcotte and Schubert, 1982; eq. 6-306): 

Ra= pga(~T)h3 /µK 

With p (liquid density)= 2.8 g/cm3, a (thermal conductivity)= 5xlo-s;oc, ~T 

= 100° C, h = 100 m, µ (liquid viscosity) = 3.8 Pa-s, and k (thermal diffusivity) 

= 10-2 cm2/s, then Ra= 4xl013. With this high a Rayleigh number (>>103), 

convection of the interior would have begun early and probably continued 

throughout much of the crystallization of the flow, keeping the main melt 
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pool well-mixed, chemically and thermally. This convection would have 

been aided by the high heat flux at the breccia/water interface and mechanical 

circulation from the heavy, partly-crystallized mafic material sinking. 

Summary of differentiation process 

Differentiation of Theo's Flow might have proceeded along the following 

lines. During emplacement and for a few days after, olivine and pyroxene 

phenocrysts settled through the hot, fluid, convecting melt, as olivine 

phenocrysts often do in Hawaiian lava lakes (e.g. Helz et al., 1989). After a 

few hours to a few days, cooling progressed sufficiently that the uppermost 

layer of the melt pool started to nucleate pyroxenes and crystal growth began. 

Clusters of pyroxene accumulated at the base of the melt pool by one of two 

possible mechanisms discussed below. Regardless of the mechanism, 

incipient crust solidifying at the top of the pool was removed and settled 

through the hot interior. Convection kept the melt well-stirred, so the overall 

composition changed only gradually and uniformly. Meanwhile, at the base 

of the flow, packages of crystal-melt suspensions settled, flattening somewhat 

upon impact and allowing some trapped, slightly evolved (and less dense) 

melt to escape and rise back into the over~ying molten interior. The 

remaining interstitial melt in the uppermost layers of the growing cumulus 

pile probably maintained contact with the main melt pool, allowing for 

further pyroxene core growth, until buried by subsequent clusters. The 

remaining melt, now isolated in pockets between grains, provided material 

for more evolved rim growth and the plagioclase mesostasis. When the large 

melt pool finally evolved enough that plagioclase joined pyroxene on the 

liquidus, the temperature was cool enough, and the effective viscosity high 
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enough, that convection soon broke down, and gabbroic rock crystallized in 

place. Below we examine the formation of each layer in more detail. 

Formation of the peridotite · 

After emplacement of the flow, olivine and pyroxene phenocrysts began 

to sink. The quenched surface layer displays some trapped phenocrysts, but 

they are small (Fig. 2.14b). The larger phenocrysts of the upper layers must 

have settled fairly promptly or been concentrated in the interior by flow 

during eruption and emplacement (Komar, 1972) and thus avoided being 

caught in the quenched flow top. These then settled after emplacement. The 

phenocrysts in the peridotite are intergrown into sizable (2-4 mm) clusters of 

pyroxene and olivine, which one could imagine easily sinking through a low 

viscosity melt (Fig. 2.38). According to Stoke's settling equation (Turcotte 

and Schubert, 1982; eq. 6-229), a cluster 4 mm across made up equally of 

olivine and augite (ilp = 0.8 g/ cm3) could have sunk at about 2 mm/ s, which 

translates to the cluster taking about 12 hrs to settle through the entire melt 

pool. So it is likely that the majority of phenocrysts settled out while the melt 

was still in the early stages of cooling. However, we do find traces of smaller 

olivine grains in the lowest pyroxenite which may have been either the last 

ones to settle or some of the few olivines which crystallized from the magma. 

Whatever the case, there was some intermingling of olivine and newly 

crystallized pyroxene as seen in the banding at the peridotite/pyroxenite 

boundary, which is characterized by interlayerings of more and less olivine

rich pyroxenites. 
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Figure 2.38: Schematic drawing of the early days of Theo's solidification. Note 
the increased density of the lower, rewelded portions of the hyaloclastic breccia. 
Olivine and pyroxene phenocrysts sank through the fluid melt, forming the 
peridotite above the amphibole-rich basal unit. Arrows show early convection. 

98 



Formation of the pyroxenite layer 

In a normal basaltic system, like a lava lake, the material crystallizing in 

the upper reaches of the melt pool tends not to have the opportunity to sink 

before being overtaken by the solidification front growing down from the 

upper surface (Marsh, 1988b; Mangan and Marsh, 1992). This is due to several 

factors . Newly grown pyroxene grains are usually too small to sink quickly 

enough to outpace the approaching thermal boundary layer, and larger 

amalgamations of grains, which could sink faster, are buoyed up by the 

presence of plagioclase, which is less dense than the underlying melt. In 

addition, the viscosity of the basaltic melt is high enough to inhibit settling 

(Mangan and Marsh, 1992). In the case of Theo's Flow, however, we find no 

trace of a crust generated by crystals trapped behind a solidification front, 

and instead have a thick pile of accumulated pyroxene grains. We suggest 

two mechanisms by which the pyroxenite might have formed. 

Model 1 

With progressive conductive cooling through the rubbly top of Theo's 

Flow, the melt in a layer near the top of the melt pool, soon (in several days) 

began to nucleate and crystallize. In this crystallization zone, perhaps 10-50 

cm thick, augite began crystallizing under steady-state nucleation and growth 

conditions, and remained the sole liquidus phase for a long temperature 

interval. If there had been no density difference with the underlying melt or 

no convection occurring, this solidified material would have been trapped, 

thickened into a crust, and the solidification front would have progressed 

downward. However, since the pyroxene grains were denser than the 

underlying melt, they had a greater tendency to sink. Even so, small newly-
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formed grains probably did not sink very quickly. More likely, and as was 

suggested by the cluster analysis, there were clumps of crystals with trapped 

melt that sank as suspension plumes (Jaupart et al., 1984). Clusters could 

sink more rapidly than individual grains and better survive a traverse of the 

hotter molten interior. 

Ongoing convection greatly aided in this sinking process so that little 

crustal material built up. Each parcel of crystallizing material fell as a plume 

before the crystallization zone became "solidified" (>50% crystals) (Mangan 

and Marsh, 1992) to be replaced by a new batch of upwelling hot melt from 

the interior (Fig. 2.39). Also hindering the complete solidification of the 

crystallization zone was the abundant latent heat of crystallization imparted 

to the surroundings by the newly formed grains. This heat was transferred to 

the melt and the cooler grains were removed, maintaining a hot molten zone 

where new crystallization could occur. In a few places, this system might not 

have worked as efficiently as in most, generating sporadic occurrences of real 

roof, which is now seen as the aphanitic pyroxenite reported by Arndt (1975). 

Estimates from CSD analysis suggest that growth times for the 

pyroxenite augites were on the order of 4-10 days to 55-160 days, depending 

on growth rates. If the crystallization took place near the base of the 

hyaloclastite (where the most evolved compositions are currently found), 

there was about 5-10 m of insulating overlying material. Estimates of the 

temperature in the crystallization zone at critical times can be made using a 

heat diffusion equation of Carslaw and Jaeger (1959): 

T(z, t) = Tarnb + (T0 -Tamb) erf (z * (4Kt)-1/2) 

where T 0 is the starting magma temperature, T amb is the ambient temperature 
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Figure 2.39: Schematic drawing of Model 1: the formation of Theo's pyroxenite 
layer. Clusters of grains nucleate and grow in the cooler crystallization zone 
(CZ) near the top. After a critical time, the clusters sink, to collect at the base 
and build up the cumulate pile. Note the section of crust that did not fall. 
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(here taken as heated water), z is the depth, and K is the thermal diffusivity. 

(This equation does not take into account the latent heat of crystallization so it 

should be regarded as a lower limit of the temperature.) Using T0 = 1280° C, 

T amb = 100° C, K = 10-6, then a zone just below the hyaloclastic top (with about 

7 meters of insulation) would have cooled less than a couple degrees after two 

weeks, and even after three months, the zone would still be about 1180° C. 

According to the MEL TS equilibrium model program (Ghiorso and 

Sack, 1995), by 1180° C the crystallization zone would be just over 25% 

crystalline, less than the critical 50% crystalline "solid crust" defined by 

Marsh (1989). Mangan and Marsh (1992) describe the 25-50% range of 

crystallinity as a "highly viscous mush" in which "relative crystal motion is 

sluggish". This is ideal for settling of crystal/ melt suspensions. This 

rheologic barrier may prevent individual crystals from settling out, but if a 

whole parcel of rheologically sticky material broke loose, it would settle as a 

complete unit of melt and crystals. This means the crystal population would 

not be subject to any sorting and the size distribution would remain 

unchanged. The size of the suspension parcel would also help to insulate 

against resorption, of which there is no petrographic evidence, during settling 

through the hotter interior of the flow. 

The difficulty with this model of complete growth followed by settling 

comes from the length of time the grains must remain in the upper 

crystallization zone. The grain distributions show that much of the growth 

was in a situation of steady-state nucleation and growth which, for this model, 

we assume occurred in the crystallization zone. This necessitates that the 

populations encompassed by the crystal/melt suspension clusters remained 

in the zone for the growth period of a week to a couple months. But when we 
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apply theoretical equations (Marsh, 1988b; Hess and Parmentier, 1995) to 

determine the time it takes for instabilities to form and generate falling 

plumes of material, the results seem incompatible. For example, Hess and 

Parmentier (1995) show an instability will form according to: 

t = (6.5 µ2 2/3 µ1 1/3)/ (i1p)gh 

where µ1 and µ2 are the viscosity of the melt and the crystal-rich zone 

respectively, i1p is the difference in density between the two, g is gravity, and 

h is the thickness of the crystallization zone. Using reasonable values for these 

variables (µ1 = 32 poise, µ2 = 320 poise, g = 980 cm/ s2, i1p = 0.1 g/ cm3 (for 

30% crystals), h = 50 cm), an instability layer would have formed after a tenth 

of a second. Even is the calculation is off by a couple orders of magnitude, 

this is clearly not sufficient time for the augite grains to have grown. This 

point of confusion led us to explore a different model for cluster settling and 

grain growth. 

Model 2 

Again, we presume that activity began at the top of the melt pool, where 

nucleation started in the cooler zone near the base of the hyaloclastic top. But 

with the formation of a cluster of pyroxene nuclei and the barest beginnings of 

growth, the cluster became denser than the surrounding melt and sank into 

the melt pool below. Active thermal convection in the interior swept the 

parcel through an entire circulation pattern, with pyroxene grains growing 

the entire time (Fig. 2.40). At the top of the convection cell, the parcel passed 

through, or near, the lower portion of the cooler nucleation zone again, where 

more nuclei could form within the cluster. These nuclei then joined the other 
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Figure 2.40: Schematic drawing of Model 2. Clusters of nuclei form and begin 
to grow in the crystallization zone (CZ). Most sink promptly into the melt pool, 
where the clusters circulate and grains grow throughout each convection cycle. 
Nucleation occurs at the top of the cycle as clusters are carried near the CZ 
again. Clusters settle out once they are too heavy to be carried aloft again. 

104 



grains m growing throughout the following cycles. This cycling occurred 

repeatedly and rapidly enough that each cluster experienced, essentially, 

steady-state nucleation and growth. 

The cluster of melt and grains eventually reached a critical mass after 

which it was too large and heavy to be wafted back up to the top of the 

convection cell, and instead sank out at the bottom through a stagnant basal 

layer of melt Gaupart et al., 1984) (Fig. 2.40). Having a sinking trigger based 

on a critical mass could account for the remarkably similar residence time 

experienced by all the grains throughout the pyroxenite. In addition, there 

could be a link to the minor fluctuations measured in CSD slope and 

intercept relating nucleation and, hence, grain density to duration of growth. 

A more concentrated cluster of grains would reach the critical mass after a 

shorter growth period, so the average grain size would be smaller upon 

settling. In contrast, a sparser cluster would need to grow longer, generating 

slightly larger grains, before the requisite mass was reached. 

We can try to evaluate this model by performing some simple 

calculations. The Hess and Parmentier (1995) equation, used above, shows 

that instabilities form rapidly with the low viscosity of the magma and the 

density difference between the magma and pyroxene. This would cause the 

initial disturbance and settling of the newly formed clusters. But is there 

enough 'time for the grains to grow while cycling through the convection cell 

before settling out at the bottom? 

The convection speed of a cell the size of the melt pool can be calculated 

from (Turcotte and Schubert, 1982; eq. 6-350): 

U0 = 0.354 (K/b) Ral/2 
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where K (thermal diffusivity) is 10-6, b (thickness of the pool) is 100 m, and Ra 

(Rayleigh number) is 4xl013. This gives us a starting convection velocity of 

over 2 cm/ s, which would have dropped to about 1.5 cm/ s by the time 

pyroxene began to grow. To start with, when the pool is 100 m deep, this 

means each cycle would take nearly 2 hrs. Based on the growth times we 

calculated earlier, this implies the clusters had to go through 48-120 cycles, 

for G1, or 660-1920 cycles, for G2. This seems a remarkably high number for 

the slower growth rate, but as the main melt pool begins to have more clusters 

in suspension, convection may slow, so cycles will take longer and thus, fewer 

cycles will be needed to grow the grains to their observed sizes. 

Using Stokes settling equation (Turcotte and Schubert, 1982; eq. 6-229): 

U = 2(~p )ga2 /9µ 

(where U is the upward velocity of the cell circulation, ~p is the difference in 

density, g is gravity, a is the cluster radius, and µ is the viscosity of the fluid), 

we can calculate the approximate size at which a pyroxene cluster would fall 

out of the convection cell. Assuming 30% pyroxene by volume, once a cluster 

reached about 4 cm in diameter, it would sink faster than the convection cell 

velocity, and settle out. This size easily encompasses the areas considered for 

the CSD analyses, suggesting a complete size distribution could be contained 

in such a cluster. It is also larger than the areas measured for cluster analysis, 

which suggests that even within the crystal/melt clusters there were clumps 

and chains of grains. Perhaps this was due to grains grown during previous 

cycles acting as preferential sites of nucleation of new grains. 
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Whether the grains grew entirely near the top of the body (model 1) or 

grew while circulating (model 2), once the parcels of crystal/melt suspension 

settled out of the central convecting area, they added to the growing cumulus 

pile (Fig. 2.41). The clusters probably flattened somewhat upon impact, 

contributing to the concentration of grains measured modally. The upper 

layers of the pile must have remained in contact with the overlying melt pool 

for some time, allowing some free circulation of intergranular melt. Pyroxene 

cores then continued to grow in equilibrium (approximately) with the rest of 

the melt pool, increasing the average grain size of the clusters without, yet, 

adding more evolved rims to the grains. This melt interaction would also 

have contributed to the gradual cooling and evolution of the larger melt pool. 

With continued settling of clusters, each layer gradually became more 

buried and more cut off from the overlying melt pool. The remaining 

interstitial melt then evolved more rapidly, encouraging the growth of Fe

enriched pyroxene rims and, finally, the addition of interstitial plagioclase. 

The morphology of the plagioclase, in sprays and long laths, suggests there 

was delayed nucleation and only upon supersaturation did the plagioclase 

nucleate and grow rapidly. 

Formation of the gabbro 

As more and more pyroxene grew and settled out, the larger melt pool 

also gradually evolved in composition until plagioclase joined pyroxene as a 

primary crystallization phase. This is the point, stratigraphically, at which we 

first see a real change in grain size (Fig. 2.11), and a significant change in Gt. 

The crystallization scheme and the convecting system must have been 

changed at this point. 
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Figure 2.41: A close-up schematic view of the uppermost layer of the 
growing cumulus pile. Clusters settle, flattening slightly upon impact and 
expelling some slightly evolved melt. This rises and becomes incoporated 
into the larger melt pool. Most of the interstitial melt in this uppermost 
zone remains in contact with the overlying pool. Once a layer is buried 
sufficiently by subsequent clusters, trapped melt pockets can evolve and 
eventually grow the interstitial plagioclase. 
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The decrease in temperature and increase in viscosity and crystallinity 

over the duration of the pyroxenite formation, as well as the decrease in the 

volume of remaining melt, gradually caused the convection cells to shrink 

and slow (Brandeis and Marsh, 1989). For the first 10 m worth of significant 

plagioclase growth (the transitional gabbro), pyroxene and plagioclase are 

still cumulus in texture, with no intergrowth of the phases (Fig. 2.12b). This 

suggests the original crystallization scheme (model 1 or model 2) was 

probably still in effect for a brief time. The fact that there are no flotation

generated plagioclase cumulates suggests there was still enough pyroxene in 

each cluster (40-50 vol%) to entrap the plagioclase grains and help them to 

settle with the heavier augite, although probably less efficiently. 

With a growing modal percentage of plagioclase (eventually up to 50%), 

the density contrast between the crystal/melt suspensions and surrounding 

melt pool diminished, and the settling and/ or circulation of grain clusters 

became too inefficient. The liquid viscosity was still low enough--only 20 Pa

s, according to MELTS (Ghiorso and Sack, 1995)--to allow convection, 

theoretically, but the number of crystals in the shrinking magma pool must 

have increased the bulk viscosity significantly. Above the transitional gabbro 

we find completely intergrown plagioclase and pyroxene in a typical basaltic 

subophitic texture (Fig. 2.12c). This final phase of growth and flow 

solidification probably occurred in situ, implying convection ceased soon 

(weeks?) after plagioclase started to grow, shutting down whichever settling 

mechanism was in effect and trapping growing crystals in place. 
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Unresolved details 

A remaining point is how long Theo's Flow took to solidify. If 

convection occurred for the majority of the crystallization of Theo's Flow, 

simple conductive cooling models are not appropriate for determining the 

solidification time for the flow. If model 1 applies for the formation of the 

pyroxenite, we can estimate the time of formation in the following way. We 

estimate that the peridotite formed within the first week by simple settling. 

For the pyroxenite, assume each crystal/melt package is about 0.5 m in size. 

Looking at a column of the flow, the pyroxenite layer is, approximately, made 

up of 120 superposed packages, each formed and deposited after the other. 

Using the CSD residence time estimates of 4-55 days per parcel, it would take 

1.3-18 years to build up the pyroxenite. Similarly with the transitional 

gabbro, it would take 1.3 months to 1.6 years to form. (Using G2, of course, 

these formation times would be longer, 1.6-52 yrs and 5 months-6.5 yrs.) Since 

the rest of the gabbro crystallized by cooling in situ, we can approximate its 

formation timing by the conductive cooling model. Solidifying 25-30 m of 

gabbro would take about 15 years. Altogether, this means it would take on 

the order of 17-35 years (or 17-74 yrs) to solidify, although considerably more 

time would be needed to cool completely to ambient temperature. This is 

much less than the 100+ years predicted by simple conductive cooling for a 

120 m body. 

If model 2 were the method of pyroxenite formation, it becomes more 

complicated. In this situation, the crystal clusters are forming simultaneously 

within the convection cells. For example, package #2 may have begun 

forming only seconds after package #1, so the joint time of their formation is 

only 4 days plus some seconds, not 8 days. Determining this overlap time 
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quantitatively is not feasible without developing a detailed crystallization 

computer model. However, the formational time for the pyroxenite and 

transitional gabbro must have been even shorter than that for model 1, simply 

because of this overlap in growth time. 

A remaining quandary is the case of the missing crust. While both 

models explain many facets of the observed petrology, neither completely 

eliminates the need to have at least some crust crystallized beneath the 

hyaloclastic breccia as the rest of the flow formed (e.g. Worster et al., 1990). 

As mentioned before, our field sampling through the uppermost 

stratigraphic levels was, unfortunately, rather sparse. While we are fairly sure 

that there is not a significantly thick layer (>5 m) missing from our 

stratigraphic column, further field work would help to establish better the 

transition from the uppermost gabbro into the lowermost hyaloclastic top. 

Conclusions 

The results of this study lead to some interesting conclusions about 

crystallization and other processes in extrusive flows. 

1) There is nothing we have found about the timing of the formation of 

Theo's Flow to contradict the theory of an extrusive origin suggested by 

the presence of the hyaloclastic breccia. This, at its most simple, shows 

that not every magmatic body which is thick is intrusive. 

2) Theo's Flow is unusual in its starting magma composition. Despite having 

been labelled an Fe-rich tholeiite, several features, including its Al 

depletion, clearly set it apart from other typical tholeiitic compositions, 

encouraging us to uphold the whimsically suggested addition to 

petrologic nomenclature, "theolite". This highly mafic composition, 

with its low viscosity and dense primary liquidus phase, set the scene for 

a very different kind of solidification process. 
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3) Despite the ongoing debate over the importance of convection in magmatic 

systems, several lines of evidence point to convection playing a key role 

in Theo's formation. Perhaps the unusual magma composition was the 

main factor in promoting continued organized circulation, but it means 

that convection cannot be simply eliminated as an important post

emplacement process from all situations. 

4) From the CSD results, we concluded that a reasonable portion of the 

growth of the pyroxene cores occurred once the grains had settled onto 

the cumulate pile. However, we see uniform core compositions with 

jumps to evolved rim compositions, rather than any continuous 

compositional zoning. This implies that to keep the compositions so 

uniform in the cores, the grains in the pile must have remained in 

equilibrium with the overlying melt pool by actively circulating melt 

through the upper reaches of the pile. While we do see the record in the 

average core compositions of the melt pool's gradual evolution, this 

connection between settled cores and the melt pool must have muted the 

effects of the melt's evolution. This resulted in a remarkably similar 

composition for the pyroxene cores throughout an astounding 60 m of 

pyroxenite stratigraphy. 

5) Finally, this thick surface flow was differentiated. With the exception of 

the basal unit, which we believe is a separate magmatic unit, the 

lithologies a·ppear to have been generated by crystal settling and 

fractionation from a single parent magma. This demonstrates that 

surface flows can differentiate under certain circumstances whether it be 

due to an unusual magma composition or an especially thick magma 

pile. This has interesting implications for extraterrestrial flows, which 

may show more cases of differentiation. There are examples of long, 

thick flows on the Moon and Mars, and samples from the two bodies 

have shown that there was more than just typical basalt involved in other 

planetary volcanism. Chapter 3 addresses the formation of one of these 

unusual extraterrestrial rock suites. 
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CHAPTER3: 
Formation of a martian pyroxenite: a comparative 
study of the nakhlite meteorites and Theo's Flow 

(To be submitted for publication with co-authors G.J. Taylor and A.H. Treiman) 

Introduction 

Understanding lava flow emplacement and post-emplacement 

solidification would be greatly enhanced by studying lava flows formed in an 

array of different environments, such as on other planets. Due to the lack of 

hand samples, work on extraterrestrial flows has been mostly limited to 

remote studies using medium-resolution images, drawing on parallels to 

terrestrial flows in surface morphologies (Thelig and Greeley, 1986), flow 

dimensions (e.g. Hulme, 1976; Wadge & Lopez, 1991) and flow shapes (Bruno 

et al., 1992, 1994). However, there is a suite of extraterrestrial igneous 

samples, the SNC meteorites, that represent a variety of compositions and 

probably a range of emplacement environments. A martian origin for the 

SNC meteorites is well-established now (e.g. McSween, 1994). Gaining a 

better understanding of the formational histories of these meteorites, then, 

provides an opportunity to learn, petrologically and chemically, about the 

volcanic and igneous processes of another planetary body. 

Most of the SNC meteorites (i.e. the shergottites) are basaltic in 

composition and are thought to have formed as cumulates (e.g. Stolper and 

McSween, 1979) or as surface lava flows with two-stage crystallization 

histories (McCoy et al., 1992). The three nakhlites (the "N" of SNC) share 

some similarities with these basaltic shergottites (high Fe contents, mineral 

zoning, etc), but overall they are quite different from the shergottites in their 
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bulk composition, modal mineralogy, and petrographic textures. Their 

formation history must be quite different, too, and by determining the details 

of how and where the nakhlites formed, we can gain further insights into the 

non-basaltic magmatism that occurred on Mars when they formed, only 1.3 

billion years ago (e.g. Nakamura et al., 1982). 

The material presented in this chapter focuses on using some new 

methods to examine the nakhlites, with the aim of establishing some 

limitations on their emplacement environment and crystallization history. 

There are several differences between this study and previous ones. First, we 

acquired and examined more thin sections of the nakhlites (19) than have been 

previously been included in one study in order to evaluate the heterogeneity 

within each meteorite (from section to section) and between the three 

nakhlites. We also focused more on textural aspects of the stones, using 

quantitative petrographic techniques to describe the pyroxenites. 

Specifically, we used crystal size distribution (CSD) analysis and cluster 

analysis (see Chapter 2: Methods) to quantify the pyroxene grain 

distributions, and modal analyses to describe the heterogeneity of the olivine 

distribution. 

The other new element to this study is the comparison to a terrestrial 

analog, Theo's Flow, in Ontario, Canada (Friedman et al., 1995, 1998; Chapter 

2). Treiman (1987) previously noted that this flow is similar to the nakhlites, 

but we have made a more thorough comparison between Theo's pyroxenite 

and the nakhlites in grain textures, modes, distribution, clustering, and 

mineralogic and bulk composition. 

Our reason for using a surface flow for an analog, besides the obvious 

similarities between the two rock suites, is to test the feasibility of the theory 
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that nakhlites formed as surface flows. Impact launch dynamics favor this 

theory (e.g. Gratz et al., 1993). It is certainly easier to launch a rock to escape 

velocity if it is already at the surface. In addition, the fact that the nakhlites 

are virtually unshocked makes it less likely that they experienced multiple 

impact events, which would be required to dig up deeply buried material 

and then subsequently launch it with a second impact event. We have found 

enough similarities between the nakhlites and Theo's Flow, that we feel it is 

entirely feasible that the nakhlites formed, like Theo's Flow as a surface flow, 

or as a very shallow sill. 

Evidence of a martian origin 

Several lines of evidence have led to the conclusion that the SNC 

meteorites originated on Mars. 1) Eleven of the twelve meteorites are very 

young, by meteorite standards, all being dated at~ 1.3 Ga (e.g. Papanastassiou 

and Wasserburg, 1974; Wooden et al., 1979; Nakamura et al., 1982). This 

implies they formed on a large body (bigger than the Moon) that maintained 

sufficient internal heat to be magmatically active in recent solar system 

history. 2) All twelve lie along a distinct oxygen isotopic fractionation line 

which excludes the Earth and the Moon as parent bodies (Clayton and 

Mayeda, 1983, 1996) (Fig. 3.la). 3) Many of the meteorites display evidence of 

water interaction at some time in their formation. Igneous amphiboles in 

Chassigny (e.g. McSween, 1985) imply original water-bearing magmas, and 

hydrous weathering products in all the SN Cs, with non-terrestrial D /H ratios 

(Karlsson et al., 1992; Leshin et al., 1996), imply post-formational circulation 

of groundwater. Mars is the only other rocky planet to show evidence of 

water as an active factor in its geologic history (e.g. Baker et al., 1992). 4) The 

discovery of minimally shocked lunar meteorites in Antarctica (e.g. ALH 
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Figure 3.1: Some points of evidence for the martian origin of SNC meteorites. 
a) Plot (after Wasson, 1985) showing SNC 0-isotope compositions are distinct 
from Earth and other meteorite groups. b) Impressive match between 
elements measured in trapped gases in SNCs and measured in the martian 
atmosphere by the Viking lander (after Pepin, 1985). 
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81005) demonstrated the feasibility of delivering rocks unmelted from other 

sizable bodies to the Earth. 5) And finally, the most decisive evidence comes 

from gases found trapped in shock-produced glass pockets in two of the 

shergottites, EET79001 and Zagami (Bogard and Johnson, 1983; Marti et al., 

1995). Measured amounts of noble gas isotopes in these atmospheric bubbles 

are distinct from terrestrial values but are consistent with the composition of 

the martian atmosphere as measured by the Viking landers (Fig. 3.lb). 

The nakhlites 

The nakhlite group consists of three members: Nakhla, which during a 

witnessed fall in Egypt in 1911 broke into approximately forty stones (e.g. 

Bunch and Reid, 1975); Lafayette, which was found in 1931 in a rock collection 

at Purdue University (Nininger, 1935); and Govemador Valadares, which was 

found in Brazil in 1958 (Burragato et al., 1975). All three are medium

grained, olivine-bearing clinopyroxenites with plagioclase-rich interstitial 

pockets of late-stage material, and all have formation ages of around 1.3 Ga 

(Papanastassiou and Wasserburg, 1975; Wooden et al., 1979; Nakamura et al., 

1982). The remarkable similarity of the three members in petrology, 

geochemistry, exposure and formation ages, and the badly documented 

histories of the two latter meteorites, has led to speculation in the past as to 

whether the finds represent three separate falls or not (e.g. Rowe et al., 1966). 

Previous studies of the nakhlites examined many aspects of these stones 

to clarify their formational history as a group as well as the relationship 

between the three nakhlites. Berkley et al. (1980) suggested the three 

meteorites were distinct based on differences in textures and mineral minor 

element compositions. Trace element and REE patterns (Wadhwa and 
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Crozaz, 1995) and Mossbauer spectroscopy (Burns, 1981) have revealed that 

Nakhla, Governador Valadares, and Lafayette are similar enough that they 

probably derived from the same magma, if not the same lithologic unit, but 

are different enough that they probably represent separate meteorite falls. 

Several investigators have established that the nakhlites experienced pre

terrestrial (i.e. martian) weathering, forming iddingsite, sulfates, carbonates, 

and salts (e.g. Wentworth and Gooding, 1988; Gooding et al., 1990; 

Chatzitheodoridis and Turner, 1990; Treiman et al., 1993). 

Some studies have focused on calculating the nakhlite parent magma 

composition to gain insights into the martian mantle composition. Longhi 

and Pan (1989) used mineralogic compositions and theoretical phase 

boundary relationships to put constraints on the magma composition, while 

Harvey and McSween and Treiman examined both mineralogic zonation 

patterns (Treiman, 1990; Harvey and McSween, 1992a) and magmatic 

inclusion compositions (Harvey and McSween, 1992b; Treiman, 1993) to 

derive several likely compositions. Most recently, Kaneda et al. (1998) 

derived yet another possible parent magma composition by experimentally 

growing pyroxene grains from various melts. These estimates taken together 

represent quite a range of compositions, but in all cases the magma is 

considered highly mafic with very low Al20 3 /Ca0, making it a rather 

unusual composition. While we will not derive our own estimate of the 

nakhlite parent magma, we will use the terrestrial analog comparison as an 

independent way of evaluating previously derived estimates. 

So far there is no consensus on a detailed formational history for the 

nakhlites, but several aspects have been evaluated. Accumulation obviously 

played a role (e.g. Berkley et al., 1980; McSween, 1994), with subsequent 
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overgrowth, although under what conditions is unclear. The depth of 

formation is also debated: the high calcium contents of the olivine grains 

imply a shallow or surface formation (Simkin and Smith, 1970; Smith et al., 

1983). On the other hand, Reid and Bunch (1975) reported magnetite and 

ilmenite compositions that suggest a plutonic origin. 

The relationship between the cumulate phases is also still unresolved. 

Compositional discrepancies in the augite and olivine cores have been 

variously attributed to: pyroxene having grown in situ while olivine was 

introduced as phenocrysts; both species being introduced as phenocrysts 

grown together in a different magma (Treiman, 1990); and both being 

introduced as xenocrysts (Treiman, 1990) grown from separate magmas, both 

of which were distinct from the interstitial parent magma. 

The cooling history is also unclear. Diffusional exchange of Fe and Mg 

in the pyroxene and olivine imply that the nakhlites experienced variable 

degrees of slow cooling, with some areas having more time to equilibrate than 

others (Harvey and McSween, 1992a). Other features, like the presence of 

orthopyroxene poikilitically enclosing mesostasis olivine, suggests rapid 

cooling below 900° C (Harvey and McSween, 1992a). Supporting this idea, 

the radiating interstitial plagioclase texture has been interpreted as due to a 

late-stage quenching event. 

In this chapter, I will present information on the qualitative petrography 

(mineralogy, textures), composition (mineral and whole rock), and 

quantitative petrography (CSD, cluster analysis) of the nakhlites, putting a 

special emphasis on the comparison of these features with those of Theo's 

Flow, with an aim of clarifying some of the details of the formation of the 

nakhlites. 
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Nakhlite petrologic features 

Mineralogy and textures 

As mentioned above, the nakhlites are medium-grained, pyroxenitic 

cumulates with varying amounts of coarse and fine-grained olivine (Fig. 3.2a). 

Interstitial to the cumulate grains are pockets of fine-grained mesostasis, with 

calcic plagioclase and other minor minerals. 

Clinopyroxene 

The clinopyroxene grains range . from subhedral to euhedral, with well

developed twinning and cleavage. Harvey and McSween (1991) suggested a 

progression of grain morphology from Nakhla, with the most euhedral grains, 

to Lafayette, with the most tightly packed and subhedral grains. Triple 

junctions are common, especially in Lafayette (Fig. 3.2b ), suggesting some of 

the subhedral occurrences are due to secondary growth of grains, perhaps 

even as solid state. Berkeley et al. (1980) reported a slight preferred 

orientation to the elongate pyroxene grains, but no lineation was obviously 

apparent in the thin sections analysed for this study. 

Olivine 

Olivine also displays a range of crystal morphologies, from anhedral, 

nearly interstitial to the pyroxene, to subhedral (Fig. 3.3a). The quality of the 

crystal shape depends on the surrounding material: olivine grains bordering 

mesostasis areas have well-defined euhedral faces, while edges abutting other 

grains are often anhedral, conforming to the boundaries of, and spaces 

between, the augites or other olivines (Fig. 3.3a). Grain morphology also 

seems to correlate with the bimodal size distribution of the population. The 

larger grains are nearly euhedral with small offshoots filling in adjacent 

120 



a) 

b) 

Figure 3.2: Nakhlite textures. a) Typical Nakhla texture showing mostly 
euhedral pyroxene with olivine and interstitial mesostasis. (5.2 mm FOV, 
XPL) b) Lafayette texture more magnified, showing more anhedral pyroxene 
and less mesostasis. (2.6 mm FOV, XPL) 
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a) 

Figure 3.3: Nakhla olivine features. a) Nakhla olivine showing two 
morphologies: euhedral when growing into mesostasis, anhedral and 
interstitial when abutting other grains. (1.3 mm FOV, XPL) 
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intergranular gaps, while the smaller olivine grains are irregular and more 

interstitial to pyroxene. 

The nakhlite olivines are noted for their inclusions. Many of the large 

olivine grains, especially in Governador Valadares, contain magmatic 

inclusions believed to represent an early nakhlite melt (Harvey and McSween, 

1992b; Treiman, 1993). The magmatic inclusions are typically predominantly 

augite with varying amounts of olivine, Si-rich glass, Fe-Ti oxide, and 

amphibole (Harvey and McSween, 1992b) (Fig. 3.3b). In addition, many large 

olivine grains display a sprinkling of micron-sized dark inclusions (Fig. 3.3c), 

which were identified as symplectites in Nakhla (Yamada et al., 1997). These 

inclusions, composed of intergrown magnetite and augite, apparently form as 

a result of excess Fe3+ in the olivine structure. Cooling and shrinking of the . 

crystal lattice brings the tri-valent cation into too close proximity to the more 

abundant cation Si4+, causing the iron to be expelled from the structure 

(Moseley, 1984). This Fe3+ forms magnetite, and other elements incompatible 

to the olivine structure, such as Ca and Al, prompt the formation of Mg-rich 

pyroxene (Moseley, 1984) intergrown with the magnetite within the olivine. 

Another important feature of the olivine in the nakhlites is the presence 

of pre-terrestrial weathering in the form of orange-brown iddingsite along 

cleavage surfaces. Water extracted from this hydrous alteration product gave 

proof that the alteration was pre-terrestrial and, incidentally, provided the 

isotopic composition of martian water (Leshin et al., 1996). 

Mesostasis and minor mineral phases 

The interstitial mesostasis between the cumulate grains derives from 

late-stage melt crystallized in situ, and so bears an assortment of minor 
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Figure 3.3 (cont): b) Magmatic inclusions in olivine showing two main types 
described by Harvey and McSween (1992b). (1.3 mm FOV, refl. light) c) 
Symplectites (Fe-oxide -t- cpyx) in large Nakhla olivine. (1.3 mm FOV, XPL ) 
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minerals: calcic plagioclase, K-feldspar, clino- and orthopyroxene, Fe-rich 

olivine, Fe-Ti oxides (magnetite and ilmenite), sulfides (FeS, pyrite, 

chalcopyrite), and chlorapatite (Bunch and Reid, 1975). The plagioclase is the 

most abundant phase and displays two morphologies (Bunch and Reid, 1975): 

long, thin sprays radiating from adjacent cumulus crystal faces and apices 

(Fig. 3.4a), and thicker, stubby laths that fill the space more haphazardly (Fig. 

3.4b ). Both morphologies are displayed in all three meteorites, but there is a 

tendency toward thicker plagioclase laths in Lafayette. 

Mineral compositions 

Several studies have presented compositions of the primary mafic 

phases in the nakhlites (e.g. Bunch and Reid, 1975; Berkley et al., 1980; 

Treiman, 1990; Harvey and McSween, 1992a), but the number of samples 

represented by these previous studies is limited. As part of our study, we 

acquired different samples from the above projects as well as some newly 

made thin sections, so our new measurements add significantly to those 

already in the literature. 

New compositional information for nakhlite pyroxene and olivine is 

shown in Tables 3.1 and 3.2. Compositions were measured on the electron 

microprobe as described in Chapter 2: Methods. Pyroxene cores and rims 

(Table 3.1) were distinguished visually in backscatter electron (BSE) images, 

the rims appearing lighter grey than the cores. Olivine cores and rims (Table 

3.2) were less easily distinguishable visually, so points were chosen mostly by 

geometry. The categories might better be termed "centers" and "edges". 

Overall, the data agree well with previously published compositions 

(e.g. Bunch and Reid, 1975; Treiman, 1990; Harvey and McSween, 1992a). 
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a) 

b) 

Figure 3.4: Mesostasis textures (both 1.3 mm FOV, refl. light) a) Fine radiating 
sprays b) Blocky, unarranged laths 
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Table 3.1. Average nakhlite pyroxene compositions 

Cores Nakhla 1* Nakhla2* Nakhla3* 
avo stdev ava stdev llVn stdev 

SiO. 52.35 0.61 52.07 0.26 52.13 0.26 

Ti02 022 0.10 022 0.00 020 0.08 

A120, 0.78 0.33 0.76 0.15 0.75 0.16 

cr.o, 0.37 0.04 0.38 0.03 0.38 0.04 

FeO 13.81 0.67 13.93 0.3> 14.09 0.31 
MnO 0.44 0.04 0.42 0.03 0.43 0.03 
MgO 13.63 0.42 13.36 0.33 13.41 029 
cao 17.99 0.38 1827 021 18.05 0.17 
Na,O 0.25 0.05 0.19 0.02 0.19 0.02 

total 99.83 0.90 99.60 0.19 99.64 0.28 

Wo 37.7 0.8 38.3 0.5 37.8 0.5 
En 39.7 0.9 38.9 0.8 39.1 0.7 
Fs 22.6 12 22.8 0.6 23.1 0.5 
# ts p aJ aJ 21 

Rims Nakhla 1 Nakhla2 Nakhla3 
Si02 51.98 0.50 50.04 0.85 49.94 

Ti02 0.40 0.11 0.37 0.12 0.41 

Al.O, 1.64 0.37 1.50 0.45 1.60 

cr.o, 0.16 0.06 020 0.00 0.17 

FeO 18.28 0.49 18.89 1.68 20.13 
MnO 0.50 0.04 0.52 0.04 0.53 
MgO 9.79 0.40 10.10 121 9.39 
CaO 1721 0.18 17.50 024 1724 
Na,O 0.23 0.01 024 0.02 024 

total 100.19 0.44 99.35 027 99.65 

Wo 382 0.4 37.8 0.4 37.5 
En 302 1.1 3).3 32 28.4 
Fs 31 .6 0.9 31.9 3.1 342 
#pts 13 19 

•Nakhla 1 = Naturhistorisches Museum Wien plug 
Nakhla 2 =British Museum 1913, 26 (1) [PTS] 
Nakhla 3 = British Museum 1911, 369 (1) (PTS] 

0.48 

0.08 

0.32 

0.06 

0.82 
0.03 
0.61 
0.26 
0.02 

0.28 

0.6 
1.7 
1.6 
19 

Nakhla 4 = Musee National d'Histoire Naturelle 1225 [PTSJ 
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Nakhla4* Nakhla5* Nakhla6* Nakhla7* 
ava stdev llVn stdev ava stdev """' 
52.15 027 52.18 0.32 51.68 0.31 51 .78 

021 0.07 0.25 0.08 0.18 0.07 0.18 

0.78 0.18 0.82 0.17 0.72 020 0.71 

0.38 0.04 0.41 0.04 0.40 0.04 0.40 

13.85 0.26 14.08 0.30 13.99 0.41 13.94 
0.43 0.03 0.43 0.03 0.43 0.04 0.41 

13.48 029 13.40 0.25 13.43 029 13.46 
1824 0.33 18.23 0.26 18.23 0.26 18.03 
0.19 0.02 0.19 0.02 0.19 0.02 0.18 

99.71 0.28 100.00 Q.26 99.26 0.33 99.09 

382 0.8 38.1 0.7 38.1 0.5 37.9 
392 0.7 39.0 0.5 39.1 0.7 39.3 
22.6 0.4 23.0 0.5 22.8 0.7 22.8 

aJ aJ 21 

Nakhla4 Nakhla5 Nakhla6 Nakhla 7 
50.28 

0.33 

129 

020 
19.48 
0.55 
9.90 

17.28 
024 

99.55 

37.4 
29.8 
32.9 

0.51 50.04 0.67 49.72 1.18 

0.08 0.39 0.10 0.37 0.14 

0.40 1.52 0.44 1.45 0.56 

0.09 0.16 0.08 020 0.11 

1.31 19.75 1.42 18.89 2.69 
0.04 0.55 0.05 0.53 0.06 
0.80 9.71 0.90 10.12 1.78 
029 1729 0.44 17.49 0.66 
0.03 0.23 0.03 0.23 0.03 

0.34 99.65 0.31 99.00 027 

0.6 37.4 0.7 37.8 12 
22 292 2.4 30.3 4.7 
2.4 33.4 2.7 31 .9 5.1 
18 17 14 

Nakhla 5 =US National Museum 5891-1 [PTS] 
Nakhla 6 = Univ. of Hawaii 110 (PTSJ 

5025 

029 

1.23 

022 
17.73 
0.50 

11.06 
17.51 
0.23 

99.02 

37.5 
32.9 
29.7 

Nakhla 7 = Naturhistorisches Museum Wien 1 [PTS] 

stdev 
0.25 

0.08 

0.19 

0.05 

024 
0.03 
0.26 
0.34 
O.o1 
025 

0.7 
0.7 
0.4 
15 

1.00 

0.12 

0.49 

0.11 

2.16 
0.04 
1.48 
0.37 
0.04 

0.17 

0.5 
3.9 
4.0 
14 



Table 3.1 (cont). Average nakhlite pyroxene compositions 

Cores Gov. Valadares 1 • Gov. Valadares 2 Gov. Valadares 3* Lafavette 1 • Lafavette 2* 
ava st dev ava st dev avo st dev avo st dev ava st dev 

Si02 51.65 0.25 51.97 0.34 51.95 0.19 53.25 0.21 51.64 0.29 

Ti02 0.19 0.07 0.25 0.09 0.24 0.08 0.20 0.06 0.24 0.08 

Al203 0.75 0.15 0.85 0.21 0.79 0.17 0.73 0.16 0.86 0.21 

Cr203 0.40 0.04 0.39 0.04 0.39 0.04 0.43 0.04 0.45 0.04 

FeO 13.92 0.27 13.81 0.33 14.03 0.39 13.29 0.33 13.92 0.28 
MnO 0.44 0.03 0.42 0.02 0.43 0.04 0.43 0.03 0.42 0.04 
MgO 13.51 0.20 13.23 0.33 ·13.33 0.25 13.62 0.22 13.45 0.22 
Cao 18.24 0.28 18.38 0.28 18.43 0.29 18.05 0.25 18.08 0.22 

Na20 0.19 0.02 0.20 0.02 0.19 0.02 0.19 0.02 0.21 0.02 

total 99.29 0.31 99.51 0.26 99.77 0.24 100.18 0.18 99.27 0.31 

Wo 38.1 0.6 38.6 0.7 38.5 0.6 38.1 0.6 37.9 0.5 
En 39.2 0.5 38.7 0.8 38.7 0.7 40.0 0.5 39.3 0.5 
Fs 22.7 0.4 22.7 0.6 22.8 0.6 21.9 0.5 22.8 0.5 
# pts 18 25 20 16 21 

Rims Gov. Valadares 1 Gov. Valadares 2 Gov. Valadares 3 Lafavette 1 Lafavette 2 
Si02 50.23 1.01 49.82 0.55 49.65 0.49 50.20 0.39 51 .04 0.80 

Ti02 0.29 0.14 0.41 0.12 0.46 0.09 0.40 0.08 0.23 0.13 

Al203 1.22 0.49 1.61 0.40 1.82 0.40 1.47 0.46 0.95 0.47 

Cr203 0.23 0.11 0.17 0.07 0.13 0.08 0.17 0.10 0.34 0.14 

FeO 17.64 2.38 19.20 0.75 19.74 0.73 18.08 0.81 15.72 1.81 
MnO 0.50 0.06 0.54 0.03 0.55 0.03 0.52 0.03 0.48 0.05 
MgO 10.97 1.77 9.85 0.64 9.46 0.64 10.82 0.36 12.54 1.19 
cao 17.72 0.25 17.58 0.17 17.50 0.22 17.33 0.37 17.63 0.36 

Na20 0.23 0.04 0.25 0.02 0.25 0.02 0.26 0.02 0.23 0.03 

total 99.03 0.19 99.45 0.32 99.56 0.19 99.24 0.22 99.15 0.20 

Wo 37.9 0.4 38.0 0.4 38.0 0.5 37.3 0.8 37.2 0.4 
En 32.6 4.6 29.6 1.7 28.6 1.7 32.4 1.0 36.8 3.1 
Fs 29.5 4.4 32.4 1.5 33.4 1.5 30.4 1.4 26.0 3.3 
# pts 15 18 22 16 14 

*Gov. Valadares 1 =British Museum 1975, M16 (1) [PTS] Lafayette 1 =US National Museum 1505-1 [PTS 
Gov. Valadares 2 =British Museum 1975, M16 (2) [PTS] Lafayette 2 =AZ. State Univ 167ax [PTS] 
Gov. Valadares 3 =Univ. New Mexico 480 
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Table 3.2. Average nakhlite olivine compositions 

Cores Nakhla 1* Nakhla 2* Nakhla 3* 
avQ st dev avQ st dev avQ st dev 

Si02 32.76 0.32 32.70 0.43 32.31 0.28 

FeO 50.72 1.47 50.98 2.30 52.77 1.15 
MnO 1.00 0.05 1.01 0.07 1.08 0.05 
MgO 14.29 1.25 14.38 1.82 13.11 0.99 
Cao 0.41 0.07 0.45 0.21 0.28 0.08 
total 99.19 0.29 99.51 0.32 99.56 0.26 

Fo 33.4 33.4 30.5 
Fa 66.6 2.6 66.6 3.8 69.0 2.1 
# pts 22 20 7 

Rims Nakhla 1 Nakhla 2 Nakhla3 

Si02 32.28 0.08 32.39 0.24 32.01 

FeO 53.20 0.73 52.31 1.21 53.75 
MnO 1.04 0.05 1.05 0.04 1.07 
MgO 12.22 0.61 13.15 1.08 12.24 
Cao 0.32 0.08 0.27 0.08 0.21 
total 99.06 0.19 99.17 0.24 99.28 

Fo 29.04 30.9 28.8 
Fa 70.96 1.30 69.1 2.3 71.2 
# pts 8 12 

*Nakhla 1 = Naturhistorisches Museum Wien plug 

Nakhla 2 = British Museum 1913, 26 (1) [PTS] 
Nakhla 3 = British Museum 1911 , 369 (1) [PTS] 

0.49 

2.13 
0.05 
1.77 
0.07 
0.30 

3.8 

13 

Nakhla4* Nakhla5* Nakhla 6* 
avQ st dev avQ st dev avQ st dev 

32.58 0.33 32.77 0.36 32.14 0.44 

50.46 1.50 49.94 1.55 52.20 2.15 
1.01 0.06 0.98 0.04 1.00 0.07 

14.89 1.31 15.46 1.36 14.00 1.77 
0.42 0.07 0.40 0.05 0.36 0.09 

99.36 0.26 99.54 0.30 99.70 0.30 

34.4 35.5 32.3 
65.6 2.7 64.5 2.7 67.7 3.7 

20 20 15 

Nakhla4 Nakhla5 Nakhla6 

32.42 0.38 32.10 0.31 31.74 0.39 

51.57 1.56 53.16 1.29 53.93 1.78 
1.01 0.05 1.03 0.05 1.03 0.05 

14.08 1.44 12.62 1.08 12.55 1.51 
0.25 0.06 0.29 0.08 0.20 0.08 

99.33 0.38 99.19 0.33 99.46 0.35 

32.7 29.7 29.3 
67.3 2.9 70.3 2.3 70.7 3.2 

17 18 13 

Nakhla 5 = US National Museum 5891-1 [PTS] 

Nakhla 6 = Univ. of Hawaii 110 [PTS] 

Nakhla 7* 
avQ st dev 

32.26 0.47 

51.89 2.60 
1.00 0.07 

14.30 2.08 
0.39 0.09 

99.83 0.27 

32.9 
67.1 4.3 

22 

Nakhla 7 

32.25 0.34 

51.88 1.85 
1.00 0.06 

14.39 1.53 
0.27 0.07 

99.78 0.32 

33.0 
67.0 3.1 

19 

Nakhla 7 = Naturhistorisches Museum Wien 1 [PTS] 
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Table 3.2 (cont). Average nakhlite olivine compositions 

Cores Gov. Valadares 1' Gov. Valadares 2* Gov. Valadares 3* Lafavette 1 * Lafavette 2* 
avQ st dev avQ st dev avQ st dev avQ st dev ava st dev 

Si02 32.70 0.33 32.87 0.26 32.51 0.47 32.46 0.19 32.15 0.17 

FeO 49.75 1.72 50.00 1.57 50.43 2.43 51.22 0.61 52.59 0.67 
MnO 0.97 0.04 0.99 0.06 0.99 0.06 1.01 0.06 1.01 0.03 
MgO 15.23 1.41 15.01 1.26 14.93 2.05 14.24 0.54 14.04 0.53 
Cao 0.45 0.06 0.39 0.06 0.41 0.07 0.20 0.03 0.18 0.04 
total 99.10 0.27 99.26 0.26 99.27 0.21 99.13 0.22 99.97 0.33 

Fo 35.3 34.8 34.5 33.1 32.2 
Fa 64.7 2.9 65.2 2.6 65.5 4.2 66.9 1.1 67.8 1.1 
# pts 17 17 16 18 15 

Rims Gov. Valadares 1 Gov. Valadares 2 Gov. Valadares 3 Lafayette 1 Lafayette 2 

Si02 32.29 0.37 32.38 0.30 32.15 

FeO 51.67 1.75 52.25 1.34 51 .89 
MnO 1.02 0.06 1.02 0.04 1.04 
MgO 13.68 1.50 13.08 1.01 13.64 
Cao 0.27 0.08 0.31 0.05 0.23 
total 98.93 0.22 99.04 0.21 98.95 

Fo 32.0 32.6 31.9 
Fa 68.0 3.1 67.4 2.2 68.1 
# pts 14 9 

*Gov. Valadares 1 =British Museum 1975, M16 (2) [PTS] 

Gov. Valadares 2 = British Museum 1975, M16 (2) [PTS] 

Gov. Valadares 3 = Univ. New Mexico 480 

0.30 32.58 0.12 32.12 0.22 

1.49 50.80 0.65 52.57 0.37 
0.05 1.00 0.04 1.01 0.03 
1.12 14.42 0.52 13.87 0.32 
0.09 0.20 0.05 0.18 0.04 
0.21 99.01 0.20 99.74 0.34 

33.6 32.0 
2.4 66.4 1.1 68.0 0.6 

12 8 15 

Lafayette 1 = US National Museum 1505-1 [PTS] 

Lafayette 2 = AZ State Univ 167ax 



We find, as did previous authors, that the Fe in the olivine cores is greater 

than it should be if they were in equilibrium with the pyroxene cores. We 

also find Fe-rich rims on pyroxenes and olivines in most samples. Comparing 

average oxide values suggests some trends between the different nakhlites, 

but in most samples there was a wide range in values measured, as evinced by 

the standard deviations (Tables 3.1, 3.2). As a result, some apparent trends are 

not as significant as the average values may suggest. In addition, when 

compared to other literature data, the average pyroxene and olivine core 

compositions from individual nakhlites are quite scattered in all oxide 

contents (Fig. 3.Sa). 

Rim composition data are sparse in the literature, and while we do see 

quite a spread in compositions from our own measurements, pyroxene rims 

display the best evidence of differentiation in the magma composition. In 

examining augite FeO, Ti02, Al20 3, and Cr20 3, all good differentiation 

indicators, we find well-defined trends between the core and rim 

compositions (Fig. 3.Sb ). The zoning of the pyroxenes has already been shown 

to be partly due to diffusion of Fe, Mg, and Ca and partly due to overgrowth 

(Treiman, 1990; Harvey and McSween, 1992a). The core-rim trends measured 

in this study suggest the evolved nature of the late-stage interstitial material 

available for growing pyroxene rims. 

The nakhlite olivines (Table 3.2) show even more scatter in the 

measurements for each sample. As has been noted before (e.g. Treiman, 1990; 

Harvey and McSween, 1992a), in Nakhla and Governador Valadares, the cores 

of large olivine grains are more magnesian than the rims, while in Lafayette 

the rims and cores are very similar in composition. This has been interpreted 

to indicate various stages of diffusional equilibration, with Lafayette showing 
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whole group and individual meteorites. b) Differentiation trends seen in 
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the most thorough equilibration and having no original core compositions 

left. Our data are consistent with these observations and interpretations. 

Textural relationships, discussed below, do favor the crystallization of 

olivine and pyroxene together. However, the altered compositions of the 

olivines prevent us from determining whether the cores of the olivines and 

pyroxenes were, in fact, originally in equilibrium. 

One thing that the compositional zoning, and the interpreted diffusional 

histories, does tell us, though, is that there was probably plenty of time and 

heat for Fe, Mg, Ca, etc. to move up to half a millimeter through the olivine 

structure. This suggests that there would be adequate time for symplectites 

to form during the normal course of cooling of the nakhlites since the 

symplectites call for much smaller distances of elemental diffusion. Their 

presence does not demand a cooling period any longer than the zoned rims of 

the major phases imply. 

Quantitative petrography 

Modes and heterogeneity 

Since many studies of the nakhlites rely on information from only one 

sample per meteorite, a study of the homogeneity of these rocks is pertinent 

and important. Several other SNC meteorites display significant variations in 

grain size and/ or lithologic composition within quite small masses: e.g. 

Zagami (18 kg), EET 79001 (794 g), Y793605 (18 g). If the pre-disrupted Nakhla 

meteorite (10 kg) was about 20-30 cm in diameter, textural and compositional 

variations are a real possibility. Governador Valadares (158 g) and Lafayette 

(800 g) are smaller, but certainly large enough to show, potentially, some 

variability. In principle, an investigation of differences within each meteorite 
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could help to calibrate the significance of variations between the meteorites, 

constraining the size of a common parental magma body. 

To this end, twelve samples of nine different Nakhla stones were 

acquired as well as three samples of Governador Valadares and four of 

Lafayette, all of varying size. Mineral compositions of several of these 

samples were presented above and, when combined with the literature data, 

reveal a range of compositions within each meteorite as large as variations 

between the meteorites. Similarly, modal analyses revealed some interesting 

apparent distributional heterogeneities (Friedman et al., 1994). 

Phase identification was limited, in this analysis, to the primary 

constituents of the nakhlites: pyroxene, olivine, and interstitial mesostasis 

material. The results (Table 3.3, Fig. 3.6) show a much larger apparent 

variation in modal percent than anticipated. In the Nakhla stones, pyroxene 

varies by 11 vol%, olivine by > 13 vol%, and mesostasis by >6%. Governador 

Valadares has average modal contents similar to Nakhla, although the range 

in olivine and mesostasis contents is not as large (6 vol% and 4 vol%, 

respectively). Lafayette has the largest variations in mafic phase content, 15 

vol% in pyroxene and 13 vol% in olivine, and has average olivine contents 

higher than either Nakhla or Govemador Valadares: 16 vol% as compared to 

12 vol% and 10 vol%. As with many other features, Nakhla and Governador 

Valadares are more similar to each other than either is to Lafayette. 

The increase in olivine correlates with a decrease in augite, but there is 

no correlation with mesostasis content (Fig. 3.6). This suggests that the cause 

of the modal heterogeneity is not a real increase in olivine in Lafayette, but 

rather an uneven distribution of olivine. In fact, clumping of medium and 

large olivine grains is clearly visible in hand sample and thin section (Fig. 3.7). 
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Table 3.3. Modal abundances of major nakhlite phases 

Nakhla pyx% ol% me so% area (mm2) # pts 
USNM 2435 75.4 14.2 10.4 115 838 
USNM 5891-1 83.4 11.9 4.7 105 722 
AMNH 3887-2 83.0 8.2 8.7 134 997 
BM 1911,369(1) 85.2 5.7 9.2 92 743 
BM 1911,369(2) 84.4 4.6 11.0 99 764 
BM 1913, 26 74.6 16.0 9.4 66 480 

FMNH Me804 80.7 8.5 10.8 234 1500 
NM Wien 74.1 18.0 8.0 106 540 
MNHN 1225 81.0 13.2 5.8 219 1762 
UH110 76.8 16.0 7.2 22 181 

average 79.9 11.6 8.5 
st dev 4.3 4.7 2.1 

wgt average 80.8 10.8 8.4 

Gov. Valadares pyx% ol% meso% area (mm2) # pts 

BM 1975, M16(1) 81.2 9.7 9.1 79 585 
BM 1975, M16(2) 83.1 7.2 9.6 87 664 
UNM 480 73.5 13.4 13.1 43 321 

average 79.3 10.1 10.6 
st dev 5.1 3.1 2.2 

wgt average 81.2 8.9 9.8 

Lafayette pyx% ol% meso% area (mm2) # pts 
USNM 1505-1 74.4 16.6 9.0 56 445 
FMNH 167ax 70.4 18.6 11.0 53 355 
FMNH F 84.0 7.4 8.6 23 162 
ASU 167ax 69.3 20.0 10.7 9 75 

average 74.5 15.7 9.8 
st dev 6.6 5.7 1.2 

wgt average 73.5 16.7 9.8 
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Figure 3.6: Results of modal analysis of several nakhlite thin sections 
and averages for each meteorite. Only major components (pyroxene, 
olivine and interstitial mesostasis) were considered. 
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Figure 3.7: Olivine grains (labelled) show tendency toward clumping, 
sometimes enclosing pyroxene grains. (2.6 mm FOV, XPL) 
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This clumping, combined with the large grain sizes and limited areal extent of 

the thin sections, creates the apparent heterogeneity between samples. Hence, 

the size and original location of a nakhlite thin section sample may have great 

bearing on the findings for a given study. Furthermore, since the 

heterogeneity within each meteorite is greater than between meteorites, there 

is little hope of using this technique to constrain the size of the parental 

magmatic unit(s). 

Cluster analysis 

The technique of cluster analysis, described in detail in Chapter 2, is 

used to analyze the spatial distribution of grains (Jerram et al., 1996). It 

involves finding grain centers, calculating the average nearest neighbor 

distance between centers, and comparing that to the average distance for 

randomly distributed grains of the same porosity to produce a parameter R 

(Jerram et al., 1996) for comparison to other distributions. The concentration 

of grains in the nakhlites made this task non-trivial, so only one sample of 

each meteorite was analyzed. However, the data do provide some insight. 

Figure 3.8 shows that the nakhlites plot well within the "clustered" 

portion of the graph of R vs. porosity, supporting the conclusion that the 

grains did not accumulate as individuals, but rather in clumps or chains of 

grains (Jerram et al., 1996). It is difficult, however, to draw any definitive 

conclusions about the relationship between nakhlites. There is a suggestion 

that Lafayette experienced more overgrowth than the others and that Nakhla 

may have experienced some minor compaction. 

In examining the spatial distribution of grains, we noted that olivine 

tends to be found in clusters (Fig. 3.9). Many olivine grains, though, are also 
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Figure 3.8: Results of cluster analysis for three nakhlite samples (N, GV, L) 
and 5 Theo's pyroxenite samples (labelled with stratigraphic heights). All 
samples lie in "clustered" area and show relationships of mixed 
overgrowth and minor compaction. 
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Figure 3.9: Portion of cluster analysis overlay for Lafayette sample. Shaded 
grains are olivine, open are pyroxene. Note the clumping tendency of olivine 
grains. (Image is about 4 mm across.) 
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found associated with clusters of pyroxene grains. This suggests that olivine 

clusters not only accumulated with pyroxene clusters, but some olivine 

grains actually grew in clusters with pyroxene. 

Crystal size distribution analysis 

The crystal size distribution (CSD) analysis technique (Marsh, 1988a), 

described in chapter two, also was applied to pyroxene grains of five nakhlite 

sections (two Nakhla, two Lafayette, and one Governador Valadares; Table 

3.4). Results show that average grain sizes are similar between the nakhlites 

but range from 180 µmin Lafayette to 230 µmin Nakhla, with Governador 

Valadares falling in between at 200 µm. The CSD plots (Fig. 3.lOa) all show a 

log-linear relationship for the majority of grain sizes measured, implying 

steady state nucleation and growth were important processes in the formation 

of all these pyroxene populations. Slopes and intercepts of best fit lines to 

these plots show little variation between the nakhlites, with Governador 

Valadares falling the furthest out with a slightly steeper line fit (Fig. 3.lOb). 

Quantitative implications of these slope and intercept values will be 

discussed below in the context of the comparison with the terrestrial analog. 

There are some small deviations from the linear relationships of these 

plots which point to other interesting details of the crystallization process. 

Both Nakhla plots show a slight curvature through the intermediate grain 

sizes, suggesting a slight abundance of grains in one or two bin sizes. One 

could imagine this being due to a slight burst of nucleation at one point in the 

population's crystallization history, causing a pulse of too many grains at a 

particular grain size, which would gradually grow with time. 
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Table 3.4. Crystal size distribution information 

section area (mm2
) #grains avg size (mm) slope intercept R2 

USNM 2435 115.3 1024 0.243 -18.9 ±1.8 10.5 ±0.7 0.955 
AMNH 3887 134.3 1268 0.224 -22.2 ±2.3 11.3 ±0.9 0.986 
USNM 1505 56.3 810 0.187 -20.5 ±1.9 10.4 ±0.7 0.995 
ASU 167ax 51.9 680 0.180 -20.5 ±2.0 10.2 ±0.7 0.997 
BM1975(1) 88.0 852 0.200 -27.4 ±4.5 12.5 ±1.6 0.983 

142 



a) 7.5 

8 
~ 

Nakhla <> 
0 a & Gov. Val.+ 5.0- e ~ 8 Lafayette o 

e <> 
_2.s- ~ · <> 
~ 0 _.... 

..E 0.0- + § 0 

8 g <> 
<> 

-2.5- 8 
-5.0 I I I 

0 0.2 0.4 0.6 0.8 
grain width (mm) 

b) 

15.0 
Nakhla 

Gov. Val. ---------
10.0 Lafayette - - - - -

-~ 
:ss.o 

0.0 
....... .. .... 

.............. 
........... .. .. .. .. 

-5.0 ··. 
0 0.2 0.4 0.6 0.8 

grain width (mm) 

Figure 3.10: Crystal size distribution (CSD) plots of five nakhlite samples. 
a) Raw data showing characteristic shape of the curves with a central 
linear portion and a slight turnover at small grain sizes. b) Least squares 
best fit lines for CSD plots. 
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The plots also show a turnover of the log-linear relationship at the 

smallest grain sizes, with Lafayette showing the least drop off in the number 

of smaller grains. Such a turnover seems attributable to continued grain 

growth without further nucleation of new grains (see chap 2). This would 

generate at least a small turnover, which could be enhanced if active 

dissolution of the smallest grains also occurred by liquid phase sintering. 

Terrestrial analog and comparison 

Theo's Flow 

As described in detail in the previous chapter, Theo's Flow is a complex, 

120-m thick, extremely mafic Archean lava flow found in the Munro 

Township of eastern Ontario (Arndt, 1975; 1977). It is characterized by three 

distinct layered lithologies, a thin basal peridotite, a thick pyroxenite, and a 

thick gabbro, and is capped by a rubbly hyaloclastic top layer, suggestive of a 

submarine extrusion. The pyroxenite layer is, obviously, of primary interest 

for comparison to the pyroxenitic nakhlites. 

The three main lithologies are related in mineral and bulk rock 

compositions by trends which imply differentiation by fractional 

crystallization of an unusual starting magma composition, represented by the 

capping hyaloclastic breccia. Textural relationships and grain distributions, 

in size and space, suggest accumulation of clusters of grains played a major 

role in the formation of the main pyroxenite layer and a thin transitional 

gabbro layer. 

Our model for Theo's formation centers around the pyroxenite layer, 

since the formation of that layer probably occupied the bulk of the 

crystallization period. To briefly recap, we envision that clusters of pyroxene 
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grains underwent nearly uniform periods of steady state nucleation and 

growth while being circulated in a thick, rapidly convecting melt pool. As 

clusters became too heavy, with continued grain growth, they fell out and 

added to a growing cumulate pile. Pyroxene grains in the pile continued to 

grow at the expense of trapped melt pockets, until plagioclase reached 

saturation and the interstitial mesostasis crystallized. Similarly, once the 

overlying melt pool evolved sufficiently, plagioclase joined pyroxene on the 

liquidus and began to co-crystallize. This ended the phase of accumulation 

forming the pyroxenite and switched over to a non-convecting phase of in 

situ growth of the gabbro layer. Such processes might well have contributed 

to the formation of the nakhlites, considering how many features the two 

pyroxenites have in common. 

Textural Comparison 

At first glance, photomicrographs of 2.6-by old Theo's pyroxenite and 

1.3-by old nakhlites are nearly indistinguishable (Fig. 3.11) and even upon 

closer examination, the similarities are remarkable. There are high 

concentrations of augite in both cases, with euhedral to subhedral grains, and 

no obvious preferred orientation to the grains in the sections studied here. 

Average pyroxene grain sizes are similar, with nakhlite sizes slightly 

larger than those in Theo's Flow, but more interestingly, the range of sizes in 

both suites is nearly identical. There has been speculation that it is significant 

that Lafayette grains are, on average, 50 µm smaller than Nakhla (180 µm vs. 

230 µm). According to the accepted concept that grain size increases with 

depth in a flow or sill, this would imply that Lafayette was nearer the margin 

of a unit than either Govemador Valadares or Nakhla. However, Theo's Flow 
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Figure 3.11: Comparative textures of 1.3-by old martian Nakhla (above) and 
2.6-by old terrestrial Theo's Flow (below). (Both are 5.2 mm POV, XPL) 
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shows no systematic average grain size variation with depth. Moving up 

through the pyroxenite layer from 12 m to 61 m, average grain size fluctuates 

from 170 µm to 160 µm to 200 µm to 150 µm to 180 µm. This implies that grain 

size can not be reliably used as a depth indicator, and rather that variations in 

nucleation and growth conditions overwhelm any simple cooling factors in 

governing final grain size. 

Olivine is a significant cumulus phase in the nakhlites, but in Theo's 

Flow, only one zone, near the base of the pyroxenite, had any olivine and that 

has since been pseudomorphically replaced. The remaining outlines of these 

grains, though, show a morphologic tendency similar to that of the nakhlite 

olivines toward being euhedral where the grains could grow into mesostasis 

and being subhedral where they abut pyroxene grains (Fig. 3.12a, 3.3a). There 

is also a clumping tendency in Theo's olivine grains, although less well

developed than in the nakhlites (Fig. 3.12a, 3.3a). Some olivine ghosts in 

Theo's even display relict magmatic inclusions (Fig. 3.12b, 3.3b), an important 

feature noted in the nakhlites. 

The nature of the interstitial material in the martian and terrestrial rocks 

is also remarkably similar: the mesostasis is rich in plagioclase and displays 

the distinct morphology of sprays of long laths (Fig. 3.13, 3.4). However, a 

comparison of the two mesostases illustrates the primary textural differences 

between Theo's pyroxenite and the nakhlites. First, the nakhlites are much 

more compact than Theo's pyroxenite, with the interstitial material only 

representing 5-15 vol% in the nakhlites versus 15-35 vol% in Theo's pyroxenite 

(Fig. 3.14). The greater volume of interstitial melt in Theo's pyroxenite is 

probably the cause of the second difference in texture: the grains in Theo's 

mesostasis are about twice as coarse as in the nakhlites (Fig. 3.13). The greater 
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a) 

b) 

Figure 3.12: Pseudomorhically replaced olivine grains in the basal layer of 
Theo's pyroxenite. Compare with Fig. 3.3. a) Euhedral and interstitial olivine 
morphologies and incipient clumping of olivine grains. (5.2 mm FOV, PPL) 
b) Relict magmatic inclusion in Theo's relict olivine. (1.3 mm FOV, PPL) 
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Figure 3.13: Typical Theo's pyroxenite plagioclase-rich mesostasis texture. 
Compare with Fig. 3.4. (2.6 mm FOV, PPL) Note the difference in scale 
between images. 
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Figure 3.14: Relative proportions of pyroxene and mesostasis in Theo's 
pyroxenite and the nakhlites. The more concentrated nature of the 
nakhlites is attributed to longer post-settling growth of pyroxenes. 
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abundance of interstitial melt in Theo's, once plagioclase began to crystallize, 

would have allowed for longer growth of the plagioclase. In the nakhlites, the 

limited interstitial melt and space would have limited plagioclase growth, 

producing smaller grains. 

The great similarity of the mesostasis in the two rock suites is important 

for formational theories. The fine sprays of plagioclase in the nakhlites have 

previously been held as evidence of a two-stage cooling history with a slow, 

deep cooling, to generate the cumulus phases, followed by a sudden 

quenching of the remnant mesostasis (e.g McSween, 1994). The implied 

sudden exposure to the surface was attributed either to a late eruption of the 

mostly crystallized magma or to removal of an insulating overburden by 

impact. However, the presence of a texturally similar mesostasis in Theo's 

Flow suggests this need not be the case. Theo's Flow erupted as a surface flow 

(Arndt, 1975; chap 2), and the finely radiating sprays of interstitial plagioclase 

are attributed to supersaturation of the melt and sudden crystallization. This 

is in accord with some previous suggestions (R. Harvey, personal 

communication, 1995) that the nakhlite mesostasis texture was due to an 

energetic hindrance of plagioclase nucleation, which led to supersaturation 

and subsequent rapid growth. 

Compositional comparison 

As seen in all martian samples, the nakhlites are much richer in Fe than 

any terrestrial counterparts. However, taking this extra mafic character as a 

given, we can still find some interesting similarities in compositional features 

of Theo's Flow and the nakhlites. 
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Mineral compositions 

One of the fundamental features of nakhlite pyroxenes, which has lead to 

much speculation, is the zonation of the grains. The pyroxene grains display 

magnesian cores, surrounded by Fe-rich rims. As mentioned above, these 

have been attributed partly to overgrowth and partly to diffusion (Treiman, 

1990; Harvey and McSween, 1992a). Rim width and Fe difference varies 

between meteorites (Harvey and McSween, 1992a), with Lafayette showing the 

least, but all have a similar, fairly sharp boundary between core and rim. 

Interestingly, pyroxene grains of Theo's Flow show a very similar zonation, 

with Fe-rich rims surrounding more magnesian cores (Fig. 3.15). Theo's rims 

are thinner in most cases than nakhlite rims, but the boundary between core 

and rim is equally abrupt (Fig. 3.15). (The extra thickness of the nakhlite rims 

is from an inner zone of increased Fe due to diffusional equilibration (Harvey 

and McSween, 1992a).) Even the relative increase in Fe from core to rim is 

similar between Theo's and the nakhlites, with Nakhla and Governador 

Valadares typically displaying increases in Fs content of about 10 mol%, and 

Theo's showing increases of 7-10 mol%. 

Another, slightly confusing feature in the nakhlites, but which also exists 

in Theo's, is the surprisingly wide range of Fe composition in pyroxene cores 

and rims within a small area. There is as much Fe variation of core 

compositions within a thin section as there is between sections (Fig. 3.16), 

precluding finding trends between the meteorites, as noted above. There is 

not even a correlation of Fe content with grain size or location (i.e. associated 

with clusters). One would think that cores that grew from the same melt 

batch, at least within the close proximity of a thin section sample, would show 

less spread in composition. Likewise, if rim compositions have been even 
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Figure 3.16: Pyroxene core iron distribution within single thin sections for 
each nakhlite meteorite and one sample of Theo's pyroxenite (TS7). Note, 
lower x-axis shows Fe# values for Theo's Flow; upper x-axis, for the 
nakhlites. Patterened fields surround the majority of points for each thin 
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partly equilibrated by diffusional processes, especially in the nakhlites, one 

would think those would match more closely as well; but rims show an even 

wider spread than the cores. This issue remains a puzzle to us. However, at 

least we know the feature is not unique to the nakhlites, suggesting we need 

not, and can not, invoke some peculiar, random process to explain it. 

Bulk rock and parent magma compositions 

Comparing bulk rock compositions of Nakhla and Theo's pyroxenite 

reveals some interesting features. Both rocks, of course, are very mafic and 

their pyroxenitic nature is reflected in low Al/Ca ratios. Low Al allowed for 

the extended period of growth of just pyroxene, before plagioclase joined the 

liquidus. This suggests that both parent magmas were also very mafic and 

Al-depleted. We can actually verify this relationship in Theo's Flow by 

examining the quenched hyaloclastic material: it is, indeed, much more mafic 

and Al-depleted than a typical tholeiite (Table 3.5). 

The differences between the two pyroxenites are also telling. Nakhla 

turns out to be even more mafic and Al-depleted than Theo's pyroxenite. 

Average pyroxene compositions show nakhlite augites have much lower Al 

than Theo's average augites (0.72 wt% vs 1.3 wt%), and this shows in the whole 

rock compositions, too (Table 3.5). This comparison of mafic nature is best 

displayed on a graph of FeO+MgO wt% vs. Al20 3 wt% (Fig. 3.17). (We have 

combined FeO and MgO to remove the effect of the Fe-enrichment of the 

martian samples to allow for a more direct comparison of mafic nature.) The 

whole rock, and mineralogic, data reflect that Nakhla's parent magma was 

extremely Al-depleted with perhaps half the Al20 3 of Theo's parent. These 

data may also explain why there is a smaller volume of mesostasis in Nakhla 
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Table 3.5. Comparison of whole rock and parent magma compositions 

Nakhla1 NIM2 NK932 02 

Si02 48.84 46.27 50.2 45.13 

Ti02 0.34 3.69 1.0 0.59 

Al203 1.61 7.66 8.6 3.39 

FeO 19.69 24.68 19.1 26.84 

MnO 0.65 0.4 0.88 

MgO 12.93 5.42 4.0 12.06 

Cao 14.85 10.04 11.9 10.57 

Na20 0.46 1.46 1.2 0.86 

K20 0.14 1.2 2.8 0.34 

P20s 0.7 

1 Average Nakhla bulk calculated by Treiman (1986) 
2 NIM is from Harvey and Mcsween (1992b) 

NK93 is from Treiman (1993) 

D is fromTreiman (1986) 

N is from Longhi and Pan (1989) 

NJ4 is from Kaneda et al. (1998) 

N2 NJ42 Th pm3 Th pxite3 TF2 pm4 TF2 pxite4 

49.01 49.47 49.74 52.4 51.94 52.07 

1.06 0.85 1.04 0.79 1.07 0.77 

2.85 5.71 8.57 6.09 9.37 6.39 

26.23 23.75 15.93 11.54 13.35 12.68 

0.73 0.58 0.23 0.19 0.18 0.20 

5.22 4.62 11.92 13.21 10.17 13.74 

13.92 11.96 11.41 14.93 11.94 13.60 
0.97 1.17 1.11 0.78 1.95 0.26 

0.20 1.49 0.05 0 0.03 0.00 

0.35 0.07 0.05 0.07 0.05 

3 "Th pm" is Theo's parent magma based on the hyaloclastite bulk compositio 

"Th pxite" is Theo's average pyroxenite bulk composition 
4 "TF2 pm" is the 15-m flow parent magma based on its breccia composition 

"TF2 pxite" is the 15-m flow average pyroxenite composition 
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Figure 3.17: Comparison of measured and calculated whole rock and parent 
magma ("p.m.") compositions of Nakhla and Theo's flow. Relative 
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evaluated based on the missing lithologies their positions imply. See text 
for discussion. 
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than in Theo's pyroxenite: reaching an Al saturation sufficient to generate 

plagioclase took long enough that most of the interstitial melt had already 

been used up by additional pyroxene and olivine growth. 

We can learn more about Nakhla's parent magma, and evaluate 

previously proposed parent magmas, by taking advantage of having whole 

rock compositions of Theo's pyroxenite, gabbro, and bulk magma, and bulk 

and pyroxenite compositions of a nearby thinner flow (TF2, the 15-m flow of 

Chap 2). Figure 3.17 shows the rel~tionships between these compositions. 

The position of Theo's parent magma ("p.m.") with respect to its pyroxenite 

reflects the other lithologies which crystallized from the same parent: the 

peridotite pulls the parent right, i.e. more mafic, and the gabbro pulls it up, 

i.e. more aluminous. TF2, in the field, consists of a pyroxenite layer and a 

quenched top, which we assume represents its parent magma. As mentioned 

in Chapter 2, the similarity of the TF2 pyroxenite, in petrology and 

composition, to Theo's pyroxenite led us to suppose that TF2 also 

differentiated; however, there was no evidence in the field of a corresponding 

gabbro. The relative positions of the TF2 pyroxenite composition and its 

parent magma (Fig. 3.17) substantiate that supposition: a gabbro, now missing, 

would account for the more felsic and aluminous nature of the TF2 parent 

magma composition. 

In the introduction of this chapter, I introduced several previous studies 

which derived Nakhla parent magmas by various means: computer 

crystallization models, lab experiments, and magmatic inclusion and mineral 

zonation analyses. If Nakhla was the only product of its parent magma, the 

parent composition would, logically, coincide with the bulk Nakhla 

composition. However, all previously calculated parent magma 
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compositions for Nakhla are different from it, suggesting there may have been 

other lithologies generated from the same parent, as we see in Theo's Flow. 

We can examine and evaluate these proposed parents in the light of the 

"missing" lithologies which are implied by their locations relative to the bulk 

Nakhla composition. 

Firstly, from arguments above it is likely that Nakhla's parent magma is 

more mafic (further right) and less aluminous (lower) than Theo's parent (Fig. 

3.17). From those arguments alone, NK93 (Treiman, 1993) and NIM (Harvey 

and McSween, 1992b) look the least likely to be Nakhla's parent magma. They 

are similar enough to Theo's parent magma, that we would expect them to 

form a pyroxenite much more like Theo's, with more aluminous pyroxenes. 

The higher Al would also make it unlikely that the low-Al pyroxene growth 

could have continued as long as it did in Nakhla before plagioclase began to 

grow. The other parents, D (Treiman, 1986), N (Longhi and Pan, 1989), and 

NJ4 (Kaneda et al., 1998) all look more reasonable. 

D is far more mafic than Nakhla, implying something like a sizable 

peridotite could also have formed from it. This is not unreasonable, but does 

beg the question why Nakhla has so much olivine, since a peridotite would 

have formed first; except for one narrow band, Theo's Flow shows no mixing 

of the two phases. Both N and NJ4 are only slightly less mafic than Nakhla 

(Fig. 3.17), and somewhat more aluminous, implying only a small felsic 

component is missing. This could be attributed to an additional gabbroic 

unit, as in TF2. In such a case, N could have made a small gabbro, while NJ4 

could have produced a larger one after forming Nakhla. NJ4 is also attractive 

because the magma grew pyroxene compositions that were the closest match 

to Nakhla pyroxenes yet produced in a lab experiment (Kaneda et al., 1998). 
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Quantitative petrographic comparison 

Cluster analysis 

As with other features we have seen, cluster analysis reveals distinct 

similarities in the processes involved in forming the nakhlites and Theo's 

pyroxenite. All the pyroxenite samples demonstrate a statistical clustering, 

despite the fact that the higher pyroxene concentration in the nakhlites makes 

it harder to visually distinguish grain clusters. In both rock suites, the 

samples can be related by a combination of overgrowth and minor 

compaction. Even between suites, the apparent differences in pyroxene 

concentration could be due as much to further overgrowth as to minor 

mechanical compaction. Also of note is the fact that the variation between 

nakhlite meteorites is similar to the spread seen throughout Theo's pyroxenite 

and need not be due to distinct histories of unrelated magmatic units. 

The fact that mechanical compaction by crystal deformation does not 

appear to play a large role in the concentration of the pyroxenes is consistent 

with calculations. In the case of a layer composed of a melt within a denser 

matrix, the melt will migrate between the elements of the matrix and coalesce 

to form a pool on top of the matrix provided the starting layer is thick enough 

(McKenzie, 1987). We can calculate the required thickness for mechanical 

compaction to occur by way of melt migration (compaction length) from: 

where oc is the compaction length, (~+4/311) is the viscosity of the matrix,µ is 

the viscosity of the melt, and k<I> is the permeability of the matrix. Using 

typical values (Turcotte and Schubert, 1982) of melt viscosity = 10 Pa-s, matrix 

viscosity = 1018 Pa-s, and permeability of 10-12 (for a 10% melt fraction), 
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compaction length is 1000 m. This is much larger than the thickness of these 

units, implying typical mechanical compaction, with escape of trapped melt, 

would not have occurred over the time span during which these units cooled. 

The primary concentration of cumulate grains, therefore, must be due to 

other processes, such as the continued overgrowth of pyroxene (and olivine, 

in the case of the nakhlites). 

CSD analysis 

In general, the CSD plots of the nakhlites and Theo's pyroxenites are 

remarkably similar (Fig. 3.18a). They share the log-linear relationship through 

most grain sizes, and slope and intercept values of best fit lines cluster 

remarkably well. As before, there is more variation within Theo's pyroxenite 

samples than between Theo's and the nakhlites (Fig. 3.18b). 

Interestingly, the variations in each suite of CSD plots are related by an 

almost linear trade-off between slope and intercept, with the nakhlite 

relationship offset to slightly higher densities. Recall that slope (m) and 

intercept (b) values of the log-linear relationship relate to growth rate (G), 

residence time ('t), and nucleation density (n0 ) by the equations (Marsh, 1988): 

m = l/ (G*'t) and exp(b) = n0 

If growth rate is fairly constant, the trade-off observed between slope and 

intercept (Fig. 3.18b) suggests an even balance of residence (or growth) time 

and nucleation density: fewer grains in a cluster grew slightly longer in 

steady state conditions; more grains in a cluster grew for a shorter period. 

This seems consistent with cluster size acting as a controlling factor in the 

duration of exposure to steady state growth conditions. However, even these 
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Figure 3.18b) Comparison of slope and intercept values for the nakhlites 
and Theo's pyroxenite. Note the almost linear tradeoff in slope and 
intercept for both suites, implying fluctuations in growth conditions where 
grain density and growth duration are linked. The two left-most Theo's 
samples are from the transitional gabbro, showing the more drastic changes 
in growth conditions with the introduction of a new phase, plagioclase. 
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apparent variations in slope and intercept are minor, and probably reflect 

small fluctuations in nucleation and growth conditions during the 

crystallization process. 

By applying a specific pyroxene growth rate, residence times can be 

calculated using the relationships noted above. In performing similar 

calculations for Theo's Flow, two reasonable pyroxene growth rates were 

found (see Chapter 2): G1 = 2.lxl0-8 cmf s and G2 =l.2xl0-9 cmf s. Based on 

observations so far, we assume that the conditions during nakhlite formation 

were similar enough to Theo's Flow that we can reasonably apply those same 

growth rates to the nakhlite pyroxenes. The similar grain sizes and slope 

values mean that resultant grain growth periods are of a similar order of 

magnitude. Using Gv grains grew for 4-10 days in Theo's and 2-12 days in the 

nakhlites; using G2, the time would be 55-160 days for Theo's and 45-190 days 

for the nakhlites. 

The other feature that the CSD plots share is the turnover of the curve at 

the smallest grain sizes. As mentioned previously, the turnover is related to 

continued growth of the population of grains with no further nucleation. This 

causes a drop in the number of small grains by grains growing into the next 

size bin, or by being resorbed by Ostwald ripening processes. The fact that 

the turnover is more pronounced in the nakhlite graphs is consistent with our 

previous conjecture that the nakhlites underwent longer pyroxene growth 

before plagioclase saturation and solidification of interstitial melt pockets. 

The CSD information reveals that this extended growth took place after 

removal from the steady state nucleation and growth conditions. 
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Discussion 

Nakhlite formation 

The model for the formation of Theo's Flow was discussed in great detail 

in Chapter 2 and presented briefly above, but it would be useful to bring 

together all the details discussed above for nakhlite formation, with their 

small variations, and present them here. Certain details which we can not 

know because of sparcity of martian samples, are assumed based on the 

analog information. 

By analogy with Theo's Flow, the erupted nakhlite flow may well have 

been quite thick, with some insulating crust. This is not inconsistent with 

morphological studies of lava flows on Mars which have found numerous 

flows tens of meters thick in Tharsis and older volcanic provinces (Schaber et 

al., 1978; Tastumura, 1996). With the highly mafic nature of the parent magma, 

the thick pool of melt beneath the crust would have begun to strongly 

convect. Calculations based on viscosity and thickness of Theo's Flow give a 

Rayleigh number of 4x1Q13. 

Radiative cooling from the top of the flow would have promoted a 

cooler zone beneath the quenched crust, strengthening the convection and 

causing nucleation. We believe that both pyroxene and olivine nuclei formed 

in heterogeneous clusters. Some may have focused around the rare 

phenocrysts in the melt, but most phenocrysts should have settled out 

through the fluid magma almost immediately. (Such rapid settling of olivine 

phenocrysts is observed in Hawaiian lava lakes (Cashman and Marsh, 1988) 

which have higher viscosities than Theo's Flow or Nakhla.) From the 

intergrown textures of many pyroxene and olivine grains, it seems that at least 

some olivine grains must have been incorporated into the pyroxene clusters 
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from the very beginning, growing from nuclei. The olivine clumps visible in 

thin section and hand sample may have been the odd case of a predominance 

of olivine nuclei with a few pyroxene nuclei. In any case, with the barest 

beginnings of grain growth, the clusters would have become too heavy to be 

supported by the very fluid magma and would have sunk into the convecting 

pool below. 

With each circuit of the convection cell, a cluster would have had a 

period of growth, while passing through the melt pool, and a period of 

nucleation, while passing by the nucleation zone at the top of each cell (Fig. 

2.40). Based on calculations made for a pool as thick as Theo's Flow (100 m) 

each cycle was on the order of a couple hours. Each cycle was fast enough 

that if these alternating growth and nucleation periods continued for a 

number of cycles, the conditions would approximate the steady state 

nucleation and growth implied by the linear CSD plots. As with Theo's 

Flow, we find a remarkable number of cycles are required to produce the 

measured average grain sizes (24-150 for the faster growth rate or 540-2280 for 

the slower rate), but models suggest this may be possible (G. Berganz, 

personal communication, 1998). By this system, each cluster became a 

population with a complete distribution of grain sizes. 

Once the average grain size in the cluster became big enough, hence the 

volume of crystals large enough, the entire cluster became too heavy to 

continue to be kept aloft by the circulating magma. In other words, the 

Stoke's settling speed for the cluster exceeded the convection cell velocity, 

causing the cluster to settled out, as a unit, onto the growing cumulus pile 

below. Some flattening of the clusters may have occurred on impact with the 

pile, imparting an incipient preferred orientation to the grains. 
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Multiple pieces of evidence point to continued growth of both pyroxene 

and olivine grains after the initial core growth period. Since the cores of the 

cumulus grains are fairly consistent in composition, we imagine that the 

interstitial melt in the upper layers of the cumulus pile maintained active 

contact with the overlying melt pool for a time (Fig. 2.41). This would allow 

for continued "equilibrium" growth of the cores. Once a layer became more 

deeply buried, this contact would have been cut off, leaving isolated pockets 

of interstitial melt. With continued, but slower, growth of cumulus grains, 

the melt would have gradually evolved. Slow growth may have allowed 

diffusion to keep up for awhile, preventing zoning of the cores until late-stage 

Fe-rich rims were added to pyroxene and olivine grains. Once the low Al 

content of the trapped melt pockets was concentrated enough, plagioclase 

joined the liquidus and rapidly crystallized into the radiating sprays. The 

remaining small fraction of interstitial melt could then gradual solidify. 

In Theo's Flow, we have the evidence that the main melt pool finally 

reached the stage of plagioclase crystallization, as well. With the addition of 

this buoyant phase and viscosity increase, convection stopped and in situ 

crystallization of the gabbro occurred. Whether such a phase of 

crystallization occurred in association with the nakhlite magmatic unit(s) is 

unknown, but does not seem completely unlikely considering some of the 

proposed parent magma compositions. We do know that there must have 

been a significant period when the solidified flow was kept warm, allowing 

diffusion to modify the cumulus grain rims and cores to varying extents. 

Remaining puzzles 

Lafayette poses some interesting problems with some seemingly 

contradictory features. First, the average grain size in Lafayette is smaller · 
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than in the other nakhlites, as mentioned before, and there seems to be simply 

many more small grains. The shapes of these grains are also the most anhedral 

of the lot, with many more grains filling in interstitial gaps. From our 

formation theory, this would imply that the period during which interstitial 

melt was connected to the overlying pool was longer, allowing for further 

pyroxene and olivine growth into interstitial areas. However, further growth 

after settling was what apparently accounted for the loss of smaller grains 

seen in all the CSD plots: adding to larger grains would be energetically 

favored over nucleation of new grains. But Lafayette has the most small 

grains and the least turnover in its CSD plot (Fig. 3.10). Why is Lafayette the 

finest grained with the most anhedral grains? 

Small grain sizes might also suggest a shorter duration of growth due to 

a shallower depth in the flow. Yet both pyroxene and olivine grains in 

Lafayette show evidence of having undergone a longer period of diffusional 

equilibration than those in Nakhla or Govemador Valadares (e.g. Harvey and 

McSween, 1992a). Olivine rims are basically non-existent, and pyroxene 

zonation is more muted with a difference of only about 5 wt% FeO between 

cores and rims. This would suggest that Lafayette was deeper within a flow 

than either of the other nakhlites. This particular issue is perhaps less 

difficult, though, since we found in Theo's Flow that depth does not 

necessarily correlate with grain size. 

The other major issue still unresolved is the puzzle of the core Fe 

variations, discussed above. A range of 3-6 mol% in Fe# (from 35-38 mol% in 

Nakhla, and 15-20 mol% in Theo's pyroxenite) within a single thin section is 

surprisingly large for grains which have been grown, we think, under at least 

approximately equilibrium conditions. Perhaps even in a well-stirred system 
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there are heterogeneities on a small scale that persist, and even 

"homogeneous" cores are not necessarily so unvaried. Investigation of 

cumulate phase compositions in other thick magmatic bodies would be 

interesting to establish how common this features is. 

Conclusions 

This nakhlite study has revealed some intriguing details about this 

group of martian meteorites and has suggested some important information 

about their formation. 

1) The fact that Theo's pyroxenite is such a close match to the nakhlites, 

sharing so many features, is truly remarkable. The two rock suites 

exhibit a range of unusual characteristics, regardless of the fact that the 

rocks formed on different planets and over a billion years apart. Basalt is 

not the only magma composition to appear extraterrestrially. 

2) Since the nakhlites are so similar to Theo's Flow, it seems much more 

likely that the martian rocks may well have formed in thick surface 

flows, not unlike the thick differentiated body of Theo's Flow. The 

differentiated flow TF2, suggests that a minimum thickness for this 

system to work is about 15-20 m. In fact, this estimate matches well with 

a previously derived one of 11-26 m, which was based on the time it 

would take for diffusion to equilibrate the olivine compositions in 

Lafayette (Friedman et al., 1994). 

4) One of the most curious details revealed in this study was the surprisingly 

large variation in Fe content between pyroxene cores within close 

proximity to each other (i.e. within one thin section). One would expect 

that grains grown together from a single batch of melt would share the 

same composition. But in both Theo's Flow and the nakhlites there was 

variation on the order of a few percent in Fe concentration from core to 

core. This may have some interesting implications for the homogeneity 

of even well stirred melts on small scales. 
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5) The similarities between the nakhlites and Theo's Flow allowed us to 

investigate previously derived parent magma compositions for Nakhla. 

Each parent was calculated in a different manner, so all must be 

justifiable in some way as a potential parent composition. But calling on 

the pyroxenite/parent relationship we know in Theo's Flow presented a 

unique opportunity for evaluating them together. It revealed that all the 

parent magma compositions imply other lithologies may have been 

formed in conjunction with the nakhlites. Perhaps someday we will have 

samples of those missing rocks to test these hypotheses. 
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CHAPTER4: 
Implications and Conclusions 

The studies presented in this dissertation have lead to some interesting 

and important conclusions. The thorough investigation of Theo's Flow gave 

insights into the differentiation process and generated surprising results 

concerning the role of convection as a post-emplacement process. The 

nakhlite analog study generated a new theory for how these rocks formed, 

and helped put some constraints on the size of their original lithologic unit 

and the composition of their parent magma. 

Differentiation 

The differentiation found in Theo's Flow is unusual, especially in surface 

flows or smaller intrusive bodies, being characterized by distinct lithologic 

layers that formed from one parent magma. (For the purposes of discussion I 

will call this process extensive differentiation.) However, there is a whole 

suite of features in other flows and sills which hint at a progressive series of 

processes that cause successively more modification of the primary lava 

composition, with extensive differentiation as a more extreme member of the 

series. The two main sources of variation derive from movement of crystals 

and movement of volatiles and melt together. Crystal movement varies from 

simple concentration of phenocrysts during flow, to settling of large 

phenocrysts, to complete crystal fractionation. Volatile and melt movement 

ranges from small cm-scale migration of slightly evolved melt, to formation of 

segregation veins by vesicle concentration, to diapiric and compaction

induced melt movement from one horizon to another. 
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The first stages of movement of volatiles have been reported in inflated 

pahoehoe features (e.g. Hon et al., 1994; Self et al., 1997) where the lower, 

dense portions of thick flows commonly show thin concentrated layers of 

vesicles, although there is no reported accompanying enlargement of grains 

or variations in chemistry. The evidence of small-scale crystal movement is 

typified by studies of Komar (1972) and Ross (1986) who found evidence of 

flow concentration of olivine and plagioclase phenocrysts in basaltic dikes. 

The concentrations were sufficient to impart a slight change to the whole rock 

compositions but were not associated with any major melt migration. Similar 

migration by olivine phenocrysts settling has been reported in lunar basalts 

(Walker et al., 1977) and in lava lakes (e.g. Helz et al., 1989). 

The next stage towards differentiation is the formation of segregation 

veins. This term has been used in the literature to represent a wide variety of 

products from small scale volatile and melt movement with minor associated 

compositional changes to enriched horizons representing movement of 

volatiles and melt over tens of meters. The former case is illustrated by two 

studies. Lindstrom and Haskin (1981) found evidence in an Icelandic tholeiite 

of cm-scale, late-stage melt migration causing minor heterogeneities in major 

element rock compositions, while Dungan et al. (1986) found horizons in the 

Taos Plateau volcanics which showed significantly larger grain sizes than the 

surrounding rock. These layers also had enrichments in REEs and other 

incompatible elements, caused by post-emplacement concentrations of 

enriched volatiles. 

Evidence of larger-scale melt migration has been reported by other 

studies of basaltic rocks. Puffer and Horter (1993) found segregation veins in 

the Columbia River basalts with enlarged gain sizes and significant 
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incompatible element enrichments, where late-stage melt was concentrated by 

rising vesicles. Kilauea Iki lava lake differentiated one step further. It shows 

minor crystal settling and formation of segregation veins, but most 

importantly, there was also diapiric movement of melt from a lower horizon 

to an upper one (Helz et al., 1989). This substantial movement of late-stage 

melt made for distinct horizons of reciprocal depletion and enrichment, not 

just veins of REE concentration. 

Typical examples of further degrees of differentiation come from thicker 

magmatic bodies, such as the Palisades sill (Shirley, 1987) and the Holyoke 

flood basalt (Philpotts et al., 1996). The Palisades sill bears evidence of 

crystal fractionation with two episodes of post-cumulus movement of 

interstitial melt generating two distinct layers with enrichment of 

incompatible elements (Shirley, 1987). Philpotts et al. (1996) reported melt 

movement in the thick Holyoke basalt which formed several distinct 

"segregation sheets" with coarse curved grains and incompatible element 

enrichments. Like the Kilauea Iki lava lake case, there is a reciprocal zone of 

incompatible element depletion, but Philpotts et al. (1996) attribute the melt 

movement in this case to compaction and dilation processes, rather than 

migration aided by vesicle movement. 

Theo's flow represents the next step in this series of processes with crystal 

fractionation and melt migration occurring simultaneously. Clusters settled 

and some evolved melt escaped to join the melt pool above (Fig. 2.41), so 

overall there was migration of crystals downward and melt upward. We can 

even consider Theo's gabbroic layer as a kind of segregation sheet, where late

stage melt collected at an upper horizon and crystallized in situ. The gabbro 

is much thicker than a typical vein or sheet (40 m vs. cm to m-sized), but it 
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does show an enrichment in incompatible elements (Fig. 2.27a,b) and is more 

evolved than the original magma composition, to the point of actually being a 

different lithology. In addition, there are signs of smaller, cm-scale processes 

superimposed on the larger, m-scale differentiation scheme: isolated, coarse

grained pegmatoids (Fig. 2.15) in the pyroxenite and gabbro, and a single 

occurrence of vesicles in one restricted layer (Fig. 2.16). 

The fact that there are so many cases which show varying degrees of 

differentiation begs the question of why the extensive differentiation of Theo's 

Flow is so rare in surface features. Why did Theo's Flow differentiate when 

other thick magmatic bodies did not? Starting melt composition seems to be 

the key factor, in the case of Theo's flow. 

The magma composition provided several important factors to aid 

crystal fractionation, such as a hot liquidus and accompanying low viscosity, 

but most important was the sole presence of pyroxene on the liquidus for an 

extended period of time. In all the other cases described above, the magma 

bodies were basaltic, or even more felsic, with plagioclase and pyroxene co

crystallizing. The presence of plagioclase growing concurrently with 

pyroxene apparently has a dramatic effect on the potential for crystal 

fractionation, limiting differentiation in basaltic systems to late-stage melt 

migration on medium to small scales. It is very telling that once plagioclase 

reached 50 vol% in Theo's Flow, the cumulus texture gives way to a 

subophitic one. The same mechanism which formed the pyroxenite could not 

continue once the liquid was more basaltic. (The only caveat to this argument 

is the fact that plagioclase is very late in the lunar basalts, too, and yet those 

flows do not show signs of significant differentiation, except in cases where 

olivine phenocrysts sank. Perhaps flow thickness is an important feature, too, 

and lunar flows are too thin (Brett, 1975; Gifford and El-Baz, 1981). 
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Another factor that distinguishes Theo's Flow from other thick magmatic 

bodies, which are usually intrusives, is that it was made from only a single 

magma pulse. Many intrusive bodies have repeated magma pulses, 

complicating the melt composition and perhaps disrupting any mechanical 

layering or organized circulation. 

Convection 

A surprising element of the model for the formation of Theo's flow (Figs. 

2.38-2.41), and by analog for the nakhlites, is the role of convection. While 

there is some evidence for convection occurring in natural systems, 

modelling and experiments by some groups (e.g. Brandeis and Marsh, 1989) 

suggest that it may not be as important a process as once thought. In the case 

of Theo's flow, we simply have to evaluate the evidence in the rocks: 

1) The starting magma composition is unusually mafic, with a high 

liquidus, and probably a high eruptive temperature. This, with the attendant 

low viscosity, leads to a high Rayleigh number (1Q13). At the very least, 

thermally driven convection must have been active to begin with. 

2) Clinopyroxene was the only phase crystallizing for a long temperature 

interval and period of time. These pyroxene grains are denser than the melt 

they grow from and so should sink. Add the factor that the grains seem to 

have formed in clusters, based on CSD (Fig. 2.30) and cluster analysis (Fig. 

2.34), and the sinking effect should be accentuated. 

3) There is no obvious field evidence for a lithologic layer, matching the 

composition of the breccia, that would have formed by a solidification front 

growing down from the quenched crust. Since the upper zone would have 

been the coolest in the melt pool, some crystallization surely took place there. 
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This solidified material must have been removed by some mechanism. In 

theory, regular growth from the roof might have proceeded for a time and 

then was disrupted by subsequent foundering of large chunks of crustal 

material. This is a similar scenario to our proposed model 1 (Fig. 2.39) but on 

a larger scale than clusters. However, this is an unlikely solution once the 

timing is taken into account: calculations suggest that instabilities would have 

formed almost immediately, preventing material from solidifying in place 

before falling. 

4) There is little change in grain size throughout the pyroxenite, and 

certainly no variation which correlates with stratigraphic height. The 

pyroxene grains throughout the 60-m of material experienced similar growth 

periods as well as similar crystallization conditions, and there was no size 

sorting at any time. In addition, the average core compositions of these 

pyroxene grains remained remarkably constant, with only a gradual increase 

in incompatible elements upsection, presumably reflecting the gradual 

evolution of the melt in which the cores grew. There must have been some 

mechanism to allow for these conditions. 

Taking all these factors into account, we derived the second model 

described in Chapter 2 (Fig. 2.40) which relies on convection to help keep the 

grain clusters aloft for the specific residence time. Convection and cluster 

suspension would also allow for active contact between the clusters and the 

larger melt pool, helping to prevent zonation of core compositions. In 

addition, continued active convection would keep the melt pool well mixed. 

In spite of convection accounting for many of the properties of Theo's 

Flow, there are several questions that arise concerning the convection 

mechanism. There seems little question that thermally driven convection 
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would begin, but could circulation be maintained? Once clusters begin to 

grow and sink, the circulation could be partially driven mechanically, with 

sinking clusters and rising hot melt. This should be aided by the heat flux out 

through the hyaloclastic top, especially if there was water percolation 

through upper layers of the breccia. If convection could be maintained, 

partly by thermal gradients, partly by mechanical mixing, is it reasonable that 

clusters could be suspended in the melt pool for an extended period of time? 

It is unclear whether the clusters, once they begin to sink, would be able to 

rise again or would simply continue sinking to the bottom. Computer 

modelling suggests that this is highly dependent on viscosity (G. Berganz, 

personal communication, 1998). Under medium viscosity conditions, clusters 

sink straight to the bottom, while in very low viscosity conditions, there is a 

tendency for entrainment of smaller grains or clusters of grains by turbulent 

eddies (G. Berganz, personal communication, 1998). In the case of Theo's 

flow, with a low viscosity, the problem then is not how to keep clusters 

suspended; but how to keep them together as units without separation of 

large and small grains. These questions must be addressed by detailed fluid 

dynamic models and experiments. 

There are also questions about what conditions are necessary for this 

mechanism to work. The pyroxenite of TF2, the 15-m flow to the east of Theo's 

flow, is so similar to Theo's pyroxenite that the two flows surely must have 

been formed by the same mechanism. But if that is true, it implies that this 

well-regulated convection and cluster-settling scenario must be feasible in a 

melt pool only 15-20 m thick. The 5-m thick flow, TFl, did not undergo 

differentiation, perhaps putting an absolute lower limit on the required melt 

pool thickness. 
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Another issue is whether the submarine environment is critical to the 

method. Water percolation through the rubbly breccia would certainly 

enhance the heat flux through the breccia layer, better maintaining a 

temperature gradient in the melt pool and encouraging thermal convection to 

continue. But whether the presence of water is necessary is important to 

whether this model is appropriate for nakhlite formation on Mars. Most 

likely, there would have been no equivalent standing body of water above a 

nakhlite lava flow when it formed, so we need to evaluate whether the same 

conditions of heat flux as in Theo's flow could be simulated in the martian 

environment. Results from modeling heat flux from lava tubes (Keszthelyi, 

1995) imply that percolation of water through fractures in the roof of a 

submarine tube removes a significant amount of heat, compared to the 

minimal circulation of air on Mars. However, conduction of heat away from 

the hot interior through a solid roof should be virtually the same in both 

circumstances. In theory, by adjusting the thickness of the quenched roof of 

the flow, the same heat flux could be derived on Mars as was associated with 

Theo's flow. Thermal modelling would be the best way to evaluate the issue. 

The nakhlites 

One of the primary goals of this work was to understand more about 

how the nakhlites formed. Whether the formation model presented herein is 

accurate or not, the pyroxenite of Theo's Flow is a very good analog for the 

nakhlites and helps elucidate nakhlite formation. The most important point is 

that the nakhlites could have derived from surface lava flows. The cumulate 

texture of the augite grains need not be due to slow accumulation at great 

depths in the crust or beneath, or within, a volcano. The actual thickness of 
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the original nakhlite flow(s) is only somewhat constrained, however. The 

minimum thickness estimate, mentioned above, of 15-20 m for the cluster 

settling model to work matches quite well a previous estimate for the 

Lafayette unit thickness, derived by diffusion calculations, of 11-26 m 

(Friedman et al., 1994). However, this does not rule out the nakhlites having 

come from much thicker flows. 

Another important facet of the nakhlite analog project is the similarity of 

the mesostasis textures between Theo's pyroxenite and the nakhlites. This 

implies that a two-stage formation history with a late-stage quenching event is 

not necessary to explain the nakhlite mesostasis texture. Certainly, samples 

from 50-m deep inside Theo's flow did not experience quenching, and yet the 

plagioclase laths bear the same rapid growth textures as in the nakhlites. 

Experiments have shown (e.g. Lofgren, 1983) that crystal morphology is not 

controlled strictly by cooling rate; nucleation density and rate are equally 

important. Apparently in the case of the nakhlite mesostasis, ease of 

nucleation may well have been a controlling factor in the final morphology. 

The similarities in composition between Theo's pyroxenite and the 

nakhlites also provide some insight into the nakhlite parent magma 

composition. Derivation of the actual Nakhla parent magma composition is 

not feasible, based solely on the analog, because the problem is too 

unconstrained. However, the relationship between Theo's pyroxenite and its 

original magma composition (from the quenched breccia top) does provide a 

useful framework for evaluating previously derived Nakhla parent magmas 

(Fig. 3.16). The analysis suggests that the most felsic parental magmas 

proposed for the nakhlites are less likely to be valid. In addition, regardless 

of which parent magma was evaluated, or preferred, all imply missing 
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lithologic components which may have been associated with the formation of 

Nakhla, just as the peridotite and gabbro were formed in association with 

Theo's pyroxenite. 

Examination of the nakhlite parent magma compositional features also 

highlighted the fact that the parent magmas for both the nakhlites and Theo's 

flow were uncommonly mafic and Al-depleted. Whether the Al-depletion 

was caused by the same process in both cases is unclear, however. There are 

several possible ways to generate an Al-depleted magma: high degrees of 

partial melting, fractionation of an Al-rich phase from the melt, melt removal 

leaving an Al-rich residual phase, or melting of an already Al-depleted 

mantle source region. For the case of high degrees of melting, it is unclear 

how feasible this process really is; Longhi et al. (1992) suggest 40-50% 

melting of an undifferentiated martian mantle would be required to achieve 

compositions similar to the SNC parent melts, but such high degrees of 

melting are difficult to achieve without premature separation of the melt 

from the remaining solid phases (Arndt, 1975; Longhi et al., 1992). 

Instead, for the martian case, Longhi et al. (1992) show that all the SNC 

meteorites are Al-depleted and argue for a depleted mantle source. For the 

nakhlites specifically, additional isotopic evidence points to the nakhlite 

source region being depleted (Nakamura et al., 1982). Longhi et al. (1992) 

suggest that the source region had already undergone significant previous 

melting to remove most of the basaltic component and hence the Al. 

However, Treiman et al. (1995) speculate, based on REE contents, that 

removal of Al could have been achieved by fractionation of spinel from the 

source during a partial or global magma ocean on early Mars. 
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Calling on a depleted mantle source for Theo's Flow is more 

problematic. There is a wide assortment of magma compositions represented 

by intrusive and extrusive bodies in the Munro Township region, many with 

more typical Ca/ Al ratios. If the mantle source were Al-depleted, there 

would need to be a complicated heterogeneous mantle below the region to 

supply all the compositions seen in the area. Arndt (1975) speculated that 

Theo's parent magma, and other tholeiitic magmas of the region, were 

generated by a two-stage process. First, there was a 20% partial melt of the 

primitive mantle which generated a tholeiitic picrite and a residue of mostly 

olivine and orthopyroxene, with some clinopyroxene and spinel. Then 

fractional crystallization of the magma removed more olivine, pyroxene and 

plagioclase, producing a tholeiitic basalt. Arndt (1975) did not directly 

address the Al-depletion of Theo's flow, but presumably, more and less 

aluminous or mafic versions of tholeiite could be produced by varying the 

original degree of melting and the amount of spinel left in the residue. 

Alternatively, melting the ol-opx-cpx-sp residue could perhaps produce a 

suitable parent magma, as well. 

Lessons for planetary exploration 

Most exploration of Mars in the near future will be conducted from 

orbiting platforms and rovers, using high-resolution images and 

spectrometry, and from sample returns. On the basis of this study, two issues 

have arisen that should be kept in mind during these undertakings. 

Grain sizes in a sample are not necessarily a good indication of flow size 

or depth within a flow. From the work on both Theo's flow and thick 

hawaiian basalt flows (see Appendix A), we found there was no good 

correlation of grain size with depth. The Hawaiian basalts showed minor 
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increases in size with depth, but not to the extent predicted by models used to 

estimate depth of lunar basalt samples (Walker et al., 1977) and eucrite 

basaltic meteorites (Walker et al., 1978). Theo's Flow showed no increase in 

grain size with depth, and, in fact, oscillated in average grain size through 

some stratigraphic levels. The fact that the average grain size of TF2, the 15-m 

thick flow, is essentially identical to Theo's pyroxenite shows that there is no 

unique depth for a single grain size. This implies that grain size can not be 

reliably used as a depth indicator, and rather that variations in nucleation and 

growth conditions overwhelm any simple cooling factors in governing final 

grain size. 

An additional warning that grew out of this work stems from the chance 

that there may be surface exposures of differentiated material on Mars. If the 

top-most lithology of a layered body is gabbroic or basaltic, then simply 

finding a basalt on the martian surface does not necessarily imply the past 

existence of basaltic magmas . In fact, few of the basaltic shergottites have 

been interpreted as representing melt compositions. Collections of random 

rocks and boulders, as at the Mars Pathfinder site, may give misleading 

information if over-interpreted. We need to be careful on Mars, as on Earth, 

to look at the geologic context of samples, not simply their compositions, 

before trying to interpret their geologic or regional implications. 
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Appendix A: 
Effects of emplacement processes on basaltic 
textures in Hawaiian pahoehoe and 'a'a flows 

Introduction 

Background 

The primary studies of this dissertation aimed at understanding the 

post-emplacement processes that affected the crystallization of two rock 

suites of unusual composition. In this additional study, I have concentrated 

on flows of a more common magma type, basalt, since their post

emplacement crystallization histories are less complicated, with little if any 

differentiation. This lack of complicated post-emplacement processing 

provides a better opportunity for investigating the relationship between 

emplacement processes and crystallization textures. In addition, since basalt 

is a believed to be the dominant magma type on Earth and common in 

volcanic terrains throughout the Solar System, results from this study may be 

applicable to basaltic flows in many other settings. 

The processes and conditions associated with emplacement can have a 

great effect on the course of crystallization of a flow. Variables such as degree 

of insulation and degassing, the rapidity of transport, duration of residence in 

the system, all of these have an effect on the rate and density of nucleation and 

crystallization. Similarly, the degree of crystallization of a flow during 

emplacement can affect the continued process of emplacement. For example, 

with increasing crystallization, viscosity goes up dramatically, greatly 

affecting the rheology of the lava and its behavior during emplacement, such 

as how far and how quickly the lava can flow before being disrupted. 
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There have been a number of studies on the texture of basalts, aimed at 

investigating the crystallization process and exploring the important variables 

involved during and after emplacement. These studies have involved lab 

experiments (Lofgren, 1983; Sato, 1985), theoretical modelling (Walker, 1977; 

Kirkpatrick, 1981; Cashman, 1993), and quenched samples of active systems 

(Moore and Evans, 1967; Crisp et al., 1994; Polacci et al., 1996). My study 

aims at adding to this knowledge base from a slightly different point of view, 

with two specific goals. 

The fact that 'a'a flows are more crystalline than pahoehoe flows has been 

well known for many years; Macdonald commented on it in 1953. However, 

a comparison, qualitative or quantitative, between interior sample of the two 

types is not in evidence. There have been several recent studies comparing 

glassy crustal samples or fresh quenched samples of 'a'a and pahoehoe (e.g. 

Polacci et al., 1996) but none on the fully crystallized flow interior. The 

reason for my interest in flow interior textures is that one aim of this study is 

to establish an emplacement/ texture correlation that can be used, in cases of 

samples with little field context, to estimate the general emplacement history 

of a basaltic rock. Such samples (meteorites, drill core samples, rocks from 

degraded outcrops, etc.) are more likely to come from the interiors of flows. 

The first goal of my study, then, is to examine textural features of fully 

crystallized 'a'a and pahoehoe flow interiors and investigate how these 

textures may be related to the different emplacement styles, or histories, of the 

flows. In the process, I also plan to study vertical variations in crystallinity, to 

examine whether crystal size in basalts can be used as a depth indicator. 

The second goal of this project is to examine whether there are more 

minor textural variations apparent between different types of pahoehoe lobes, 
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each with a slightly different emplacement history. The pahoehoe lobe types 

represent variations in the residence time in the transport system, and hence 

different degrees of cooling and degassing, as well as different breakout 

temperatures and cooling rates. Comparing textures generated by these 

various conditions may help establish the relative importance of these 

emplacement variables to the crystallization process. 

This research has been added as an appendix, rather than a chapter, since 

it is still in the form of a preliminary study, rather than a fully explored 

project. For the first part of the study, enough flows were examined to begin 

to draw some important conclusions, but clearly a broader study including 

more flows from other volcanic locations would be more thorough and allow 

for a more definitive application of the results. For the lobe study, the trends 

noted from these few samples need to be substantiated with more samples. 

Nonetheless, there are some important results in what has been done, so I will 

present some the descriptive and quantitative results which have been 

acquired so far from studying samples of eight thick flows and four pahoehoe 

lobes, and give our preliminary interpretations of these results. In all cases 

where grain size is reported, the measurements are plagioclase widths, for 

comparison with other literature and CSD work. 

Samples 

I sampled several Hawaiian flows for this study (Fig A.l, Table A.l): two 

'a'a flows from Mauna Loa, one 'a'a from Kilauea, five inflated pahoehoe 

features from Kilauea, and four fresh pahoehoe lobes from the current Pu'u 

'O'o eruption. This pilot sample set of thick 'a'a and pahoehoe flows were 

chosen based on the convenience of the cross-section exposures of the flows. 
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Figure A.l: Field locations of where Hawaiian samples (Table A.1) were taken 
on the island of Hawaii. Two flows are on Mauna Loa: the Keamoku Flow 
and the 1907 Flow. The other flow locations are on Kilauea: the February 1st 
Flow, the old Kamoamoa flow fields (to the left of and underlying the current 
Pu'u 'O'o flow field), the cliffside beneath the High Castle Overlook, and 
Kaimu Bay. Fresh lobes were collected near Lae'apuki. 
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Table A.l. Hawaiian lava flow samples 

name volcano flow/area flow type sample depth (m) modes/sizes 

Kea1 M. Loa Keamoku flow a'a clinker m/s 

Kea2 M. Loa Keamoku flow a'a top of dense core m/s 

Kea3 M. Loa Keamoku flow a'a 0.85 m/s 

Kea4 M. Loa Keamoku flow a'a 1.43 mis 
1907-1 M. Loa 1907 flow a'a 1.02 m 

1907-2 M.Loa 1907flow a'a clinker 

1907-3 M. Loa 1907 flow a'a top of dense core 

1907-4 M. Loa 1907 flow a'a 2.30 

LK2/1b Kilauea Feb 1st flow a'a clinker 

LK2/1c Kilauea Feb 1st flow a'a top of dense core 

LK2/1d Kilauea Feb 1stflow a'a 1.50 m 

Kam1,1 Kilauea Kamoamoa phh top 

Kam1,2 Kilauea Kamoamoa phh 0.69 

Kam1,3 Kilauea Kamoamoa phh 1.10 m 

Kam1,4 Kilauea Kamoamoa phh 1.55 

Kam1,5 Kilauea Kamoamoa phh 1.65 

Kam1,6 Kilauea Kamoamoa ohh 2.13 

Kam2,1 Kilauea Kamoamoa phh 0.20 

Kam2,2 Kilauea Kamoamoa phh 0.94 m 

Kam2,3 Kilauea Kamoamoa phh 1.98 

Kam2,4 Kilauea Kamoamoa phh 2.47 

Kam2,5 Kilauea Kamoamoa ohh 3.95 

HCC1a Kilauea High Castle Cliff phh 0.10 

HCC1b Kilauea High Castle Cliff phh 0.25 

HCC1c Kilauea High Castle Cliff phh 0.52 

HCC1d Kilauea High Castle Cliff phh 0.86 

HCC1e Kilauea High Castle Cliff phh 1.32 m 

HCC1f Kilauea High Castle Cliff phh 1.69 

HCC1q Kilauea Hiqh Castle Cliff ohh 1.95 

HCC4a Kilauea High Castle Cliff phh 0.54 m/s 

HCC4b Kilauea High Castle Cliff phh 1.49 m/s 

HCC4c Kilauea High Castle Cliff phh 2.00 m/s 

HCC4d Kilauea High Castle Cliff phh 2.48 m/s 

HCC4e Kilauea High Castle Cliff phh 2.60 

HCC4f Kilauea Hiqh Castle Cliff ohh 3.33 m/s 

Kai2,1 Kilauea Kaimu Bay phh 1.00 m 

Kai2,2 Kilauea Kaimu Bav ohh 1.50 

KE53-1737 Kilauea Lae'apuki silv n/a m 

KE53-1745 Kilauea Lae'apuki trans n/a m 

KE53-1746 Kilauea Lae'apuki bl.glssy n/a m 

soohh Kilauea Lae'aouki soinv n/a m 
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Each one was exposed either in a roadcut or there was a natural cleft in the 

flow allowing for sampling of the interior. 

Keamoku flow 

The Keamoku flow is a thick, prehistoric 'a'a flow (265±40 yrs ago) on the 

northeastern flank of Mauna Loa (Barnard, 1995) and is conveniently crossed 

by the Mauna Loa strip road at about 6000 ft elevation. The road cut through 

the Keamoku flow passes perpendicularly through the levees and wide 

channel of the southern arm of the 'a'a, about 14 km down from its source vent 

on the Northeast Rift Zone. About 20-25 m down the road from the main 

channel is a section through one channel wall, exposing nearly 1.5 m of dense 

flow interior with an unevenly thick cap of clinker (Fig. A.2a). Three hand 

samples spanning the vertical cross-section of the flow were taken, as well as a 

sample of clinker 25 cm across (Table A.l). 

1907 lava flow 

The 1907 lava flow, on the southern flank of Mauna Loa, erupted from a 

vent (1890 m elev.) towards the end of the Southwest Rift Zone and flowed 

nearly to the ocean over the course of its 15 days of activity (Barnard, 1995). 

The eastern branch of this 'a'a flow is cut by the Hawai'i Belt Road (Rt. 11) at a 

scenic overlook about 7 mi west of the South Point Road turnoff. The flow 

here, about 13 km from the vent, is 2.3 m thick with a minor clinker layer on 

top (Fig A.2b). Again, three hand samples of the dense interior were taken, as 

well as a clinker sample {Table A.l). 
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a) 

Figure A.2: Field photographs showing sampling locales (continues on 
following pages). See Fig. 4.1 for map locations. a) Keamoku flow ('a'a) on NE 
Mauna Loa. People for scale are about 161-164 cm. b) 1907 lava flow ('a'a) near 
southern tip of Mauna Loa. Scale is 1 m. Note dense core and clinkery top. c) 
Aerial view of February 1st lava flow on Kilauea's south flank. The 'a'a is in 
the center of the photo, cutting a broad swath through the vegetation. Pu'u 
'O'o smokes on the horizon. d) Kamoamoa pahoehoe inflation rise. Note 
abupt contact between upper vesicular layer and lower non-vesicular layer. 
Scale is 0.5 m. e) Kamoamoa pahoehoe tumulus. Scale is 1.0 m. f) High Castle 
cliffside inflation feature (HCCl). Note rock hammer for scale. Yellow dots 
approximate sample core locations. g) High Castle cliffside tumulus (HCC4). 
Note hammer (up and to the left of site marking) for scale. h) Cleft in Kaimu 
Bay inflation rise. Scale is 1 m. i) Example of pahoehoe lobe sampling (this 
one is a silvery lobe). Wires are thermocouples inserted when lava was 
molten. Note hammer for scale. (Photos a, b, d, e, h courtesy of GJ Taylor) 
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b) 

c) 

Figure A.2 (cont.): 
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February 1st lava flow 

An unusual burst in activity in February, 1996, at Pu'u 'O'o (the active 

vent at Kilauea) resulted in high dome fountaining out of some high elevation 

skylights (Thornber et al., 1996). The largest of these fountains produced a 

long channel of lava which flowed over Pulama Pali (Fig. A.2c) and reached 

about 7 km from the vent in less than 6 hours (Thornber et al., 1996). The 

upper reaches of the flow, on a shallow slope, have been characterized as a 

channelized slabby pahoehoe flow, but with the increase in slope downstream 

the 3-4 m thick flow is decidedly 'a'a, with a dense interior and clinkery top. 

Three hand samples from the distal end of the flow were acquired for this 

study by L. Keszthelyi: a piece of clinker, a sample near the top of the dense 

interior and one about 1.5 m below the surface (Table A.l). 

Prehistoric Kamoamoa flows 

Several of the inflated pahoehoe features I sampled for this study are 

part of the old flow field that underlies, and is gradually being covered by, 

the current Pu'u 'O'o flow field. Interiors of the older flows are exposed in 

road cuts along the coastal stretch of the Chain of Craters Road. The 

prehistoric flow field is dated between 500-700 years old and attributed to an 

eruption at Kane Nui o Hamo on the East Rift Zone of Kilauea, about 12 km 

from the sampling sites (J. Foster, personal communication). I sampled two 

features in June, 1994, along the road near Kamoamoa, a 2.2-m thick inflation 

rise (Walker, 1991) (Kaml; Fig. A.2d) and a 3.95-m thick tumulus (Kam2; Fig. 

A.2e), but these two outcrops have since been covered by fresh lava. Two 

other flows of the same era have good cross sections exposed in the cliff side 

near the High Castle Overlook (now within a kipuka). I collected drill core 
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Figure A.2 (cont.): 
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samples from a 2.1-m thick inflation rise (HCCl; Fig. A.2f) and a 3.7-m thick 

tumulus (HCC4; Fig. A.2g) in these cliffs. In all these inflation features, there 

is a clear separation of a vesicular upper layer and a denser lower layer. Five 

to seven samples were taken in each case to cover the exposed cross section 

and span the upper and lower layers (Table A.1). 

Kaimu Bay 

The last inflated pahoehoe feature sampled is an inflation rise in the old 

Kaimu Bay area near Kalapana. The bay was filled in by lava in 1990, when 

flows from Kupaianaha covered the area, about 13 km from the vent (Mattox 

et al., 1993). This is the only case where the sampled pahoehoe feature has no 

artificially cut cross-section exposed. As a result, the only place where the 

interior of the flow is accessible is within a natural cleft in the side of the 

inflation rise (Kai2) where only two samples could be taken, from 1 m and 1.5 

m deep (Table A. l; Fig. A.2h). The total thickness of the rise is difficult to 

estimate as the entire flow field is elevated with respect to the surroundings, 

but the cleft is at least 2 m deep and does not expose a flow contact. 

Lae 'apuki pahoehoe lobes 

The final set of samples used in this study are small pahoehoe lobes from 

the active flow field in the Kamoamoa area on Kilauea's south coast. The 

lobes represent different types of pahoehoe observed on the flow fields : 

silvery, blue-glassy, and spiny pahoehoe, and one transitional from silvery to 

blue-glassy. (The defining characteristics of these lobes will be described 

below.) Three of the samples, the silvery, transitional, and blue-glassy lobes, 

formed and were collected in May, 1996, while the ocean entry was at 
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f) 

g) 

Figure A.2 (cont.): 
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h) 

i) 

Figure A.2 (cont.): 
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Lae'apuki. I selected each of these lobes as the lava flowed into place, and 

thermocouples were inserted into each with the aim of tracking the cooling 

rate for each type (Fig. A.2i). Once cooled, each lobe was then broken off 

about a foot from the end and carried intact out of the field. Thin sections of 

each lobe were made along a face cut as close as possible to the insertion point 

of the thermocouple, for future correlation of cooling rate and texture. The 

spiny pahoehoe lobe was not freshly sampled but was identified as being part 

of a late 1994 flow in the same area. 

Pahoehoe and 'a'a flows 

Emplacement histories 

For a long time, Hawaiian basalt flows have been classified as one of two 

types, pahoehoe or 'a'a, based on their surface morphologies (e.g. MacDonald, 

1953). Pahoehoe displays a smooth, uninterrupted surface commonly 

adorned with complex ropey structures (Fig. A.3), while 'a'a has a rough, 

spiny clinker surface (Fig. A.3) formed by the ripping and tearing of higher 

viscosity lava (MacDonald, 1953). There are many other characteristics of the 

two flow types that reinforce this bimodal classification, including the 

processes and conditions involved in their emplacement. 

The key characteristic of a pahoehoe flow is its continuous and 

uninterrupted crust, sustainable under the low effusion rates common to 

pahoehoe ( <5-10m3 Is; Rowland and Walker, 1990). At first the crust is ductile 

and can deform with the moving fluid lava inside, forming the commonly 

known ropey surface texture of pahoehoe. Once the crust cools enough to 

become brittle, it rests on the molten interior and insulates it. This insulation 

maintains a high interior temperature helping to sustain the low viscosity, so 
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Figure A.3: Comparison of 'a'a and pahoehoe surface morphologies. Smooth, 
ropey pahoehoe is being overrun by an active 'a'a flow, which is rubbly and 
appears much darker than the glassy pahoehoe in this lighting. (Photo 
courtesy of J. Caplan-Auerbach) 
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that any rips in the crust can be quickly repaired by hot lava welling up into 

the gap. The tendency of pahoehoe to crust over also encourages the 

formation of an organized tube system which can transport the lava for great 

distances with minimal cooling and degassing. 

The other important aspect of pahoehoe formation and emplacement is 

the process of inflation. Pahoehoe lobes are typically only 10-30 cm thick to 

begin with, but pahoehoe tumuli and rises can reach tens of meters thick 

(Walker, 1991; Hon et al., 1994). The theory is that a typical lobe will come to 

rest with the molten interior trapped behind and beneath a strong visco

elastic crust, which lies in a thermal zone between the molten lava and the 

brittle crust. If more lava is injected into that lobe, the visco-elastic crust can 

deform and prevent the lava from breaking through the brittle crust. Instead, 

the lithostatic pressure can build enough to push the restraining crust 

forward or up (Fig. A.4a-c) and with continued lava injection, the original 

lobe crust, as well as any adjoining lobe crusts, can be elevated many meters 

(Fig. A.4d). Commonly, whole areas of pahoehoe are inflated to a similar 

height, suggesting a continuous sheet or zone of lava can develop where 

further injection will affect a large area in an active flow field. 

'A'a flows commonly experience a very different emplacement history, 

beginning with fire-fountaining, high effusion rates (>5-10 m 3 Is; Rowland and 

Walker, 1990), and degassing. This explosive eruption style tends to cause 

significant cooling and degassing of the lava before it coalesces into a 

coherent flow. Cooling and degassing also occur during transport of the lava 

(Crisp and Baloga, 1994). At the proximal end of an 'a'a flow, lava is 

commonly transported in large, open channels where most of the lava surface 

is incandescent and exposed to air. The surface of the lava in the channel is 
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Figure A.4: The process and results of inflation. a) Sketches through time of 
the progressive thickening of a pahoehoe flow by continued injection of new 
lava under the frozen, vesicular crust. Note the nearly uniform thickness of 
the molten core, and the uplifting of the adjacent lobe surface. (After Self et 
al., 1996) b) Plot of modelled crust and core thicknesses with time during 
inflation of a 1990 Kalapana sheet flow (from Hon et al., 1994). 
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c) 

d) 

Figure A.4. (cont.): c) Inflation in the field. Small toes at the edge of a larger 
lobe are uplifted by new lava, which actually manages to breakout from 
underneath the brittle crust. d) The end result of inflation demonstrated by an 
uplifted pahoehoe rise. Note that if the flow had been emplaced so thick, the 
lava probably would have overflown the pre-existing wall. 
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littered with chunks of clinker and disrupted crust, but flow is vigorous 

enough that an insulating roof can not develop. The vigorous flow may also 

stir up the flow, encouraging further degassing and mixing the cooled crust 

in with the hotter interior (Crisp and Baloga, 1994). At the distal end of an 'a'a, 

where the lava is no longer channelized, the caterpillar movement of the flow 

may continue to mix cooler crustal material in with the hot interior (Crisp and 

Baloga, 1994) and the high degrees of strain associated with the high effusion 

rates (Peterson and Tilling, 1980; Kilburn, 1981) continue to rip up the lava 

and prevent a continuous, insulating crust from forming. 

For the purposes of making a hypothesis on the relation between 

emplacement and petrographic textures, the important aspects of these 

emplacement histories are the conditions of cooling and degassing inside 

each type of flow. Crystallization is dependent on nucleation, which is 

strongly related to undercooling (Lofgren, 1983; Brandeis and Jaupart, 1987b; 

Sato, 1995), and perhaps to degassing and strain (Kouchi et al., 1986). Based 

on the typical emplacement histories of pahoehoe and 'a'a, the nucleation 

conditions ought to be quite different between the two types. Pahoehoe has a 

well-insulated interior and may have repeated injections of new molten 

material, both of which would cause the lava to remain hotter longer, and 

maintain a higher degree of volatility. In addition, pahoehoe usually 

experiences lower strain rates, enabling the smooth crust to remain mostly 

undisturbed. These conditions should tend to inhibit, or at least limit, the 

development of nuclei, and hence there should be fewer grains that 

eventually crystallize and grow. 

Lava in an 'a'a flow, on the other hand, experiences significant cooling 

and degassing upon eruption, during transport in an open channel, and 
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throughout its emplacement, as well as higher degrees of strain, associated 

with the more rapid rates of emplacement. These conditions should all favor 

the formation of an abundance of crystal nuclei. We would therefore expect 

the crystallized flow to have many, closely-packed grains. All else being 

equal, abundant crystal nuclei should yield many small grains, since the 

number of grains would inhibit their growth, while fewer nuclei should allow 

for the growth of larger grains. 

Pahoehoe vs. 'a'a 

Observed petrographic textures 

Petrographic examinations of the pahoehoe and 'a'a samples described 

above reveal specific and consistent differences between the two flow types 

(Fig. A.S). In the following discussions, the terminology used to distinguish 

grain populations is based on the distinctions described by Crisp et al. 

(1994): "phenocryst" refers to the largest grains, usually olivine, which grew 

prior to eruption in the rift zone or conduit; "microphenocryst" refers to 

those grains which are assumed to have nucleated since the vent eruption and 

grown during transport; and "microlite" refers to the smallest grains which 

grew after emplacement, although some may have nucleated in transit. 

The pahoehoe samples are characterized by a fairly uniform texture of 

plagioclase and pyroxene grains of comparable size, intergrown in a complex 

network of grains (Fig. A.Sa). In the samples measured, typical average 

plagioclase sizes (widths) are around 30-50 µm. Interspersed between the 

larger grains are extremely fine-grained (<S µm) areas which are a mix of 

plagioclase, pyroxene, Fe-oxides, and residual glass (Fig. A.Sb). Variations 

between samples are mostly in the number and size of glassy interstitial areas 

and in the modal amount of Fe-oxide (Table A.2, Fig. A.6). Interestingly, the 
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a) b) 

c) d) 

Figure A.5: Comparative textures of 'a'a and pahoehoe flows. a) Typical 
pahoehoe texture (HCC4f) with intergrown, medium-grained pyroxene 
(equant grains) and plagioclase (long, twinned laths). Note the dark 
interstitial areas. (XPL, 1.7 mm FOV) b) Close-up of pahoehoe interstitial area, 
showing a small patch of fine-grained plagioclase (dark grey), pyroxene 
(medium grey), and Fe-oxide (white). (Refl., 0.22 mm FOV) c) Typical 'a'a 
texture (Kea4) of fine-grained groundmass with medium-sized plagioclase 
microphenocrysts. (XPL, 1.7 mm FOV) d) Close-up of 'a'a groundmass with 
fine-grained pyroxene and plagioclase. (Refl., 0.22 mm FOV) 
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Table A.2. Modal analysis results of 'a'a and pahoehoe samples 

A'a modes (vol%) 

hase Kea4 1907-1 LK2/1d 
<10µm 38.3 54.4 49.1 
>10 µm plag 22.1 19.3 9.7 
>10 µm pyx 10.5 9.8 4.1 
>10 µm oxide 5.2 0.3 
>10 µm pheno 1.0 1.9 2.6 
vesicle 28.1 9.5 34.1 
total# pts 1500 1100 1500 
plag:pyx 2.1 2.0 2.4 

Pahoehoe modes (vol%) 

hase HCC4b HCC1e Kai2,1 Kam1 3 Kam2,2 
<10µm 7.9 3 8.5 6.4 4.6 
>10 µm plag 35.5 37.8 33.4 31.8 32.1 
>10 µm pyx 28.3 33.1 30.7 31.8 30.7 
> 1 O µm oxides 3.4 3.9 0.5 2.8 2.7 
>10 µm pheno 1.7 4.2 0.8 9.8 3.9 
vesicle 23.1 18 26.1 17.4 25.9 
total# pts 1500 1217 1500 1200 1500 
plag:pyx 1.3 1.1 1.1 1.0 1.0 
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• <10 µm plag pyx D . Fe-ox 

Kea4 LK2/ld 

pl/px = 2.0 pl/px = 2.1 pl/px = 2.4 

HCC4b 

pl/px = 1.3 pl/px = 1.1 pl/px = 1.1 

pl/px = 1.0 pl/px = 1.0 

Figure A.6: Pie charts showing modal distribution of hawaiian basalt 
samples. Specified phases (plag, pyx, Fe-oxide) are for grains >10 µm. 
(Vesicles and phenocrysts have been normalized out.) Note the clear 
bimodal grouping based on vol% <10 µm. Top three samples are from 'a'a 
flows; bottom five are from inflated pahoehoe features. 

204 



relative amounts of plagioclase and pyroxene are almost uniformly equal, in a 

1:1 ratio (Table A.2, Fig. A.6). Representative samples from HCC4 show 

plagioclase number densities on the order or 2.2-5.lxlos I cm3. 

In comparison, 'a'a is characterized by a bimodal kind of texture, almost 

porphyritic, with medium-sized, euhedral plagioclase laths and pyroxene 

grains sprinkled throughout a fine-grained groundmass (Fig. A.Sc). Typical 

microphenocryst plagioclase sizes are around 15-40 µm. The groundmass, 

which makes up the bulk of the volume, is a mixture of plagioclase and 

pyroxene microlites of fairly uniform size <5-10 µm (Fig. A.Sd). Unlike in 

pahoehoe, the ratio of plagiodase to pyroxene microphenocrysts (>10 µm) in 

'a'a is almost uniformly 2:1 (Table A.2, Fig. A.6) . Since the basaltic 

compositions of pahoehoe and 'a'a do not vary significantly, 'a'a should have 

nearly equal proportions of plagioclase and pyroxene, as is the case in 

pahoehoe. This implies that since there is twice as much plagioclase As 

pyroxene at the microphenocryst size, the fine-grained groundmass must 

have twice as much pyroxene as plagioclase to balance the amounts. This 

uneven distribution of the phases at the different sizes is probably related to 

their nucleation propensities. 

The primary variation between different 'a'a samples is in the 

concentration of microphenocrysts. For some typical 'a'a samples (from the 

Keamoku flow), microphenocryst plagioclase number density varies from 5-

8.6xl05 I cm3. This density does not take into account the number density of 

the matrix grains, since their small size makes it a much more difficult 

number to acquire. However, the number density of the matrix must be 

several times greater than those values, because the average grain size is on 

the order of 5-10 times smaller than the average microphenocryst size. Note, 
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though, that the 'a'a microphenocryst density is still 1.5-2 times that of 

pahoehoe, even considering only 50 vol% of the sample. 

The most striking quantifiable difference between the pahoehoe and 'a'a 

samples is the distribution of grain sizes. This difference was found to be best 

quantified by a simple modal analysis of grains larger and smaller than 10 

µm. This cutoff is somewhat arbitrary, chosen in part to distinguish the 'a'a 

groundmass from the microphenocryst population, but it demonstrates the 

pahoehoe-'a'a distinction well, at least in the samples studied here. Figure 

A.6 illustrates the distributions graphically. The 'a'a samples have about 55-

75 vol% represented by grains <10 µm, while the pahoehoe samples have only 

3-12 vol% in the same size range (Table A.2, Fig. A.6). While some pahoehoe 

flows are certainly finer-grained than those examined here, and some 'a'a may 

have a coarser groundmass, the inherent textural differences and grain size 

distributions should still be present and quantifiable by a similar cutoff size. 

Preliminary interpretations 

I described above what might be expected, texturally, from the typical 

emplacement histories of pahoehoe and 'a'a flows, and the effects that the 

cooling regimes would have on crystallization. The observed textures seem 

to bear out these predictions. In the 'a'a, the dense groundmass of very fine 

grains, with a scattering of microphenocrysts, could well have been generated 

by abundant nucleation caused by the cooling and degassing that 

accompanies the emplacement of an 'a'a flow. Microphenocrysts are thought 

to nucleate prior to eruption (Crisp et al., 1994), and their scarcity in the 'a'a 

is consistent with pre-eruption conditions of minimal undercooling. 

Pahoehoe, on the other hand, has an even lower number density of grains, and 
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the grains have grown uniformly larger. This is consistent with the fact that 

the pahoehoe interior temperatures are maintained higher for longer by 

insulation, thereby retarding nucleation. In addition, the quiescent 

emplacement of pahoehoe does not promote degassing, so the lava should be 

more volatile-rich than an 'a'a. The presence of volatiles may well encourage 

further growth of the microphenocryst grains (e.g., Dungan et al., 1986; 

Puffer and Horter, 1993). 

While only eight flows have been examined so far, the consistent 

similarities within each flow type and the differences between flow types lead 

us to believe these textural differences are linked to their emplacement 

histories. The relative importance of the various elements of those histories-

degree of cooling, degassing, strain, etc.--is still unclear, but the overall style 

of 'a'a, as exposed flows with large open channels, and pahoehoe, as insulated, 

tube-fed sheets and toes, is associated with the final texture. This implies that 

where basaltic flows are emplaced in similar fashion to the Kilauea and 

Mauna Loa 'a'a and pahoehoe, we should find similar textures produced. 

As a preliminary test of using solely the texture as a guide to the general 

emplacement style of a flow, I examined samples, qualitatively, from four 

alkalic flows from Hualalai Volcano. In a blind test (without checking sample 

labels and field notes), I could distinguish pahoehoe and 'a'a textures and 

determine correctly, for all samples, what type of flow each represented. 

Ideally, similar tests should be run on samples from other basaltic 

volcanic areas, like Mt. Etna, Iceland, and the Galapagos, where field 

exposures allow an independent determination of emplacement style. Sato 

(1995) examined pahoehoe and 'a'a from Izu-Oshima volcano in Japan and 

found textural differences similar to those discussed here, with equally 
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distinct average plagioclase sizes and number densities. If other locales 

produce equally satisfying results, analysis of basaltic textures could lend 

insight into the emplacement styles of flows with little field context. Samples 

of great flood basalts provinces (CRB, Deccan Traps), mid-ocean ridge basalts, 

drill hole cores, basaltic meteorites and even lunar basalt samples could 

potentially be classified as 'a'a-like or pahoehoe-like in their emplacement, 

giving further insight into the formation of these basaltic features. 

A eucrite test 

With this eventual application in mind, I decided to perform a trial 

examination of some basaltic samples with no field context, to determine if 

they bore any resemblance to either of the textural styles noted above. I chose 

to examine samples of basaltic meteorites, called eucrites, which have 

compositions similar to Hawaiian basalts, only slightly more mafic. Eucrites 

are thought to be from the asteroid Vesta and show both coarse, intrusive 

gabbroic textures ("cumulate eucrites"), and finer-grained, extrusive textures 

("non-cumulate eucrites") (Dodd, 1981). I studied unbrecciated clasts from 

three non-cumulate eucrite meteorites: Pasamonte (UNM 239), Millbillillie 

(UTS.2), and Piplyia (UH 272). While the clasts were all limited in size, there 

was sufficient coherent material to make good qualitative and quantitative 

examinations. Qualitatively, the least metamorphosed clasts of non-cumulate 

eucrites display textures which are remarkably similar to Hawaiian pahoehoe 

flows (Fig A.7a), with an intergrown network of plagioclase and pyroxene 

grains. Unlike the terrestrial basalts, the pyroxene in the meteorites is 

pigeonite and significantly larger than the plagioclase grains. 

By applying the same quantitative modal technique used on the 

Hawaiian samples, I found the eucrites continue to resemble the Hawaiian 
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Figure A.7: a) Photomicrograph of Millbillillie demonstrating noncumulate 
eucrite texture. Note the interlocking network of plagioclase laths and larger 
pyroxene (pigeonite) grains, with glassy interstitial pockets. Scale is same as 
Fig. A.Sa. (XPL, 1.7 mm FOV) 

Ill <10 µm D plag (] pyx D Fe-ox 

Pasamonte Millbillillie Piplyia 

Figure A.7: b) Pie charts showing modal distribution of phases in three 
eucrite meteorites. Note similarity in distribution of grains larger and 
smaller than 10 µm to pahoehoe samples in Fig. A.6. 
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Table A.3. Modal analysis results of eucrite meteorites 

Eucrite modes (vol%) 

phase Pasamonte Millbillillie Piplyia 
<10µm 11 7 5.1 
>10 µm plag 36.4 47.2 40.8 
>10 µm pyx 50 45 53 
>10 µm oxide 2.6 0.8 1.1 
total# pts 800 760 800 
plag:pyx 0.7 1.0 0.8 

Table A.4. Comparison of tholeiite and eucrite compositions 

tholeiite* eucrite* 

Si02 49.4 48.86 

Ti02 2.5 0.7 

Al20 3 13.9 12.58 

Cr203 0.34 

Fe20 3 3.0 
FeO 8.5 18.75 
MnO 0.2 0.55 
MgO 8.4 7.2 
Cao 10.3 10.33 

Na20 2.1 0.5 

K20 0.49 0.05 

P20s 0.3 0.1 

*hawaiian tholeiite from Macdonald (1983) 

eucrite from Dodd (1981) 
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pahoehoe samples: the fine-grained interstitial areas make up only 5-11 vol% 

(Fig. A.7b, Table A.3). Pyroxene is slightly more abundant than plagioclase in 

the eucrites, giving an average plagioclase to pyroxene ratio of 0.8 (Table A.3), 

but this is not totally surprising given that the eucrites are slightly more mafic 

than typical Hawaiian tholeiites (Table A.4), having more Fe and Mg and less 

Ca, Al, and Na (Dodd, 1981). However, despite small compositional 

differences, there is a remarkable qualitative and quantitative textural 

similarity between the eucrites and Hawaiian pahoehoe flows. This suggests 

that these three eucrites may well have been emplaced in a manner very 

similar to pahoehoe flows, under conditions of low effusion rates, low 

viscosities and extended insulation accompanied by low rates of nucleation. 

If this inference were true, it would have some interesting implications 

for the parent body, Vesta. Ultimately, knowing the dominant flow type on 

Vesta would give us insight on the evolution and formation of this small, 

differentiated parent body (Taylor et al., 1996). A dominance of pahoehoe

like flows on Vesta is consistent with theory and empirical data (Taylor et al., 

1996). In Hawaiian eruptions, pahoehoe dominates when volumetric rates are 

<5-10 m3 /s (Rowland and Walker, 1990); estimates of eruption rates on Vesta 

are on the order of 0.1-3 m3 /s per meter of fissure (Wilson and Keil, 1996). 

This suggests that pahoehoe flows could be generated for reasonable fissure 

lengths, on the order of 1-3 m. Other factors, such as viscosity, strain rate, and 

flow velocity would also effect the flow type (Peterson and Tilling, 1980), but 

realistic numbers for these variables on Vesta also favor pahoehoe-like 

emplacement (Taylor et al., 1996). 

Our preliminary findings of three eucrites showing pahoehoe-like 

textural features are then entirely consistent with possible eruption styles on 
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Vesta, and examination of all non-cumulate, unmetamorphosed eucrite 

meteorites could be useful for substantiating further speculation. At the very 

least, the great similarities between the eucrites and Hawaiian pahoehoe 

textures suggest this technique does have potential for comparing 

crystallization histories of basalts from very different environments. 

Vertical variations 

Observed petrographic textures 

Another issue that evolved out of examining thick pahoehoe and 'a'a 

flows is variations in grain size with depth. Studies of crystal sizes in dikes 

and lava lakes led to a well-developed relationship between grain size and 

distance from the margin (=depth) (Turcotte and Schubert, 1982; Brandeis and 

Jaupart, 1987a; Cashman and Marsh, 1988). This relationship has been used to 

estimate original depths of samples of lunar mare basalts and eucrites on the 

basis of grain size (e.g. Walker et al., 1977; Walker et al.,1978). However, we 

found in studying Theo's Flow (Chapter 2) that there was no obvious increase 

in grain size with depth in that flow, and there were even discrete levels 

within the flow that varied from finer to coarser grained and back. Since 

Theo's Flow had a complicated crystallization history, though, I sought to 

clarify the relationship between grain size and depth by studying what may 

be considered "less complicated" basaltic lava flows. 

Examination of sections spanning the flows' vertical cross-sections 

revealed that below the outermost 20 cm of the pahoehoe flows, and 

throughout the 'a'a flows, there is little visible increase in grain size over the 

several meters depth in each flow (Fig. A.8, A.9). In the pahoehoe flows, the 

biggest textural difference with depth is in the amount of interstitial glassy 
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HCC4a:54cm HCC4b: 1.49 m 

HCC4c: 2.0m 

HCC4d: 2.48 m HCC 4f: 3.33 m 

Figure A.8: Five photomicrographs (XPL, 1.7 mm FOV) showing textures at 
various depths within an inflated pahoehoe tumulus. Note the surprisingly 
minimal grain size change over 3 m of depth. The tumulus was 3.7 m thick 
at its peak. 
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Kea 1: clinker Kea 2: top of dense interior 

Kea 3: 85 cm Kea 4: 1.43 m 

Figure A.9: Four photomicrographs (XPL, 1.7 mm FOV) of samples through a 
vertical section of the Keamoku 'a'a flow on the northeastern flank of Mauna 
Loa. Note the minimal change in plagioclase microphenocryst size with 
increasing depth. Note, however, that the fine-grained groundmass increases 
in crystallinity with depth. 
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material, which gradually diminishes. In addition, inflated pahoehoe features 

tend to have distinctive macroscopic layers identifiable by their vesicle 

distribution (L. Keszthelyi, personal communication; Self et al., 1996): an 

upper, highly vesicular crust (Fig. A.8, samples HCC4a-4c); a dense, 

minimally vesicular middle (Fig. A.8, sample HCC4d); and a thin basal zone 

with pipe vesicles (Fig. A.8, sample HCC4f). In the samples studied here, this 

variation in vesicle content does not have any apparent effect on the texture or 

any significant effect on the grain size, although there is a small increase in 

grain size within the dense layer where volatiles did not completely exsolve. 

In the 'a'a flows, the only visual difference with depth is a gradual increase in 

groundmass crystallinity. 

To quantify these vertical variations (or lack thereof), plagioclase 

microphenocryst sizes were measured in several samples in the Keamoku 

flow and in an inflated tumulus (HCC4) from the High Castle Overlook 

cliffside (Table A.5). There is an increase of about 50% in average grain size 

(Fig. A.10) in both flows, but this is only 8 µmover 1.43 m for the 'a'a and 16 

µm, in jumps, over 2.8 m for the pahoehoe. In addition, examination of the 

histograms of grain sizes (Fig. A.11) show that samples from each flow tend to 

cover the same grain size range; there is simply a shift, with depth, of the 

majority of grains becoming slightly larger, but with no significant loss of the 

smallest grains. 

Preliminary interpretations 

To understand the significance of these minimal size changes, I 

compared them to grain sizes expected from two different models. Firstly, 

the simple conductive cooling model of Jaeger (1968) was applied, since it fit 
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Table A.5. Average plagioclase grain sizes in pahoehoe and 'a'a 

Sample depth (m) #grains avg size (mm) st dev area (mm2
) grain #density 

HCC4a 0.54 336 0.032 0.019 5.295 505487 

HCC4b 1.49 288 0.042 0.032 6.009 331807 

HCC4c 2.00 271 0.041 0.027 5.988 304461 

HCC4d 2.48 253 0.048 0.036 6.14 264502 

HCC4f 3.33 224 0.048 0.033 6.029 226467 

Kea1 0 286 0.017 0.014 3.926 621761 

Kea2 0.05 375 0.018 0.014 4.131 864896 

Kea3 0.85 333 0.022 0.014 4.121 726378 

Kea4 1.43 985 0.025 0.012 15.572 503081 
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Figure A.10: Plot of average plagioclase widths with increasing depth in 'a'a 
and pahoehoe flows. Comparison curves show expected grain sizes based on 
simple conductive cooling Gaeger, 1968), with the growth rate specified by 
modelling by Walker (1977). See text for details. 
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Figure A.11: Histograms of grain sizes in pahoehoe and 'a'a samples 
throughout the vertical sections of the Keamoku flow and the HCC4 
tumulus (pictured in Figs. A.8 and A.9). Note how the same grain size range 
is covered by samples within the same flow; there is only a slight shift of 
more grains (and hence, the mean) to higher sizes with increasing depth. 
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well with the cooling of Makaopuhi lava lake (e.g. Turcotte and Schubert, 

1982). Equation 38 of Jaeger (1968) approximates the time, t (yrs), to solidify 

the flow to a depth, x (m), as: 

t = (x/5.8)2 

Using the resultant cooling times, we can calculate expected grain sizes for 

given depths (solid line in Fig. A.10) assuming a constant growth rate of 10-10 

cm/s (Cashman and Marsh, 1988; Cashman, 1993) for the durations calculated. 

This curve dramatically underestimates the 'a'a or pahoehoe grain sizes, 

although even using a faster growth rate, such as 10-9 cm/s, does not produce 

a good fit to the data. Theoretically, the 'a'a sizes could be roughly matched if 

the cooling curve began at the microphenocryst size found in the clinker (17 

µm) and cooled from there, although whether the trend would continue 

below 1.5 m is impossible to tell. In addition, this would imply that all the 

microphenocrysts currently in each sample were there upon emplacement, 

and have only grown larger since. This assumption is not viable for the 

pahoehoe samples, though, since the glassiest rinds of pahoehoe have few 

grains of any size (see below) and certainly not enough to account for the 

current grain populations. Most likely the conductive cooling curves do not 

fit well simply because neither the 'a'a nor the pahoehoe flows approximate a 

simple standing lava body the way the thick lava lake did. 

The other model used for comparison was from calculations made by 

Walker et al. (1977) in the context of examining plagioclase sizes in lunar 

basalt samples. Walker et al. (1977) first related cooling rate to plagioclase 

grain size and then, using a cooling relationship similar to Jaeger (1968), 

related cooling rate to distance from the cooling surface. This produced a 
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relationship of grain size to depth (or distance to nearest cooling surface), 

shown by the dashed line in Figure A.10. This relationship does not 

apparently match the 'a'a and pahoehoe data either, although it may give 

some interesting insight into pahoehoe formation. 

We know that pahoehoe features thicker than small toes form by the 

process of inflation. Hon et al. (1994) describe how the solid crust rides on 

the liquid interior and gradually thickens as the upper level of molten lava 

crystallizes. However, since more lava is continuously injected (for an 

extended period of time), the molten core remains approximately the same 

thickness until the final stages of solidification (Fig. A.4a,b ). This implies that 

there is a nearly constant distance from the molten interior to the nearest 

cooling surface. For example, if we assume there was once a molten core 

thickness of about 1 m, a sample from any depth in the current rock unit was, 

while solidifying, no more than 0.5 m from the overlying or basal crust. Since 

the upper crust was thickening, however, the upper cooling surface would 

gradually become warmer, since heat would conduct away more slowly with 

the increasingly thicker insulation layer. This decrease in temperature 

difference between the solid crust and the molten core would slowly reduce 

the cooling rate, causing a slight increase in average grain size. 

So, we can use the Walker et al. (1977) curve (Fig. A.10) to approximate 

the thickness of the molten core for this pahoehoe tumulus. The shallowest 

sample (at 54 cm) has a grain size that equates to being about 0.25 m from the 

nearest cooling surface, or being in the middle of a 0.5 m thick layer, while the 

deepest samples (at 2.48 and 3.33 m) equate to being at the center of a 0.7 m 

thick layer. The field exposure of this tumulus has a dense, non-vesicular 

layer which is considered the solidified molten core on which the upper 
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vesicular crust rested (Self et al., 1996). The thickness of this dense core in the 

outcrop, about 1 m, matches fairly well with the estimated thicknesses above. 

In summary, there is surprisingly little difference in grain size with 

depth in either the 'a'a or pahoehoe flows examined here. The small increase 

in plagioclase size measured in the 'a'a could be explained by simple growth 

during conductive cooling, given grains starting with an average size about 

that of the microphenocryst population in the piece of clinker. The small 

grain size differences in the pahoehoe flow are more complicated, but could 

perhaps match the size-depth relationship derived by Walker et al. (1977) if 

we consider depth within the solidifying molten core, rather than depth 

within the whole flow. Certainly, more samples should be examined to verify 

if these size trends are representative of typical 'a'a and pahoehoe flows. 

Pahoehoe lobes 

The ongoing eruption at Kilauea has produced a large pahoehoe flow 

field with well-developed tube systems. At times the lava is confined to the 

tubes and is delivered straight to the ocean entry to produce new coast line. 

Occasionally, a surge in lava volume will cause breakouts through skylights 

in the tube system, allowing the lava free access to the surrounding plains, 

forming new surface flows. The tube system can also be abandoned if there is 

a sufficiently long pause that the tubes get plugged with stagnant lava. 

Following such pauses, surface flows are abundant until a new tube system is 

established. The intense monitoring of the ongoing Pu'u 'O'o eruption by 

Hawaiian Volcanoes Observatory personnel means that active surface flows 

have been closely studied for years. Observations have yielded abundant 

information about pahoehoe lobe formation (e.g Hon et al., 1994) and led to 

the classification of pahoehoe lobes into several, unofficial morphological 
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types. In reality, there is something of a continuum of morphologies, which 

has generated a slew of terms for different-looking lobes. There are three 

specific types of lobes of interest here, which for the purposes of this study 

will be referred to as silvery, blue-glassy, and spiny pahoehoe, each 

representing a slightly different morphology and emplacement history. 

Progressive crystallization of a lobe 

Samples of these lobe types were collected from the active flow field, 

most of them immediately following each lobe's formation, and returned to 

the lab intact. In order to examine the petrographic textures of each type, thin 

sections were oriented to span as much of the cross-section of the lobes as 

possible and to include the outermost glassy margin and the more crystalline 

interior. This allowed us to study not only the differences between types, but 

also the features associated with increasing crystallinity found in all the lobes. 

Figure A.12 shows the fascinating progression of textures from the 

exterior to the interior of one lobe, convenient snap-shots of the crystallization 

process. This particular cross-section is of a silvery lobe (Fig. A.12a) but it 

demonstrates the typical textural zones which are found in all the lobe types, 

with some variations associated with greater crystallinity (discussed below). 

The outermost rind has a few microphenocrysts of plagioclase set in a 

completely glassy groundmass. A few millimeters inward, tiny microlites 

begin to appear in the glassy groundmass (Fig. A.12bl). The number of 

microlites gradually increases until the nucleation propensity of the 

groundmass increases dramatically. At this stage, every object--phenocryst, 

microphenocryst, microlite, vesicle--becomes furry with fine sprays of 

nucleating grains (Fig. A.12b2). The microlites themselves tend to have rapid 
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Figure A.12: Photomicrographs of a silvery pahoehoe lobe (95 cm thick) at various scales, illustrating the 
progressive crystallization of the outermost portion of the lobe. a) A plain polarized light cross-section of the 
outermost 2.2 mm, from the glassy rim (left) to the crystalline interior (right) of the lobe. Pale round features 
are vesicles. Boxes with numbers represent areas of close-up images presented in part b, which show the four 
main textural stages of crystallization. 
b) Four close-up images (PPL, 0.85 mm FOV) of progressive stages of crystallization. 1 = from the glassy region, 
showing only a handful of tiny microlites visible. Also visible are several microphenocrysts of plagioclase. 2 = 
from the area where groundmass growth has just begun (fuzzy outlines), nucleating on preexisting grains. 3 = 
from the area of increasing groundmass growth. 4 = from the area of maximum extent of crystallization within 
the lobe, showing the groundmass as nearly opaque from small grains of plagioclase, pyroxene and Fe-oxide. 
Numbered boxes refer to images in c. 
c) Extreme close-up images (0.14 mm FOV) in reflected light, showing increasing growth of groundmass around 
pre-existing microphenocrysts. 2a = from the area of beginning growth, showing lighter halos within darker 
glassy groundmass where nucleation has begun. 3a = from the area of increasing groundmass growth, showing 
increased activity in halo area around microphenocrysts. 4a and 4b = from the fully crystalline area, showing 
the two matrix textures: very fine sprays of plagioclase and pyroxene, and coarser areas of stubby grains. White 
grains are Fe-oxides. 
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growth morphologies (Lofgren, 1983), with forked ends or incomplete centers 

(Fig. A.12c2a, c3a). With greater depth, increasingly more of the glassy matrix 

becomes finely crystalline (Fig. A.12b3) and the intergranular area becomes 

less translucent. Finally, 2-3 cm into the lobe, the medium-sized grain 

population seems slightly more abundant, with the addition of a few large 

microlites (Fig. A.12b4), and the groundmass is opaque with fine grains 

(including Fe-oxides) clustered around microphenocrysts (Fig. A.12c4a, c4b). 

Emplacement histories 

Despite the common pahoehoe heritage of being well-insulated and 

originally tube fed, the different pahoehoe lobe types experience slightly 

different emplacement and cooling histories. The overall crystallization 

appears to be similar, but there are some interesting differences observable in 

the outermost few centimeters of the lobes, presumably attributable to their 

slightly different emplacement histories. 

Silvery pahoehoe, so called because of the silvery sheen of the fresh 

glassy surface, tends to be the most common type of lobe on the flow fields 

(Fig. A.13a). The lava is usually highly vesicular (Fig. A.13b) and has also 

been dubbed S-type or spongy pahoehoe because of this high concentration 

of vesicles (Walker, 1989; Wilmoth and Walker, 1993). The lobes tend to form 

early in an event and continue to form as long as there is a constant supply of 

lava to the surface. These lobes represent the freshest material coming straight 

from the vent via the tube system, with no pause along the way during which 

pre-eruptive magmatic gases could escape (Walker, 1989). As a result, the 

lava has retained its high volatile content and maintained a fairly high 

temperature; thermocouple measurements for silvery flows average about 
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a) 

b) 

Figure A.13: Three pahoehoe lobes types. a) Silvery pahoehoe in the field. 
Note silvery sheen. b) Silvery lobe in cross-section. Note high vesicularity. 
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1130°-1140° C (Keszthelyi, 1996). (For comparison, lava near the vent has been 

measured by thermocouple at :?: 1160° C; Keszthelyi, 1996.) However, the 

abundance of vesicles tend to impart a yield strength to the lava, so that even 

with the high temperatures, typical silvery pahoehoe toes are no less than 

about 15-20 cm thick. 

Blue-glassy pahoehoe (Fig. A.13c) is characterized by a thick glassy 

veneer that has a definite blue tinge when young. These lobes tend to be less 

vesicular than silvery lobes, and what vesicles there are have coalesced and 

migrated towards the center of the lobes (Fig. A.13d). This type of pahoehoe 

includes the P-type lobe of previous nomenclature (Wilmoth and Walker, 

1993) named for the pipe vesicles that can form in the basal region of the lobe 

as bubbles move upward at the same rate as the lower solidification front. 

Blue-glassy pahoehoe lava emanates from within inflation features (Fig. 

A.13c), like tumuli or inflation rises (Walker, 1991), suggesting it has been in 

storage for some length of time, perhaps days to weeks (Wilmoth and Walker, 

1993). During this time the vesicles have begun to coalesce and escape the 

fluid lava, which has also cooled somewhat with respect to silvery pahoehoe 

lava; typical thermocouple temperatures of blue-glassy pahoehoe lobes 

average 5-10° C cooler than silvery pahoehoe, around 1125°-1135° C 

(Keszthelyi, 1996). The reduction in vesicle abundance, in conjunction with 

moderately high temperatures, means that blue-glassy pahoehoe lobes tend to 

have slightly lower yield strengths than the foamy silvery pahoehoe lobes. 

The increased fluidity allows the blue-glassy lava to form thinner toes and 

sheets, only about 5-10 cm thick. 

The other interesting thermal distinction between silvery and blue-glassy 

pahoehoe is that silvery pahoehoe lobes cool nearly twice as fast as blue-
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c) 

d) 

Figure A.13 (cont.):c) Blue-glassy pahoehoe in the field. Note distinct bluish 
color to glassy surface and the thinner lobes. This blue-glassy flow is coming 
from within the inflated rise behind it. d) Blue-glassy lobe in cross section. 
Note the entirely different vesicle content and distribution from silvery lobe. 
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glassy pahoehoe lobes (Keszthelyi, 1996; Wilmoth and Walker, 1993). This has 

been attributed to differences in their density and vesicularity (Fig. A.13b,d). 

Solid rock conducts heat, while vesicles allow for radiative cooling across the 

air pockets. Since radiative cooling is faster than conductive cooling, the 

more vesicular lobe should lose its heat faster (Wilmoth and Walker, 1993). In 

addition, the high vesicularity means there is simply less hot rock per unit 

volume which needs to cool (Keszthelyi, 1996). Rough measurements of the 

vesicularity of the sample lobes (using the method of Houghton and Wilson, 

1989) show the density difference between the types: two silvery lobe samples 

are 42.2% and 50.2% vesicles, while the blue-glassy lobe is 20.5% vesicles. A 

transitional sample falls in between, appropriately, at 31.3% vesicles. 

The other primary type of lobe in this study we call a spiny pahoehoe. 

Its morphology lies somewhere between the smooth silvery lobes and 

extremely viscous toothpaste lava (Rowland and Walker, 1987). Spiny 

pahoehoe does form lobes, sometimes with ropes, but since it is sticky, it 

develops a rough, spiny surface (Fig. A.13e). Parts of a spiny pahoehoe 

outbreak may become almost clinkery in their texture if the lava experiences 

greater strain rates. Like silvery pahoehoe, spiny pahoehoe breakouts emerge 

straight from the transport system, with no pause in the inflation zone (L. 

Keszthelyi, personal communication), but they are far less common than 

silvery pahoehoe as spiny lava tends to erupt sluggishly only at the end of an 

event when the transport system is shutting down. The sticky, more viscous 

nature of spiny pahoehoe is attributable to its vesicularity and temperature. 

While the vesicles are fewer and larger in spiny lava, it has a vesicularity 

approaching that of silvery pahoehoe (Fig. A.13f), which generates a yield 

strength. In addition, thermocouple measurements show even lower 
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e) 

f) 

Figure A.13 (cont.): e) Spiny pahoehoe lobe in the field. Note the rougher 
surface in comparison to the silvery and blue-glassy lobes. The spiny lobe is 
slightly thicker than the silvery lobe in A.13a. (Photo courtesy of J. Caplan
Auerbach) f) Cross section of a spiny pahoehoe sample. Note the greater 
vesicularity in comparison to the blue-glassy lobe. 
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temperatures for spiny pahoehoe than blue-glassy pahoehoe lobes, about 

1120° C at breakout (Keszthelyi, 1996). 

As with the differences between 'a'a and pahoehoe, the important 

differences in emplacement between the pahoehoe types appears to be in the 

cooling and degassing history, implying there should be minor textural 

differences, too. Silvery flows erupt straight from the hot tube system with no 

pause between the vent and the surface breakout. We would expect these 

lobes to have experienced the least cooling and degassing and so have the 

fewest nuclei or grains. Once they do breakout, they cool quickly, suggesting 

any nucleated grains should be small. 

Blue-glassy lava appears to have spent time residing in a stagnant 

feature, like a tumulus, experiencing some minor degree of cooling. 

Depending on which variable, temperature or duration, is more important to 

the processes of nucleation and growth, we would expect blue-glassy lava to 

have developed either more nuclei and grains than silvery pahoehoe, or else 

the same number of grains, but slightly larger. Larger grains could also be 

generated by the slower cooling times measured after breakout. 

The spiny pahoehoe lava comes straight from the tube system, but has 

apparently spent a long time puddled somewhere along the way. Based on 

this alone, it is difficult to predict how different the spiny lava may be from 

blue-glassy lava. However, since spiny pahoehoe has a lower breakout 

temperature and apparently has a higher viscosity, it may have resided in the 

system even longer than blue-glassy lava and would then be more crystalline. 

The range of undercooling, degassing, and cooling rate, for essentially the 

same starting material, provides an ideal opportunity to evaluate the relative 

importance of these factors in the crystallization process. 
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Comparison of lobe types 

Observed petrographic textures 

For the following discussion, recall the distinction (Crisp et al., 1994) 

between different grain size populations (Fig. A.14) described above: 

phenocrysts are the largest grains, usually olivine, microphenocrysts are the 

medium-sized grains which nucleated and grew in transit, and microlites are 

the smallest grains which grew during the cooling of the lava after the lobe

forming breakout. 

As with the pahoehoe and 'a'a comparison, there are qualitative and 

quantitative differences between the three lobe types, although more minor. 

The essential difference, which is visually quite obvious (Fig. A.15, A.16) is in 

the abundance of microphenocrysts. There is a clear increase in crystallinity 

from the silvery lobe to the blue-glassy lobe to the spiny pahoehoe lobe. 

First, we focus on the outermost glassy margin of each lobe (Fig. A.15). 

The glassy rind was quenched upon first being exposed to the air, so this layer 

should display the crystalline state of the lava at the moment of breakout, 

reflecting the crystallization history of the lava during transport. As is 

expected, the groundmass is completely glassy in all cases (Fig. A.15), with no 

microlites at all. However, there is a significant difference in the number of 

microphenocrysts in each pahoehoe type. The silvery pahoehoe shows almost 

no microphenocrysts, while the blue-glassy lobe has a moderate population 

and the spiny lobe displays a significant number. 

Modal analysis of the three lobes, restricted to the outermost 2.5 mm, 

quantifies these differences (Fig. A.17a; Table A.6). The silvery lobe has only 5 

vol% microphenocrysts, while the blue-glassy lobe has three times as many 

(15 vol%) and the SP,inY lobe twice that (32 vol%). Curiously, the plagioclase 
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Figure A.14: Photomicrograph (PPL, 1.7 mm FOV) showing representatives of 
three different grain size populations: phenocryst (large olivine in the 
middle), microphenocryst (medium-sized plagioclase laths, e.g. down and left 
of olivine), and microlites (small elongate grains sprinkled throughout). 
Nomenclature is from Crisp et al. (1994). 
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Figure A.15: Comparative textures of different pahoehoe lobes at the glassy 
lobe margin. Note the increase in microphenocrysts with the change in type, 
left to right. Each panel is 0.6 mm POV. 
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Figure A.16: omparative textures of di erent pahoehoe the 
crystalline interior of the lobe. Note similar increase in grain abundance as in 
Fig. A.15, and increase in pyroxene (blockier grains). Panels are 0.6 mm FOV. 
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to pyroxene ratio is far greater than one, ranging from 2.4-3.4; recall that all 

the interior pahoehoe samples, which were 88-97 vol% crystalline, had 

plagioclase to pyroxene ratios close to 1 (Table A.2). This suggests that there 

is significantly more pyroxene growth with further crystallization. 

Next, we turn to the crystalline end of the lobe, 2-3 cm deep (Fig. A.16). 

As described above, at this stage the groundmass is opaque with tiny grains of 

plagioclase, pyroxene and Fe-oxide, which have nucleated on 

microphenocrysts and vesicles (Fig. A.12b4). Interestingly, there are two 

coexisting textures in the groundmass matrix: very fine elongate sprays and 

coarse, more stubby individual grains (Fig. A.12c). Since these matrix areas 

could not have experienced different cooling rates, the different textures 

imply varying nucleation densities due to heterogeneously distributed 

nuclei. Presumably, the fine, feathery sprays represent areas of fewer nuclei 

(Lofgren, 1983) and the coarser cluster areas formed where more individual 

nuclei were available. The three lobe types show a slight variation in the ratio 

of fine to coarse matrix (Table A.6), with the blue-glassy lobe having the 

highest proportion of coarse matrix (41 vol% of the groundmass), then the 

spiny lobe (38 vol%) and then the silvery lobe (30 vol%). If the above 

nucleation density I texture interpretation is correct, these proportions imply 

that the blue-glassy pahoehoe groundmass has the highest nucleation density 

generated after breakout. 

At the microphenocryst scale, there is the same lobe type progression of 

increasing grain density that was apparent at the glassy margin, with the 

silvery lobe having very few grains and spiny pahoehoe having the most. 

This difference can be seen in the modal proportions (Fig. A.17b; Table A.6), 

with an increase from 11 vol% to 21 vol% to 29 vol%. Again, the least 
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Table A.6. Modal analysis results for pahoehoe lobes 

silvery blue glassy spiny 
phase glassy xstline glassy xstline glassy xstline 
plag 1.4 6.7 7 9 15.3 9.8 
pyx 0.5 2.3 2.1 5.3 6.4 6.3 
ol 1.5 0.8 3.1 5 2.8 3.3 
glass matrix* 37.3 50.9 46.1 
feathery gm* 44.6 31.2 24.9 
coarse gm* 19 22 15.2 
vesicle 59.4 26.6 37 27;5 29.4 40.5 
total# pts 2000 1998 1549 1998 1331 1813 

plag:pyx 2.8 2.9 3.3 1.7 2.4 1.6 
feathery: coarse 2.3 1.4 1.6 
grains:matrix 0.1 0.2 0.2 0.4 0.5 0.5 
* glassy matrix at glassy end of lobe 

feathery and coarse groundmass at xstalline end 

Table A.7. Pahoehoe lobe trends 

inc. breakout T silv (1135° C) bg (1130° C) spiny (1120° C) 
inc. xstllinity silv (4.7%) bg (15%) spiny (32%) 
inc. matrix 

nuclei abund. silvery spiny blue-glassy 
inc. cooling rate silvery spiny?? blue-glassy 
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D plag D pyx Ill matrix 

a) 
silvery glassy bg glassy spiny glassy 

pl/px = 2.7 pl/px = 3.4 pl/px = 2.4 

bg xstlline spiny xstlline 

pl/px = 2.9 pl/px = 1.7 pl/px = 1.5 

Figure A.17: Results of modal analysis of three different pahoehoe lobe 
types. a) Relative proportions of phases at the glassy (outer 2.5 mm) margin 
of the lobes . Note the dramatic increase in grain abundance in the 
blue-glassy (bg) and spiny lobes. b) Relative proportions in the crystalline 
interior of each lobe of the same phases. "Matrix" in this case refers to the 
semi-crystalline groundmass. 
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crystalline sample, the silvery lobe, shows the highest plagioclase:pyroxene 

ratio, while the spiny pahoehoe, the most crystalline, is the closest (at 1.5) to 

that measured in the interior pahoehoe samples. 

Preliminary interpretations 

In relating the textures of these lobes to their emplacement histories, we 

find some features match well with our expectations and some pose more 

questions about the crystallization process. The silvery lobe, which 

experienced the least pre-breakout cooling and degassing, and then the fastest 

cooling rate upon breakout, has the lowest nucleation density. The 

microphenocryst population in the glassy margin is predictably negligible, in 

accord with the high temperatures measured from vent to breakout. 

Likewise, at the crystalline end, the silvery lobe has the highest proportion of 

fine groundmass, implying that the rapid cooling of the lobe after breakout 

restricted the formation of many nuclei (Lofgren, 1983; Cashman, 1993). 

The blue-glassy lobe experienced some period of cooling before 

breakout, erupting at 5-10° C cooler than the silvery lobe. Accordingly, there 

is an increased volume of microphenocrysts in the lobe, supporting the idea 

that nucleation is encouraged by undercooling (Lofgren, 1983). Similarly, the 

blue-glassy lobe underwent slower cooling than the silvery lobe upon 

breakout, and the groundmass seems to reflect more nucleation. 

The spiny pahoehoe lobe is the most crystalline at the microphenocryst 

size in accordance with its coolest breakout temperature. This suggests it 

resided even longer than the blue-glassy lava before breaking out from the 

transport system and so experienced even more cooling and nucleation. 

However, the groundmass of the spiny lobe is midway in its nucleation 
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density between those of the silvery lobe and blue-glassy lobe. If we follow 

our line of reasoning for the other two lobes, we would predict that the spiny 

lobe cooled slower after breakout than the silvery lobe but faster than the 

blue-glassy lobe. Since it is rather rare to witness emplacement of spiny 

pahoehoe, we have no data on its cooling rate. However, it is not 

unreasonable that the spiny lava would cool faster than the blue-glassy lava 

since the former is more vesicular, and, by the arguments explained above for 

the silvery lobe, this would aid in heat loss. It would be interesting to test the 

relationships and predictions proposed above by making this measurement. 

Table A.7 summarizes these observations and interpretations. There is a 

trend of increasing crystallinity from silvery to blue-glassy to spiny that 

matches the trend in breakout temperatures from the hottest to coolest. There 

is also an increase in groundmass nucleation density from the silvery to spiny 

to blue-glassy, which matches the drop in cooling rate from silvery to blue

glassy lava, and is not inconsistent with the known vesicularity of spiny in 

relation to the other lobe types. The implications of these relationships to the 

relative importance of cooling and cooling rate in determining crystallinity 

are somewhat ambiguous at this stage. The cooling and degassing are of 

critical importance in determining the microphenocryst density, but the 

cooling rate seems to take over for determining the progressive crystallization 

of the microlites in the matrix. 

There are two important ways this study could be expanded, to help 

broaden these interpretations. First, obviously, more samples of each type of 

lobe need to be examined petrographically, and more thermal data acquired, 

to determine whether the results presented here are typical or not. As with 

the 'a'a vs. pahoehoe distinction, I performed a similar blind test for these 
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correlations. I examined several quenched samples of fresh lava (hammer 

dips) from various pahoehoe flows, without referring to field notes and 

sample labels, and found that with the exception of one sample (which was 

from a "transitional" lobe), I could distinguish a silvery pahoehoe from a 

blue-glassy pahoehoe every time. This implies that these lobe samples are 

fairly typical of the three types. 

Secondly, assuming that the trends noted above are valid, it would be 

interesting to study samples of thicker, inflated versions of each pahoehoe 

type. This would help to determine whether the minor differences in 

crystallinity seen in the outermost 3 cm of pahoehoe has any corresponding 

differences at depth, or whether all pahoehoe have essentially the same 

interior crystallinity, ultimately governed by the larger-scale emplacement 

processes. The inflated pahoehoe features described in the first part of this 

study were all emplaced as silvery pahoehoe, as far as we could tell. 

However, there was one 1-m thick feature sampled in the High Castle cliffside 

(which was not made into thin sections) which showed an obvious blue-glassy 

margin along its top. It could be very instructive to examine that feature in 

the future. 

Conclusions 

While this project is still somewhat preliminary, there are some 

important observations, conclusions, and interpretations to be noted: 

1) The emplacement style of a basaltic lava flow is an important 

controlling factor in the petrographic textures developed during 

crystallization. There are specific qualitative and quantitative differences 

between pahoehoe and 'a'a flows, as well as smaller scale variations between 
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different pahoehoe lobe types, all apparently attributable to, and consistent 

with, their emplacement histories. 

2) The most important aspect of the emplacement, in terms of governing 

the textures, appears to be the thermal regime of the lava, although degassing 

must play a role as well. Pahoehoe and 'a'a textural differences seem to relate 

to the insulation experienced by the pahoehoe in contrast to the repeated 

episodes of cooling and degassing that the 'a'a flow undergoes during 

transport. For the lobes, the differences in microphenocryst population seem 

to correspond directly to the breakout temperatures of the lobes, and hence 

the degree of cooling in transit. 

3) The textural differences between 'a'a and pahoehoe were consistent 

regardless of depth in the flows. In fact, within each flow type, there was no 

textural variation and remarkably little variation in grain size with depth. For 

the 'a'a, this could be due to thorough mixing during its emplacement, 

causing a fairly even distribution of crystal nuclei. In pahoehoe the lack of 

grain size variation is probably related to the complex thermal history of the 

flow associated with the inflation process. Because the molten core of an 

inflated pahoehoe is mostly constant in thickness, each bit of lava is no further 

than a given distance from the cooling surface, creating similar growth 

conditions for grains throughout the flow. 

4) While only a few examples of 'a'a and pahoehoe were examined, and 

one each of the pahoehoe lobes, results of quick blind tests suggest that the 

textural differences noted in this study are typical and consistent with other 

flows. As noted above, ideally we should examine flows from other basaltic 

provinces to verify these observations, but we are confident that similar 

textural variations will be found. 

242 



5) Based on this confidence that there is a specific connection between 

texture and emplacement history, an examination of the eucrite meteorites 

seems to give some insight into their emplacement histories. From qualitative 

and quantitative analysis of the non-cumulate eucrite textures, we infer that 

these eucrites were emplaced under conditions similar to Hawaiian pahoehoe 

flows: low effusion rates, low viscosities, and extended insulation, 

accompanied by low rates of nucleation. This interpretation is consistent with 

theoretical modelling of eruption conditions on their parent asteroid, Vesta. 
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Appendix B 

Table B.1. Average Fe-Oxide compositions in Theo's Flow 

rims/anhedral grains 

erid. xite 
sam le TS2.2 TS2.6 
strat hgt (m) 6.9 56 

Si02 0.04 0.04 0.03 0.3 0.2 0.9 

Ti02 1.2 1.2 1.2 7.3 49.6 47.0 

Al203 7.6 7.5 7.3 3.4 0.01 0.03 

Cr203 49.4 48.8 48.9 19.6 0.00 0.00 

FeO 32.6 33.6 34.1 60.4 40.6 41.5 
MnO 0.4 0.4 0.4 1.9 4.2 5.9 
MqO 5.9 5.4 5.0 0.5 0.1 0.04 
Total 97.1 96.8 97.0 93.4 94.6 95.3 
#meas. 25 16 19 22 2 4 

mineral chromite chromite chromite Cr-magn ilmenite ilmenite 

Table B.2. Average amphibole compositions in basal unit 

sample TS2 TS2.1 
hgt (m) 1.8 3.2 

meas calc* meas. calc* 
Si02 43.4 43.1 

Ti02 2.2 2.9 

Al203 12.4 12.5 

FeO 10.2 0.0 9.6 0.0 
Fe20 3 (c) 11.3 10.7 

MnO 0.1 0.1 
MgO 15.8 15.8 
Cao 10.5 10.5 

Na20 1.9 1.9 

K20 0.2 0.3 

F 0.1 0.1 
Cl 0.0 0.0 
H20 (c) 2.1 2.1 

total 96.8 100.0** 96.8 99.9** 
#meas 25 25 

* Fe3
+ and water calculated by software based on stoichiometry 

**includes measured and calculated (c) values 
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Table C.1. Results of crystal size distribution analyses--Theo's samples 

sample TS4 

area (mm2
) 104.74 

total # grains 1103 

size bins (mm # Qrains ln(n*) 

0.05** 37 4.8 

0.10 221 5.8 

0.15 291 5.9 

0.20 231 5.3 

0.25 132 4.7 

0.30 108 4.0 

0.35 42 2.8 

0.40 24 1.8 

0.45 11 0.4 

0.50 3 -1 .4 

0.55 1 -3.5 

0.60 0 -3.5 

0.65 1 -2.5 

0.70 1 

0.75 

0.80 

0.85 

0.90 

0.95 

1.00 

1.05 

*n = (dN/(area x dL))"1 .5, where 

TS6 TS7 TS8 TS9 TS10 TS11 

90.27 84.25 139.55 73.22 108.23 71 .56 

1184 1111 1121 1105 1104 990 

# Qrains ln(n) # Qrains lnln) # arains lnln' # arains lnln) # Qrains ln(n' # Qrains 

34 5.2 27 5.2 11 3.7 35 5.8 19 4.9 36 

250 6.3 249 6.3 159 5.3 312 6.8 270 5.9 286 

345 6.3 311 6.2 307 5.4 372 6.5 298 5.7 332 

247 5.7 228 5.6 212 4.9 198 5.5 190 5.0 191 

147 4.8 135 4.9 161 4.5 92 4.4 116 4.3 95 

76 3.9 85 3.9 123 3.8 43 3.4 73 3.7 35 

44 2.8 32 2.8 58 2.9 26 2.3 52 3.1 7 

15 1.6 24 2.0 36 1.9 9 1.0 33 2.4 6 

11 0.8 7 0.8 13 1.3 5 0.3 21 1.8 1 

4 -0.2 7 0.3 21 1.0 4 0.1 14 0.9 1 

4 -0.9 3 -1 .1 7 0.1 4 -0.6 6 -0.1 

1 -2.3 1 -3.2 8 -0.7 1 -1 .3 4 -0.5 

1 -3.3 0 -3.2 1 -2.3 2 -1 .9 4 -0.9 

0 1 -2.2 2 -2.3 0 -3.0 2 -1.9 

0 -1 .7 1 1 -4.0 1 -3.0 . 1 -2.5 

3 -1.2 0 0 1 

1 -2.3 0 0 

1 0 -4.0 0 

1 0 

0 -3.0 

1 I 

dN = sum of grains in successive bins (b1 +b2, b2+b3, etc.) = slope of cumulative curve 

dL = half the bin size = .025 

** 0.05 mm bin not shown on plots since slope can't be calculated for smallest bin 

ln(n) 

5.7 

6.7 

6.4 

5.5 

4.3 

2.7 

0.9 

0.0 

-1.9 

TS12 

73.18 

1022 

# Qrains 

75 

377 

326 

176 

45 

15 

5 

2 

0 

0 

0 

0 

1 

ln(n) 

6.2 

6.8 

6.3 

5.1 

3.2 

1.5 

-0.1 

-1.9 

-3.0 

> 
ro 
~ 
p.. ...... 
>< 
n 
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Table C.2. Results of crystal size distribution analyses--nakhlite samples 

samole IUSNM2435 (N) IAMNH3887 <N USNM1505 (U IASU167ax <U IBM1975(1) <GV 

area (mm
2

) I 115.25 I 134.25 
total # a rains 1024 1268 

56.30 I 51.85 I 88.04 
810 680 852 

size bins (mm) # qrains ln(n*) # qrains ln(n) # qrains ln(n) # qrains 
0.05** 19 2.7 5 2.8 7 4.2 10 
0.10 51 4.2 83 4.4 85 6 95 
0.15 137 5 172 5.3 217 6.6 183 
0.20 182 5.4 303 5.7 238 6.3 182 
0.25 248 5.2 291 5.4 140 5.4 110 
0.30 117 4.6 204 4.8 65 4.2 51 
0.35 133 4.3 117 3.8 28 3 23 
0.40 65 3.4 53 2.6 15 1.9 12 
0.45 43 2.4 21 1.4 5 1.1 8 
0.50 16 0.8 13 0.4 7 0.3 3 
0.55 4 -1 4 -1.5 0 0 2 
0.60 2 -1.3 1 -2.9 0 -1.6 0 
0.65 3 -1 1 2 -0.9 1 
0.70 3 -1.6 1 
0.75 1 

*n = (dN/(area x dL))"1 .5, where 

dN =sum of grains in successive bins (b1 +b2, b2+b3, etc.)= slope of cumulative curve 

dL = half the bin size = .025 

** 0.05 mm bin not shown on plots since slope can't be calculated for smallest bin 

ln(n) # arains 
4.5 9 
6.0 67 
6.4 136 
6.0 252 
5.2 180 
4.0 127 
2.9 52 
2.0 21 
1.1 5 

-0.1 3 
-1.4 
-2.5 

ln(n) 

3.2 
4.7 
5.7 
5.8 
5.3 
4.5 
3.2 
1.6 

-0.1 



AppendixD 

Table D.l. Nakhlite samples used in study 

probe modes qnt petro area (mm2
) 

Nakhla 

USNM 2435 

USNM 5891-1 

AMNH 3887-2 

BM 1911, 370 (e) 

BM 1911, 369 (1) 

BM 1911, 369 (2) 

BM 1913, 26 

FMNH Me804 II 

NM Wien (plug) 

NM Wien 1 (PTS) 

MNHN no. 1225 

UH 110 

Lafayette 

USNM 1505-1 

FMNH Me2116 167ax 

FMNH Me2116 F 

ASU 167ax 

Govemador Valadares 

BM 1975, M16 (1) 

BM 1975, M16 (2) 

UNM 480 

covered 

x 
x 

covered 

x 

x 

x 
x 
x 

x 

x 

x 

x 
x 
x 

x 
x 
x 

x 
x 
x 
x 
x 

x 
x 

x 
x 
x 
x 

x 
x 
x 

CSD 

CSD/clst 

CSD/clst 

CSD 

CSD/clst 

USNM =US National Museum (Smithsonian Institute) Wash., D.C. 
AMNH = American Museum of Natural History, New York 
BM =British Museum of Natural History, London 
FMNH =Field Museum of Natural History, Chicago 
NM Wien = Naturhistorisches Museum, Vienna 
MNHN = Musee National d"Histoire Naturelle, Paris 
UH = University of Hawaii, Honolulu 
ASU =Arizona State University, Tempe 
UNM = Universty of New Mexico, Albuquerque 

247 

115.3 

105.0 

134.3 

156.3 

91.5 

98.8 

66.0 

234.0 

105.8 

219.0 

21.8 

56.3 

52.5 

22.5 

9.3 

78.5 

86.5 

42.5 
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