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ABSTRACT OF THESIS 

PERIDOTITE XENOLITHS IN COLORADO-WYOMING 
KIMBERL ITES 

Mantle peridotite xenoliths in Colorado-Wyoming kimberlites in-

clude abundant dunites, garnet and/or spinel harzburgites, lherzolites, 

clinopyroxenites and websterites. Garnet and/or spinel wehrlites, 

olivine websterites and orthopyroxenites are less common. Coarse equant 

and tabular, transitional-porphyroclastic, porphyroclastic, mosaic-

porphyroclastic and granuloblastic textural types are recognized in 

both altered and unaltered xenoliths. The term porphyroblastic is 

introduced to describe textures observed in some olivine-free pyroxen-

ite xenoliths. Special textural features such as exsolution phenomena 

and garnet rims around spinel are also present. 

Six lithologic groups are defined on the basis of mineral and 

whole rock chemistry. Minerals of Group I garnet peridotites are 

rich in cr2o3, relatively high in MgO, and generally poor in A1 2o3 and 

FeO, although clinopyroxenes of porphyroclastic xenoliths are slightly 

enriched in FeO. Minerals of Group II and III xenoliths, spinel perido-

tites of Sloan-Nix-Moen and Iron Mountain kimberlites respectively, have 

r~latively high levels of Cr2o3 and MgO and low FeO, Ti02, Al201 and 

Na2o. Olivine-free, garnet and/or spinel pyroxenites comprise Group 

IV and their minerals are poor in Cr2o3 and generally high in FeO, 

Ti02 and Al 2o3. Group V, the "Websterite Group," consists of a variety 

of rock types. Mineral compositions of Group V xenoliths are generally 
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intermediate between those of Groups I and IV. Dunites, which com-

prise Group VI, have a bimodal distribution exhibited by forsterite 

compositions. Whole rock chemistry calculations determined on fresh 

nodules of Groups I, II, IV and Vindicate that Group I and II xeno-

liths are most depleted in FeO, Ti02, Cao and Na2o whereas nodules of 

Group IV are richest in these oxides. Group V xenolith compositions 

are intermediate between and overlap with those of Group I and IV. 

Estimates of temperatures and pressures of equilibration made 

on fresh xenoliths suggest that Group I nodules formed above 1100°c 

at depths in excess of 150 km (50 kb). Group I xenoliths with porphy-

roclastic textures exhibit slightly higher temperatures and pressures 

than other nodules. Most xenoliths of Groups II, IV and V equili-

brated at temperatures below 900°c and at depths of less than 100 km 

(30 kb). Spinel coexisting with garnet persists to depths of approxi-

mately 80 km (25 kb). 

Texture and chemistry correlations reported from some garnet 

peridotite suites from African kimberlites are not observed in Colorado-

Wyoming kimberlites. Chemistry of Group II and III spinel peridotites 

indicates these nodules may have undergone partial melting. Group IV 

garnet± spinel pyroxenites may represent crystallized partial melts 

or cumulates from partial melts. Spinel in some peridotites of Group 

V appears to have reacted with orthopyroxene to form garnet rims. The 

two varieties of dunites, Group VI, may represent cumulates relatively 

rich in FeO, and residual dunites depleted in FeO. 
Melissa Bradford Kirkley 
Department of Earth Resources 
Colorado State University 
Fort Collins, Colorado 80523 
Summer, 1980 
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CHAPTER I 

INTRODUCTION 

Purpose of Study 

Kimberlites are important not only as potential sources of 

diamond but also for the wealth of information they bring to the sur-
, 

face in the fonn of xenoliths from the lower crust and upper mantle. 

These xenoliths, rounded by attrition during ascent in the fluidized 

kimberlite magma, provide a rare opportunity for study of otherwise 

inaccessible materials. 

This study was undertaken in order to expand upon existing 

knowledge of upper mantle peridotite and pyroxenite xenoliths recovered 

from kimberlite of northern Colorado and southern Wyoming. Mineralogy, 

textures, mineral and whole rock chemistry, and pressure and tempera-

ture conditions of fonnation of the xenoliths were evaluated and corre-

lations were made between xenoliths within individual kimberlite 

diatremes, between xenoliths of different kimberlite diatremes and 

districts, and with similar xenoliths from kimberlites in other parts 

of the world. 

Eclogite and granulite xenoliths also found in the Colorado-

Wyoming kimberlites are not included in this study. Therefore, general 

use of the term 11 xenolith 11 or "nodule" in this report refers only to 

those rocks dealt with in this study. 
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Kimberlite Distribution 

Kimberlite diatremes near the Colorado-Wyoming border were 

first recognized by M.E. McCallum in 1964. Since that time more than 

30 diatremes have been located within the area now known as the State 

Line District (Fig. 1). These diatremes commonly occur in groups and 

have been named after the ranches on which they are found: Sloan 

group (pipes 1-4), Nix group (pipes 1-4), Moen group (pipes 1 and 2), 

Schaffer group (pipes 1-20), Ferris group (pipes 1 and 2), and Aultman 

group (pipes 1 and 2). Kimberlite was discovered near Iron Mountain, 

Wyoming by W.A. Braddock and D. Nordstrom in 1971. The 57 occurrences 

of kimberlite pipes and dikes of this area define the Iron Mountain 

District (Fig. 1). 

Methods of Investigation 

Standard petrographic thin sections of approximately 400 

nodules from Colorado-Wyoming kimberlites were examined. Modal analy-

ses were performed on all thin sections containing appreciable quanti-

ties of fresh constituents (Appendix I) . Approximately 500 points at 

intervals of 0.5 mm were counted on each of the nodules sufficiently 

large to permit such a count density. Duplicate analyses performed on 

several thin sections indicate that analytical accuracy is within about 

± 5 relative percent. 

Microprobe analyses for eleven major oxides were performed on 

mineral separates and minerals in polished thin sections by D.H. 

Eggler, C.B. Smith, and by the author under the auspices of Dr. Eggler 

(Appendix II). Analyses by C.B. Smith and many of those by D.H. 

Eggler were performed with the MAC 400 microprobe at the Geophysical 
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~iq,,re 1. Location Map. 

Stat~ Line District kimberlite pipes: 

so= Sloan group 

NX = Nix group 

MN= Moen group 

SH= Schaffer group 

FD= Ferris group 

AD= Aultman group 

Iron Mountain District: IM 
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Laboratory Carnegie Institute of Washington, D.C. Other analyses by 

D.H. Eggler and those by the author were obtained at Pennsylvania 

State University on the ETEC automated electron probe microanalyser 

using an acceleration potential of 15 kilovolts and specimen current of 

approximately 0.03 microamps. All analyses were corrected on-line for 

matrix effects utilizing the coefficient matrix of Albee and Ray (1970). 

A variety of natural and synthetic glass standards were used. Major 

element analyses by such methods are accurate to ± 2-3 relative per-

cent (Nixon, 1973). 

Whole rock chemical analyses were calculated from modal data 

and mineral chemistry {Appendi x III). Volume percentages of mineral 

phases were converted to weight percentages utilizing specific mineral 

formulae obtained through the chemical analyses for each mineral. For 

accessory minerals rutile and phlogopite, average gram formula weiqhts 

of 79.42 and 768.84 respectively were used. Calculations were carried 

out on the CYBER 172 mainframe computer at Colorado State University. 

Estimates of equilibration pressures and temperatures from 

mineral compositions have been generated by the program TEMPEST (A.A. 

Finnerty and F.R. Boyd, unpublished) kindly supplied by A.A. Finnerty. 

This program computes temperatures of equilibrium utilizing several 

experimentally determined geothermometers and geobarometers. The 

methods that provided the most consistent results within groups of 

xenoliths of similar compositions were chosen from these available 

results. 
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Previous Work 

Preliminary investigations of kimberlite occurrences near the 

Colorado-Wyoming border were conducted during the mid to late 1960's 

and results are presented in reports by Chronic et al. (1965, 1969), 

and Mccallum and Eggler (1968, 1971). Mineralogy, chemistry, and 

temperature and pressure conditions of formation of xenoliths in these 

kimberlites have been discussed in several papers including those by 

Eggler and McCallum (1973, 1974, 1976), McCallum et al. (1975, 1979), 

McCallum and Eggler (1976), and McCallum and Mabarak (1976). Iron 

Mountain District kimberlites and their included nodules were studied 

and compared to kimberl ites and nodule suites of the Colorado-~Jyoming 

State Line District by Smith (1977). 

Subdivis i on of Colorado-l~yoming ki mberlite diatremes into thrP.P. 

distinct clusters (Sloan-Nix-Moen grou p~ and Schaffer-Ferris-Aultrn~n 

groups of the State Line District and a third group in the Iron Moun-

tain District--Fig. 1) was made by Eggle r et al. (1979) on the basis 

of differences in chP.mistry of included megacryst assemblages. This 

distinction is used as a basis for def i nition and comparison of nodule 

suites in this report. 



CHAPTER II 

PETROGRAPHY 

Introduction 

Fresh xenoliths are most abundant at the Sloan 2 and Nix 2 

and 4 diatremes where greater than 90 percent of the nodular material 

collected is fresh. Nodules considered 11 fresh 11 may be replaced by as 

much as 40 volume percent alteration materials whereas "altered" 

nodules connnonly contain 100 percent alteration products. The majority 

of fresh xenoliths are spinel and/or garnet peridotites low in clino-

pyroxene (Figs. 2, 3). Dunite nodules containing essentially 100 per-

cent olivine are relatively abundant. Less abundant are 11 harzburgitic - 11 

and 11 lherzolitic-dunites'' (names here applied to xenoliths with greater 

than 90 volume percent olivine and minor amounts of one or both pyrox-

enes and/or garnet or spinel). Olivine-free, garnet and/or spinel 

clinopyroxenites and websterites are moderately abundant, whereas 

olivine websterites, wehrlites, and garnet orthopyroxenites are rela-

tively rare (see IUGS classification for general nomenclature, 

Streckeisen, 1973, and Fig. 2). 

Nodules from the Nix 3, Moen, Schaffer-Ferris-Aultman group 

and the Iron Mountain District diatremes are generally severely altered. 

However, approximately half of the nodules collected from these dia-

tremes contain relict, recoverable grains of garnet, clinopyroxene, 

spinel, phlogopite and/or ilmenite in a serpentinized, silicified, or 

7 
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Figure 2a. Legend for subsequent color coded figures. 
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coarse equant 0 dunite 
coarse tabular lherzolite 

transitional-porphyroclastic 0 harzburgite 

porphyroc lastic s wehrl i te 

mosaic-porphyroclastic olivine-websterite 
prophyroblastic coarse 6 websterite 
porphyroblastic-granuloblastic V clinopyroxenite 
granuloblastic orthopyroxenite 

exsolved garnet 

sol id symbol = ga rnet-bearing 

open symbol = spinel-bearing 
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left hal f solid= garnet+ green spinel 

X within symbol = no garnet or spinel observed 

Letter to upper right of symbol designates the nodule 's kimberlite 
pipe group origin : 

N = Nix group 
M = Moen group 
S = Schaffer group 

No letter designation = 

Abbreviations: OLV = olivine 
OPX = orthopyroxene 

F = Ferris group 
A= Aultman group 
I= Iron Mountain group 

Sloan group 

CPX = clinopyroxene 
GAR= garnet 





Figure 2b. Results of modal analyses performed on fresh xe11oliths. 

Nomenclature from IUGS classification, Strec keisen (chairman), 
1973. 
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Figure 3. General xenolith types recognized in Colorado-Wyoming 

kimberlites. 
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carbonatized matrix. In many nodules no primary mineral phases have 

survived alteration processes. Fresh orthopyroxene was recognized in 

only two Iron Mountain xenoliths. No olivine has been found in xeno-

liths from these pipes. 

Hand Sample Descriptions 

Sloan, Nix and Moen Nodules 

Nodules from the Sloan, Nix and Moen pipes range in size from. 

about 0.5 cm to 10 cm in their longest dimensions. Whole nodules are 

subspherical to ovoid; more angular xenoliths represent fragments of 

broken nodules. Olivine and orthopyroxene which may compose the bulk 

of these rocks, are usually partially serpentinized, and appear brown 

or greenish brown in hand specimen. Dark burgandy to purple or black 

spherical garnets and bright green chrome-diopside typify garnet 

lherzolites. Pale pink or rose garnet commonly occurs with pale 

grey-green diopside in garnet pyroxenites and with chrome diopside 

in garnet and garnet+ spinel peridotites. 

Altered nodules from this group of pipes range from white to 

mottled pale yellow, tan, brown, pale green, or slightly pink. Dark 

spherical garnets, black spinels or bright green Cr-diopsides, which 

are the last mineral phases to be altered, may be observed on surfaces 

of even severely altered nodules. 

Schaffer, Ferris and Aultman Nodules 

Xenoliths collected from the Schaffer 3 diatreme are the 

largest in the Colorado-Wyoming kimberlites, and they range from 3 to 

15 cm (average 6-7 cm) in their longest dimension. Flattened spherical 
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to ovoid shapes predominate. Most of the Schaffer 3 xenoliths are 

replaced by hematite stained quartz and calcite and are very dense. 

They are rusty red and commonly exhibit a cellular boxwork-like struc-

ture on their weathered surfaces. Nodules from other pipes in the 

Schaffer-Ferris-Aultman group generally contain more serpentine thus 

are softer, and display typical powdery, white to pastel colored sur-

faces. Coarse (1-5 mm) spherical, deep purple garnets may be abundant, 

and when present they impart a spotted appearance to nodule surfaces. 

Clinopyroxene is less commonly visible. 

Iron Mountain District Nodules 

Peridotite nodules from the Iron Mountain kimberlite pipes 

(Smith, 1977) range from 5 to 15 cm (average about 5 cm) in their maxi-

mum dimension. Most are fragments of larger nodules characterized by 

flattened ovoid or spheroidal shapes. These nodules range from 

yellowish-white to tan or various shades of red or green. Their sur-

faces commonly display a reticulated texture. Relict bright green 

chrome diposide, deep red pyrope garnets and chromite may be visible 

amid the alteration products. 

Mineralogy 

Olivine 

Olivine (generally Fo88_94 ) in the fresh Sloan 2 and Nix 2 and 

4 xenoliths ranges from 12 to 100 volume percent (Appendix I). Although 

olivine appears green or brown when embedded in a nodule, separated 

grains are very pale green to colorless and resemble fragments of broken 

glass. In thin-section olivine is colorless and corrmonly exhibits 
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distinct (010) parting. When this parting is present, extinction to it 

is parallel. This property is useful in distinguishing olivine from 

clinopyroxeneswith poorly developed cleavage. In nodules from all 

other kimberlites olivine has been completely replaced by various 

secondary phases. 

Orthopyroxene 

Orthopyroxene (En 91 _94 ), like olivine, is found in greatest 

abundance in the fresh xenoliths from Sloan and Nix kimberlites. In 

these nodules orthopyroxene averages about 20 volume percent; however, 

it may be minor or absent in some clinopyroxenites and reaches 60 

percent in several olivine-websterites (Appendix 1). Orthopyroxene 

has been observed in only three samples from other kimberlite pipes; 

a relatively fresh garnet orthopyroxenite (IM26-P64), and a fresh 

spinel clinopyroxenite (M20-W5), both from the Iron Mountain District 

and a spinel peridotite from the Schaffer 3 kimberlite (SH3-Ll). Indi-

vidual grains of orthopyroxene are pale apple green and, due to their 

perfect cleavage, may appear blade-like or spintery. In thin section 

orthopyroxene is colorless and is generally easily recognized by its 

distinct cleavage and low birefringence. 
Clinopyroxene 

Clinopyroxene {generally Cr-diopside) content in xenoliths 

ranges from 67 volume percent in some garnet clinopyroxenites from 

the Sloan 2 diatreme to absent in some garnet or spinel harzburgites 

{Appendix 1). Although it is impossible to prove the complete absence 

of a phase in nodules whose thin sections exhibit no clinopyroxene, it 
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must be assumed that at best such xenoliths contain only very minor 

amounts of clinopyroxene. 

Approximately one third of the altered xenoliths from the 

Schaffer-Ferris-Aultman diatreme group and approximately one fourth 

of those from the Iron Mountain group pipes contain unaltered clino-

pyroxene. ~1hen clinopyroxene is lacking in altered nodules, charac-

teristic alteration features such as unique grain shape or different 

alteration coloration can sometimes be of value in estimating its 

original abundance. If no such features are present it cannot be 

determined whether all signs of its presence have been obliterated or 

if it was never present; therefore, such nodules cannot be accurately 

classified. 

The presence of significant amounts of chromium in diopsides 

imparts a bright green color which is prominent in both hand sample and 

thin section. As the chrome content decreases, the intensity of green 

diminishes and in thin section confusion may arise between low bire-

fringent cl i nopyroxenes with an optic axis nearly perpendicular to the 

plane of the section and orthopyroxenes. In such cases, 2V is the most 

useful distinguishing property. 

Garnet 

Two major types of garnets are found in xenoliths in Colorndo-

Wyoming kimberlites: (1) deeply colored (purple or burgandy to black), 

spherical to subspherical, 0.05 - 5 mm garnets, and (2) pale pink 

to rose colored, generally finer grained, 0.5 - 2.0 mm equant to 

granular garnets. Both types of garnet are pyropic in composi-

tion and both types have been observed in nodules from each of 
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the three kimberlite groups. Garnets of the first type occur in 

peridotite xenol iths where they may compose up to 24 volume percent 

of the nodule. Garnets of the second type are found in pyroxenites 

as well as peridotites and may constitute from 2 to 62 percent of a 

xenolith's volume (Appendix I). Spherical garnets appear pale pink 

or green in thin-section and are invariably mantled by black kelyphite. 

Granular garnets are colorless in thin section. 

Spinel 

Three types of spinel that differ in chemistry, color, habit 

and occurrence have been noted in mantle xenoliths from Colorado-

Wyoming kimberlites. Reddish-brown spinel is found in peridotite 

and olivine websterite nodules from each of the three groups of 

diatremes but spinel peridotites are most abundant from Sloan-Nix-

Moen kimberlites (Fig. 3). It has also been observed in three garnet-

and olivine-free websterite xenoliths (SD2-Ll64, SD2-W8, and NX4-C10) 

from Sloan-Nix-Moen group kimberlites. Red-brown spinel content 

averages about 2 percent by volume (Appendix 1) and grains are seldom 

greater than 2 mm in size. It may be rimmed by garnet but generally is 

not. It is commonly vermicular and forms thin, intergranular fillinqs. 

It may also form symplectic intergrowths with orthopyroxene. This 

type of spinel is considered spinel sensu stricto because Mg and Al 

are the dominant cations in the 2+ and 3+ sites respectively (Deer et 

al., 1966). 

Green spinel is dark grey to greenish black in hand sample and 

pale green in thin section. It is comnonly quite coarse (up to 8 mm), 

and has been observed in xenoliths from the Sloan 2 and Nix 4 diatremes 
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and in two nodules from the Iron Mountoin District. It may be pre-

sent in trace amounts up to 40 percent by volume. This type of srinf:'l 

is mantled in garnet in all but one Iron Mountain spinel clinopyrox-

enite (IM20-W5) anct has been observed only in pyroxenite xenoliths 

that contain no olivine. It is chemically spinel, sensu strict.a 

(Deer et al., 1966). 

Black spinel, referred to throughout this work as "chromite" 

is more accurately designated as magnesiochromite or picotite depending 

on whether Mg or Fe is the dominant 2+ cation (Deer et al., 1966). 

Cr is the dominant 3+ cation. Chromite generally occurs as discrete 

accessory grains less than 1 mm in diameter and is found in peridotite 

nodules from all three diatreme groups. It is generally present in 

amounts less than 1 percent by volume. Chromite may coexist with 

garnet and in one instance has been observed as inclusions in garnet 

grains. 

Accessory Minerals 

Ruti 1 e is a minor accessory (generally 1 ess than 1 percent by 

volume) in fresh nodules of Sloan 2 and Nix 2 and 4 kimberlites. It 

occurs as s~all (up to 0.5 mm) subspherical, deep brown grains inter-

stitital to coarser mineral phases. Rutile may also occur as aligned 

pink blades (less than 0.1 mm) in pyroxenes. Presence of these blades 

can be of assistance when fine grain size makes differentiation between 

olivine and pyroxenes difficult. 

Phlogopite is present in several (8 out of 47) garnet webster-

ites and clinopyroxenites and may constitute as much as 3 volume 

percent of some nodules. It appears to be primary in that it is 
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similar in size to the average grain size (about 2 mm) of the other 

phases in these norl11les and shows no reaction relation with surrounclinq 

grains; however, grains may be strainPd or bent. Fine grains of 

phlogopite may be associated with the kelyphite rims around the 

spherical, deep purple variety of garnet but this occurrence of phlogn-

pite is undoubtedly secondary. 

Ilmenite has been identified in two Sloan 2 (SD2-L40, SD2-L150) 

and several Schaffer (SH3-L12, -L17, -L22, -L160) xenoliths. It occurs 

as subspherical to weblike, interstitial grains and ranges in size 

from about 0.2 to 1 mm. Ilmenite appears to be associated \'lith xenn-

1 iths containing the spherical type of garnets rather than the granular 

variety; however, severe alteration prevents a definite determination 

of such a relationship. 

Iron, nickel, and iron-nickel sulfides and ulvospinel (?) are 

present as opaque grains in some garnet pyroxenites. They occur as 

subspherical grains (less than 1 mm) that are commonly found at triple 

point junctions between pyroxenes and garnets. Total opaque content 

ranges to as much as two volume percent in these nodules. 

Native Cu occurs as 0.1 to 2.0 mm anhedral grains that commonly 

are visible in hand specimens of severely altered nodules. It is be-

1 ieved to be a very late phase, possibly introduced during eruption of 

the kimberlite by fluids responsible for the intense serpentinization, 

silicification, and fenitization of the nodules (McCallum and Eg9ler, 

1976, p. 264). 
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Mineraloqy of AltP.rP.d Nodule s 

In some sarnnles it is possiblP. to make estimntes of original 

mineralogy even thouqh the nodules are severely altered. Clinopyroxene, 

garnRt and spinel are the most common unaltered phases thus vol11mP. 

percentaqes of these minerals can be fairly accurately determined. 

Olivine is the first mineral to be replaced, and alteration generally 

beg i ns with the development of serpentine along irregular curved frac-

tures in the olivine. Before olivine is completely replaced, ortho-

pyroxene also may begin to alter to serpentine. Even when both olivine 

and orthopyroxene are completely replaced it may be possible to dis-

tin~uish their res pective products. Serpentine after orthopyroxene 

commonly is arranged in an orderly, parallel network that imitates tho 

original pyroxenecieavage. Serpentine after olivine generally is 

randomly oriented. Furthermore, the first formed serpentine veinlets 

in olivine may remain distinct and are recognized by their irregular 

curved patterns. Continued alteration of the nodule may result in 

pervasive serpentinization. Equant ~uartz and carbonate grains may re-

place primary mineral phases or secondary serpentine. Determination 

of original mineral phases becomes progressively more difficult as 

these secondary constituents increase in quantity. 

In general,altered samples with relict and pseudomorphous 

mir.~ral phases on which accurate modal analyses can be performed arP. 

rare. Therefore such xenoliths are commonly referred to as (garnet 

and/or spinel) peridotites rather than, more specifically, harzburgites, 

lherzolites or wehrlites. 
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Textures 

Introduction 

Nodule textures were classified following Harte's (1977) nomen-

clature for olivine-bearing xenoliths. Some modification and irn~rovi-

sation of this classification was necessary in order to deal with 

textures of garnet websterites and garnet clinopyroxenites which con-

tain no olivine. Abundances of textural types present in Colorado-

Wyoming nodules are shown in Figure 4 and a summary of the character-

istics of the textural types is given in Table 1. 

Textures of the freshest nodules were studied in detail and 

special features and unusual mineral habits observed are described 

below. Textures of severely altered nodules can often be deciphered 

by the presence of partially pseudomorphous secondary minerals that 

mimic primary grain size, shape and orientation. Original grain out-

lines may be preserved by thread-like, red-brown hematite or serpentine, 

and many samples contain a few primary grains that retain their origi-

nal size and habit. 

Textures of Sloan-Nix-Moen Group Nodules 

Fresh Samples 

Coarse equant, coarse tabular, porphyroclastic, mosaic-

porphyroclastic and granuloblastic textural types (defined by Harte, 

1977) are recognized in the fresh xenoliths from this group of pipes. 

In addition, two new textural classes, porphyroblastic-coarse and 

porphyroblastic-granuloblastic, were introduced to describe textures 
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~ig,irP. 11. Ab,inrlance of xenolith textural types. 
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Table I. SumMry of textural types-<olorado-Wyoming kimberlite xenoliths. 

Textur,:, 

CO/\RS E f')l.1/\N l 

COARSE T/\RUc/\R 

TRANSIT IONAL-
PORPIIYROCI.AST IC 

PORPHYRCr.L.,ST IC 

MOSM C-
PORPIIYROCL/\STIC 

Matri x/Porp~yrn -
c 1 as ts ( b 1 as ts) 

Absent 

Absent 

Neoblasts (chiefly 
olivine) developed 
at boundaries of 
coarse Qrains 
(t.hiefly olivine). 

Porphyroch sts 
chiefly olivine, 
surrounded by 

Neoblasts of 
olivine and fin e-
qrained pyrox-
ene 

Porphyroc 1 as ts 
chiefly ortho-
pyroxene. Matrix 
chiefly olivine. 

Grain Shape/Size 

Equant and pol ygonJ1 
to in-egular. Gen-
erally 0.5-2 nm. 

Generally tabular, 
weak foliation im-
plied. Generally 
0 . 5- 2nrn. 

Equant and poly-
gonal to tabular. 
Local euhedral 
olivine tablets 
in some rock types. 
Generally 0.1-2 mu. 

Porphyroclasts 
equant, irregular, 
or elongate, >0.5 
nm. Matrix equant 
or elongate, <0.1-
0. 5mm. Euhedra 1 
olivine tahlets 
common in some rock 
types. 

Porphyroclasts 
elongated, 1-2 mn. 
Matrix grains 
equant, elongate, 
irregular, 0.5-
l mn. 

Grain Boundaries 

Straight, sn10othly 
~urving, less regu-
lar. 120° triple 
points co111110n. 

Straight, smooth 1 y 
curving. 120° 
triple points 
con1non. 

Generally s traight, 
smoothly curving. 

Irregular, in-
vaded by neoblasts. 

Irregular porphy-
roclasts invaded 
by neoblasts or 
straight along 
shear planes. 

Deformation 
in Crystals 

:lare kinkbands, 
subgra ins. Un-
dulo;e extinction 
c01m10n. 

Local kinkhands, 
subgrains, undu-
lose extinction. 

Subgrains, undu-
lose extio1ction 
conman, 1 oca l 
kinkbands . 

Kinkbands comnon 
in orthopyroxene. 
Co11111on undulose 
extinction, sub-
grains, and local 
kinkbands in oli-
vine . 

Common kinkbands 
in orthopyroxene. 
Conrnon undulose 
extinction in 
olivine. 

Domln~nt ?etro-
gra phic Types 

Ccm:non i n dun i:es 
and other per,do-
ites 

Ob,erved in three 
(Sloan 2) splnel 
lherzolltes. 

N 
(J1 



Table I. (cnnt' ). 
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PORPl~ROBLASTIC-
COARSE 

PORPI IYROBLAST IC-
GRANULOO LAST l C 

GRANULOBLASTI C 

Garnet µorphyro-
bl Js ts . Garnet/ 
pyroxene matrix . 

Por) hyroblasts of 
ga rnet, exsol vcd 
or poikilobla s t ic 
pyroxenes. Gran-
ulobla;tic, 
ga rnc t / pyro xr>n e 
n:J tr ix . 

/\bscnt 

Porp hyrobla sts suh-
spherical, ~1 cm. 
MJtrix equant to 
slightly ovoi d and 
tabular, ~ i'. nm. 

Porphyrobl asts 
equant, tabular or 
irregular, ~5 nm. 
Matrix e']ua nt and 
po 1 ygona 1 to tabu-
1 ar, < <J . 5 nm . 

Equant, rolygonal, 
to slightly t abular, 
<O. 5 nm. Euhedra 1 
olivine tablets in 
some rock types . 

l'orphyroblasts 
irregular. 
Matrix straiqht to 
slightly curving . 

Generall y smoothly 
curving to 1ess 
regula r . 

Strai 1ht to 
sn~ot~ly cur, tn g. 

Loca l undul ose 
extinction Jnd 
kinkba nd s. 

Local undul ose 
extinction and 
kinkbands . 

Loca l undu losc 
extinction . 

- ---------- ---·-------

01 ivine-free 
pyro xenite 
and web steri tes. 

riot conman but 
noted in some 
dunites, perido-
tltes 
enites and wc'.:l-
steri tes. 
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of garnet websterites and garnet pyroxenites that exhibit textures not 

accounted for in Har te 's classification (Table 1). 

Olivine-Bearing Xenoliths 

Fresh olivine-bearing nodules, including harzburgites, lherzo-

lites, wehrlites, and olivine websterites, fall fairly readily into 

Harte's (1977) textural categories. However, grain size distinctions 

made by Harte (1977) between coarse and granuloblastic textures (average 

grain size of coarse xenoliths being greater than 2 mm, and that of 

granu1obastic textures being less than 2 mm) do require modification 

when applied to these nodules. Most of the fresh olivine-bearing 

nodules from this group of pipes with textures labeled coarse have 

average grain sizes less than 2 mm, but their other characteristics 

best fit Harte's definition of coarse texture (Figs. 5, 6, and Table 1). 

Granu1oblastic nodules (Fig. 7) are therefore rather arbitrarily de-

noted as such if their average grain size is notably smaller than that 

in coarse xenoliths, i.e., less than 0.5 mm. There appears to be a 

relatively smooth gradation in these nodules from those classed as 

coarse equant to those classed as granuloblastic. Both textures are 

generally characterized by grain shapes that tend to reduce surface 

energy to a minimum, that is, equant and polygonal (Spry, 1969, p. 41) 

but many coarse equant nodules also have very irregular, oddly shaped, 

vermicular constituents. 

Porphyroclastic xenoliths (Fig. 8) with 1-2 rmn porphyroclasts 

chiefly of olivine in very fine grained (<0.1 mm) matrices are present 

in this suite but severely sheared nodules (e.g., with fluidal mosaic 

textures such as those described by Boullier and Nicolas, 1975, or the 



Fi qure 5. Coarse equant texture. 

5a. Sketch of coarse equant texture taken from Boullier 
and Nicolas (1975, Fig IA). 

5b. Coarse equant texture exhibited by spinel lherzolite 
SD2-L18 (crossed nicols; nodule is approximately 2 cm 
across longest dimension). 

5c. Coarse equant texture remains visible in an altered 
xenolith (SH3-L5) from the Schaffer kimherlite. Ghost 
outlines of primary grains are preserved by secondary 
minerals (chiefly serpentine). Only spherical 
garnets remain unaltered (plane light, 4 cm= 1 cm). 
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Fig11r2 6. Coarse tabular texture. 

6a. Sketi:h of coarse tabular textures taken from Boullier 
and Nicolas (1975, Fig. lB). 

6b. Coarse tabular texture exhibited by spinel harzburg-
ite S02-L5 (crossed nicols; horizontal field of 
view is approximately 2 cm). 
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Figure 7. Granulohlastir text11re. 

7a. Sketch of granuloblastic texture taken from H~rte et al. 
(1975, Fig. 8). 

7b. Granuloblastic texture exhibited by spinel har1.hurg-
ite (SD2-L14) from the Sloan 2 kimberlite (crossed 
nicols; nodule is approximately 2 cm across longest 
dimension). 

7c. Granuloblastic texture exhibited by spinel perido-
tite (SH3-L29) from the Schaffer 3 kimberlite. Colored 
grains are fresh clinopyroxene that remain in the 
nearly completely altered nodule (crossed nicols; 
horizontal field of view is approximately 2 cm). 

7d. Same as 7c but under plane light where tiny brown 
to black fresh spinel grains are visible. Clino-
pyroxene and spinel are the only fresh constituents 
in this xenolith. 
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Figure 8. Porphyroclastic texture. 

8a. Sketch of porphyroclastic .texture taken from Harte et 
al. (1975, Fig . 6). 

8b. Porphyroclastic texture exhibited by garnet harz-
burgite (SD2-L69) from the Sloan 2 kimberlite 
(crossed nicols; horizintal field of view is ap-
proximately 2 cm). 

8c. Altered porphyroclastic nodule (IM42-L21) from Iron 
Mountain kimberlite. Fresh, subspherical garnets 
rP.main in a matrix of seconrlary minerals (chiefly 
serpentine) (plane light, horizontal field of view 
is approximately 2 cm). 

8d. Porphyroclastic tecture with disrupted spinel in 
peridotite nodule (SD2-L2) from the Sloan 2 kimberlite 
(crossed nicols, horizontal field of view approximatP.-
ly 2 cm). 

Be. Porphyroclastic texture with disrupted spinel in 
peridotite nodule (SD2-L2) from the Sloan 2 kimher-
lite (plane light, horizontal field of view approxi-
mately 2 cm). 
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laminated-disrupted porphyroclastite of Harte, 1977) have not been 

recognized. Disrupted spinel occurs in sample SD2-L2 (Fig. 8d, e) 

which is the most deformed nodule found to date from this group of 

pipes. 

Several nodules have been classed as transitional--porphyro-

clastic to indicate a texture showing some signs of cataclastic deforma-

tion and recrystallization but one in which no coarse grain has been 

completely surrounded by recrystallized finer grains, thus no grain 

can be strictly termed a porphyroclast. Evidence of deformation in 

rocks with transitional-porphyroclastic textures includes undulatory 

extinction, zones of subgrains of finer than average grain size, and 

neoblast development along boundaries of coarse deformation and grade 

in this way to porphyroclastic textures (Harte et al., 1975). 

Subgrain zones consist of roughly equant grains, 0.5 mm and 

smaller, with nearly equal birefrigence, slightly different extinction 

positions, and vague, unclear grain boundaries as if formed from a 

single coarse grain through progressive polygonization. These sub-

grains are in the process of becoming independent grains as more and 

more free dislocations are generated and move to subgrain boundaries 

(Mercier, 1979). Strain lamellae were observed in one peridotite 

sample (S02-L60, Fig. 9d). These are straight to braided zones within 

a single grain of varying birefringence and extinction direction. 

Neoblasts, tiny (0.1 mm), equant, recrystallized grains par-

ticularly of olivine (Figs. 9a, 9b, 9c) preferentially replace coarse, 

strained grains through grain boundary migration. Another type of 

olivine neoblast occurs as euhedral, doubly terminated tablets from 

0.2 to 1 nm in size (Fig. 9d, 9e). These may cross-cut the grain 
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Fiq11re 9. Transitional-porphyroclastic texture. 

9a. Sketch of transition-porphyroclastic texture taken 
from Harte et al. (1975, Fig. 3A). 

9b. Neoblast development along grain boundaries in garnet-
bearing harzburgitic dunite (SD2-L123) from the Sloan 
2 kimberlite (crossed nicols; horizontal field of view 
is approximately 2 cm). 

9c. Neoblast development along grain boundaries in garnet-
bearing harzburgitic dunite (SD2-L123) from the Sloan 
2 kimberlite (plane light). 

9d. Shear larnellae in olivine porphyroclast of harzburgite 
(SD2-Ll60) from Sloan 2 kimberlite. Note euhedral 
olivine neoblast tablets adjacent to the porphyroclast 
grain boundary (crossed nicols, horizontal field of 
view is approximately 2 cm). 

9e. Euhedral olivine neoblast tablets pseudomorphed by 
quartz in altered peridotite nodule (SH3-L4) from the 
Schaffer 3 kimberlite (crossed nicols, horizontal 
field of view is approximately 2 mm). 
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boundaries of coarse grains and are usually found within or along 

side zones of the more equant type of neoblasts. These euhedr~l 

olivine tablets have been noted only in dunites and in samples from 

the group of lherzolites characterized by subspherical to spherical 

garnets. They are relatively common in such xenoliths with transitional-

porphyroclastic, porphyroclastic, and granuloblastic textures. 

Mercier (1979) interprets the equant neoblasts and euhedral 

tablets as two different neoblast generations, respectively produced 

by primary annealing recrystallization (static grain growth) and 

syntectonic recrystallization. The latter is a much faster recovr: ry 

process for high strain energies and high temperatures. 

According to Spry's (1969) review of recrystallization in 

alloys, recrystallization following small deformations shows sub-

grain growth in little deformed regions whereas recrystallization 

following large deformations exhibits nucleation at many points (ncc-

blasts) with nuclei forming continuously with time. These two types 

of recrystallization products, subgrains and neoblasts, may therefore 

represent different prevailinq magnitudes of deformation in lor.a1i7rrl. 

zones of the mantle. 

Three Sloan 2 spinel lherzolites (SD2-L91, SD2-L92, SD2-L93) 

have mosaic-porphyroclastic textures (Fig. 10). Porphyroclasts in 

these nodules consist almost enirely of strongly kinked orthopyroxene 

in a coarse-grained (greater than 0.5 mm) matrix of olivine, minor 

clinopyroxene and spinel. This texture appears to be the result of 

extensive olivine recrystallization and grain growth. 0rthopyroxene 

which recrystallizes less readily is still in a state of partial re-

crystallization (Harte et al., 1975). 
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Figure 10. Mosaic porp~yroclastic texture . 

10a. Sketch of mosaic porph_yroclastic texture taken from 
Roulli er and Nicolas (1975, Fig. 2A). Clear grains 
are olivine which form the matrix to orthopyroxene 
(hatched) and garnet (center, with radial kelyphite 
alteration rim). 

10b. Mosaic porphyroclastic texture exhibited by spinel 
lherzolite nodule (S02-L91) from the Sloan 2 kim-
herlite. Pale grey elongated phrophyroclasts are 
ortho~yroxene. Matrix grains are chiefly olivine 
(crossed nicols; 4 cm= 1 cm). 
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Olivine-Free Xenoliths 

Most olivine-free nodules from this suite (garnet and/or 

spinel websterites , clino- and orthopyroxenites), although containing 

no olivine, exhibit characteristics that allow them to be placed in 

Harte's (1977) coarse equant, coarse tabular or granuloblastic cate-

gories. In general, these xenoliths are more even grained and have 

more regular, polygonal and subspherical grain shapes than olivine-

bearing peridotite nodules. In coarse equant and granuloblastic tex-

tural types which differ mainly in average grain size (as in olivine-

bearing nodules), garnets are usually subspherical and pyroxenes 

accommodated garnet by developing straight to slightly concave boun-

daries. Granul ob 1 asti c and coarse te xtures are commonly observed 

within the same nodule. Strained grains exhibiting deformation lamellae, 

kinkbands and subgrains are less common in olivine-free than in olivine-

bearing nodules. 

Xenoliths from this suite with textures not conforming readily 

to Harte's (1977) definitions were assigned two new textural terms: 

porphyroblastic-coarse and porphyroblastic-granuloblastic. 

Porphyroblastic-coarse xenoliths contain garnet porphyroblasts averagin q 

1 cm in diameter in a coarse equant or tabular matrix of garnet and 

pyroxene (Fig . lla). Pyroxene porphyroblasts in a coarse matrix could 

c0ncc ivi:!bly e:~ist :- ,Jt :. ucli nod ul es hav(' r. nt ye t been observed ·i n t. h0. 

Col o:'udo- t::;omi n9 su ite::; . Garrid porphyrob l as t s are spheric.il l to 1ohr1t.P 

and crac ks f i lled with serpent ine no~•1 separa te once large grains i nto 

small er su bgrai ns. Goundari es may be embayed where porphyroblasts en-

vel op grain s from the matri x. Such inclusions may be very irregu l8r 

and vermicular in shape . 
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Figure 11. Porphyroblastic textures. 

lla. Garnet porphyroblast (black, lower right) in coarse 2quant matri x of 
garnet and pyroxenes (Group V nodule SD2-L48; crossed nicols; horizo~t~ l 
field of view is approximately 2 cm). 

llb. Garnet porphyroblasts (black) in granuloblastic matrix of garnet and ~y -
roxenes (garnet pyroxenite SD2-L49; crossed nicols, horizontal field of 
view is approximately 2 cm). 

llc . Garnet (black) exsolved from orthopyroxene porphyroblast s in garnet pyrox -
enite (SD2-L132) (crossed nicols; 4 cm = 1 cm ). 

lld. Poi kiloblastic pyroxenes contain subspherical garnet (black) inclusi on s. 
Nodule (SD2-L43) is approximately 2 cm in longest dimension. Arrow indi-
cates the site of photo lle. 

lle. Poikiloblastic clinopyroxene containing garnet (black) inclusions (carnet 
pyroxenite SD2-L43, horizontal field of view is approximately 2 cm) _ 



a. b. c. 

d. e. 



Xenoliths wi th a porphyroblastic-granuloblastic texture (Fig. 

llb, llc) contain 5 mm porphyroblasts of garnet, orthopyroxene, or 

clinopyroxene in a 9ranuloblastic equant or tabular matrix. Garnet 

porphyroblasts are similar to those in porphyroblastic-coarse textures. 

Pyroxene porphyrobl asts may con ta in many garnet inclusions and co11l d 

(possibly more accurately) be called poikiloblasts (Fig. lld). The 

garnet inclusions are subspherical to ellipsoidal and are the same 

size as the matrix garnets. The pyroxene host may also be quite 

elongated, ellipsoidal or tabular in shape. Pyroxene porphyroblasts 

in porphyroblastic-granuloblastic textu red rocks may instead contain 

coarse (0.1-0.25 mm thic k) exsolution l amellae and blebs (garnet 

lamellae in or t hopyroxene or clinopyroxene porphyroblasts, or ortho-

pyroxene and/or garnet lamellae in clinopyroxene porphyroblasts) (Fig. 

Ile). When exsoluti on features are present textures become quite 

complex and deviate greatly from Harte' s (1977) descriptions. They 

are therefore described in detail in a following section of special 

features. 

Altered Samples 

Sl oan 1, Nix 3 and Moen xenoliths are severely altered hut 

most appear to have coarse equant textures. In such nodules it is 

rarely poss ibl e to distinguish olivine-bearing from olivine-free types. 

How~ver, in a sample (M N2 -L3) from the ~oen 2 kimberlite about 10-15 

percent fresh to partially altered clinopyroxene has survived and it i~ 

evident from the primary grains and the subspherical to polygonal 

shapes of alteration material between them that the rock was a coarse 

equant olivine-free nodule. Another altered nodule (NX3-Ll) from the 

Nix 3 pipe has an unusual texture in which small (0.5 mm), fresh, 
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rat.her irreqular and angular clinopyroxene and spinel grains are 

strung out in layers approximately the thickness of a single crystal. 

Between these layers, which are spaced from 0.5 to 1.5 cm apart, the 

secondary minerals seem to retain a coarse equant texture. 

Textures of Schaffer-Ferris-Aultman No dules 

Upper mantle xenoliths from the Schaffer, Ferris and Aultman 

kimberlite pipes are severely altered but relict textures can be recog-

nized in the majority of these nodules. Textures of nodules from the 

schaffer 3 pipe are especially well preserved. Outlines of original 

grains, pseudomorphs of primary minerals, and relict primary grains 

are present in many nodules from this group of pipes, and coarse equant, 

coarse tabular, porphyroclastic and transitional-porphyroclastic, and 

granuloblastic textures have been recognized. 

Most coarse xenoliths from the se pipes fit Harte's (1977) 

defi:1ition and resemble textures of "common peridotite" as definPd 

by Cox et al. (1973, p. 78) more closely than do Sloan, Nix and Moen 

peridotites. Averrtge grain size, determined from ghost outlines of 

altered primary qrains (Fig. 5c), is usually greater than 2 mm whererts 

granuloblastic textures (Fig. 7c, 7d) are significantly finer grained 

(average 0.5-1.0 mm). A coarse tabular texture is nicely preserved 

in a diamond-bearinq peridotite nodule from this suite, described by 

McCallum and Eqqler (1976). 

Transitional-porphyroclastic and porphyroclastic textures are 

recognized by the presence of fine grained (about 0.1 mm), rounded 

secondary minerals and/or pseudomorphs after olivine neoblasts which 

are concentrated along the edges of coarse secondary grains or along 
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the ghost outlines of original coarse grains (Fig. 9). Euhedral 

olivine tablets, commonly present in sheared areas of fresh Sloan 2 

garnet peridotites, may be perfectly pseudomorphed by quartz. These 

also imply a transitional- or porphyroclastic texture (Fig. 9e). 

Granuloblastic textures are beautifully preserved in several 

nodules by a mosaic of polygonal quartz or calcite grains separated 

by thin serpentine selvages. These samples may contain polygonal 

garnet and clinopyroxene relicts scattered throughout the nodule (Fig. 

7d). 

Textures of Iron Mountain District Nodules 

Primary textures in the severely altered xenoliths from Iron 

Mountain pipes are poorly preserved. It is usually possible, however, 

to determine if the nodule has been significantly deformed, that is, 

to distinguish between coarse and porphyroclastic textural types. 

Nodules displaying characteristics of both these relict textures are 

termed transitional-porphyroclastic. 

In the well preserved textures of Schaffer xenoliths, coarse 

equant primary grains are usually replaced by coarse grained secondary 

minerals, therefore coarse grained alteration products in the Iron 

Mountain nodules also are inferred to represent originally coarse 

textures. This conclusion is reinforced in some nodules where a few 

ghost grain outlines or fresh grains are preserved. Fine (0.1-0.2 mm) 

secondary grains after original rounded neoblasts may form chains and 

web-like aggregates between coarser grains suggesting a transitional-

porphyroclastic texture. Relatively coarse fresh phases or coarse 

grained secondary minerals completely surrounded by a fine, 



equigranular matrix of secondary grains imply porphyroclastic texture. 

Despite the extensive alteration of the Iron Mountain xenoliths, somP. 

relict textures are still easily determined. One sheared nod11le 

(IM42-L21) has the most extensively deformed texture found in xeno-

liths from Colorado-Wyoming kimberlites (Fig. 8c). 

Special Textural Features 

Garnet 

Garn~ts are perhaps more diverse in habit than any other 

mineral in Colorado-Wyoming xenoliths. Two basic subdivisions have 

bP.en made: (1) deeply colored, spherical, 0.5-5.0 mm garnets similar 

to the garnets in coarse "common peridotite" described by Cox et al. 

(1973), and, (2) pale pink, generally granular, 0.5-2.0 mm garnets. 

The latter type includes the typically equant garnets of olivine-free 

garnet websterites and pyroxenites as well as aggregates of granular 

garnets that exhibit a variety of special textural features such as 

garnet rims around spinel and garnet exsolution lamellae from pyroxP.nP.s 

(Table 2). 

Exso l ved Garnet 

Garnet exsolved from orthopyroxene and/or clinopyroxene is 

pres';nt i n !4 Sl rv1.1 - Ni x-Moen 0r ou r, xenol ith s . Eleven of thP.se g 

x~ no liths ar2 ol iv i ~e-free and exsol verl pyro xenes form porphyrobl asts 

i n aene ral1 y granulobl asti c ma t rices . The remainin g 3 sc1mples are 

per i doti t es in whi ch exso1ved pyroxenes occur as coarse equant con-

stitw~n t:s . 



Table 2. Inventory of some special textural features. 

Garnet Exsolu- Garnet Exsolu- Orthopyroxen2 Exsolu-
tion from tion from ti on fro1n Garnet Rims Ga rn2t ~ims 

SamQle Clino21roxene OrthoQ1roxene Clino21roxene Gre2n S2inel Brm·m 3pinel 
*S02-Lll X X X 
S02-Ll 11 X X X 
S02-Ll 12 X X X 
SD2-L113 X X 
SD2-L114 X X X 

*S02-ll 15 X X 
*SD2-l132 X 
*SD2-L164 X ..:::,. 

\.0 

*S02-l172 X X X 

S02-ll 73 X X X 

SD2-0P152 X 

*S02-~18 X 
*S02-~Jg X X X 

S02-WlO X X 
*NX2-Wl X X 

*NX4-C10 X 

NX4-L7 X X 

*Websterite Group (Gnup V) ~2 noli ~h. '11 others 1re Group IV nJd ul ~s . 
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Garnet exsolution lamellae average 0.2 mm in width and extend 

nearly the full length of the host crystal, generally terminating 

shortly before contacting the host grain boundary. Oriented blebs 

(0.1 x 0.2 mm) may occur instead of or in addition to the more exten-

sive lamellae. An interesting effect is created in a Sloan 2 webster-

ite (SD2-L132, Fig. llc) in which a strongly kinked orthopyroxene 

porphyroblast contains garnet exsolution lamellae. The lamellae 

parallel the bent and curving orthopyroxene cleavages but coalesce 

into subspherical granules at orthopyroxene kinkband boundaries. 

Garnets exterior to pyroxenes hosting exsolved garnet are 

commonly elongate. interstitial, and nearly completely rim the exsolved 

pyroxene or other constituents of the nodule . Garnet exsolution 

lamellae locally join interstitial garnet grains (Fig. 12). According 

to Spry (1969), concentrations of garnet at grain boundaries might 

result from precipitation within the host followed by migration of the 

garnet to the boundaries, or by nucleation immediately at the struc-

turally defective boundary. 

Coarse and granuloblastic zones within these nodules may be 

related to the exsolution event, representing exsolution lamellae, 

blebs and host pyroxenes that recyrstallized to polygonal shapes. 

However, these textures may be completely distinct from the exsolu-

tion event, and may represent an unaffected matrix. 

Garnet Rimming Spinel 

Whenever garnet and spinel (excluding chromite) coexist in a 

Colorado-Wyoming nodule, the garnet invariably forms relatively con-

tinuous rims around spinel (Figs. 12 and 13) . This phenomenon is 
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Fi ci 1ire 12. Green spinel rimmed by garnet and associated with garnet 
exsolverl from clinopyroxenes in garnet+ spinel pyrox-
enite nodule (S02-Llll) from the Sloan 2 kimberlite. 

12,L Plane light. Garnet visible as narrow, light 
colored selvages around green spinel and between 
pyroxene grain s (4 cm = 1 cm). 

12b. Crossed nicols. Spinel and garnet both extinct. 
Exsolved garnet is visible as black stripes in 
go l d to pale yellow clinopyroxene grains (4 cm= 
1 cm). 
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present in 6 olivine-free and 23 olivine-bearing xenoliths. Included 

in the group of olivine-bearing xenoliths are 4 altered nodules from 

the Schaffer 3 pipe in which relict garnet surrounds spinel. Tex-

t ures and secondary mineralogy imply that these xenoliths were 

olivine-bearing. In all of the olivine-free xenoliths garnet sur-

rounding spinel is associated with garnet exsolved from pyroxene. 

However, not all of the olivine-free nodules with exsolved garnet 

contain spinel. Of the 23 olivine-bearing nodules with garnet rimming 

spinel, 3 (SD2-L172, S02-Lll, NX2-Wl) also contain garnet exsolved 

from pyroxene. Spinel rimmed by garnet is always the brown variety 

in olivine-bearing xenoliths whereas green or brown spinel may be 

rimmed by garnet in olivine-free rocks. 

Individual garnet grains that compose the rims around green 

spinel (Fig. 12) in olivine-free xenoliths are elongate and in thin 

section appear to be approximately twice as long in the dimension 

parallel to the garnet-spinel contact as they are wide. An exception 

is sample S02-WlO which has a texture quite different from most garnet 

+ green spinel xenoliths. In general the texture is coarse equant. 

Green spinel is quite rare in this nodule and occurs as tiny (less 

than 0.5 mm) subspherical inclusions in garnet grains. Subspherical 

garnet inclusions are common in the equant pyroxene grains and anhe-

dral to euhedral pyroxene inclusions (Fig. 14b) are also found en-

closed in coarse pyroxene grains. Vague remnants of garnet exsolu-

tion lamellae in pyroxenes are visible. It appears that the texture 

of this xenolith may have been more similar to other xenoliths of its 

type but it has recrystallized to a dominantly coarse equant texture. 



54 

The more common variety of garnet that rims brown spinel in olivine-

bearing xenoliths tends to form chains of equant and polygonal 

granules that are generally less than 0.5 mm in diameter (Fig. 13). 

Textures of garnet+ spinel xenoliths with associated garnet 

exsolved from pyroxene are commonly dominated by the characteristics 

of the exsolved garnet described above. Elongate interstitial garnet 

grains locally nearly completely rim mineral constituents other than 

spinel. Elongate, interstitial garnets may also be found in olivine-

bearing xenoliths with garnet rimming spinel whether or not garnet 

exsolved from pyroxene is observed in the nodule. This may imply that 

garnet exsolution was once present in now reequilibrated pyroxene 

grains. 

In other olivine-bearing, spinel + garnet xenoliths, no 

evidence of exsolution can be seen. It is typical in such nodules 

to find the polygonal garnet granules that rim spinel extending away 

from the spinel grain boundary, impinging with surrounding minerals. 

These contacts of garnet with pyroxenes or olivine tend to be deeply 

concave and dentate and the garnet granules enclose small (0.1-0.5 mm) 

angular fragments of other minerals (Fig. 13c). These fragments 

commonly appear to be in optical continuity with a nearby coarser 

grain, but just as commonly there appears to be no optical relation-

ship. 

Zoning in Garnet 

Garnets from one Iron Mountain District peridotite (IM42-L58) 

are zoned. Garnet grains are subhedral to anhedral, 2-4 mm in dia-

meter. Rims are approximately 0.5 mm width and locally are clearly 
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Figure 13a. Incipient development (?) of garnet rim around red-brown 
spinel of garnet+ spinel olivine websterite (5D2-L28) 
from the Sloan 2 kimberlite (plane light; horizontal 
field of view is 2 mm). 

13b. Granular nature of well developed garnet rim around red-
brown spinel of garnet+ spinel lherzolite (SD2-Ll0) from 
the Sloan 2 kimberlite (ho ri zontal field of view is 
approximately 2 mm). 

13c. Full view of thin section of garnet+ spinel lherzo-
lite SD2-L10. Note tiny olivine grains surrounded by 
garnet granules (extinct, right half of photo)(crossed 
nicols; nodule is approximately 2 cm in diameter). 

13d. Same as 13c; plane light. Spinel is nearly black, garnet 
is pinkish, olivine is riddled with black serpentine 
veinlets, pyroxenes are greenish. 



a. 

C. 
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defined by concentric fractures accentuated by thin linings of red-

brown alteration material. Variation in thin section color or other 

visible evidence of zoning from core to rim is not apparent. The 

garnet overgrowths most likely formed within the mantle before incorpor-

ation into kimberlite in response to some change in pressure, tempera-

ture or chemical environment (Smith, 1977). 

Ort ho pyroxene 

Kinkbands in orthopyroxene (Fig. 14a) were included as char-

acteristic features in textural types described by Boullier and Nicolas 

(1973, 1975) because there seems to be a correlation between inten-

sity of shearing in the nodule and degree and clarity of kinking in 

orthopyroxene grains. This correlation is generally evident in the 

fresh orthopyroxene-bearing xenoliths that are found primarily in the 

Sloan 2 and Nix 4 kimberlites. Kinkbands are more common in ortho-

pyroxenes of olivine-bearing xenoliths than in those of olivine-free 

websterites and orthopyroxene-bearing clinopyroxenites. 

Orthopyroxene has exsolved from clinopyroxene along the same 

larnellae as garnet in several garnet and garnet+ spinel websterites 

and clinopyroxenites (Fig. 14d). Orthopyroxene exsolution lamellae, 

like garnet, average 0.1 mm in width and usually extend the full 

length of the host, terminating shortly before contacting the host 

grain boundary. If garnet and orthopyroxene exsolve from the same 

clinopyroxene host, one or the other is subordinate in amount and more 

limited in extent. Sample SD2-Ll13 (Fig. 14d) contains irregular 

patches of orthopyroxene that are not arranged as regular straight 

lamellae but are present with garnet exsolution lamellae and blebs 
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Figure 14a. Kin kb,rnds in an orthopyroxene qraitl from a t ra:, sitio:;al-
porphyroclastic spinel lherzo l i t e (SD2-L9) f rom t he 
Sloan 2 kimberlite. Horizontal f ield of vi 2w is approx-
imately 2 mm ; crossed nicols. 

14b. Euhedral orthopyroxene inclusion within clin1pyrox2ne of 
a garnet+ spinel clinopyroxeni t e (SD2-W10) from t he 
Sloan 2 kimberlite. Horizontal field of view is approx i -
mately 2 mm ; crossed nicols. 

14c. Hairline orthopyroxene (?) lamellae (whi t e ) i n cli1op;ro~-
ene (upper r ight hand corner) from spinel l herzolite 5D2-
L17 from the Sloan 2 kimberlite (crossed nicols ; nod ul2 
is approximately 2 cm in diameter). 

14d. Garnet (blac k) and orthopyroxene (white) exsolv2d 3lonJ 
the same planes of clinopyroxene (grey) in a garnet 
websterite nodule (SD2-L113) from the Sloan 2 kimber l ite 
(crossed nicols; horizontal field of view is a~proxi -
rnately 2mm ). 

14e. Orthopyroxene (grey) and clinopyroxene (yellow) ~~ te r-
grown in spinel-bearing websterite (SD2-L164) . Crossed 
nicols; nodule is approximately 2 cm in dia meter. 

14f. Orthopyroxene (extinct) exsolution lamellae in clino-
pyroxene (yellow) of spinel-bearing websterite (SD2-
L164). Crossed nicols; horizontal field of view is 
approximately 2 mm. 
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in the host clinopyroxene grain. The orthopyroxene lamellae coalesce 

at one end of the clinopyroxene host and there more closely resemble 

a single orthopyroxene grain with clinopyroxene and garnet lamellae. 

Orthopyroxene has exsolved from clinopyroxene (Fig. 14e, 14f) 

in each of the 3 brown spinel-bearing, garnet- and olivine-free 

websterites (SD2-W8, SD2-Ll64, NX4-Cl0). These orthopyroxene lamellae 

are very straight and regular and range in thickness from 0.1-0.5 mm 

in width. Orthopyroxene exsolution lamellae may thin near the host 

clinopyroxene grain boundary but generally extend all the way to the 

boundary. 

A spinel + garnet clinopyroxenite (S02-WlO) contains clino-

pyroxene grains that enclose a 0.7 x 0.2 mm euhedral orthopyroxene 

inclusion that is quite distinctive chemically (analysis Pc, Table 6, 

Fig. 14b). This inclusion and euhedral olivine neoblast tablets 

described above are the only euhedral constituents recognized in 

Colorado-Wyoming xenoliths. 

Clinopyroxene 

Exsolution of clinopyroxene in orthopyroxene may occur as 

hairline (0.01 x 0.2-0.5 mm) lamellae but thicker, more prominent 

clinopyroxene exsolution phenomena comparable to exsolution of garnet 

and orthopyroxene from clinopyroxene have not been found in Colorado-

Wyoming nodules. Fine twin lamellae in both pyroxenes may have a 

similar hairline habit and in many cases the only way to distinguish 

twin from an exsolution lamella is by microprobe analysis. 



CHAPTER III 

MINERAL CHEMISTRY 

Introduction 

Six chemically distinct groups of mantle xenoliths are de-

lineated in variation and triangular diagrams (Figs. 15-30) and ran ges 

of oxide content in minerals of each group are outlined in Table 3. 

Garnet peridotites (Group I) are distinctive petrographically as they 

usually contain spherical garnets and/or tabular euhedral olivine or 

pseudomorphs thereof . Chromite may be present in these xenoliths. 

Chemically unique spinel harzburgites from the Sloan 2 diatreme plus 

one from the Nix 4 kimberlite define Group II. Iron Mountain District 

spinel peridotites comprise Group III. The general tenn peridotite 

is used to describe the Iron Mountain spinel-bearing xenoliths of 

Group III because the severely altered nature of many samples does 

not allow distinction between lherzolites and harzburgites. Group IV 

xenoliths include olivine-free, garnet ± spinel websterites and clino-

pyroxenites. Spinel present in these xenoliths is exclusively a green 

Al 203-rich variety that is invariably rimmed by garnet and associated 

with garnet exsolved from pyroxenes. The Websterite Group {Eggler 

and McCallum, 1974; Mccallum et al., 1979a, b) defines Group V and 

includes xenoliths from diatremes in all of the Colorado-Wyoming 

districts under study. Group V xenoliths are the most diverse minera-

logically. They include brown spinel and/or garnet lherzolites, 
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harzburgites, wehrlites, olivine websterites, websterites, clino-

pyroxenites and orthopyroxenites. All nodules containing brown spinel 

rimmed by garnet belong to the Websterite Group. Peridotites of 

the Websterite Group that have no spinel generally contain garnets 

that are identical in composition and appearance to garnets rimming 

spinel, thus it is quite likely that spinel is or was present in such 

nodules but was not intersected in thin section. Dunites consisting 

of 100 percent olivine by volume comprise Group VI. 

It should be noted that olivine and orthopyroxene plots are 

dominated by analyses of Sloan group xenoliths. Only one nodule from 

a Schaffer pipe (SH3~Ll) and two from the Iron Mountain District (IM26-

P64and IM20-W5) contain fresh orthopyroxene and only Sloan and Nix 

xenoliths contain fresh olivine. 

Olivine 

A plot of FeO versus MgO in olivines (Fig. 15, Plate 1) shows 

that xenoliths of Group II spinel harzburgites contain the least FeO 

and are richest in MgO. However, the range of FeO and MgO contents 

in olivines of Group II xenoliths (Table 3) exhibits considerable 

overlap with that of Group I. Olivines of Group V xenoliths exhibit 

a relatively large field, however, the range of FeO and MgO content 

(Table 3) is not significantly greater than that of Groups I or VI. 

The dunites of Group VI exhibit a bimodal distribution with two sub-

groups characterized by olivine compositions of approximately Fo88_90 
(11.5-12.0 weight percent feO) and Fo92_93 (approximately 7.0-8.5 

weight percent FeO). As previously noted, Groups III and IV contain 

no olivine. 



iit> le 1. Ran r,PS of se lected oxide~ in minerals of kiml)!'rlite xenoliths as shown in Figures 15-29 and Plates 1- 15 . 
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Figure 15. Weight percent MgO versus FeO in olivines. Fields desig-
nated by dashed outlines indicate the regions where the 
majority of olivines from each group plot. Large numeral s 
label each group's field. Small numerals indicate olivines 
that plot outside their group's field as outlined. 

Olivine in xenoliths of Group III has been completely re-
placed by secondary minerals thus no Group III field is 
indicated. 
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Orthopyroxene 

Weight percent A1 2o3 versus Cr2o3 (Plate 2, Figure 16, Table 3) 

provides perhaps the clearest picture of variations in orthopyroxene 

chemistry. On this basis, garnet ± spinel-bearing xenoliths ar~ 

nearly completely separated from xenoliths containing spinel and no 

garnet; the latter contain greater than and the former contain less 

than 2.0 percent A1 2o3 by weight. Exceptions include several very 

low chrome orthopyroxenes from Group IV xenoliths and orthopyroxenes 

from two garnet+ brown spinel Websterite Group (Group V) xenoliths 

that contain greater than 2.0 percent Orthopyroxenes of Group 

I xenoliths contain the least A1 2o3 but exhibit the widest range and 

highest values of Group II orthopyroxenes have the most re-

stricted chemical field. The three orthopyroxenes from Group V 

xenoliths that plot within the Group II field are spinel lherzolites 

with mosaic-porphyroclastic textures. Pyroxenes of these xenoliths 

are quite consistently similar chemically to those of Group II xeno-

liths. No fresh orthopyroxene has been recovered from Group III xeno-

liths. Orthopyroxenes of Groups IV and V exhibit wide ranges of 

Al 2o3 contents and these group fields overlap at low Cr2o3 (less than 

0.15 percent) and low (less than 1.5 percent) values. The Group 

V xenolith SD2-L40 contains orthopyroxene with the lowest content 

of that group. This xenolith is unusual in that it contains subspheri-

cal garnet somewhat similar in appearance to the garnets corrnnonly 

found in Group I garnet peridotites. It is also one of the few 

ilmenite-bearing xenoliths observed from the Sloan group kimberlites. 

Although classified as a Group V xenolith, minerals of this sample 

are chemically very similar to and corrmonly plot very close to those of 
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Figure 16. Weight percent Al203 versus Cr203 in orthopyroxenes. 
Fields designated by dashed outlines indicate the regions 
where the majority of orthopyroxenes from each group 
plot. Large numerals label each group's field. Small 
numerals indicate orthopyroxenes that plot outside their 
group's field as outlined. 

Orthopyroxenes of Group III xenoliths have been com-
pletely replaced by secondary minerals thus no Group 
III field is indicated. 
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Group I. Orthopyroxenes of the three Group V olivine-free pyroxenites 

(SD2-L164, SD2-Wl0, NX4-Cl0) that contain brown spinel and no garnet 

exhibit the highest Al 2o3 values. 

A CaO versus cr2o3 diagram (Fig. 17, Plate 3) shows considPr-

able overlap of all fields. However, orthopyroxenes of Group I ex-

hibit the highest Cao values (Table 3). Orthopyroxenes of xenoliths 

from all groups also show considerable scatter in a plot of Ti02 
versus Cr2o3 (Fig. 18, Plate 4). The most significant feature of this 

diagram is the low Ti02 content of most Group II xenolith orthopyrox-

enes (Fig. 18, Table 3). 

Clinopyroxene 

As with orthopyroxenes , plots of Al20:3versus Cr2o3 in clino-

pyroxenes (Fig. 19, Plate 5, Table 3) define the major, chemically 

distinct xenolith groups. Clinopyroxenes of Group I xenoliths (con-

taining spherical garnets and/or euhedral olivine tablets) exhibit 

the lowest A1 2o3 values and the broadest range of cr2o3 contents. 

Conversely, clinopyroxenes from xenoliths of Group IV (olivine-free, 

garnet± green spinel websterites and clinopyroxenites) show a wide 

range of Al 203 with Cr2o3 content restricted. Clinopyroxenes from 

two altered Schaffer xenoliths (SH3-L22, SH3-Ll60) that were probably 

olivine-bearing contain less than 0.5 weight percent Cr2o3. These 

xenoliths are also ilmenite-bearing. The textures in these nodules 

are nearly completely obliterated by replacement minerals thus it is 

not possible to determine positively whether or not they once con-

tained spherical garnets or euhedral olivine tablets characteristic 

of Group I xenoliths. Clinopyroxenes of two other altered Schaffer 
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Fiqure 17. Weight percent CaO versus Cr O in orthopyroxenes. Fields 
designated by dashed outline~ ~ndicate the regions where 
the majority of orthopyroxenes from each group plot. 
Large numerals label each group's field. Small numerals 
indicate orthopyroxenes that plot outside their group's 
field as outlined. 

Orthopyroxenes of Group III xenoliths have been com-
pletely replaced by secondary minerals thus no Group III 
field is indi cated. 
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Fiqure 18. Weight percent TiOz versus Cr203 in orthopyroxenes. Fields 
designated by dashed outlines indicate the r8gions where 
the majority of orthopyroxenes from each group plot. 
Large numerals label each group's field. Small numerals 
indicate orthopyroxenes that rlot outside their group's 
field as outlined. 

Orthopyroxen~s of Group III xe noliths have been completely 
replaced by secondary minerals thus no Group III field is 
inrlicatP.d. 
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Figure 19. Weight percent Al203 versus Cr203 in clinopyroxenes. Fields 
designated by dashed outlines indicate the regions where t:-1e 
majority of clinopyroxenes from each group plot. Large 
numerals indicate e1ch group's field. Small numerals indi-
cate clinopyrox2n2s that plot outsid2 their group ' s f ield 3S 
outlined. 
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xenoliths (SH3-Ll2, -L17) that contain ilmenite and obvious spherical 

garnets and pseudomorphs of euhedral olivine tablets plot with th0 

Group I field of Figure 19 (Plate 5) but fall at the low Cr2o3 end of 

the Group I field. It is therefore assumed that xenoliths SH3-L22 anrl 

SH3-L160 are members of Group I and that minerals of such ilmenite-

bearing xenoliths may be chemically distinct from the majority of 

Group I minerals. Clinopyroxenes from the coarse equant Iron Mountain 

peridotite IM42-L71 plot in the Group IV field whereas garnets from 

this nodule consistently plot with Group I garnets. Were it not for 

these exceptions, the Group IV field would include only olivine-free, 

garnet ± spinel websterites and clinopyroxenites. Clinopyroxenes of 

Sloan-Nix spinel harzburgites (Group II) exhibit a relatively re-

stricted field and there is some overlap of this group with clino-

pyroxenes f rom Iron Mountain spinel pe ridotites (Group III) which 

exhibit much wider ranges of both Cr2o3 and Al 2o3 (Table 3) than do 

those from Group II xenolith. As in orthopyroxenes, garnet ± spinel 

xenoliths of Group V generally contain less Al 2o3 than orthopyroxenPs 

of garnet-free xenoliths (Plate 5). Clinopyroxenes from the three 

Group V spinel-bearing, olivine- and garnet-free xenoliths (S02-L164 , 

S02-WB, NX4-CIO) are among the highest in Al 2o3 content. Low Al 2o3 
content in clinopyroxenes of the three Group V spinel lherzolites with 

mosaic-porphyroclastic textures causes them to plot among those of 

Group II. 

A plot of FeO versus Cr2o3 i n clinopyroxenes (Fig. 20, Platen, 

Table 3) shows that Group I clinopyroxenes exhibit a wide range of FeO 

contents but most contain higher FeO than do the majority of clino-

pyroxenes from other groups. Clinopyroxenes from Group I xenoliths 
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Figure 20. Fe0 versus Cr203 in clinopyroxenes. Fields designated by 
dashed outlines indicate the regions where the majority of 
clinopyroxenes from each group plot. Large numerals indi-
cate each group's field. Small numerals indicate clino-
pyroxenes that plot outside their group's field as out-
lined. 

The subfield of the Group I field between 3.0 and 4.0 
percent Fe0 includes clinopyroxenes from xenoliths with 
porphyroclastic textures. 
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with porphyroclastic textures are typically high in FeO (Fig. 20). 

Group I ilmenite-bearing xenoliths SH3~L22 and SH3-L160 are also high 

in FeO (5.14 and 4.68 weight percent FeO, respectively). Sloan-Nix 

spinel harzburgites and Iron Mountain spinel peridotites (Groups II 

and III, respectively) contain clinopyroxenes with the lowest FeO 

contents. Considerable overlap exists between the Group II and Group 

V fields at approximately 1.5 and 1.9 weight percent FeO. Clinopy-

roxenes of mosaic-porphyroclastic spinel lherzolites of Group V are 

among those falling in the Group II field. Group IV xenoliths con-

tain clinopyroxenes with the widest range in FeO content due to two 

very iron-rich clinopyroxenes, SD2-Pl and SD2-W10, with FeO values 

of 5.91 and 8.34, respectively. With few exceptions, clinopyroxenes 

of the Websterite Group (Group V) xenoliths are relatively tightly 

clustered between approximately 1.5 and 2.9 weight percent FeO. 

Ti02 content in clinopyroxenes (Fig. 21, Plate 7, Table 3) 

follows a pattern similar to that in orthopyroxenes (Fig. 18, Plate 4). 

The small range and low Ti02 contents of Group II spinel harzburgites 

is again notable. Clinopyroxenes of Group I xenoliths with porphyro-

clastic textures tend to have Ti02 contents slightly higher than the 

average for the group as a whole. Ti02 in clinopyroxenes of Iron 

Mountain spinel peridotites (Group III) is considerably more widespread 

than that of Group II spinel harzburgi tes. The bulk of clinopyroxenes 

from Groups IV and V have similar Ti02 contents. Clinopyroxenes of 

Group I ilmenite-bearing xenoliths SH3-L22 and SH3-L160 plot with 

Group IV clinopyroxenes, whereas those from Group I ilmenite-bearing 

xenoliths SH3-L12 and SH3-L17 plot with Group Vas do several other 

Group I clinopyroxenes. Clinopyroxenes of Group IV xenoliths with 
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Figure 21. Weight percent Ti02 versus Cr203 in clinopyroxenes. 
Fields desi gnated by dashed outlines indicate the regions 
where the majority of clinopyroxenes from each group plot. 
Large numerals indicate each group's field. Small 
numerals indicate clinopyroxenes that plot outside their 
group's field as outlined. 
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green spinel rimmed by garnet and/or garnet exsolution from pyroxenes 

are among the clinopyroxenes highest in Ti02 (greater than 0.55 per-

cent Ti02 by weight). 

An Na2o versus FeO diagram (Figure 22, Plate 8, Table 3) 

exhibits distinct separation of clinopyroxenes of Groups II and III 

spinel peridotites. Clinopyroxenes of Group II spinel harzburgites 

are low in Na 2o as well as FeO. Group III spinel peridotites from 

Iron Mountain are low in FeO but exhibit a relatively wide range of 

Na2o. A few clinopyroxenes of the Websterite Group (Group V) xeno-

liths plot outside the Group V field and within Group II and III 

fields. These exceptions include the clinopyroxenes of Group V spinel 

lherzolites with mosaic-porphyroclastic textures. Groups IV and V 

are inseparable on this diagram and considerable overlap exists 

between the composite IV and V field and that of Group I. 

Lower CaO and higher FeO contents in clinopyroxenes of the 

porphyroclastic xenoliths of Group I garnet peridotites are notable 

in a plot of Ca/Ca+ Mg versus Mg/Mg+ Fe (Fig. 23, Plate 9, Table 3). 

The low FeO and high CaO contents of clinopyroxenes of the Iron Moun-

tain spinel peridotites (Group III) are also emphasized. Clinopyrox-

enes of Group II spinel harzburgites have Mg/Mg+ Fe values similar 

to those of Group III but Ca/Ca+ Mg values of Group II are generally 

slightly lower. Considerable overlap exists between fields of Groups 

IV and Vin this diagram. 

Garnet 

It is evident from Al 2o3 versus Cr2o3 plots (Fig. 24, Plate 

10, Table 3) that as Cr2o3 content increases, Al 2o3 decreases in garnets 
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Figure 22. Weight percent of Na20 versus FeO in clinopyroxenes. Fields designated by dashed 
outlines indicate the regions where the majority of clinopyroxenes from each group 
plot. Large numerals indicate each group's field. Small numerals indicate clino-
pyroxenes that plot outside their group's field as outlined. 

Clinopyroxenes from Groups IV and V are inseparable in this dia gram thus a compo-
site field is outlined. 
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Figure 23. ~g/Mg + Fe versus Ca/Ca+ Mg in clinopyro :.z2nes. Fields designated by dashed o:..i t-
lines indicate the regions where the majority of clinopyroxenes from each group 
plot. Large numerals indicate each group's field. Small numerals indicate clino-
pyroxenes that plot outside their group's field as outlined. 
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of Colorado-Wyoming xenoliths. Garnets of Group I garnet peridotites 

have the highest Cr2o3 content and lowest A1 2o3 content. Within this 

group there is no distinct correlation of Cr2o3 and Al 2o3 with xenolith 

texture; however, the majority of garnets of Group I Schaffer-Ferris-

Aultman (Subgroup Ia, Fig. 24) xenoliths, most of which have coarse 

equant textures, generally have higher Al 2o3 and lower Cr2o3 than do 

garnets of most Iron Mountain xenoliths (Subgroup lb, Fig. 24), many 

of which have porphyroclastic textures. Garnets of the Sloan-Nix-

Moen Group I xenoliths, most of which have transitional-porphyroclastic 

textures, generally are lowest in Al 2o3 and highest in Cr2o3 (Subgroup 

le, Fig. 24). Considering the Group I xenoliths of each diatreme 

group individually, however, garnets show no correlation between tex-

ture and cr2o3 and A1 2o3 content. Garnets of ilmenite-bearing xenolith 

SH3-L22 plot in the composite Group IV+ V field and garnets of ilmenite-

bearing xenoliths SH3-Ll2 and SH3-Ll7 plot in the Group I field but 

near the low Cr2o3 , high A1 2o3 end of the field. Ilmenite-bearing 

Group V xenolith SD2-L40 garnets plot outside their expected field 

and in the field of Group I garnets. No distinct separation can be 

made between the garnets of Groups IV and V, however, the majority of 

garnets from Group IV xenoliths contain between 23.0 and 24.0 percent 

Al 2o3 and less than 1.0 percent Cr2o3 whereas the majority of Group V 

garnets contain between 22.0 and 23.0 percent Al 2o3 and between 1.0 

and 2.0 percent cr2o3 by weight. Xenoliths of Groups II and III con-

tain no garnet. 

Spherical garnets from Group I garnet peridotites show a wide 

scatter in Ti02 content (Fig. 25, Plate 11, Table 3) and there is no 

distinct correlation between Ti02 content and texture. Group IV and V 
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Fig11re 24. Al 2o3 vers,,s Cr2o3 in garnets. 

Fields designated by dashed outlines indicate the regions 
where the majority of garnets from each gro up plot. Large 
numerals label each group's field. Small numerals indicate 
garnets that plot outside their group's field as outlined. 

Fields IV and V overlap so much as to be inseparable thus 
a compos ite fie ld i s outlined. 

Subfield Ia indicates region wi t hin which the majority of 
garnets of nodules from the Schaffer-Ferris-Aultman kim-
berl ite plot. 

Subfield Ib indicates region within which the majority of 
garnets from nodules from the Iron Mountain District 
kimberlites plot. 

Subfield Ic outlines the region where majority of garnets 
from nodules of Sloan-Nix-Moen kimberlites plot. 
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Figure 25. Ti02 versus Cr?.03 in garnets (GAR). 

Fields designated by dashed lines indicate the regions 
where the majority of gnrnets from each group plot. 
Large numerals label each group's field. Small numerals 
indicate garnets that plot outside their group's field 
as outlined. 

Fields IV nnd V are inseparable in this diagram thus a 
composite field is outlined. 
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garnets cluster tightly below approximately 0.25 weight percent Ti02 
except for a few Group V garnets from Schaffer xenoliths and one from 

the Moen 2 pipe that have higher Ti02 values. 

In general, Cao content of garnets increases with increasing 

Cr2o3 content thus creating the strong linear trend seen in Figure 

26 and Plate 12. Garnets from two Group I xenoliths contain from 1 

to 3 percent less CaO than the majority of garnets and thus fail to 

plot along the linear trend. One of these, a tabular peridotite 

(SH3-L3) is diamond-bearing. Garnets of the Schaffer-Ferris-Aultman 

xenoliths (Subgroup Ia, Fig. 26) generally contain less Cao than those 

of the Iron Mountain District (Subgroup lb, Fig. 26) which in turn 

contain less Cao than garnets of the Sloan-Nix-Moen xenoliths (Sub-

group le, Fig. 26). A vertical line at 2.35 percent Cr2o3 serves to 

nearly completely separate the spherical garnets of Group I garnet 

peridotites from garnets of Group IV and V nodules. Only spherical 

garnets from three ilmenite-bearing peridotites (SH3-L12, SH3-Ll7, 

SH3-L22) plot outsideof their general group field on this basis. 

Garnets of Group I xenoliths are relatively clearly separated 

from those of Groups IV and Vin a plot of MgO versus FeO (Fig. 27, 

Plate 13, Table 3). Within Group I, xenoliths can be subdivided in a 

manner similar to that described in the discussion of Al 2o3, Cr2o3 
and CaO content of garnets above. Garnets from the Schaffer-Ferris 

Aultman xenoliths (Subgroup Ia, Fig. 27), garnets most of 

which have coarse equant textures, contain more MgO than do most 

garnets of Group I Iron Mountain xenoliths (Subgroup lb, Fig. 27) 

of both coarse equant and porphyroclastic textural types. The majority 

of garnets from Group I Sloan-Nix-Moen xenoliths (Subgroup le, Fig. 27), 
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Figure 26. CaO versus cr2o3 in garnets. 

Fields designated by dashed lines indicate the regions where the majority of 
garnets from each group plot. Large numerals label each group's field. Small 
numerals indicate garnets that plot outside their group's field as outl ined. 
Subfield Ia indicates the field within which the majority of garnets of nodules 
from Schaffer-Ferris-Aultman kirnberlites plot. 
Subfield lb indicates the field within which the majority of garnets of nodules 
from Iron Mountain District kimberlites plot. 
Subfield le indicates the region within which most garnets from nodules from 
Sloan-Nix-Moen kimberlites plot. 
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Figure 27. MgO versus FeO in garnets. 

Fields designated by dashed lines indicate the regions where the majority of 
garnets from each group plot. Large numerals label each group's field. Small 
numerals indicate garnets that plot outside their group's field as outlined. 
Subfield Ia indicates the field within which the majority of garnets of nodules 
from Schaffer-Ferris-Aultman kimberlites plot. 
Subfield Ib indicates the field within which the majority of garnets of nodules 
from Iron Mountain District kimberlites plot. 
Subfield Ic indicates the region within which most garnets from nodules from 
Sloan-Nix-Moen kimberlites plot. 
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most of which have trans it ional-porphyroclastic textures, generally 

contain the least MgO. Each of the se groups of garnets has simil ar 

FeO content. There is some overlap of Group I and Group IV and V 

fields in the low FeO-high MgO region and garnets from Group I il me nite -

bearing xenoliths SH3-Ll2, SH3-Ll7, and SH3-L22 plot vJithin the Gro11r 

IV+ V field due to their relatively high FeO content. Garnets of 

Groups IV and V cannot be clearly separated on the basis of MgO and 

FeO content although the majority of garnets from Group IV contain 

greater than 21.0 percent MgO and less than 8.5 percent FeO whereas 

the majority of garnets in Group V contain les s than 20 .0 percP.nt 

MgO and greater than 8.5 percent FeO by weight. Garnets from several 

Group IV xenoliths, however, contain greater than 10 percent FeO by 

weight and garnets of Group V ilmenite-bearing xenolith SD2-L40 have 

greater FeO (13.05 percent) than other Gro up V garnets. In garnets 

of Groups IV and V, MgO content generally decrease as FeO content 

increases. This relationship is not exh ibited by garnets of Group I. 

Of all Colorado-Wyoming spinel group minerals, chromites of 

Group I xenoliths are generally riche st in Cr2o3 and poorest in 

(Fig. 28, Plate 14, Table 3). These chromites appear to be chemically 

gradational with red-brown spinels of Groups II, III, and V. Spinels 

from Iron Mountain spinel peridotites (Group III) overlap in Cr2o3 anrl 

Al203 contents with those of Sloan-Nix harzburgites (Group II), but 

Iron Mountain spinels generally conta in the lowest Al 2o3 and the most 

Cr2o3 (Table 3) of spinels (sensu stricto) from the three groups of 

pipes. Coarse, green spinel (surrounded by garnet and associated with 
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Figure 28. Al 2o3 versus Cr2o3 in spinel group minerals. 

Fields designated by dashed outlines i ndi cate the regions where the majority 
of spinels from each group plot. Large numerals label each group's field. 
Small numerals indicate spinels that plo t outside their group's field as 
outlined. 

The dunites of Group IV contain no spi~e1 . 



80 

60 

rt) 

0 
t\l 

20 

0 
0 !O 20 40 50 60 



100 

qarnet exsolved from pyroxenes) of Group IV invariably contains 

less than 5.0 weight percent Cr2o3 and Al 2o3 content is re-

stricted to 60-70 percent. Red-brown spinel surrounded by garnet 

(Group V) can be found through nearly the full range of cr2o3-A1 2o3 
contents and spinel within a single xenolith of this type can be 

quite variable chemically as shown by analyses on two different 

grains from garnet+ spinel xenolith SD2-L39 (Plate 14). Red-brown 

spinels from the three Group V olivine- and garnet-free Sloan Group 

xenoliths (SD2-L164, SD2-W8, NX4-C10) are quite low in Cr2o3 (less 

than 12.0 percent)and are almost as hi gh in Al 2o3 as are the Group IV 

green spinels. Spinels occurring without garnet in other xenoliths 

of the Websterite Group (chiefly spinel lherzolites) are intermediate 

in C_rz-03 and Al 2o3 content with those from the spinel peridotites of 

Sloan-Nix and Iron Mountain (Groups II and III respectively) and the 

green spinels of Group IV. 
2+ 2+ A linear trend is created by a plot of Mg versus Fe in 

spinel group minerals from Colorado-Wyoming xenoliths (Fig. 29, Plate 

15 ). Chromites of Group I xenoliths generally contain low 

Mg2+ and high Fe2+, however, the Group I field is determined by only 

two points. Spinels of Group II xenoliths are quite distinct from 

those of Group III; the former contain generally less Fe2+ and more 

Mg2+ than the latter. H • l f f G II l ·th owever, spine s rom a ew roup xeno 1 _ s 
2+ 2+ fall within the Mg -Fe range of spinels of Group III. Green spinels 

from garnet+ spinel xenoliths of Group IV contain the least Fe2+ 

and are the richest in Mg2+ with the exception of the spinel of one 

xenolith of this group (S02-Wl0) which is considerably more Fe-rich. 

Spinels from garnet+ brown spinel xenoliths of Group V contain the 
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Figure 29. 2+ Fe versus Mg in spinel group min2rals. 

Fields designated by dashed outlines indicate the regions where the majority 
of spinels from each group plot. Large numerals label each group's field. 
Small numerals indicate spinels that plot outside their group's field as 
outlined. 

The dunites of Group IV contain no spinel. 
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?+ complete range of Mg contents and variability among spinels from a 

single xenolith is exhibited by analyses from two different grains of 

Group V xenolith SD2-L39 (Plate 14). The bulk of spinels from Group 

V xenoliths (chiefly Sloan-Nix spinel lherzolites) are similar in Fe2+ 

content to those of Group II. 

Summary 

A Ca-Mg7Fe triangular diagram (Fig. 30, Plate 16) summarizes 
I 

many of the chemical characteristics noted above. Clinopyroxenes main-

tain a relatively constant Fe content (generally between 2.5 and 5.0). 

Clinopyroxenes of Group I ha~e generally higher Mg and lower Ca values 

than do clinopyroxenes of the other groups. The very high Fe Group IV 

garnet+ green spinel xe11olith SD2-W10 is clearly exhibited in this 

diagram. Garnets exhibit a horseshoe shaped field in the Ca-Mg-Fe 

diagram. Garnets of Group I with relatively constant Fe content and 

variable Mg and Ca form one limb of the garnet field whereas garnets 

of Groups IV and V with relatively constant Ca content and variable 

Mg and Fe form the lower limb. Once again the unusually high Fe 

content of garnets of SD2-W10 is notable. Orthopyroxenes contain very 

little Ca and only slightly variable Mg and Fe, hence they plot in a 

restricted field in Figure 30, although orthopyroxenes of GrOlJP I xeno-

liths tend to have slightly higher Ca values. High Fe in orthopyroxene 

of S02-WlO is evident. 
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Figure 30. Portion of a Ca-Mg-Fe diagram indicates general compositions of clinopyroxenes 
(CPX), garnets (GAR) and orthopyroxenes (OPX) in xenoliths from Colorado-
Wyoming kimberlites. 

Fields are designated by dashed lines. Large numerals label xenolith group 
fields, small numerals indicate minerals that plot outside their group's field 
as outlined. 
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Chemistry of Special Textural Features 

Minerals exhibiting special textural features were analyzed in 

order to determine if chemical variations could be correlated with the 

textural varieties observed. Green spinel + garnet websterite SD2-

Llll and brown spinel + garnet lherzolite SD2-L172 exhibit many of 

these special textural features such as exsolved garnet and pyroxene 

and garnet rims around spinel and these samples were chosen for de-

tailed microprobe analysis. Sections of these samples with points 

representing microprobe spot analyses are shown in Figures 31 and 32 . 

Corresponding analyses are presented in Tables 4 and 5. Samples exhi-

biting special textural features not observed in nodules SD2-Llll and 

SD2-L172, such as euhedral mineral constituents, were also analyzed 

and results are given in Tables 6 and 7. 

Garnet 

S02-Llll 

Analyses were made of garnet exsolution lamellae, garnets 

rimming green spinel, and interstitial garnets not associated with 

spinel in SD2-Llll in order to determine if chemical variations exist 

between these garnets of different habits. A few tenths of a percent 

variation in oxide content across garnet rims around spinel is common 

but no distinct chemical gradients were noted in garnet rims (Analyses 

Ga, Gb, Ge, Gd, Table 4). Nor are garnet rims between spinel and 

orthopyroxene significantly different from garnet rims between spinel 

and clinopyroxene. 
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Figure 31. Sketch taken from a portion of the thin section through 
garnet+ green spinel websterite nodul e S02-Llll. 

X's indicate locations of spot microbrobe ana lyses. 
Corresponding analyses are given in Tabl e 4. 

Green = Spinel ( s) 

White = Garnet (G) 

Blue = Ort ho pyroxene (P) 

Orange = Clinopyroxene ( C) 



S02-LIII 

5mm 

....... 
0 
OJ 
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Figure 32. Sketch of a portion of the thin section through garnet+ 
brown spinel lherzolite nodule SD2-L172. 

X's indicate locations of spot microprobe analyses. Corre-
sponding analyses are given in Table 5. 

Pink= Olivine (0) 

Blue= Orthopyroxene (P) 

Orange= Clinopyroxene (C) 

Brown= Spinel (S) 

White= Garnet (G) 



S02 - Ll72 

5 mm 

I-' 
I-' 
0 



Tahle 4 , Sfl2-Llll--garnet rims around spinel. 

Ga Gb Ge Gd .. I ------ i ---- 3 - I ---- 2 ---- 3 1 __ __ 2 ____ 3 _ 1-- - - 2 ---- --- 3 -
-- -----------

Si02 41.8 41.6 41. 3 41.1 4 I. 9 42.0 42.8 42.2 42. I 42 .4 42.5 42.6 
Ti02 0 .08 0. I 0. 13 0. 15 0. 15 0.06 0.07 0.05 0.04 0. I I 0.0 0.08 
Al203 23.7 23. 7 23.5 23.4 23.6 23 .6 23 . 3 23.5 23.3 23. 5 23 . 3 22.9 
Cr203 0. 14 o. 14 0. 16 0. 13 0. 17 0.17 0.11 0. 11 0. 2 0.14 0. 15 0. 13 

•reo 12 . 3 12 . l 12 .01 1 I. 9 11.8 1 I. 5 11.8 Jl .6 11. 9 12.0 11. 7 11.6 
MnO 0. 5 0. 55 0.44 0. 54 0.43 0.42 0.53 0.49 0.56 0.66 0.52 0.52 
NiO 0.0 0.0 0. 0 0. 5 0.0 0 0 0.0 0. 0 0.0 0 .0 0 .0 
MgO 17 . 6 18. I 18. I 17.8 rn. I 18.4 17.9 18 .2 17 .8 17 .8 18 .2 18 .0 
Cao 5. 7 5. 4 5. 4 5.6 5.6 5.4 5.5 5.4 5. 6 5.4 5.5 5.4 
N~20 0.0 0.0 0.0 0 0 0 0.02 0.01 0.06 0.0 0.02 0 .05 
K20 0.0 0.0 0.0 0 0 0 0.0 0.0 0.0 0.0 0.0 0.0 

Total 101. 82 10 I. 69 101.02 101.09 IOI. 67 IOI. 7 101.97 101.96 )(11.68 101. 98 101. 92 10 I. 44 ....... ....... 
Si I . 485 I . 478 1.478 I. 482 I. 487 J.489 1.51 J. 497 J.496 1.501 1.503 J.513 ....... 
Ti 0. 002 0.003 0 .003 0.004 0.004 0.001 0.002 0.001 0.001 0.003 0.0 0.002 
111 0.993 0.992 0.990 0.089 0 .987 0 .998 0. 971 0.981 0 . 978 0.979 0.971 0.96 1 
Cr 0.004 0.004 0.005 0 .004 0.005 0.005 0.003 0.003 0.006 0.004 0.004 0.004 
Fe3+ 

•re2+ 0.365 0.359 0. 360 0.356 0.350 0. 341 0.347 0. 343 0.355 0.355 0.357 o. 344 
Mn 0.015 0.017 0.013 0.016 0.013 0 .013 O.Olfi 0.015 0.017 0.020 0.015 0.016 
tli 0.0 0.0 0.0 0.001 0 0 0.0 0.0 0. 0 0.0 0 .0 0.0 
Mg 0.933 0.962 0 . 964 0. 950 0. 956 0. 972 0.944 0. 964 0. 943 0.939 0.962 0 .955 
Ca 0. 216 0. 208 0. 209 0.215 0. 211 0.206 0.208 0. 206 0 . 213 0. 203 0.207 0.206 
Na 0.0 0.0 0. 0 0 0 0 0.002 0.0 0.004 0.0 0.001 0.003 
K 0.0 0.0 0 .0 0 0 0 0.0 0.0 0 .0 0.0 0.0 0.0 

Oxygens 6.000 6.000 6. 000 6.000 6.000 6.000 6. 000 6.000 6. 000 6. 000 6.000 6. 000 
cations 4.013 4.023 4.022 4.017 4.013 4-014 4.003 4.010 4.013 4.004 4.01 4. 004 

*Total Fe as FeO 



fable 4. (Cont inuPd). S02-l 111--qarnet exsolution lamellae. 
•• --- - -· - - - - -- - -- -- --- - -- --- - ---- - -

Ge . Gf _____ _ G_g___ Gh ( - ----- 2·- ---- 3 - 2 • 3 I 2 3 T -- - 7 · --- 3·· 
---.- ------ - --- - ----------- • ---- - - --------- ---- -------- -
Si02 42 . 2 42.64 42.69 41. 9 42. 13 41. 58 41.6 42.3 42.9 42.2 42 .S 42.3 TiOz 0. I I 0 0.07 0 0 0 .01 0.09 0.05 0.02 0.06 0.07 0 .05 Al203 23 .1 23 .4 23 .2 7 23.54 23.31 23 .16 23. 4 23 . 0 23.2 23.6 23 . I 23.S Cr203 0 . 19 0. 2 0. 2 0.19 0.25 0.2 1 0.29 0.2 1 0.25 0.33 0.25 0.26 •reo I I. 3 11 . 31 II .4 11. 23 11 . 39 11. 49 I I . 9 I I. 3 11 .4 11. 6 11 . 3 11. 4 MnO 0. 46 0.47 0.5 1 n. 45 0. 47 0 . 50 0. 43 0.53 0. 49 0. 43 0 . 51 0.55 NIO 0 0 0 0 I) 0.00 0.04 0.0 0 .0 0 .0 0.0 0.0 Mg0 18 . I 18 . 45 18 .08 18.42 18. SI 17.94 18.0 18.0 17.9 18 . 1 17 .8 18. I Cao 5.5 S. 34 5.5 5. 43 5. 24 5.49 5.5 5.3 5. 3 5.3 5.7 5.8 ,...... ,...... NazO 0.06 0.04 0.02 0.08 0.0?. 0.02 0.0 0 .02 0.06 0.0 0.0 0.0 N K20 0 0 0 0.02 n 0 0.0 0.0 0 .0 0.0 0. 01 0.02 
Total 1(1 \ .02 10 I. 85 IOI. 74 101. 26 10 I. 32 100.4 100 .98 100 . 77 101.4 5 101. 6 101.17 IOI. 9? 

Si I. 504 I . SOS I . 509 1.409 1.496 I. 493 1.483 I. Sil I. 519 1.494 1. 512 I. 496 l i 0.003 0 0.002 0 0 0 0.003 0.001 0.0 0.002 0.002 0.001 Ill 0 . 969 0.9 74 0. 970 0 .987 0.976 0.981 0.985 0.968 0. 967 0.987 0. 967 0.978 Cr 0.005 0.006 0.006 0 .004 0.007 0.006 0. 008 0.006 0.007 0.009 0.007 0.007 Fe3+ 
Fc2+ 0.336 0. 334 0. 337 0.334 0. 338 0. 345 0.355 0. 338 0.338 0.346 0.335 0.337 Mn 0.014 0.014 0.015 0. 013 0 .014 0.015 0.013 0.016 0.015 0. 013 0. 015 0.0 16 Ni 0 0 0 0 0 0 0.001 0.0 0.0 0.0 0.0 0.0 Mg 0.96 3 0.971 0. 953 0.976 0.980 0.961 0.959 0.948 0.944 0. 955 0. 945 0. 955 Ca 0.21 0. 202 0. 209 0.207 0. 199 0. 211 0.211 0.203 0.200 0.201 0.216 0. 2l!l 
Na 0.001 0.002 0.001 0.005 0.001 0.001 0 . 0 0.002 0. 004 0.0 0.0 0. 0 
K 0 0 0 0.001 0 0 0 .0 0.0 0.0 0.0 0. 0 0.001 
Oxygens 6.000 6.000 6.000 6. 000 6.000 6.000 6.000 6.()00 6.000 6. 000 6.000 6.000 Cation s 4.008 4 .008 4.002 4. 017 4. 01 I 4.013 4. 018 4.003 3.994 4.007 3.999 4.009 

* Total Fe as reo 



Table 4. (Continued). S02-Llll--orthopyroxene. 

Pa Pb 
1 2 3 4 1 2 3 4 Pc Pd 

Si02 56.33 55.97 55.9 55.93 56.12 55. 71 57.1 55.73 55.03 55.2 
TiO 0.09 0.04 0.10 0.16 0.09 0.12 0.07 0.06 0 0 
Al263 1.39 2.13 2.47 2.52 1. 53 2 .12 2.09 2.11 3.12 2.78 
Cr203 0.04 0.03 0.08 0.08 0 0 0.02 0.01 0 0. 06 

*FeO 6. 77 6. 74 6. 77 fi.91 6.59 6.83 6.85 6.96 7.63 7.22 
MnO 0.16 0.15 0.13 0.19 0.14 0.09 0.21 0.17 0.10 0.11 
NiO 0.06 0 0.13 0.14 0.02 0.15 0.12 0.04 0.14 0.09 
MgO 33.92 33.61 33.10 33.44 34.17 33. 72 33.85 33.74 33 . 39 33.35 
CaO 0.17 0. 23 0.21 0.23 0.19 0.23 0.20 0.28 0.19 0.24 
Na20 0.02 0 0 0 0 0.05 0.04 0 0.05 0.04 
K20 0 0 0 0 0 0 0 0 0 0.01 ...... ...... 

99.1 w 
Total 98.95 98.9 98.89 99.6 98.85 99.02 100.55 99.1 99.65 

Si 1. 966 1. 953 1. 951 1.942 1. 959 1.945 1. 96 1. 945 1. 917 1. 93 
Ti 0.002 0.001 0.003 0.004 0.002 0.003 0.002 0.002 0 0 
Al 0.057 0.088 0.102 0.103 0.063 0.087 0.084 0.087 0.128 0.115 
Cr 0.001 0.001 0.002 0.002 0 0 0.001 0 0 0.002 

*Fe2+ 0.198 0.197 0.098 0.201 0.192 0.200 0.197 0. 203 0.222 0.211 
Mn 0.005 0.004 0.004 0.006 0.004 0.003 0.006 0.005 0.003 0.003 
Ni 0.002 0 0.004 0.004 0 0.004 0.003 0.001 0.004 0.003 
Mg 1. 765 1. 749 1. 723 1. 731 1. 779 1. 716 1. 733 1. 750 1. 735 1. 739 
Ca 0.006 0.008 0.008 0.009 0.007 0.009 0.007 0.011 0.007 0.009 
Na 0.001 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 

Oxygens 6 6 6 6 6 6 6 6 6 6 
Cations 4.003 4.001 3.995 '4.002 4.006 4.010 3.995 4.010 4. 019 4.016 

*Total Fe as F20 



Table 4. (Continued). SD2-Llll--clinopyroxene. 

Ca Cb 
1 2 3 4 1 2 3 4 

Si02 52.96 53.44 50. 75 50.84 52.7 52.08 50.84 50.42 
Ti02 0.46 0.32 0.78 0.80 0.62 0.65 0.63 0.54 
Al203 2.85 2.96 6.76 7.30 4.42 4.23 7 .11 7.15 
Cr203 0.15 0.15 0.22 0.25 0.21 0.13 0.19 0.24 

*FeO 2.25 2.33 3.08 2.87 2.32 2.49 3.05 2.78 
MnO 0.10 0.12 0.11 0.07 0.12 0.07 0.08 0.14 
NiO 0 0 0 0.03 0 0.08 0 0 
MgO 16.37 16.34 14.51 14.19 15.68 15.93 14.32 14.38 
CaO 23.47 23.54 22.26 22.21 22.62 22.66 22.04 21. 96 
Na20 0.91 1.08 1. 47 1. 50 1.17 1. 14 1. 58 1. 62 
K20 0 0.01 0 0 0 0 0.01 0 

...... ...... 
Total 99.52 100. 29 99.94 100. 06 99.86 99.46 99.85 99.23 +>-

Si 1.934 1.938 1. 851 1.849 1. 914 1.904 1.853 1.849 
Ti 0.013 0.009 0.021 0.022 0.017 0.018 0.017 0.015 
Al 0.123 0.126 0.291 0.313 0.189 0.182 0.306 0.309 
Cr 0.004 0.004 0.006 0.007 0.006 0.004 0.005 0.007 

*Fe2+ 0.069 0.071 0.094 0.087 0.071 0.076 0.093 0.085 
Mn 0.003 0.004 0.004 0.002 0.004 0.002 0.002 0.004 
Ni 0 0 0 0.001 0 0.002 0 0 
Mg 0.892 0.884 0.789 0.769 0.849 0.868 0. 779 0.786 
Ca 0.919 0.915 0.871 0.866 0.881 0.888 0.862 0.863 
Na 0.065 0.076 0.104 0.106 0.083 0.081 0.112 0.116 
K 0 0 0 0 0 0 0 0 

Oxygens 6 6 6 6 6 6 6 6 
Cations 4.022 4.027 4.031 4.022 4.014 4.025 4.029 4.034 

*Total Fe as FeO 



Table 4. (Continued). S02-Llll--clinopyroxene. 

Cc 
1 2 3 4 5 6 7 8 

Si02 51. 7 52.82 52.61 52. 71 50.98 50.6 50.21 51. 26 
Ti02 0.34 0.64 0.62 0.46 0.73 0.65 0.69 0.75 
Al203 4.66 4.47 4.78 5.29 7.06 7.67 8.23 6.74 
Cr203 0.17 0.19 0.21 0.21 0.24 0.25 0.24 0.25 

*FeO 2.80 2.37 2.47 2.70 2.85 2.92 2.76 2.62 
MnO 0.09 0.12 0.08 0.11 0.08 0.02 0.08 0.08 
NiO 0 0 0.02 0.06 0.05 0 0 0 
MgO 15.65 15.91 15.34 15.29 14. 72 14.36 13.68 14.21 
CaO 22.55 23.19 23.02 22.41 22.08 21. 92 21. 95 22.37 
Na20 1.20 1. 26 1. 33 1. 33 1.42 1. 58 1. 91 1.69 
K20 0.09 0 0.01 0 0 0 0.01 0 

1--' 
1--' 

Total 99.25 100. 97 100.49 100. 57 100. 21 99.97 99.76 99.97 u, 

Si 1.897 1.902 1.903 1. 902 1.85 1. 841 1.832 1.865 
Ti 0.009 0.017 0.017 0.013 0.020 0.018 0.109 0.021 
Al 0.202 0.190 0.204 0.225 0.302 0.329 0.354 0.289 
Cr 0.005 0.006 0.005 0.006 0.007 0.007 0.007 0.007 
Fe2+ 0.086 0.071 0.075 0.082 0.087 0.089 0.084 0.080 
Mn 0.003 0.004 0.003 0.003 0.002 0.001 0.003 0.002 
Ni 0 0 0 0.002 0.002 0 0 0 
Mg 0.856 0.854 0.827 0.823 0.797 0. 779 0.744 0. 771 
Ca 0.887 0.895 0.893 0.967 0.859 0.855 0.848 0.872 
Na 0.085 0.088 0.094 0.093 0.010 0.111 0.135 0.119 
K 0.004 0 0 0 0 0 0 0 

Oxygens 6 6 6 6 6 6 6 6 
Cations 4.034 4.027 4.021 4.016 4.025 4.030 4.036 4.026 

*Total Fe as FeO 



Table 4. (Continued). 502-L!ll--interstitial ~a mets . 

Gl G~ Gk __fil__ Gm -I° - -~- 3 - 3 -i- - --r I 2 1 ----2-
- --- -- ------------- -- ------- ---------- --
s102 41. 3 41. 9 42.2 42.0 42.5 42.2 41. q 42.0 4 I. 9 41. 7 41. 9 41. 6 Tl02 0.18 0.06 0.04 0.03 0.03 0.09 0 0 0. II 0.06 0 0 
Al203 23 . 6 23.2 23.2 23.0 23.2 23.5 23 . 2 23 . 4 22.9 23. I 23.2 23. I 
Cr003 0 . 32 0.21 0.23 Q_ 29 0.25 0.33 0.29 0 . 25 o. 28 0.29 0.26 0. 28 *Fe 12. 3 11. 7 11. 9 1 I. 6 I!. 4 11.8 11.5 11. 3 11 . 7 11. 4 11.5 I!. 7 MnO 0.45 0.51 0. 50 0. 46 0.56 0.37 0.47 0.51 0.59 0.50 0 .46 0.4 2 ,_. NiO 0 . 0 a.a 0.0 0 .0 0.0 0.0 0 0 0 0 0 0.01 ,_. MgO 18 . 0 17.9 17.9 17 .8 18.4 JO. I 17.9 18 . 2 17.6 17 . 9 17. 9 17 . 9 0) Cao 5.4 5.4 5.4 5. 6 5.4 5.6 5. 5 5.4 5. 7 5.6 5. 5 5.4 Na20 0 .0 0.03 O. M 0.0 0.07 0.0 0 0.03 0.06 0. 09 0 .07 0.05 K2 0 0. 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0 0 0 
Tota 1 101. 54 100 . 92 101.6 100. 76 101.8 102. 05 100. 69 101.03 100.91 100 . 65 100.85 100. 49 
Si I. 472 1.498 1.499 1.503 1.503 I .493 !. 497 1.496 !. 501 J . 492 1.500 !. 494 Ti 0 .005 0.002 0.001 0 . 001 0.001 0.002 0 0 0.003 0.002 0 0 Al 0.991 0.976 0.974 0 . 971 0. 968 0.980 0 . 979 0. 983 0.966 0.978 0. 978 0.978 Cr 0.009 0. 006 0.006 0.008 0.007 0.009 0. 008 0.007 0.008 0.008 0.007 0.008 *Fe2+ 0.367 0.349 0.355 0 . 347 0. 338 0.348 0.343 0.337 0. 349 0.342 0.343 0. 352 
Mn 0.013 0.015 0.014 0.014 0 .017 0. 011 0.014 0.015 0.018 0 .015 0.014 0.013 Ni 0.000 0.000 0.000 0.000 0.000 0.000 0 0 0 0 0 0 Mg 0 . 959 0.956 0.951 0.950 0.969 0. 953 0.956 0.965 0. 941 0.959 0.952 0.957 Ca 0.206 0.206 0.207 0.213 0 . 204 0.214 0.210 0.205 0. 220 0.213 0.212 0. 209 Na 0.000 0.002 0.002 0 .000 0.005 0.000 0 0.002 0 .004 0.006 0.005 0 .003 K 0.000 0.000 0.0 0.000 0.000 0. 000 0 0 0 0 0 0 
Oxygens 6.000 6.000 6.000 6.000 6.000 6.000 6 6 6 6 6 6 Cations 4.002 4.010 4.009 4.007 4.012 4. 010 4.007 4.010 4.010 4.015 4.011 4. 01 -1 

*Total Fe as FeO 



Table 4. (Continued). SD2-Llll--spinel. 

Sa Sb 
1 2 3 4 1 2 

Si02 0.06 0.03 0.03 0.03 0.10 0.04 
Ti02 0 0 0 0 0.02 0.03 
Al203 61. 99 61. 74 61. 95 61.80 63.04 63.16 
Cr203 4.12 3.94 3.94 4.01 3.98 4.09 
Fe203 4.38 3.84 NA 4.07 3.27 3.34 
FeO 8.84 9.33 12.92 9.06 10.27 9.95 
MnO 0.24 0.24 0.13 0.21 0.15 0.15 
MiO 0.34 0.31 0.33 0.35 0.36 0.39 
MgO 21.49 20.91 21. 57 21.17 20. 77 21.10 
CaO 0 0.01 0 0 0.01 0 
Na20 0 0 0 0 0.04 0.01 
K20 0.01 0 0 0 0.01 0 --Total 101.46 100. 35 100.87 100. 7 102. 03 102. 26 ......., 

Si 0.001 0.001 0.001 0.001 0.003 0.001 
Ti 0 0 0 0 0 0.001 
Al 1.833 1.846 1.853 1.841 1.856 1.854 
Cr 0.082 0.079 0.079 0.080 0.079 0.080 
Fe3+ 0.083 0.073 NA 0.077 0.062 0.063 
Fe2+ 0.185 0.198 0.274 0.192 0.215 0.207 
Mn 0.005 0.005 0.003 0.210 0.003 0.003 
Ni 0.007 0.006 0.010 0.350 0.007 0.008 
Mg 0.804 0.791 0.816 21.17 0. 773 0.783 
Ca 0 0 0 0 0 0 
Na 0 0 0 0 0.002 0 
K 0 0 0 0 0 0 

Oxygens 4 4 4 4 4 4 
Cations 3.000 2.999 3.033 3.001 2.999 3.000 



Table 5. SD2-L172--garnet rims around spinel. 

Ga Gb 
1 2 3 1 2 3 4 5 

Si02 41. 3 41. 7 42.0 41.8 41. 9 41.8 41. 7 41. 3 
Ti02 0.04 0.06 0.0 0.07 0.0 0.07 0.03 0.0 
A1203 23.8 23.7 23.4 23.7 23.2 23.4 23.2 22.9 
Cr203 0.65 0.62 0.65 0.63 0.68 0.69 0.66 0.74 

*FeO 10.7 10.8 10. 7 11. 1 11.0 10.9 10.7 10.9 
MnO 0.59 0.59 0.56 0.50 0.67 0.56 0.68 0.52 
NiO 0.04 0.06 0.04 0.05 0.0 0.02 0.0 0.08 
MgO 19.9 20.2 20.1 19.8 19. 59 19.n 19.7 19.6 
cao 4.0 4.0 4.03 4.04 4.18 4.2 4.2 4.3 
Na20 0.0 0.0 0.04 0.06 0.07 0.08 0.10 0.07 
K20 0.0 0.0 0.0 0.02 0.02 0.01 0.01 0.0 

f-.. 

Tota 1 101.08 101. 77 101. 60 101.74 101. 38 101. 35 100.87 100. 61 f-4 
co 

Si 1.466 1. 47 1.483 1.474 1.487 1.481 1.484 1.478 
Ti 0.001 0.002 0.0 0.002 0.0 0.002 0.001 0.0 
Al 0.997 0.986 0.975 0.985 0.970 0.976 0. 972 0.968 
Cr 0.018 0.017 0.018 0.017 0.019 0.019 0.019 0.021 

*Fe 0. 318 0.319 0.316 0.328 0.326 0.324 0. 318 0.328 
Mn 0.018 0.018 0.017 0.015 0.020 0.017 0.021 0.016 
Ni 0.001 0.002 0.001 0.001 0.0 0.0 0.0 0.002 
Mg 1.055 1.062 1.057 1.044 1.035 1.037 1.044 1.047 
Ca 0.153 0.151 0.152 0.153 0.159 0.160 0.160 0.165 
Na 0.0 0.0 0.003 0.004 0.005 0.005 0.007 0.005 
K 0.0 0.0 0.0 0.001 0.001 0.0 0.0 0.0 

Oxy:;iens 5 6 6 6 6 6 6 6 
Cations 1.027 4.027 4.022 4.024 4.022 4.021 4.026 4.030 

*Total F~ as FeO 



Table 5. (Continued). SD2-L172--Garnet rims around spinel. 

Ge Gd 
1 2 3 4 5 6 1 2 3 

Si02 41.8 41.4 41.4 40.8 41.0 40.9 41. 5 41.4 41. 2 
Ti02 0.06 0.09 0.0 0.11 0.16 0.04 0.23 0.0 0.05 
Al203 23.3 23.5 22.5 23.3 23.3 23.3 23.2 22.9 23.4 
Cr203 0.72 0.64 0.8 0.66 0.89 0. 77 0.66 0.62 0.63 

·,.- FeO 10. 9 10.4 11.0 10.9 10.8 11.1 10.6 10. 5 10.9 
MnO 0.54 0.52 0.61 0.64 0.65 0.69 0.54 0.60 0.56 
NiO 0.0 0.03 0.0 0.03 0.0 0.0 0.0 0.03 0.01 
MgO 19.2 19.2 18.6 18. 7 18.9 19.1 18.5 18.5 18.42 
CaO 4.6 4.6 4.8 4.9 4.8 4.6 5.5 5.8 5.95 
Na2 0 0.1 0.02 0.07 0.05 0.05 0.07 0.05 0.09 0.04 
K20 0.0 0.0 0.0 0.0 0.01 0.0 0.02 0.0 0.01 

Total 101. 26 100. 33 99.83 100.15 100.7 100.6 100.69 100. 61 101. 2 I-' 
I-' 

Si 1.484 1. 479 1. 495 1.47 1.469 1.467 1.482 1.483 1.471 
Ti 0.002 0.002 0.0 0.003 0.004 0.001 0.006 0.0 0.001 
Al 0.976 0.99 0.957 0.99 0.982 0.984 0. 976 0.97 0.985 
Cr 0.02 0.018 0.023 0.019 0.025 0.022 0.019 0.018 0.018 

*Fe 0.324 0.311 0. 331 0.328 0.325 0.333 0.318 0.317 0.324 
Mn 0.016 0.016 0.019 0.019 0.020 0.021 0.016 0.018 0.017 
Ni 0.0 0.001 0.0 0.001 0.0 0.0 0.0 0.001 0.0 
Mg 1.017 1.022 1.003 1.004 1.011 1.021 0.986 0.990 0.980 
Ca 0.174 0.175 0.186 0.188 0.186 0.178 0.209 0.224 0.228 
Na 0.007 0.002 0.005 0.004 0.003 0.005 0.003 0.006 0.003 
K 0.0 0.0 0.0 0.0 0.0 0.0 0.001 0.0 0.0 

Oxygens 6 6 6 6 6 6 6 6 6 
Cations 4.02 4.016 4.019 4.026 4.025 4.032 4.016 4.027 4.027 

*Total Fe as FeO 



Table 5. (Continued). SD2-L172--interstitial garnets. 

Ge Gf 
1 2 3 1 2 3 

Si02 40.6 40.4 40.4 40.3 40.7 40.6 
Ti02 0.1 0.04 0.07 0.09 0.0 0.13 
Al203 22.6 22.9 22.6 22.8 22.7 22.8 
Crb03 0.61 0.68 0.53 0.81 0.70 0.85 

*Fe 10. 7 10. 7 10.8 11. 2 11. 0 10. 9 
MnO 0.56 0.61 0.6 0.65 0.64 0.60 
NiO 0.0 0.01 0 0.0 0.02 0.0 
MgO 18.4 18 . 6 18 . 3 18.6 18. 2 18.6 
Cao 4.7 4.9 4.8 4.7 4.8 4.7 
Na5o 0.03 0.11 0.06 0.07 0.05 0.09 
K2 0.02 0 0.0 0.01 0.01 0.0 

..... 
Total 98.47 99.04 98 . 22 99 . 29 98.93 99.33 N 

0 

Si 1.484 1.47 1. 483 1.465 1.484 1.475 
Ti 0.003 0.001 0.002 0.003 0.0 0.003 
Al 0.975 0.983 0.976 0.979 0.975 0.975 
Cr 0.018 0.020 0.015 0.023 0.020 0.024 

*Fe2+ 0.328 0. 326 0.332 0.343 0.336 0.331 
Mn 0.017 0.019 0.019 0.020 0.020 0.018 
Ni 0.0 0.0 0.0 0.0 0.0 0.0 
Mg 1.005 1.012 0.999 1.012 0.992 1.006 
Ca 0.186 0.193 0.190 0.183 0.190 0.184 
Na 0.002 0.008 0.004 0.005 0.003 0.006 
K 0.001 0.0 0.0 0.0 0.0 0.0 

Oxygens 6 6 6 6 6 6 
Cations 4.019 4.032 4.020 4.033 4.020 4.022 

*Total Fe as FeO 



Table 5. (Continued). SD2-L172--garnet exsolution lamellae. 

Gg Gh Gi Gj 
1 2 3 1 2 1 2 3 1 2 

Si02 41.23 41.40 41. 31 41.48 41. 25 40.86 40.31 40.44 40.10 40. 40 
Ti02 0.09 0 0.06 0.03 0 0 .17 0.07 0.13 0.05 0.06 
Al203 23.22 22.76 21.23 23.43 23. 61 22.57 22.51 22.52 22.37 22.38 
Crb03 0.68 0. 77 0.55 0.70 0. 76 0.88 0.90 0.88 1.11 1.10 

*Fe 11.06 10.67 10.27 11.12 11.00 10.60 10.67 10. 67 10. 48 10. 92 
MnO 0.58 0.52 0.46 0.59 0.65 0.57 0.60 0.60 0.51 0.53 
NiO 0 0.04 0.01 0.02 0.08 0 0.01 0 0.05 0 
MgO 18. 77 18.65 18.42 19.34 19.29 18.81 18.93 18.91 18. 55 18.43 
CaO 4.9 4.78 o.39 4.54 4. 83 4.51 4.51 4.52 4.97 4.92 
NabO 0.07 0.09 0.16 0.01 0.02 0. 07 0.05 0.05 0.05 0.06 
K2 0 0.01 0.06 0 0 0 0 0.01 0.01 0.01 

.,_. 
Total 100.6 99.69 98.92 101. 26 101. 49 99.04 98. 56 98 . 73 98.25 98.81 N 

I-" 

Si 1.476 1.493 1. 508 1.474 1.465 1.483 1. 473 1. 475 1.472 1.476 
Ti 0.002 0 0.002 0.001 0 0.005 0.002 0.003 0.002 0.002 
Al 0.981 0.968 0.914 0.982 0.989 0.967 0.970 0.969 0. 968 0.965 
Cr 0.019 0.022 0.016 0.020 0.760 0.025 0.026 0.026 0.032 0.032 

*Fe2+ 0.331 0.322 0.314 0.331 0. 327 0.322 0. 326 0.326 0.322 0.334 
Mn 0.018 0.016 0. 014 0.018 0.020 0. 018 0.018 0. 018 0.016 0.016 
Ni 0 0.001 0 0.001 0.002 0 0 0 0.001 0 
Mg 1.002 1.003 1.002 1.025 1.022 1.019 1.032 1.029 1. 015 1.005 
Ca 0.188 0.185 0.250 0.173 0.184 0.175 0.177 0.177 0.196 0.193 
Na 0.005 0.007 0.011 0.001 0.002 0.005 0.004 0.003 0.003 0.004 
K 0 0 0.003 0 0 0 0 0 0 0 

Oxygens 6 6 6 6 6 6 6 6 6 6 
Cations 4.022 4.017 4.034 4.026 4. 032 4.019 4.028 4.026 4.027 4.027 

*Total Fe as FeO 



Table 5. (Continued). SD2-L172--orthpyroxene. 

Pa 
1 2 3 4 5 6 

Si02 55. 77 55.61 55.79 55.92 56.08 55.96 
Ti02 0.04 0 0.06 0.05 0.06 0 
Al203 0.98 0.78 0.94 1. 13 1.26 1.07 
Cr203 0.06 0.04 0.10 0.13 0.08 0.09 

*FeO 6.16 6.12 6.00 6.08 6.42 6.09 
MnO 0.14 0.10 0.11 0.18 0.15 0.05 
NiO 0.11 0.06 0.11 0.10 0.07 0.11 
MgO 35.44 35.06 35.47 35.78 35.35 35.53 
CaO 0.22 0.17 0.18 0.21 0.19 0.17 
Na20 0 0.04 0.05 0 0.01 0 
K20 0.02 0.01 0.01 0.01 0.01 0.01 

Total 98.94 97.99 98.82 99. 59 99.68 99.08 .._. 
N 
N 

Si 1. 947 1.958 1.949 1. 94 1.944 1.948 
Ti 0.001 0 0.002 0.001 0.001 0 
Al 0.040 0.032 0.039 0.046 0.052 0.044 
Cr 0.002 0.001 0.003 0.003 0.002 0.003 

*Fe2+ 0.180 0.180 0.175 0.177 0.186 0.177 
Mn 0.004 0.003 0.003 0.005 0.004 0.002 
Ni 0.003 0.002 0.003 0.003 0.002 0.003 
Mg 1.845 1.841 1.848 1.851 1.828 1.845 
Ca 0.008 0.006 0.007 0.008 0.007 0.006 
Na 0 0.003 0.003 0 0 0 
K 0.001 0.001 0.001 0 0 0 

Oxygens 6 6 6 6 6 6 
Ca ti ons 4.031 4.027 4.033 4.034 4.026 4.028 

*Total Fe as FeO 



Table 5. (Continued). SD2-L172--orthopyroxene. 

Pb Pc Pd 
1 2 3 4 1 2 1 2 

Si02 56.6 55.9 56.4 56.2 56.1 55.6 55.6 56.2 
TiO 0.05 0.0 0.12 0.0 0.04 0.1 0. 77 0.0 
Al203 0.74 0.91 1.20 1.20 1.40 1.08 0.97 1.40 
cr0o3 0.01 0.03 0.03 0.07 0.05 0.12 0.07 0.11 

*Fe 6.10 6.06 5.90 6.00 6.10 6.21 6.10 6.30 
MnO 0.11 0.07 0.08 0.09 0.12 0.07 0.11 0.16 
NiO 0.05 0.10 0.16 0.08 0.01 0.17 0.0 0.0 
MgO 35.3 35.9 35.2 35.7 35.3 35.32 35.3 35.6 
CaO 0.17 0.15 0.18 0.19 0.18 0.24 0. 18 0.24 
Nabo 0.04 0.0 0.08 0.04 0.02 0.07 0.0 0.05 
K2 0.0 0.02 0.0 0.0 0.01 0.01 0.02 0.01 

Total 99.13 99.24 99.14 99.56 99.28 99.04 98.42 99.99 I-" 
N 
w 

Si 1. 966 1.946 1. 957 1.946 1.948 1.942 1. 949 1.941 
Ti 0.001 0.0 0.003 0.0 0.001 0.003 0.002 0.0 
Al 0.03 0.037 0.047 0.049 0.057 0.044 0.04 0.055 
Cr 0.0 0.001 0.001 0.002 0.001 0.003 0.002 0.003 

*Fe2+ 0.178 0.176 0.173 0.175 0.177 0.181 0.179 0.181 
Mn 0.003 0.002 0.002 0.003 0.003 0.002 0.003 0.005 
Ni 0.001 0.003 0.005 0.002 0.0 0.005 0.0 0.0 
Mg 1.829 1.864 1.818 1.845 1.826 1.839 1.845 1.834 
Ca 0.006 0.005 0.007 0.007 0.007 0.009 0.007 0.009 
Na 0.003 0.0 0.006 0.002 0.002 0.005 0.0 0.003 
K 0.0 0.001 0.0 0.0 0.0 0.001 0.001 0.0 

Oxygens 6 6 6 6 6 6 6 6 
Cations 4.017 4.035 4.019 4.031 4.022 4.034 4.028 4.031 

*Total Fe as FeO 



Table 5 (Continued) . S02-ll77-clinopyroxene and spinel. 
------ --------- -------------·. --------- --·--·------ - --- --·· ---------- ---- --•- - ----·- --------

Ca Cb Cc s 7 - - --2 - _ 1 ___ 2_ 1 - 2 - - 3 -- 4-------- 5·---- 6 --- 7 -- _T ____ 2 _ 
-----·-· -------- ------- -----Si02 54.4 54.3 53.9 53.4 53 . 5 54 . 7 54 .04 52. 73 54.52 54.35 54.56 0.02 0 TiO 0. 38 0. 39 0.66 0.49 0. 54 0.58 0.69 0.60 0.31 0.46 0.42 0. 18 0.24 Al2~3 3.8 4. 1 5.5 6.4 4.7 4. 5 6.08 6. 74 3. 1 3.5 1 2. 99 50.42 50 .45 
Cr~o3 0.67 0. 70 0. 62 0. 6 0.69 0. 75 0.64 0. 58 0.61 0.60 0. 54 17.68 17.23 •Fe 2.4 2. 5 2.4 2.2 2. 3 2.1 2.29 2.33 2.25 2.24 2 .12 14. 68 15 . 15 MnO 0.03 0.07 0.09 0. 13 0.03 0.05 0.05 0.02 0.01 0 0.02 0. 51 0.5 NiO 0. 13 0. 1 0. 18 0.07 0. 12 0.02 0.02 0. 12 0. 1 0. 1 l 0. 17 0. 35 0. 38 MgO 15 .6 15.4 15.0 14.3 14 . 9 15. l 14 .23 14.03 16.23 15 .83 16.49 18.98 18. 75 Cao 21. 5 21. 4 21.0 20.7 21.8 21. 3 20.74 20.69 22 . 19 21.79 22 . 39 0 0 Na6o 21. 2 21. 2 7. 32 2. 7 7.2 2. 2 2.99 3. 1 2.01 2.02 1. 93 0 0 f---l K2 0. 01 0.03 0.02 0.02 0.02 0.02 0 0.01 0.01 0.02 0.01 0.01 0.0 1 N 

..j::::, 
Total 101. 21 101.21 101.64 101.03 100 .88 101. 60 101. 77 100 .95 101. 34 100.93 100 .64 102.83 102. 71 
Si l. 95 1 .895 l. 918 1.909 l. 924 l. 945 1.919 1.892 1. 951 I. 95 1.948 0.001 0 Ti O.Oll 0.011 0.017 0.013 0.015 0.016 o.01e 0.016 0.008 0.012 O. Oll 0.003 0.005 Al 0. 158 0. 17 0. 232 0.268 0. 197 0. 19 0. 255 0.285 0. 131 0.149 0.126 1.552 1.556 Cr 0. 019 0.02 0.017 0.017 0.015 0.021 0.018 0.016 0. 017 0.017 0.015 0. 365 0.357 *Fe2+ 0. 071 0.073 0.07 0.067 0.07 0.068 0.068 0.07 0.067 0.067 0.063 0. 321 0.332 Mn 0. 001 0. 001 0.003 0.004 0. 001 0.001 0.002 0.001 0 0 0.001 0. 0ll 0. 011 Ni 0 .044 0.003 0.005 0.003 0. 004 0.0 0.001 0.003 0.003 0.003 0.005 0. 007 0.008 Hg 0.833 0. 8 0.793 0. 762 0.803 0.802 0. 754 0. 751 0.867 0.847 0.878 0. 739 0. 732 Ca 0.827 0 .801 0.803 0.793 0.84 0.814 0. 79 0. 796 0.851 0.838 0.857 0 0 Na 0. 152 0.148 0. 159 0.189 0.156 0. 15 0.206 0. 216 0. 139 0.14 0. 134 0 0 K 0.0 0.001 0.001 0.001 0.001 0.001 0 0.001 0. 001 0.001 0 0 0 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 4 4 Cations 4.026 3.923 4.02 4.029 ~- 029 4.008 4.031 4.047 4.035 4.024 4.038 2. 999 3.001 

•Total Fe as FeO 



Table 5. (Continued) . SD2 -Ll72--olivine. 

Oh Oi 
_ _ _______ Oa _ Ob 0c . 0d _ __ ___ Oe _ Of _ __ (Jg _ 2-____ I _ 2 

Si02 3g_ 9 3g_8 40 . 7 40.6 40 . 3 41.0 40 .5 40.3 39.6 40 .0 40.2 
Ti02 0 0 0 0 0.02 0 0 0 0 0 0 
Al203 0 0 0 0 0 0 0 0 0 0 0 
Cr603 0 0 0 0 0 0 0 0 0 0 0 

*Fe 9. 77 9. 57 9.74 9. 68 9.48 9.77 9. 78 9. 77 9. 9 9. 71 9. 73 
HnO 0.09 0. 12 0.03 0. 17 0. 05 0. 10 0 0.05 0.13 0 -01 0. IO 
NiO 0.31 0. 37 0 . 39 0. 38 0. 39 0. 45 o. 38 0.46 0.42 0.16 0.28 
HgO 50.49 49.87 50 . 27 50 . 53 50 . 35 50.3 50.35 50.67 50.18 50 .09 50.23 
r.ao 0_02 0.03 0 0 0.01 0 0 0.02 0 0.01 0.02 
Na20 0.08 0 0.02 0 0.03 0.02 0 0.04 0.03 0.07 0. 05 
K20 0 0.01 0 0 0 0 0 0 0 0.01 0.01 

Total 100.68 99.8 101. 12 101.41 100 . 62 101-6 101.04 101. 32 100 .31 100 . 44 100 . 57 I-' 
N 

Si 0.975 0.981 0.987 0.984 0. 983 0. 989 0_985 0.978 0. 973 0.98 0.981 U1 

Tf 0 0 0 0 0.001 0 0 0 0 0 0 
Al 0 0 0 0 0 0 0 0 0 0 0 
Cr 0 0 0 0 0 0 0 0 0 0 0 
Fe2+ 0.2 0. 197 0.198 0.196 0.193 0. 197 0.199 0. 199 0. 203 0.199 0.199 
Mn 0.002 0.003 0.001 0.003 0.001 0.002 0 0.001 0.003 0. 001 0.002 
Ni 0.006 0.007 0.007 0.007 0.007 0.009 0.007 0.009 0.009 0.009 0.005 
Mg I . 839 1.831 I. 819 1.825 1. 831 1.812 1.825 1.833 I. 837 1.829 1.83 
Ca 0.001 0.001 0 0 0 0 0 0.001 0 0 0.001 
Na 0.004 0 0.001 0 0. 001 0.001 0 0.002 0.001 0. 003 0.002 
K 0 0_001 0 0 0 0 0 0 0 0 0 

Oxygens 4 4 4 4 4 4 4 4 4 4 4 
Cations 3.027 3. 02 3.013 3.015 3. 018 3.011 3.015 3.023 3.027 3. 021 3.019 

*Total Fe as FeO 



Table 6. Chemistry of other special textural features . 

NX2-Wl S02-Ll64 S02 -WIO 1M42-L58 
Pa Pb Pc G 

l* 2** --i---2- ---3-t 2 3 2 3 4 
S102 56.25 57. 16 51. 78 51.16 51. 79 52.81 52 . 5 53 . 53 41.08 40.13 41.03 40 .83 
TiO~ 0.20 0.16 0.06 0.06 0.03 0. 23 0. 09 0.15 0. 100 0. 11 0. 11 0. 15 
Al2 3 1. 94 1. 51 7. 56 7. 33 6.87 3.81 4.28 3.09 17.09 16 . 77 17 . 12 17 .04 
Cr203 0.37 0.24 0. 76 0.53 0. 54 0.00 0.0 0.00 8.00 7.99 8.00 8.16 
FeO 5. 59 6. 42 7.8 8.85 8. 31 12.27 12 .8 11. 73 6. 51 6. 34 6.29 6. 34 
MnO 0. 16 0. 12 0.16 0. 11 0.16 0.23 0. 25 0. 18 0. 32 0. 32 0. 30 0. 32 
NiO NA 0.04 0.03 0.02 0.08 0.0 0.0 0.00 0.03 0.02 0.02 0.03 
MgO 34 .69 35 .45 30 . 45 30 . 66 30.7 29 . 58 29 . 24 30 .24 19 .94 19 . 98 20 . 71 20 . 46 
Cao 0. 50 0.48 0.44 0.23 0.48 0. 3 0. 34 0. 28 6. 92 6. 73 6. 11 6. 41 
Na6o 0. 12 0.06 0 0.05 0.04 0.02 0.03 0.04 0.00 0.01 0.00 0.00 
K2 0.0 0.01 0.01 0.00 0.00 0.01 0.00 0. 00 0.00 0.00 0.00 0.00 N 

O'I 
To ta l 99 .82 101. 65 99 . 37 99.0 99 .0 99 .26 99. 53 99.24 99 . 99 98. 4 99. 74 99.74 

Si 1. 941 1. 943 1.809 1.811 1.828 1 .89 1. 879 1. 910 2. 991 2. 969 2. 987 2.974 
Ti 0.005 0. 004 0.001 0.001 0.001 0.006 0. 002 0.004 0.004 0.004 0.004 0.006 
Al 0.079 0.061 0. 311 0.306 0.285 0. 161 0. 181 0. 130 1.465 1.461 1.466 1.462 
Cr 0.010 0.007 0. 021 0.015 0. 015 0.00 0.00 0.00 0.459 0.467 0.458 0.468 
Fe2+ 0. 161 0. 183 0. 228 0.262 0. 245 0. 368 0. 383 0. 350 0. 395 0. 391 0. 382 0. 385 
Mn 0.005 0. 004 0.004 0.003 0.005 0.007 0.008 0. 005 0. 019 0.020 0.017 0. 019 
Ni NA 0.001 0.008 0.0 0. 003 0.00 0.00 0.00 0. 00 0.00 0.00 0.00 
Mg 1. 786 1. 797 1. 59 1. 619 1.616 1.579 1. 561 1.609 2. 162 2. 202 2.245 2.221 
Ca 0.018 0.018 0. 016 0. 008 0. 019 0.012 0.013 0.011 0. 538 0.532 0.476 0. 500 
Na 0.008 0.004 0.00 0.004 0.003 0.001 0.002 0.003 0. 00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0. 00 0.00 0. 00 0.00 0.00 0.00 0. 00 0.00 

Oxygens 6 6 6 6 6 6 6 6 12 12 12 12 
Cations 4.013 4. 022 3. 988 4.03 4.02 4.024 4. 029 4. 022 8. 033 8.046 8.035 8.035 

*Average of three spots ** Average of seven spots t Average of three grains 



Table 7. SD2-D19--olivine. 

Oa Ob Oc 
1 2 3 1 2 3 1 2 3 

(euhedral tablets) (rounded neoblasts) (coarse olivine) 
Si02 39.3 39.52 39. 77 40.12 39.73 39.84 40.14 39.45 39.98 
TiO 0 0 0 0 0 0.02 0.06 0 0.05 
Al2b3 0 0 0 0 0 0 0 0 0 
Cr203 0 0 0 0 0 0 0 0 0 
FeO 13.07 12.86 13. 39 13.17 12.61 13.17 13.00 13.00 13.19 
MnO 0.15 0.08 0.15 0.13 0.13 0.13 0.08 0.09 0.09 
NiO 0.22 0.14 0.1 0.2 0.11 0.14 0.06 0.15 0.18 
MgO 47.51 47.46 47.21 47.45 47.43 47.04 46.95 47.52 47.61 
CaO 0.06 0.06 0.04 0.06 0.08 0.06 0.06 0.05 0.06 
Na6o 0.01 0.02 0.01 0 0 0 0.02 0.02 0 
K2 0 0 0 0 0 0 0 0 0 

N 
-....J 

Total 100.32 100.14 100.67 101. 13 100.09 100.4 100. 37 100. 28 101. 16 

Si 0.978 0.983 0.986 0.988 0.987 0.989 0.994 0.981 0.985 
Ti 0 0 0 0 0 0 0.001 0 0.001 
Al 0 0 0 0 0 0 0 0 0 
Cr 0 0 0 0 0 0 0 0 0 
Fe2+ 0.272 0.268 0.278 0.272 0.262 0.274 0.269 0.27 0.272 
Mn 0.003 0.002 0.003 0.003 0.003 0.003 0.002 0.002 0.002 
Ni 0.004 0.003 0.002 0.004 0.002 0.003 0.001 0.003 0.004 
Mg 1.763 1. 76 1.745 1.744 1. 757 1. 741 1. 735 1.752 1. 749 
Ca 0.002 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.002 
Na 0 0.001 0 0 0 0 0.001 0.001 0 
K 0 0 0 0 0 0 0 0 0 

Oxygens 4 4 4 4 4 4 4 4 4 
Cations 3.002 3.018 3.015 3.012 3.013 3.012 3.004 3.02 3.015 



Table 6. (Continued). SD2-Hl3--olivine. 

Od Oe Of 
1 2 3 1 2 3 1 2 3 

{euhedral olivine tablets) (rounded neoblasts) (coa r se olivi ne) 
Si02 40.52 40.94 40.28 41.00 40.03 40.75 40.65 40.86 40.96 
TiO 0.07 0.05 0.04 0.07 0.14 0.14 0.14 0.7 0.04 
Al2b3 0 0 0 0 0 0 0 0 0 
cr0o3 0 0.03 0 0 0.02 0 0.01 0 0 
Fe 8.02 8.2 7.92 8.00 8.18 8.01 7.92 8.09 8.15 
MnO 0.05 0.13 0.08 0.12 0.04 0.08 0.06 0.07 0.05 
NiO 0.29 0.37 0.35 0.29 0.41 0.3 0.26 0.44 0.34 
MgO 52.08 51.87 51. 33 50.97 51.86 51. 66 51. 23 51. 5 51. 62 
CaO 0.09 0.06 0.07 0.08 0.07 0.06 0.04 0.04 0.05 
Na~O 0.03 0. 03 0.01 0.02 0.04 0.05 0.02 0.06 0.06 
K2 0 0 0.01 0.01 0 0.01 0 0 0 ..... 

I'..) 
00 

Total 101. 15 101.68 100.1 100. 56 101 . 19 101.06 100. 33 101. 13 101. 27 

Si 0. 977 0.982 0. 981 0.992 0.976 0.983 0.986 0.985 0.985 
Ti 0.001 0.001 0.001 0.001 0.002 0.003 0.002 0.001 0.001 
Al 0 0 0 0 0 0 0 0 0 
Cr 0 0.001 0 0 0 0 0 0 0 
Fe 2+ 0. 162 0.165 0. 161 0.162 0.165 0.162 0.161 0.163 0.164 
Mn 0.001 0.003 0.002 0.002 0.001 0.002 0.001 0.002 0.001 
Ni 0.006 0.007 0.007 0.006 0.008 0.006 0.005 0.008 0.007 
Mg 1.872 1.856 1.864 1.84 1.866 1.858 1.854 1.852 1.853 
Ca 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.001 
Na 0.002 0.001 0.001 0.001 0.002 0.002 0.001 0.003 0.003 
K 0 0 0 0 0 0 0 0 0 

Oxygens 4 4 4 4 4 4 4 4 4 
Cations 3.023 3.018 3.019 3.006 3.022 3.018 3. 011 3.015 3.016 
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Nearly as much variation is present within individual garnet 

exsolution lamellae as from l amella t o l amella in the same or in 

different clinopyro xene grains (Analyses Ge, Gf, Gg, Gh; Table 4). 

Garnet exsolution lamellae contain l ess FeO than do garnet rims around 

spinel (average of 12 garnet rim anal yses = 11. 85 weight percent FeO, 

average of 12 garnet exsolution anal yses= 11.45 percent). Average FeO 

content of interstitial garnets, that i s, elongate garnets similar 

in appearance to garnet rims around sp inel but occurring between pyrox-

enes, is 11.65 weight percent FeO (Analyses Gi, Gj, Gk, Gl, Gm; 

Table 4), intennediate between rims around spinel and exsolution 

lamellae. Garnet exsolution lamellae in clinopyroxene may contact 

interstitial garnets at the host pyroxene grain boundary. No chemical 

trends were noted within either the exsolution lamellae or the inter-

stitial garnets (Gg, Gi, and Gh, Gj; Table 4) as the contact is ap-

proached. The only apparent difference between these two types of 

garnet is the slightly higher FeO content of interstitial garnets. 

S02-L172 

No significant variations were noted across the garnet rims 

that form between brown spinel and orthopyroxene (Ga, Gb; Table 5) or 

olivine (Ge; Table 5) in the spinel + garnet lherzolite nodule SD2-L172. 

Garnets between spinel and clinopyroxene (Gd , Table 5) are poorer 

in MgO and richer in CaO than garnet r ims elsewhere in the nodule. 

Interstitial garnets (Gf; Table 5) and ga rnet granules enclosing small 

angular olivine grains (Ge; Table 5) both relatively distant from 

garnet rimming spinel, are not sign i ficantly different from garnets 

more closely related to spinel. 
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Some chemical variation exists within and between garnet 

esxolved from clinopyroxenes of SD2-L172. For example, Al 2o3 ranges 

from 21.23 to 23.22 weight percent within a single garnet exsolution 

lamella (Gg; Table 5). Less variation exists within garnet exsolution 

lamellae in orthopyroxene (Gi, Gj; Table 5) and Al 2o3, cr2o3, MgO and 

CaO tend to be most distinctive of specific lamellae. The major com-

positional differences between garnets exsolved from clinopyroxene (Gg, 

Gh; Table 5) and those exsolved from orthopyroxene (Gi, Gj; Table 5) 

in SD2-L172 is in SiO2 and Cr2o3 contents. Garnets exsolved from 

orthopyroxene hosts contain more Cr2o3 and less SiO2 than those from 

clinopyroxene hosts. 

Zoned Garnet 

Rim and core of zoned garnets of Iron Mountain xenolith IM42-

L58 were analyzed by Smith (1977). Compositions change abruptly at 

the core/rim interface rather than gradually across the garnet grain. 

MgO content is slightly greater in the rims (G1, G2; Table 6) while 

Cao is slightly higher in the core (G3, G4; Table 6). Cr2o3 content 

is relatively constant throughout the crystal. 

Orthopyroxene 

SO2-Llll 

Chemistry of the edges of orthopyroxene grains adjacent to 

garnets in SO2-Llll were compared to the interiors of the orthopyrox-

ene grains to determine if evidence of reaction and disequilibrium 

could be detected. The orthopyroxene grains are relatively homogeneous 

chemically (Pa, Pb; Table 4). A rough-edged orthopyroxene intergrowth 
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(exsolution?) in clinopyroxene was also analyzed (Pc, Pd; Table 4) 

and it has higher FeO and Al 2o3 and lower MgO than edges and interiors 

of coarse orthopyroxene grains. 

SD2-L172 

Points in orthopyroxene grain s adjacent to garnet exsolution 

lamellae of nodule SD2-L172 contain slightly less A1 2o3 than points 

away from garnet lamellae {Pa; Table 5). Three of the four pairs of 

analyses at edges of orthopyroxene grains adjacent to garnets rimming 

spinel reveal a similar decrease in Al 2o3 when compared to the interiors 

of the orthopyroxene grains (Pb, Pc, Pd; Table 5). Sample NX2-Hl in 

which garnet rims brown spinel was analyzed by Eggler (pers. commun., 

1979) and orthopyroxenes nearer spinel surrounded by garnet (Pa; 

Table 6) were found to contain more Al 2o3 than orthopyroxene grains away 

from the rirruned spinel (Pa2; Table 6). 

Other Special Orthopyroxene Features 

Orthopyroxene exsolution lamellae in clinopyroxene of brown 

spinel-bearing websterite xenolith SD2-L164 (Pb 1, Pb2; Table 6) contain 

more Al 2o3 than the average of analyses from three coarse orthopyroxene 

grains (Pb3; Table 6). 

A euhedral orthopyroxene inclusion in clinopyroxene from 

spinel + garnet clinopyroxenite SD2-W10 (Pc 1, Pc2; Table 6) contains 

more Al 2o3 than the average coarse orthopyroxenes from this nodule 

(Pc3; Table 6). 
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Clinopyroxene 

S02-Llll 

Analyses of edges and interiors of clinopyroxene grains adja-

cent to garnet rims around spinel of S02-Llll show some significant 

chemical differences (Ca, Cb; Table 4). Interiors are considerably 

richer in A1 2o3 and poorer in MgO than edges of clinopyroxenes adja-

cent to the garnet rims. Weight percent Ti02, Cr2o3, FeO and NazO are 

also higher while CaO is lower in the interiors of the grains. Similar 

trends are observed within single clinopyroxene grains between points 

adjacent to garnet exsolution lamellae and points within the interiors 

of the clinopyroxene grain away from exsolution lamellae (Cc, Table 4). 

Within a single clinopyroxene grain, Ti02, Al 2o3, Cr2o3, FeO and Na 2o 
are generally higher and CaO and MgO lower at points immediately 

adjacent to the lamellae. These chemical trends correspond to an 

increase in diopside content of clinopyroxene at points immediately 

adjacent to garnets. 

SD2-L172 

Points analyzed in SD2-L172 clinopyroxenes adjacent to garnet 

exsolution lamellae differ significantly from points within the in-

terior of the clinopyroxene host away from the exsolved garnets (Cc; 

Table 5). Interiors are richer in Ti02, Al 2o3, and Na2o, slightly 

richer in FeO, and poorer in Cao and MgO. Differences in Cr2o3 content 

noted in S02-Llll are not present in SD2-L172. Edges of clinopyroxenes 

adjacent to garnets surrounding spinel (Ca; Table 5) do not differ 

from interiors (Cb; Table 5) of these grains as was the case in S02-Llll. 
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Spinel 

Comparison of spinel interiors and edges adjacent to garnet 

rims in nodule SD2-Llll (Sa, Sb; Table 4) reveals inhomogeneities 

within spinel grains but no consistent trends. One edge and one 

interior analysis of brown spinel of nodule SD2-L172 were made. The 

interior of this spinel grain appears richer in Ti02 and FeO and 

poorer in cr2o3 and MgO on the basis of these analyses, however, 

additional analyses will be required to sub stant i ate these findings. 

Olivine 

Tiny angular olivi ne grains su rrounded by garnet granules were 

analyzed (Oa, Ob, Oc, Od, De; Table 5) and compared to edges and 

interiors of coarser olivine grains (Of, Og, Oh, Oi; Table 5) in 

nodule SD2-L172 . No chemical differences were observed between the 

various habits of olivine. 

Chemistry of euhedral olivine tablets (Oa, Od; Table 7), tiny 

spherical neoblasts (Ob, Oe; Table 7), and typical coarse olivine 

grains (Oc, Of; Table 7) in garnet ha r zburgite SD2-H13 and dunite 

S02-019 were compared. The three olivine habits show no distinct 

chemical differences. 



CHAPTER tV 

WHOLE ROCK CHEMISTRY 

The relatively unaltered quality of xenoliths from the Sloan 

and Nix diatremes, hence the abundance of modal data and mineral 

chemistry analyses, enabled calculation of whole rock chemistry for 

many xenoliths of Groups I, II, IV, and V. Fresh mineral rhases 

in xenoliths of Schaffer-Ferris-Aultman and Iron Mountain kimberlites 

are relatively scarce and modal analyses are subject to much error 

due to the severe alteration of these xenoliths, thus whole rock 

chemistry is not available for many xenoliths of Groups I and V nor 

for any of the Group III xenoliths. 

Results of whole rock chemistry calculations performed on 

fresh xenoliths from the Sloan and Nix diatremes are shown in Figures 

33-37 and Plates 17-21 in which Cao, Na 2o, Ti02, Al 2o3 and Cr2o3 
have been plotted against FeO/MgO + FeO, and ranges of these oxides 

are given in Table 8. Group II spinel harzburgites contain the lowest 

FeO/MgO + FeO values of all nodules. Group I xenoliths are slightly 

higher in FeO/MgO + FeO and porphyroclastic and granuloblastic nodules 

have the highest values in this group. Most garnet-free, spinel-

bearing xenoliths of Group V have FeO/MgO + FeO values roughly equal 

to those of Group I nodules. Granular garnet± brown spinel xenoliths 

of Group V have generally higher FeO/MgO + FeO ratios than do garnet-

free spinel peridotites of Group V. The FeO/MgO + FeO range of these 

garnet± spinel xenoliths is wide and encompasses that of the 
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Table 8. Ranges in whole rock chemistry of fresh nodules shown in Figures 33-37. 

100 X 
Group CaO Na 20 Ti02 Al 203 Cr2o3 ( FeO/MgO+FeO) 

Group I 0.2-7.5 0.02-0.81 0.02-0.34 0.1-9.01 0.06-3.56 13.1-17.7 

Group I I 0.1-1.0 0.01-0.10 0.00-0.05 0.2-2.5 0. 06-1. 42 11.5-14.7 

Group IV 6.3-15.9 0.13-2.03 0.13-0.8 7.8-27.4 0.0-1.32 12.1-43.4 

Group V 0.3-21.65 0.03-1.82 0.0-0.6 0.65-20.2 0.07-2.48 12.1-31.8 

*All oxides are given in weight percent. 

Nodules of Group III are severely altered hence the lack of modal and mineral chemistry analyses 
prevents calculation of whole rock chemistry. 

Mineral chemistry (Table 2) is considered sufficient for the monomineralic dunites of Group VI, 
hence these nodules are excluded from Table 8. 

...... 
w 
U"1 
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spinel-free garnet websterites and pyroxenites of Group V. However, 

for Group V xenoliths in general, FeO/MgO + FeO increases with in-

creasing quantities of garnet, from low in the garnet-free, spinel 

peridotites, to moderate in garnet ± spinel peridotites, to high in 

spinel-free, garnet pyroxenites. Group IV websterites and clino-

pyroxenites have the highest FeO/MgO + FeO of all nodules. Xenoliths 

of Group IV that contain green spinel and/or garnet exsolved from 

pyroxenes, along with several spinel-free garnet pyroxenites (e.g., 

SD2-L106, S02-Pl, SD2-W7) of Group IV have the highest FeO/MgO + FeO 

values. One Group IV xenolith (NX4-L20) that plots outside of the 

Group IV field has a much lower FeO/MgO + FeO ratio than other Group 

IV xenoliths. This may be due to the relatively low garnet content 

(3.9 volume percent) of this xenolith. 

Plots of CaO and Na 2o versus FeO/MgO + FeO (Figs. 33, 34, 

Plates 17, 18; Table 8) are quite similar; Cao and Na 2o content 

generally increases with increasing quantities of clinopyroxene in 

the xenoliths. Groups I and II harzburgites thus have very low CaO 

and Na2o contents. One small Group I xenolith (S02-Wll) with unusually 

high CaO consists of only about 5 grains of ortho- and clinopyroxene. 

This is evidently a fragment of a xenolith and the relatively high 

clinopyroxene content is responsible for its unusually high CaO con-

tent. Group IV pyroxenite xenoliths are richest in Na 2o and CaO. 

Group V xenoliths are intermediate in CaO and Na 2o content between 

Group IV and Groups I and II, although a few Group V xenoliths have 

greater Na2o and CaO than xenoliths from other groups. All of these 

Group V xenoliths that are enriched in Na 2o and CaO are olivine-free 

and they include two garnet-free, brown spinel-bearing nodules 
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Figure 33. Results of whole rock chemistry calculations on fresh (Sloan and Nix) xenoliths--CaJ 
versus 100 X Fe0/Mg0 + FeO. 

Large numerals label fields in which the majo rity of xenoliths from each group plot. 
Small numerals indicate nodules that plot outside their group's field as outlined. 
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Figure 34. Results of whole rock chemistry calculations on fresh (Sloan and Nix) nodules--
Nao versus 100 X FeO/ MgO + FeO. 

Large numerals label fields in which the majority of xenoliths from each group 
plot. Small numerals indicate nodules that plot outside their group's field as 
outlined. 
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(S02-L164, SD2-W8) and one xenolith with brown spinel rimmed by garnet 

(SD2-W9). 

Xenoliths of Groups I and II contain the least Al203 (Fig. 35, 

Plate 19, Table 8). Spinel peridotites of Group V also contain rela-

tively little A1 2o3. Garnet-bearing xenoliths of Group V generally 

have the greatest A1 2o3 of Group V xenoliths; however, garnet wehrlite 

SD2-L40 is an exception, containing about 3.0 weight percent A1 2o3. 

The A1 2o3 content of Group V encompasses, at higher values the A1 2o3 
contents of most Group IV xenoliths. 

Group II xenoliths contain the least Ti02 of the xenoliths 

plotted (Fig. 36, Plate 20, Table 8). The Group I field nearly com-

pletely engulfs the garnet-free spinel peridotites of Group V, and 

xenoliths with porphyroclastic and granuloblastic textures are among 

the highest in Ti02 of Group I xenoliths. Garnet± spinel xenoliths of 

Group V contain Ti02 values similar to those of other Group V xeno-

liths but their higher FeO/Mg0 + Fe0 ratios set them apart from the 

garnet-free spinel peridotites of Group V. Group IV websterites and 

clinopyroxenites have the highest Ti02 levels of all nodules plotted. 

A plot of Cr2o3 versus Fe0/Mg0 + Fe0 (Fig. 37, Plate 21, 

Table 8) emphasizes the low Cr2o3 content of Group II and IV xenoliths. 

Mineral phases (pyroxenes and garnet) of Group IV xenoliths are char-

acteristically low in Cr2o3 thus low cr2o3 in the whole rock chemistry 

results are to be expected. Although pyroxenes and garnets fo Group II 

harzburgites generally contain more Cr2o3 than those of Group IV xeno-

liths, the Cr2o3 content in Group II nodules is diluted by the abundont 

olivine in these nodules. Xenoliths of Groups I and V exhibit wide 

ranges of Cr2o3 content and the Group I field overlaps extensively with 
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Figure 35. Results of whole rock chemistry calculations on fresh (Sloan and Nix) xenoliths--
Al 203 versus 100 X Fe0/Mg0 + Fe0. 

Large numerals label fields in which the majority of xenoliths from each group 
plot . Small numerals indicate nodules that plot outside their group's field as 
outlined. 



30 

,,, 
0 

C\J -<( 
1[ 

N 



144 



Figure 36. Results of whole rock chemistry calculations on fresh (Sloan and Nix) xenol iths--
Ti02 versus 100 X FeO/MgO + FeO. 

Large numerals label fields in which the majority of xenoliths from eac h group 
plot. Small numerals indicate nodules that plot outside their group's fi eld as 
outlined. 
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Figure 37. Results of whole rock chemistry calculations on fresh (Sloan and Nix) xenoliths--
cr2o3 versus 100 X FeO/MgO + FeO. 

Large numerals label fields in which the majority of xenoliths from each group 
plot. Small numerals indicate nodules that plot outside their group's field as 
outlined. 



4.0 

3.0 

ro 
0 

u 

1.0 

Tl 

o.o ·• •• ;s I00x i-e0/ g "I u 10 

1I 



148 

that of Group V. Two Group I xenoliths (SD2-L4 and SD2-Ll33) exhibit 

very high Cr2o3 contents (3.32 and 3.56 weight percent cr2o3 respec-

tively). Garnets of xenolith SD2-L4 have the highest cr2o3 values of 

all Group I xenoliths (see Appendix 2) and this is reflected in whole 

rock chemistry. Clinopyroxenes and garnets of xenoliths SD2-L133 are 

not exceptionally high in Cr2o3 but this sample contains abundant 

garnet (23.6 volume percent) which is largely responsible for whole 

rock cr2o3 values. 



CHAPTER V 

GEOTHERMOMETRY AND GEOBAROMETRY 

Introduction 

The modern approach to geothermobarometry of garnet-bearing 

peridotite nodules was pioneered by Davis and Boyd (1966), who cali-

brated the non-isostructural solvus between calcium-poor orthopyroxenr 

and diopsidic clinopyroxene at high pressures and by MacGregor (1974) 

who determined the content of alumina in orthopyroxenes in equilibrium 

with garnet in the system MgO-Al 2o3 - Si 02. Many efforts have been made 

to find other geothermometers and barometers and also to modify the 

data of Davis and Boyd (1966) and MacGregor (1974) so that their 

thermometers and barometers are more clearly applicable to natural 

rock systems that contain more elements than the systems on which the 

laboratory experiments were made. These methods have been summarized 

by Eggler (1979). 

All geothermobarometric estimates used in this study have been 

generated by the program TEMPEST (A.A. Finnerty and F.R. Boyd, unpub-

lished). Given chemical analyses for appropriate minerals, TEMPEST 

computes temperatures of equilibraticn accorcing to the experimenta1 

data of Li ndsl ey And Di xon (1976) , We l ls (1977), ~ood and Banno (1973), 

RA heim and Green (1974), O'Neill and Wood (1979), Kawasaki and Matsui 

(1977), Bishop (1978), Ellis and Green (1979) and Mercier (1976). The 

geothermometer of Evans and Frost (1975) was added to the program by 

]l!-9 



150 

D.H. Eggler (pers. cormnun., 1980). Pressures of equilibration are 

computed according to geobarometers of MacGregor (1974), Akella (1976) 

and Wood (1974). 

Pressure and temperature conditions of formation were esti-

mated in this manner for a number of xenoliths from the Sloan and Nix 

kimberlites and for a single fresh garnet orthopyroxenite xenolith 

from Iron Mountain. It is assumed that temperature and pressure ranges 

obtained for these xenoliths are comparable to texturally and chemi-

cally similar xenoliths from other Colorado-Wyoming kimberlites in 

which alteration of principal primary mineral phases prevents direct 

application of geothermobarometry. 

Group I Garnet Peridotites 

Garnet peridotites that are generally characterized by sphRri-

cal garnets and euhedral olivine tablets and classified according to 

mineral chemistry as Group I exhibit temperatures between 1000° and 

150o0 c and pressures between about 45 and 80 kb (Fig. 38). Tempera-

tures were established by the Lindsley and Dixon (1976) geothermometP.r 

based on diopsideH enstatite equilibria. The Lindsley and Dixon (1976) 

solvus does not differ significantly from that of Davis and Boyd, but 

has been determined by more modern electron microprobe techniques. 

Pressures were established using the geobarometer of Wood (1974) based 

on the solubility of alumina in orthopyroxene (corrected for Ti, Ca 

and Cr) which crystallized in equilibrium with garnet. These methods 

are preferred for this group of garnet peridotites in that experimental 

procedures are well documented and results are consistent and widely 

accepted. 
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Figure 38. Geothermobarometric estimates for fresh garnet peridotite nodules of Group I. 

Colors indicate textures, symbols indicate rock types (see LEGEND, Figure 2a) . 

Circled symbols indicate temperatures estimated utilizing the methods of K3wasaki 
and Matsui (1977). Corresponding pressure estimates are those obtained by 
averaging the resul t s of Akella (1976) with those of Wood (1974). 

Symbols enclosed by squares indicate estimates of temperatures by the methods of 
Lindsley and Dixon (1976) and pressures by the methods of MacGregor (1974). 

Symbols not enclosed by circles or squares are plotted at temperatures estimated 
by the methods of Lindsley and Di xon (1976) and at pressure estimates of Wood 
(1974). 

Lines connect two di fferent esti mates of temperature and pressure for the same 
nodule. 
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The Lindsley and Dixon (1976) geothermometer could not be used 

for several xenoliths that lack clinopyroxene analyses. In these 

cases the geothermometer of Kawasaki and Matsui (1977) based on par-

titioning of Fe2+ and Mg 2+ between olivine and garnet was employed. 

This thermometer was chosen because in a comparison of geothermometers 

(Fig. 38), Kawasaki's results are closest to those of Lindsley and 

Dixon. At the temperatures of equilibration estimated by the Kawasaki 

and Matsui (1977) geothermometer, an average of the pressure estimates 

produced by Wood's (1974) and Akella's (1976) (both based on solubility 

of Al 2o3 in orthopyroxene coexisting with garnet) geobarometers most 

closely approximated the Wood (1974) barometer used in conjunction 

with the Lindsley and Dixon (1976) thermometer for clinopyroxene-bearing 

xenoliths. This average is thus the pressure plotted (Fig. 38) for 

those xenoliths with temperatures determined by the Kawasaki (1979) 

geothermometer. 

No garnet was recoverable for analysis in two Group I samples 

(SD2-L60, SD2-L150) therefore the geobarometer of MacGregor (1974) 

was used in place of that of Wood (1974). This method is based, as is 

Wood's on A1 2o3 solubility in orthopyroxene but equilibration with 

garnet (or spinel) may be inferred and garnet analyses are not required 

for computation of pressures. Pressures obtained using MacGregor's 

(1974) barometer are generally similar to those of Wood (1974) for 

these xenoliths but results using MacGregor's methods may range between 

13.9 kb lower to 4.6 kb higher than those of Wood. 
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Spinel Peridotites of Groups II and V 

Pressures of equilibration of garnet-free spinel harzburgites 

of Group II and peridotites and olivine websterites of Group V are 

relatively tightly restricted between 10 and 20 kb while temperatures 

range from 600 - 900°c (Fig. 39). Most spinel harzburgites of Group 

II exhibit pressures of equilibration about 2-3 kb higher than the 

spinel peridotites and olivine websterites of the Websterite Group 

(Group V). Pressures were computed using MacGregor's (1974) geo-

barometer and the geothermometer of Evans and Frost (1975). The 

Evans and Frost (1975) geothermometer is based on a study of changing 

Al 2o3 content of chrome-spinel coexisting with chlorite and two 

magnesium silicate minerals during progressive metamorphism. Commonly, 

only the thermometers of Evans and Frost (1975), Mercier (1976), Wells 

(1977), and Wood and Banno (1973) could be utilized since other geo-

thennometers require garnet analyses. The latter two thermometers are 

based on enstatite ...-. diopside equilibria. The thermometer of Mercier 

(1976) estimates temperatures from analysis of a single pyroxene known 

to once have been in equilibrium with a second pyroxene and either 

garent or spinel. Results obtained using the Evans and Frost (1975) 

method were most consistent. Wells' (1977) geothermometer yielded 

erratic results commonly 100°c higher or lower than results obtained 

utilizing the method of Evans and Frost. Estimates determined by the 

Wood and Banno (1973) and Mercier (1976) methods give even higher 

temperatures. Mercier's single pyroxene geothermometer results are 

coupled with very low pressures, often less than 10 kb. Temperatures 

of equilibration of the spinel-bearing xenoliths are apparently too 
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Figure 39. Estimates of temperatures and pressures of equilibration for fresh spinel 
peridotites of Groups II and V. 

Colors indicate textures, symbols indicate rock types (see LEGEND, Fig. 2a). 

Circled symbols are Sloan 2 spinel harzburgites of Group II. All others are 
Group V spinel peridotites. 

Symbols enclosed by squares indicate estimates of temperatures by the methods 
of Wells (1977). 

Symbols enclosed by triangles indicate temperature estimates by the methods of 
Lindsley and Dixon (1976). 

All other symbols are plotted at temperatures estimated by the Evans and Frost 
(1975) method. 

Al 1 pressures are estimated by the methods of Mac11regor ( 1974). 

Lines connect two different estimates of temperatures and pressures for the same 
nodule. 
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low for these geothermometers to be effective as they are generally 

calibrated for temperatures greater than 800°c. 

Olivine-Free Pyroxenites and Websterites 

of Groups IV and V 

The geothermometer of Lindsley and Dixon (1976) and the 

geobarometer of MacGregor (1974) have been applied to olivine-free, 

garnet± spinel websterites and pyroxenite xenoliths of Groups IV and 

V. Most of these nodules equilibrated at temperatures between 650° -

850°C and at pressures between 15-25 kb (Fig. 40) according to esti-

mates by these methods. These xenoliths are categorized according to 

mineral chemistry into Groups IV and V but this distinction is not 

reflected by equilibration pressure and temperature data. 

Two Sloan 2 garnet orthopyroxenites exhibit the highest tempera-

tures and pressures of xenoliths of this group. The garnet orthopyox-

enite from Iron Mountain also plots among the higher pressure and 

temperature xenoliths. Spinel-bearing pyroxenite SD2-L164 plots at a 

temperature similar to the garnet pyroxenites but at much lower 

pressures (~5 kb). 

None of the geothermometer/barometer methods is readily applic-

able to garnet+ spinel xenoliths of Group IV. Lindsley and Dixon 

(1976) temperatures are not available because Ca/Ca+ Mg values for 

clinopyroxenes are greater than 0.5 and the Evans and Frost (1975) 

method requires ferric iron data for spinel. Data based on the Wells 

(1977) method, the closest available approximation to Lindsley and 

Dixon (1976) temperatures, are erratic and widely variable in compari-

son (Fig. 40). Temperature and pressure conditions of formation of the 
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Figure 40. Geothermobarometric estimates for fresh olivine-free pyroxenites and websterites 
of Groups IV and V. 

Colors indicate textures, symbols indicate rock type (see LEGEND, Fig. 2a). 

Circled symbols are nodules of Group IV. All others are of Group V. 

Symbols enclosed by squares indicate temperature estimates by the methods of 
Wells (1977)and pressures by the methods of MacGregor (1974). 

Symbols enclosed by triangles indicate temperature estimates by the methods of 
Lindsley and Dixon (1976) assuming a pressure of 20 kb. 

All other estimates of temperature have been calculated using the Lindsley and Di xon 
(1976) thermometer and the MacGregor (1975) barometer. 

Lines connect temperature/pressure estimates for the same nodule by two dif-
ferent methods. 

Arrow indicates point (SD2 -Wl0) plots off-scale at 1290°c. 
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garnet+ green spinel xenoliths therefore cannot be considered at all 

definitive. Results do seem to imply, however, that garnet+ green 

spinel xenoliths equilibrated at lower pressure and temperature than 

the majority of other olivine-free pyroxenite xenoliths of Groups IV 

and V. An exception is xenolith S02-WlO for which temperature esti-

mates are anomalously high. This nodule is very enriched in iron, 

possibly due to metasomatic alteration, thus lack of equilibrium 

may have influenced temperature estimates. The re-equilibrated tex-

ture of this xenolith suggests, however, that the nodule may have been 

subjected to such high temperatures as could be necessary, or at least 

helpful, for such extensive recrystallization. 

Garnet ± Brown Spinel Peridotites 

of Group V 

Xenoliths of Group V that contain granular garnets commonly 

rimming red-brown spinel equilibrated roughly between 650° - 800°c 

and 15 - 25 kb according to the geothermometer of O'Niell and Wood 

(1979) and the geobarometer of MacGregor (1974) (Fig. 41). As in 

the case of the garnet-free spinel peridotites, temperatures and 

pressures of garnet ± brown spinel xenoliths are probably too low for 

Lindsley and Dixon (1976) thermometry to be effective. A method such 

as O'Niell and Wood's (1979) is probably preferable because an Fe-Mg 

exchange thermometer is more sensitive at low temperatures than at 

high temperatures. 

The Evans and Frost (1975) geothermometer was compared to 

that of O'Niell and Wood (1979) for garnet ± spinel peridotites of 

Group V for which spinel analyses are available (Fig. 41). The 
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Figure 41. Geothermobarometric estimates for fresh garnet ± brown spinel peridotites of 
Group V. 

Colors indicate textures, symbols indicate rock type (see LEGEND, Fig. 2a). 

All pressure estimates are derived utilizing the barometer of MacGregor (1974). 

Circled symbols indicate temperature estimates by the thermometer of Evans 
and Frost (1975). All others are by the methods of O'Niell and Wood (1979). 

Vertical line connects two different temperature estimates for the nodule 
NX2-Wl based on two different orthopyroxene analyses (see text for explana-
tion). Other lines connect two different estimates of temperatures and 
pressures. 
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Evans and Frost geothermometer fairly consistently results in tempera-

tures from 50-100°c higher and pressures about 5 kb greater than tem-

perature estimates by the method of O'Niell and Wood (1979). This 

suggests that the proximity of temperature and pressure estimates for 

garnet ± spinel peridoties and garnet-free spinel peridotites as 

shown in Fig. may be too close. 

Use of two different orthopyroxene analyses from sample NX2-

Wl (orthopyroxene near the spinel-bearing end of the nodule versus 

orthopyroxene away from spinel) results in two slightly different 

estimates of pressure conditions for this xenolith due to the slightly 

different Al 2o3 contents in the two orthopyroxene analyses. Higher 

Al 2o3 content of orthopyroxene near spinel + garnet results in a lower 

estimate of pressure of equilibration. Orthopyroxene chemistry illu-

strates the lack of attainment of equilibrium among the phases in this 

xenolith, apparently in relation to the reaction relationship between 

spinel and garnet. 

Ilmenite-bearing garnet wehrlite SD2-L40 of Group V contains 

mineral phases that commonly plot very near or within Group I fields. 

This xenolith appears to have equilibrated at higher temperature and 

pressure than other garnet-bearing xenoliths of the Websterite Group 

(Fig. 41). 

Summary 

Pressure and temperature conditions of formation of the rock 

groups discussed above are compiled in Fig. 42. The increase of 

temperature with depth below the earth's surface as defined by these 

estimated conditions of fonnation of Colorado-Wyoming peridotite and 
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Figure 42. Pressure/temperature diagram summarizes relationships between xenolith groups 
detailed in Figs. 38-41. 

Dashed outline field defined by fresh Group I garnet peridotites. 

Dotted outline field defined by fresh spinel peridotites of groups II and V. 

Dash-dot pattern outlines field defined by fresh olivine-free pyroxenites of 
Groups IV and V. 

Dash-x pattern outlines field defined by the fresh garnet± brown spinel 
peridotites of Group V. 

The shield geotherm of Clark and Ringwood (1964) is indicated by heavy 
dashed line. 

Diamond-graphite and garnet-spinel reaction lines are represented by solid lines. 
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pyroxenites is quite consistent with the shield geotherm of Clark and 

Ringwood (1964). 

The diamond/graphite equil ib rium curve crosses the geotherm 

and separates the higher pressure and temperature xenoliths of Group I 

from those of Groups II, IV and V. This is consistent with the fact 

that a diamond-bearing peridotite xenoli th from the Schaffer 3 kimber-

lite diatreme belongs to Group I. 

Nearly all spinel (garnet - fre e) peridotites plot below Mac-

Gregor's (1974) determination of the spine l/garnet equilibrium curve 

(Fig. 42). However, xenoliths in which spinel coexists with garnet 

are present to approximately 23 kb pressure. Spinel-bearing xeno-

liths from Colorado-Wyoming peridotites thus define a slightly higher 

maximum pressure for the stability field of spinel than is indicated 

by MacGregor (1974) for the system MgO-Al 2o3-Si02. 



CHAPTER VI 

INTERPRETATION OF RESULTS 

Garnet Peridotites of Group I 

Garnet peridotites that comprise Group I xenoliths are 

generally similar to peridotite xenoliths described from numerous 

kimberlite localities throughout the world (e.g., pyrope peridotites 

of Yakutia kimberlites, Sobolev, 1977; "common peridotite" xenoliths 

of the Matsoku kimberlite pipe, Lesotho, Cox, et al., 1973; sheared 

and granular ultramafic nodules from Monastery Mine, South Africa, 

Boyd and Nixon, 1975). Such nodules have been studied extensively and 

several theories concerning their origin have been proposed. 

Boyd and Nixon (e.g., 1973, 1975, 1978) have been involved 

in numerous studies of xenolith suites since they proposed in 1973 that 

two groups of lherzolites from Lesotho kimberlites with contrasting 

textures and compositions define the limbs of a "kinked" or inflected 

geotherm. Granular (equivalent to coarse equant or tabular) lherzo-

lites were found to be depleted in Na, Ti, Fe, Ca and Al relative to 

porphyroclastic lherzolites (Boyd and Nixon, 1975). These are the 

elements that fractionate into the liquid during partial melting and 

escape of the liquid may have caused the depletion. The lherzolites 

with granular textures were shown to have pressures and temperatures 

of formation that plot fairly close to the estimated shield geotherm 

of Clark and Ringwood (1964). The lherzolites with sheared (equivalent 
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to porphyroclastic) textures define an inflected limb of the geotherm, 

plotting at higher temperatures than points along the geotherm for a 

given pressure. The explanation for this phenomenon called for an 

extensive zone within the mantle that consists of undepleted or 

"primitive," sheared lherzolite which underlies a zone of depleted, 

granular lherzolite. It was suggested that the sheared zone is 

related to plate movement and is a potential source of magma deriva-

tion. 

More recently Gurney and Harte (1979) have suggested that 

porphyroclastic peridotites may form the immediate envelope about a 

protokimberlite (?) magma derived at depth and intruded into a 

shallower level of the mantle. This intrusion creates a horizontal 

temperature gradient at the shallower level and diffusion metasomatism 

occurs between the melt and rocks immediately adjacent to it. Thus, 

compositional differences and greater temperatures of equilibration 

result in the porphyroclastic xenoliths immediately adjacent to the 

melt while coarse grained peridotite is more representative of the 

composition and texture of mantle material into which the magma was 

intruded. This does not appear to be applicable to Group I xenoliths 

of Colorado-Wyoming kimberlites. 

Compositionally, most xenoliths of Group I can be considered 

to be depleted. Perhaps the most obvious evidence that Group I 

garnet peridotites from the Sloan 2 kimberlite have undergone some 

partial melting is the fact that nearly all are harzburgites with 

less than 3.0 volume percent diopside. Diopside is the first mineral 

phase to be eliminated during partial melting of garnet peridotite, 

and garnet harzburgite is the residual assemblage (O'Hara et al., 
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1975). Whole rock and mineral chemistry of Sloan 2 xenoliths also 

indicates that Group I xenoliths are depleted in Al 2o3, Na 2o and CaO 

relative to Groups IV and V. 

Textural/chemical correlations are not clearly defined in 

Colorado-Wyoming Group I peridotites. Clinopyroxenes of porphyro-

clastic xenoliths contain more FeO and slightly more TiO2 but less 

CaO than their less deformed counterparts while sheared xenoliths of 

Boyd and Nixon's (1975) Lesotho nodules are enriched in Cao, FeO and 

TiO2 as well as Al 2o3 and Na2o. Whole rock chemistry also indicates 

that Group I Sloan 2 xenoliths with porphyroclastic or granuloblastic 

textures are enriched in FeO and Ti~ over most other xenoliths from that 

group. Metasomatism resulting from infiltration of material derived 

from the kimberlite magma at depth may be responsible for the intro-

duction of ilmenite (Harte et al., 1975; Lawless, 1978) in ilmenite-

bearing Group I xenoliths. Clinopyroxenes and garnets of these Group 

I ilmenite-bearing xenoliths are low in cr2o3 and rich in FeO relative 

to those of most other Group I xenoliths. Thus it appears that FeO 

and TiO are enriched in some xenoliths and that deformation and re-

crystallization could have aided in diffusion and exchange of these 

elements. No correlation can be drawn involving CaO, Na 2o and Al 2o3 
therefore it appears that FeO and TiO2 metasomatism is a more likely 

mechanism of the enrichment than is relative enrichment through lack 

of depletion by partial melting. 

Garnets from Schaffer-Ferris-Aultman Group I xenoliths are low 

in Cr2o3 and CaO, and high in MgO and Al 2o3 relative to Sloan-Nix-Moen 

Group I garnets while garnets from Iron Mountain xenoliths are 

generally intermediate between garnets of nodules from the other two 
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kimberlite groups. Eggler, et al. (1979) have suggested, based on 

variations in megacryst chemistry between pipe clusters, that each of 

the three clusters of kimberlite pipes has its own distinct conduit 

system to a depth of approximately 200 km. Ca0/Mg0 and Cr20iAl 2o3 
variations in the garnets in xenoliths from the three kimberlite 

clusters might be controlled by pressure and temperature conditions 

or bulk compositional variations predominating in the regions of the 

mantle that the three separate conduits have tapped. Very localized 

inhomogeneities within the mantle would thus be implied as the surface 

exposures of the Schaffer-Ferris Aultman and Sloan-Nix-Moen kimberlite 

pipe clusters are separated by less than 20 kilometers. 

The geotherm as defined by estimates of pressures and tempera-

tures of equilibration of Sloan 2 garnet harzburgites (Fig. 42) is 

not kinked. Group I xenoliths with porphyroclastic textures do exhi-

bit temperatures slightly higher than the average for the rest of the 

Group I nodules. However, several xenoliths from Group V of much 

lower pressure and temperature origin have porphyroclastic textures 

as well. Group I xenoliths of Colorado-Wyoming kimberlites thus appear 

similar to the ultramafic nodules from the Bulfontein pipes of 

Kimberley, South Africa (Boyd and Nixon, 1978; Lawless, 1978). 

However, Kimberley xenoliths exhibit more extensively sheared textures 

than have been observed in Colorado-Wyoming xenoliths and there are 

no peridotite xenoliths at Kimberley, regardles s of texture, that 

have equilibration temperatures greater than 1100°c. All estimates 

of temperature of equilibration that have been made for Colorado-

Wyoming Group I xenoliths are greater than 1100°c. 
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The general similarity of temperatures and pressures of equili-

bration of Group I xenoliths and lack of textural correlations with 

temperature and pressure is not readily compatible with the suggestion 

by Boyd and Nixon (1975) that sheared xenoliths originate from 

greater depths. Nor is it particularly compatible with the proposal 

by Gurney and Harte (1979) that intrusion of high temperature magma 

into shallower mantle levels generates a horizontal temperature gradient 

at that level such that xenoliths immediately adjacent to the magma 

exhibit higher temperatures and pressures of equilibration. In order 

to better fit a kimberlite emplacement/xenolith derivation model to 

Colorado -Wyoming Group I xenoliths, relatively non-forceful emplacement 

(hence lack of severe shearing) of the protokimberlite (?) melt and 

low thermal conductivity and/or a very gradual thermal gradient devel-

oped out from the rising melt would, at minimum, be necessary. Very 

localized zones of more intense shearing that may or may not be asso-

ciated with metasomatic exchange between the melt and the xenoliths are 

implied by textures and chemical evidence. Furthermore, since xenoliths 

with sheared textures exhibit a wide range of temperatures and pres-

sures of equilibration (e.g., porphyroclastic xenoliths are found in 

both Groups I and V) some of the shearing may have been caused by 

processes not directly related to ki mberlite formation and intrusion. 

If kimberlite intrusion occurs along zones of weakness through the 

mantle and crust, earlier movement alon g these zones might have de-

formed some of the rocks picked up by kimberlite upon its passage 

through these zones. 
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Spinel Peridotites--Groups II, III, and V 

Information on garnet-free spinel-bearing xenoliths in kimber-

lites is quite scarce. Presumably this is due to their paucity rela-

tive to garnet peridotite xenoliths in kimberlite. Such scarcity is 

not, however, demonstrated in Colorado-Wyoming xenolith suites where 

approximately 33 percent of xenoliths collected are spinel peridotites 

(see Fig. 3). This is contradictory to the speculation of Boyd and 

MacGregor (1964) that a spinel peridotite layer of the mantle is 

present beneath the oceanic crust but thins significantly or is absent 

beneath the continents. 

Whole rock chemistry of spinel peridotite xenoliths from the 

Sloan and Nix kimberlites indicates that these xenoliths are generally 

similar to spinel peridotite nodules occurring in alkali basalt 

suites (Ringwood, 1975). Ti02, Cao and Na2o content of Group V spinel 

peridotites is generally higher and that of Group II is generally 

lower than the average content of these oxides in spinel peridotite 

nodules from basalts. Al 2o3 and Cr2o3 contents of Group II and Group V 

spinel peridotites are very similar to those of spinel peridotites 

from basalts. Total iron content of the latter is generally greater 

than that in Sloan-Nix spinel peridotites. 

Whole rock and mineral chemistry suggests that Group II and 

III xenoliths differ from other spinel peridotites found in Colorado-

Wyoming kimberlites because they represent material that has been 

partially melted and the liquid, presumably of basaltic composition, 

has been removed before the xenoliths were incorporated in the kimber-

lite and brought to the surface. The spinel peridotites of Group V, 

including spinel harzburgites, lherzolites and olivine-websterites, 
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appear to be more primitive, i.e., richer in basaltic constituents 

than Groups II and III xenoliths. Exceptions to this are the three 

spinel lherzolites with mosaic porphyroclastic textures that have 

mineral and bulk chemical compositions very close to those of spinel 

harzburgites of Group II. It appears that deformation by shearing 

may be associated with depletion in these xenoliths rather than acting 

as a mechanism that aids in metasomati c enrichment. In general, Group 

II and III spinel peridotites appear to be more depleted than spinel 

peridotite nodules from alkali basalts, and there is little correlation 

between texture and chemistry among the nodules of these groups. 

Olivine-Free Clinopyroxenites, Websterites 

and Orthopyroxenites--Groups IV and V 

It is generally accepted that olivine-free xenoliths such as 

those that comprise Group IV form from either recrystallized partial 

melts or as cumulates from partial melts (O'Hara et al., 1975; Gurney 

and Harte, 1979; Hatton, 1979). Either source is generally compatible 

with the relatively common occurrence of phlogopite, sulfides and 

rutile in these xenoliths, their textural similarity to cumulates, and 

their bulk and mineral chemistry which indicate enrichment in basaltic 

constituents relative to xenoliths and minerals of other groups. 

The wide range in chemical composition exhibited by olivine-

free xenoliths of Groups IV and V could be due to many factors that 

have an effect on their composition. The chemical and temperature/ 

pressure differences among Group IV and V pyroxenites could be the 

result of variations in degree of partial rrelting or early versus late 

cumulation and settling, possibly from a common melt source. There 
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seems to be a gradation from the high temperature and pressure garnet 

orthopyroxenites which could represent a product of a greater degree 

of partial melting and/or an early formed cumulate, to the lower 

temperature and pressure xenoliths relatively enriched in Na 2o, CaO 

and Ti02 which may represent liquid fractions derived from small 

degrees of melting or residual liquids left after cumulation and 

settling of higher temperature, more refractory compositions. 

The pressure and temperature conditions under which partial 

melting occurs will largely determine mineralogy. Brown spinel-bearing 

(garnet-free) pyroxenites S02-L164, SD2-W8 and NX4-C10 presumably 

formed at lower pressures than did most garnet pyroxenites of Groups 

IV and V, according to the experimental determinations of the garnet/ 

spinel phase boundary (MacGregor, 1970). The orthopyroxene lamellae 

in clinopyroxene of these xenoliths may have exsolved during cooling. 

Greater Al 2o3 content in the lamellae indicate the exsolution took 

place at pressures lower than those prevailing during primary crystal-

lization of these nodules. 

Several pyroxenites of Group IV are very iron rich. Secondary 

phlogopite, sulfides and grain boundary alteration are present in these 

xenoliths although they are not a great deal more abundant than in 

other Group IV and V pyroxenites. Bulk rock iron enrichment appears 

unrelated to enrichment in other elements, however, clinopyroxenes 

in these xenoliths contain relatively high levels of A1 2o3 and Ti02 and 

garnets are high in CaO. Metasomatism may have been involved but 

variations in other conditions of influence such as temperature and 

pressure also appear to have been responsible for the chemical dif-

ferences observed in these xenoliths. 
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Thus the division between Groups IV and V olivine-free xeno-

liths may be an artificial one. Nearly a full spectrum of conditions 

of formation and/or reequilibration, hence composition, is exhibited. 

Garnet+ Spinel Xenoliths--Groups IV and V 

Green spinel surrounded by garnet and associated with garnet 

exsolved from pyroxenes in olivine-free xenoliths of Group IV is 

similar in composition to spinel reported by Nixon et al. (1978) in 

alkremite xenoliths from several South African kimberlites. Beeson 

and Jackson (1970) have made a study of xenoliths with similar textural 

features in garnet ± spinel pyroxenite xenoliths from Salt Lake Crater, 

Hawaii. The occurrence of reddish-brown sp inel rimmed by garnet such 

as that found in peridotite xenoliths of Group V may be quite unique. 

Mineral and bulk chemistry of ga rnet+ green spinel pyroxenites 

of Group IV indicate that these xenoliths are among the richest in FeO 

and are also high in Ti02, Cao, Na2o and Al 2o3 and low in Cr2o3. This 

is generally consistent with derivation by partial melting of garnet 

peridotite, perhaps via a path similar to that described by Nixon et al. 

(1978) for alkremite xenoliths but under conditions within the spinel 

rather than the garnet stability field. Although estimates of pres-

sures and temperatures of equilibration for ga rnet+ green spinel 

xenoliths are not conclusive due to lack of applicable geothermometers 

and barometers, garnet+ green spinel xenolit hs seem to have equili-

brated in the upper-most mantle, near granulite facies conditions of 

the lower crust (Evans and Frost, 1974). 

Garnet rimming green spinel in Group IV xenoliths is invari-

ably associated with garnet exsolved from pyroxenes. Elongate 
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interstitial garnets are present throughout these xenoliths, and 

nearly completely r i m other constituents as well as spinel. Such 

textures suggest that these xenoliths were originally spinel pyroxen -

ites and that garnet has been derived chiefly or exclusively throur h 

exsolution from pyroxene. Garnet rims are not significantly different 

chemically from garnet exsolution lamellae or other interstitial 

garnets in these xenoliths, and clinopyroxene grains adjacent to r i ms 

around spinel show chemical variations identical to those observed 

in clinopyroxenes adjacent to garnet exsolution lamellae . However , 

reconstruction of the original clinopyroxene composition in one garnet 

+ green spinel xenolith from Group IV on the basis that all garnet wa s 

derived by exsolution from clinopyroxene, resulted in higher Al 2o3 thnn 

observed in any clinopyroxenes of Colorado-Wyoming xenoliths. Thus, 

some garnet may have been present in the xenolith before exsolution 

occurred, or garnet may have been derived from sources other than 

exsolution (e.g., through reaction between orthopyroxene and spinel; 

MacGregor, 1970). 

Exsolution of garnet from pyroxene may have been caused by a 

decrease in temperature and/or an increase in pressure (Harte and 

Gurney, 1975). The exsolution may therefore have occurred during late 

stages of the emplacement of kimbe r l i te as the xenoliths and surroundin9 

kimberlite cooled . However, the fact t hat a (green) spinel...,bearing 

pyroxenite (IM20- W5) contains no garnet rims no r exsolved garnet seems 

to attest against cooling as a ca us e for garnet' s appearance since all 

such xenoliths underwent cool i ng but not all developed garnet rims 

and exsolved garnet . This garnet-free sp inel pyroxenite might there-

fore be used as evidence for an increase in pressure as the cause of 

the exso 1 ut ion. 
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The high Fe character of garnet+ green spinel xenoliths of 

Group IV without relative enrichment of other elements suggests that 

diffusion associated with exsolution may have been accompanied by 

infiltration metasomatism particularly of FeO. The high iron character 

and reequilibrated texture of sample SD2-Wl0 seems to indicate that 

it has undergone a quite different sequence of events. Garnet may have 

been derived largely from exsolution from pyroxenes but this xenolith 

must have been held for a time at higher t emperatures in order to allow 

for extensive recrystallization to a coarse equant texture. 

Garnet rims around brown spinel in xenoliths of Group V do 

not appear to be directly related to exsolution as is garnet sur-

rounding green spinel in Group IV xenoli t hs. Garnet that rims brown 

spinel in several xenoliths of Group V may be associated with garnet 

exsolved from pyroxenes but more commonly no sign of exsolution is 

apparent. Pyroxenes that could serve as potential sources of exsolved 

garnet are generally less abundant in these xenoliths than in garnet 

+ green spinel xenoliths of Group IV. Thus it does not seem likely 

that garnet rims around brown spinel in Group V xenoliths are entirely 

exsolution products. 

The vermicular habit of the brown spinel and the surrounding 

garnet in these xenoliths appears generally similar to one that might 

result upon quenching an interstitial melt. Spinel and garnet would 

melt only after clinopyroxene, however, and clinopyroxene does not 

show signs of having been melted. 

Sobolev (1977) suggests that t extures similar to those in 

Group V garnet+ spinel xenoliths from kimberlites of the USSR are 

the result of replacement. Edwards (1954) describes grain boundaries 
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with concave boundaries or "bitten" appearance as observed in minerals 

adjacent garnet rims as characteristic of replacement. A replacement 

origin is accepted here as a possibility for the formation of the 

garnet rims although it is not known what type of source could be 

responsible for introduction of the garnet into these xenoliths. 

The fact that relatively few xenoliths contain spinel rimmed 

by garnet implies thataselective or restricted mechanism was involved 

in the derivation of this assemblage. Access of volatiles to certain 

xenoliths might have fluxed the formation of garnet rims around spinel, 

however, no evidence such as hydrous mineral phases is present in these 

nodules to substantiate this suggestion. 

The coexistence of garnet and spinel in xenoliths of Group V 

may be a result of the following reaction proposed by MacGregor (1970, 

1974): 

2xMg2Si 2o6 + 2yCaMgSi 2o6 + (x+y)MgA1 2o4 = (x+y)Mg2Si04 + 

((x+y/3)Mg3Al2Si3012 + (2y/3)CaAlzSi3012). 

Garnet+ spinel xenoliths of Group V possibly represent samples from 

a zone within the mantle characterized by the coexistence of garnet and 

spinel as postulated by MacGregor (1970). Assuming this to be the case, 

there is a problem in detennining the direction of the reaction. 

Evidence that the reaction is proceeding from left to right 

(pressure decreases and/or temperature increases) includes the following: 

(1) The small angular olivine grains present amid the granular 

garnets of the rims around spinel might represent either products or 

remnants of incompletely reacted primary grains. The chemical simi-

larity and locally apparent optical continuity between these fragments 

and nearby coarse olivine grains suggests that they are reactants. 



179 

2) Spinel will form at the expense of garnet with an increase 

in temperature or a decrease in pressure or both (MacGregor, 1974). 

It seems more likely that peridotite xenoliths might be lifted, 

possibly by a hot protokimberlite magma, into the lower pressure 

spinel stability field, rather than forced downward or cooled. 

3) The association of garnet exsolved from pyroxenes in spinel 

+ garnet xenoliths S02-Lll and SD2-Ll72 indicates that these xenoliths 

have been subjected to an increase in pressure and/or a decrease in 

temperature at some time in their history (e.g., upon cooling of the 

xenolith after kimberlite emplacement) . If a decrease in temperature 

were responsible for the exsolution and for the formation of garnet 

rims, all of the spinel-bearing peridotites of similar composition 

should have been effected. Also, late stage FeO metasomatism has 

been suggested as a possible cause of relative iron enrichment in 

other xenoliths exhibiting exsolved garnet . If FeO were available 

during a reaction of spinel to form garnet upon cooling, the small 

angular olivine grains amid garnet granules would be expected to show 

some iron enrichment. 

Evidence that suggests the reaction is proceeding from right 

to left (pressure increases and/or temperature decreases) includes the 

following: 

1) If spinel has formed at the ex pense of garnet, spinel must 

have replaced garnet from the garnet's core outward. It does not 

seem likely that spinel would react first at the garnet's core when 

other studies (e.g., Reid, et al. , 1975) show that garnet from lherzo-

lites such as those of Group I breaks down to spinel and orthopyroxene 
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at garnet grain boundaries to form the common kelyphite alteration 

product. 

2) Olivine fragments enclosed by garnet may not vary in comoo-

sition from coarser olivine grains in the nodule because there are no 

other components involved in the reaction (e.g., FeO) that olivine 

would tend to incorporate, i.e., temperatures and pressures prevailing 

during reaction may be similar to those that governed the composition 

of the original, coarse-grained olivine in the nodule, thus primary 

and reaction-produced olivine compositions are similar. 

3) The vermicular habit of spinel in many garnet+ spinel 

peridotites is identical to that in garnet-free spinel peridotites and 

it appears in several xenoliths that garnet mimics this shape. 

4) An increase in pressure rather than a decrease in tempera-

ture may be the major cause of the reaction. If these xenoliths 

represent samples from a zone within the mantle where garnet and 

spinel can coexist, only small undulations would be required to 

subject (garnet-free) spinel peridotites such as those of Group V, 

which are similar to garnet+ spinel xenoliths in composition and con-

ditions of formation, to pressure conditions in which garnet is stable. 

The evidence appears to favor reaction of spinel and pyroxenes 

to form garnet and olivine. Further study, however is required before 

a firm conclusion can be drawn. 

Most garnet in (spinel-free) peridotites of Group Vis very 

similar in appearance and chemistry to garnets associated with brown 

spinel and it is assumed that such xenoliths were originally spinel-

bearing. However, Group V garnet wehrlite SD2-L40 is unusual in that 

its garnets appear similar to spherical garnets of Group I. Mineral 
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chemistry of this xenolith is similar to that of both Groups I and V 

as is typical of ilmenite-bearing xenoliths. Temperature and pressure 

estimates are in the range of Groups IV and V. It is a unique nodule 

and unique circumstances have evidently been operative in its develop-

ment. The distinctive high FeO, low MgO character of its garnet and 

olivine and resulting Fe/Mg partition coefficient between these 

minerals suggests that either this xenolith was a Group I xenolith, 

reequilibrated at lower temperature and pressure, or that metasomatism 

has introduced ilmenite and caused replacement of Mg by Fe, or both. 

Group VI Dunites 

There are generally two hypotheses concerning the origin of 

dunites (O'Hara, et al., 1975): 1) they are cumulates from liquids 

fractionating olivine only; and 2) they represent the residuum after 

extreme partial melting. Dunite nodules from the Thaba Putsoa kimber-

lite pipe, South Africa (Boyd and Nixon, 1975) are Fe-rich (Fo89 ) and 

also contain significant Ti, Ca and Al. Their chemical nature suggests 

that they represent cumulates rather than residual dunite. A dunite 

from the Matsoku kimberlite pipe (Gurney et al . , 1975) of composition 

Fo95 exhibited the highest Fo value reported in the rock suite studied 

and was interpreted as extremely depleted mantle material, as the more 

refractory Mg is highly enriched over Fe. 

Chemistry of olivine from the Sloan 2 kimberlite suggests that 

both residual and cumulate dunites may be present: the former is 

represented by olivine of composition Fo92 _93 while cumulate origin 

is suggested by olivine or composition Fo88_90 . 
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Euhedral olivine tablets are found only in dunites and Group 

I garnet lherzolites which suggests that these neoblasts are formed 

under a restricted set of conditions to which only xenoliths of 

Groups I and VI have been subjected. 

A Cormnent on the Websterite Group 

When mineralogy, chemistry and conditions of formation are 

considered collectively, the Websterite Group (Group V) is not an 

inhomogeneous "catch all" category as may have originally appeared. 

It is composed chiefly of two types of xenoliths--spinel lherzolites 

and garnet+ (brown) spinel peridotites. These are very similar in 

mineral and bulk composition and are separated by relatively slight 

temperature (approximately so0 c) and pressure (approximately 5 kb) 

differences, the latter seemingly having the greatest control on the 

mineralogical variety present. Most xenoliths of the Websterite Group 

are bounded by depleted Group II garnet harzburgites at lower tempera-

tures and by Group IV garnet websterites and clinopyroxenites at 

higher temperatures. Spinel harzburgites that are slightly less 

depleted than the bulk of Group II xenoliths would plot with Group 

Vas wnuld early formed cumulates or slightly depleted cumulates whose 

clinopyroxenes and garnets contain more Cr2o3 than other xenoliths 

of Group IV. It thus seems natural that there should be overlap 

among these chemically related groups of xenoliths that were derived 

under si milar temperature and pressure conrl 1 tions. 
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Appendix I. Results of moda 1 ana 1 yses on fresh (vol. '.t ) nodules with coarse equ~nt textures . 

----------- ----- ----- -- --- ------- --- --- - --- - ---- ---- ---- --------··------ -----

NX4 -Ll NX4-L 2 NX4- L3 NX4-L4 NX4 - L5 NX4-L6 NX4-L9 NX4-L20 S02 -08 S02-025 
---------------- -· - ------ -------- ---------

01 ivine 57. 2 43 .0 36.6 42 . 3 50 .4 25 . 1 37.7 32.1 86.1 
Altered olivine 28. 7 40. 9 40. 9 36.2 31. 8 24.7 18 .0 5.7 
Orthopyroxene Q, 3 I. 4 111 .S 8.3 4. 7 30. 2 2 J.8 14 . 3 50. 1 13 . I 
Exsolved orthopyroxenP 
Al te1·erl orthopyroxene 2.2 4.8 1. 5 I. 9 2. 1 7. 2 0.3 5.2 5 .3 
Cl inopyroxene 2.2 7 .8 10. 3 9.4 6.8 12.0 21. 1 67. 1 
Altered c 1 i nopyroxene 0.4 2. 1 0.2 0.4 0. 7 9.5 
Garnet 3.5 0.8 
Ex solved garne t 0.4 
Altered ga rnet 
Green spine! 
Brown spinet trace trace tra ce I. 5 3.8 0.8 0.3 
Altered sp ine! 0.4 
Phl ogopite 
Chromite ...... 
Rutile I.Cl 
Ilmenite 0 

Sulfides 
Opa(Jue s 6.8* 
lntergranular alt . 

Total pt . count 540 516 54 3 520 528 510 570 231 529 240 

*i lmenite (? l 



Appendix I. (Cont lnued). Coar5e equant te xtured nodules . 
- ------ ----------------·· -- ----- --- ------------ --- - --·--- --------- -- ---------- ------- ----- -- - ---- - ···-·------ ------ -- - -

S02- S02 - S02- S02- Sll2- S02- S02- S02- S02- Sll2- S02 - S02- S02- SD2 - S02- S02 - S02- S02-
--- -----· - --- ---- l 2 _ LJ ___ l6 ___ l7 __ l 8 ____ ll0 _ ll3 ll5 ___ ll6 _ U7 __ LlB ll9 l20 _ l21 __ l2 2 ____ L23 l24 _ L_2_5 _ _ 

Olivine 74 .0 69 . I 69 .6 64 .8 64 . 6 47. 7 37. 3 54 . 3 52. 9 53.4 54.6 48 .4 37.3 47 .6 50.4 40. 7 72 . 5 29.0 
Altered olivine 2.2 20 .9 21. 5 21.8 17 .8 15 . 9 15 . 4 38 .6 25 . 9 20.0 15 . 3 43 . 0 
Orthopyroxene 25. 3 29. l 27 .9 33. 9 29.2 8.5 20 .2 19. 9 8 . 6 10 . 3 20.8 40.2 2. 0 14.9 31.4 6. 3 1. 0 
Exsolved orthopyroxene 
Altered orthopyroxene 2.6 2. 7 0. 2 1. 6 I. 4 2.4 I. 4 0. 4 2 .8 12 . 0 
Cl lnopyroxene 0.6 1. 6 2.5 0. 7 4. 7 9.9 trace 1.0 0. 2 10 . 5 9. 1 8.8 0. 2 3.2 3.5 3.9 I. 0 0.6 
Altered clinopyroxene 0.2 0. 3 0. 7 0.8 
Garnet 30 .0 44 . l 
Exsolved garnet 
I\ ltered garnet 9.0 
Green spinel 
Brown spine l 0. 1 0. 2 t race 0. 5 1.r, 3.8 0.1 0. 5 2. 7 0.5 0. 7 0.2 3. 9 3.9 0. 7 0. 3 
Altered spine 1 0.8 
Phlogop i te 
Chromite 
Ru tile 
Ilmenite ..... 

~o 
Sulfides ..... 
Opaque 0. 7 
lnte rg ranula r a l t. 7.2 0.6 l. R 2.5 4.6 3.9 4. l 1. 8 0.9 l . I 4.2 14 . I 

Tota 1 pt s . coun t 659 567 767 430 548 679 222 683 563 408 580 283 41 5 492 228 459 287 707 



Appendix [. (Conti nuPd). Coarse e~uant nodules. 
- --- ---- ·------------ -- - --- -- --- ·-·- - ---------- - -- • ------ - ----- -------- - ·· - - - ---- --- - --

S02 - S02- S02- S02- 5D2- S02- S!12- S02- S02- S02- S02- S02- 5D2- 5D2- S02- S02- S02-
L28 L31 L32 L3•1 L35 L37 I.JR L39 L4D L42 L46 L47 L50 LSI L54 LSS L58 

--- -- - --- -- --- . - ------- ---------- ------ -- -- -- ----- ----- --- ---·· -----------
Olivine 7 .8 49.0 58. I 68 .6 56.0 28.6 48 .3 38 . I 40 . 9 39.4 65.8 44.6 
Altered 01 ivine I. 7 18. 5 9.9 12.8 12.9 10 . 6 32 . 5 15.0 23.4 18 3 26 .6 23.5 
Orthopyroxene 54 .4 24.7 15.7 10.5 20. I 44.4 12 . 7 13.2 I. 2 1.5 1.5 16.0 3. I II. I 
Exsolved orthop_yroxcnp 
Altered orthopyroxenP. I. 4 4. I 0.2 I. I I. 7 5.6 3.3 7.. I 0.6 8.3 0.6 I .8 
Clinopyroxene 9.6 0.9 I. 4 3. 5 6.6 8 . 7 2.2 3.6 26.3 53.5 55.0 46. 9 46.9 63.7 9.9 I.I 10 .8 
Altered clinop_yroxene 0.2 0. 7 3.4 0. 2 2.3 2.8 3.4 0. 2 3.5 
Garnet 2.3 11. 8 24 . 5 4.7 27 .8 44.6 20 .4 53. I 34.8 7.3 
Exsolved garnet 
Altered garnet I. 2 I. 3 0. 3 11. I 17.5 0.5 
Green spinel I-' 
Brown spi nel 17.4 0.5 1. 2 0.2 I. 2 7..1 0.8 2.9 I.O 
Phlogopite N 
Chromite 
Rut i1 e trace 0. 2 0. 3 0.7 trace 
llmeni te 0.3 
Sulfides 0.2 0. 5 trace 
Opaque 
lntergranular alt. 0.3 2.3 I. 4 3.5 2. 3 0. 7 2.9 10. 7 2. 0 1.8 

Total pts . count 345 778 415 86 471 426 584 559 342 686 257 411 232 430 436 357 34 I 



Appendix I. (Continued). Coarse equ~nt nodules . 
-------------- ---~ -- --• - - --- -- - · ·- ---- . ·- ·-- ····- -- ------ ----- -----· - ---- - -------- ------- -- . ------·- -----·- - - - -- •-

S02- S02- S02- S02- S02- S02- S02- S02- S02- S02- S02- S02- S02- SD2- S02- SD2- SD2- SD2-
L59 L62 L64 L65 L68 L70 L71 L72 L73 L74 L77 L78 L79 L80 LBl L86 L88 L90 

------· ---- - ------ ---------- ·---- - --- -- - ---------- ------- . -
Olivine 40.5 62. l 65 .3 47 .4 28 . 3 49.2 36 . 7 49.8 48 . 7 50.0 
Altered Olivine 6.9 18 . 7 12 . l 12 .3 38 .4 29 . 3 13.6 18 . 9 8.3 23.7 
Orthopyroxene 29.0 10.6 13.7 33 . 5 33.6 H.8 14 . 7 23.7 24 . 4 31.8 1.5 23.2 8. 7 23. 1 25.0 22.9 19 .8 
Exsolved orthopyroxenP. 
Altered orthopyroxene 1.0 I. 3 0.5 5.9 9.8 1.6 1.8 5.0 4.4 0.8 0.1 0.6 3.2 4.3 6.4 0.9 4.7 
C 11 nopyroxene 2.5 1.5 6. 3 4. 7 12 . 5 8.9 14 .0 0.6 8.6 55.0 34.4 23. 4 21 .4 6.7 12. 9 25.4 0.9 
Altered cllnopyroxene 0. 2 0. 2 I. 4 2.4 0.4 2.0 1. 3 4.9 0. 1 8.4 0.5 3.6 0.8 0.4 
Garnet 15.0 2.9 31 .8 3. 0 33 .4 35 .4 32.9 17 . 9 37.7 34. 3 30.2 30.2 
Exsolved garnet 
Altered garnet 4.4 0.6 10 . 3 1. 3 2.8 6.6 16.4 HJ.2 7.2 13 .6 16.4 
Green splnel "° Brown splnel 0.7 1.8 0.9 0. 5 0.4 0.9 1. 9 0.5 w 
Altered spl nel 
Phlogopltc trace trace trace 
Chrornl te trace 
Rut Ile 0.2 0.3 0. 3 0.5 0.9 0.3 
Ilmenite 
Sulfic1es 0.4 0.3 
Opaque 0.2 0. 1 
lntergranular alt . 2.0 8.4 1. 4 0. 7 0.6 0.8 7.4 16 .8 2.2 21. 3 19 . 5 4.3 2.7 0.2 

Total pts. counted 407 940 825 424 214 424 838 536 630 374 611 987 718 793 554 140 916 1149 



Appendix I. (Continued) . Coarse ecwant nodules . 

S02- S02-
-------- · - ---·---· L95 __ _ L97 
Olivine 
Altered olivine 
Orthopyroxene 
Exsolved orthopyroxene 
Altered orthopyroxene 
Clinopyroxene 
Altered clinopyroxene 
Garnet 
Exsolved garnet 
Altered garnet 
Green spine! 
Brown spine] 
Altered spinel 
Phlogopite 
Chromite 
Ruti le 
Ilmenite 
Sulfides 
Opaque 
lntergranular alt 

Total pts counted 

45 .8 
23. 2 
11.0 

2.4 
6.2 
I. 7 

I. 6 

8 . I 

629 

50 .0 
14 . 7 
9.4 

0.2 
4 . 1 

16.5 

4.5 

0.6 

532 

S02- S02- S02-
_ IJ_0J_ l) 04 ___ U_Q_6 

56.6 
23.6 
4.2 

2.1 
I. 6 
0.4 
7. 6 

1. 6 

trace 

2.5 

765 

53 . 4 
5.fi 

31. 3 

5.0 

tra ce 

0. 3 

4.4 

339 

66 .1 
0.6 

2A. I 

5.2 

trace 

363 

S02- S02- S02- S02- S02- S02- S02- S02- S02- S02- S02- S02- S02-
LI09 ___ Ll21 _ L125 _ LJ26 __ L129 ll34 __ ll37 __ U38 ___ U39 ll48 ll51 __ ll52 __ LJ5~ _ 

5 I. 1 
4.5 

23.3 

10 .9 

trace 

4 .8 

6.2 

403 

43. 0 
12.5 
6.0 

0.9 
11.5 
0.2 

22.9 

0. 7 

2.3 

433 

n8 
19 . 2 
17. (, 

2. 7 
7.4 
0.6 

0.4 
1.8 

16.5 

699 

62. 3 
18 . 2 
9.5 

I . 2 
6.8 
0.5 

0. 7 

0. 7 

411 

49.0 
20.2 
23.8 

1. 3 
5.3 
0.1 

0. 1 

0. 1 

698 

40.8 
19 . 1 
23.9 

5.8 
8.4 
0.3 

I. 7 

703 

53.6 
18.6 
5.9 

0. 7 
20.3 
0.5 

0.2 
0. I 

816 

46 .2 
25.7 
9.4 

2.5 
16.3 

trace 

448 

37 . 0 
12 .0 
15 . 7 

I. 3 
28.0 
0.9 

4.9 

788 

38.6 
43 .6 

3.3 

0.6 
7 .8 
I. 7 
4. 2 

0. I 

691 

26.1 
45.0 
11. 3 

2.2 
13 . 5 
l.B 

trace 

222 

12. 5 
5.4 

25.6 

3.6 
4.6 
0.3 

32.7 

7 .8 

7.5 

774 

47 .8 
24.2 
6.8 

1. 2 
19. 1 
0. 7 

0.2 

414 



Appendi x I. (Continued). Coarse equant nodules . 
- - -- ----- ·-·- -- -- ·· --------- ---------• --- • - -· --· . ----. ----------------·-·--- ---- -------- -··- - - --- ------ -- ------ --·--·- --- -S02- S02- S02- Sll2- SO?- SU2- SU2 - S02- 502- S02- S02- S02- S02-

L1 56 Ll~9 Ll61 Ll62 L!63 Llli4 L!66 Ll68 LJ 70 Ll78 L!79 L!BO LIB! 
- -- ~--- - ----·-- ·--- ·- ---- --- - ., --- ----- - -------- -
Olivine 34. 9 16.4 39 .5 59.5 60.8 41.4 47 . 4 29.4 51. 4 60.2 55.5 
Altered olivine 11 . 2 10 . 7 32.3 33.6 20 .9 25.3 2 I. 1 18 .9 25.3 22.2 31. 8 
Orthopyroxene 33.0 38.3 7. 0 0.8 5.4 14 . 7 18 . 7 21. 2 38.0 17 .9 3. 5 7.5 
Exsolved orthopyroxene 2. 7 
Altered orthopyro xene 3.0 2.4 2. 3 1. 2 0. 7 2.6 6.6 2 .1 2. 2 3.8 0.4 2.5 
Clinopyroxene 16.2 18.0 16.4 5. 7 78 . 1 86.9 0.6 3.0 5.7 9.2 1.3 1 I. 9 1. 0 
Altered cl inopyroxene 0.2 1.8 I.I I. 0 3.2 0. 2 0.5 0.6 
Garnet 15 . I 0.9 
Exsolved garnet 
Altered garnet 3.8 0. 7 
Green spinel 
Brown spinel I. 7 13 . 7 0. 7 l . I 0. 3 4.6 2.0 2.4 0. 3 1. 2 f-' 
Altered spine! 0.2 0. I 0.2 \.0 
Phlogopite u, 

Chromite 
Rut i le 
Ilmenite 
Sulfides 
Opaques 
lntergranular alt. 

Total pts counted 464 532 440 262 502 567 722 667 802 371 609 4B7 796 



Appendix I. (Continued) . Coarse equant nodules . 

___ SD2- LJ83 _ S02-L184 ___ _ SD2-U85 __ S02-Ll86 S02-L!88 _ _ SD2 -Ll89 __ SU2-Pl __ S02.:~6 ___ SD2-W7 ____ S02-l;J I _ 

Olivine 
Altered olivine 
Orthopyroxene 
Exsolved orthopyroxene 
Altered orthopyrox!'ne 
Cl i no pyroxene 
Altered c 1 i nopyroxene 
Garnet 
Exsolved garnet 
Altered garnet 
Green ~pinel 
Brown spinel 
Altered spinel 
Plogopite 
Chromite 
Ruti le 
llmeni te 
Sulfides 
Opaques 
lntergranula r alt. 

Total pts. counted 

30 .3 
48.5 
4.0 

13 . 5 
2.5 

I.I 

445 

54. 3 
18 .6 
15.9 

3.3 
4. 9 
0 . 5 

2. I 
0.4 

571 

~8.9 
15.9 
6.g 

3.2 
7.5 
0.2 

15.7 

I. 3 

0. 3 

597 

58. I 
13 . 3 
9.9 

1. 3 
6.2 

8.8 

0.6 

1. 8 

616 

51. 3 
25.3 
18.6 

3.7 

I.I 

538 

25.4 
9.2 

23.0 

3.3 
19.5 

16 .9 

0. 9 

I. 8 

52.3 
5.6 

17. 0 

0. 7 

20.9 

1.5 

0. 7 

I. 3 

4.9 

0.8 
61. 2 

I. 9 
25.8 

5.4 

485 

4.4 

I. I 
51. 3 
5.9 

30.5 

6.8 

524 

48.5 

28.0 
22 . 5 

JO 

trace 

404 

,__. 
\..0 
0) 



Appendix I. (Continued) . Nodules with tabular textures; nodules with transitional-porphyroc lastic texturrs . 
--- ---------- -- ------·-- -- - - --- - . ·- • ·------- ·------·------------ -- -- --- - ---- ----- -- ---- ··----· ----- - - -- - -------

Tabular textures ·--- -----·--···--Transitional-~rghy}"ocl_astic textures _ ____ _ _ 
S02- 502- S02- • - ·- s02~· S02- S02 - 502 - S02- S02- S02- S02 - S02-
L5 LR2 L87 Ll8R L4 L9 L27 L60 L66 L75 L76 L96 

-- -- - -- -------- -- •• --- -- - --- - -------- - ---· ------------- ---- -- - - -- --- --· -------- -- ----- -- - --------------·--
01 ivine 75. 7 51.3 51. 6 47 .0 39.4 2. 8 46.0 83 . 7 43. 4 54.4 
llltered olivine 25.3 25.l 33 . 2 56.9 40. l 23.5 9.5 18.4 12. 8 
Orthopyroxene 2) . 0 23 . l 27.2 18.6 8.6 9.3 2.9 10.4 8.2 5.4 17.3 20.2 
Exsolved orthopyroxene 
Altered orthopyroxene 17 . 5 0. 7 3. 7 4_g 1. 9 0.8 7.2 0.5 4.2 3.1 
Cl inopyroxene O. l 2.3 26.3 7.0 1.8 12.8 I. 9 6.3 
Altered c 1 i nopyroxene 0. I 0.6 0.3 0.5 1. 1 1. 0 
Garnet 41. 4 29.1 I.I 5.0 5. 1 0. 7 
Ex so lved garnet 
Altered garnet 11 . 6 13.6 2.4 0.8 0. 7 
Green spinel I-' 

\.0 Brown spinel 1.0 0.9 2.2 --.J 
Altered spinel 
Phlogopite trace 
Chromite 
Rutile 
Ilmenite 
Sulfides 
Opaque 0. I 0.3 
lntergranul ar a 1 t. 4.2 2.9 2.4 0. I 37.3 2.2 13 . 6 

Tota 1 pts counted 552 527 760 538 593 979 588 340 587 147 359 687 



Appendix I. (fonti1111ed). Trans it i nna 1-porphyroc 1 a~ tic nnrl111 e< . 
------- - -- .. -- ---•---- -------------- ---- --·----- -------- - -- - - - - - --------- - ---------------. - --- - - ----- - . ---- - ----- --- -- ···· - - ---··---- - ----- --

Sil? - Sfl2- S02 - SU2- SD2 - Sll2- Sll2 - :, ll2- S02 - S02- Sfl2- S02- S02 -
L98 ___ l99 _ _ LIDO ____ LIO! ll03 __ l _l23 ___ Ll 27 Ll28 L13_0 ___ Ll49 U SO Ll60_ ll 67 ---- ---- - -- -- - -

01 ivini> 59.9 40 . 7 50 . 0 42.0 55.8 77 .8 55.5 37.4 38.6 35. 7 8. 7 36.2 %.I 
Altered olivine 20.2 32 . 4 30 .2 42.3 26.4 17.7 12. 4 12. 5 14 . 2 30. 5 29.0 24 . I 
flrthopyroxene 11. 2 15.8 II.I 8.4 11. q 2 .0 2 I. 4 36.4 4. 3 23.3 25 . Q 13.0 15.Q 
Exsnlved orthnpyroxPne 
Altered ortl"'py,·oxene 3.1 6.5 4 .0 r.. 2 4.3 0.5 1.? I. 5 0. 7 2.0 2.6 
C 1 i nopyroxcne 0.8 2.7 0.4 0.2 0.9 R. I 8.5 2 1. 5 6.8 64.6 18. 2 9.3 
A ltere<l c 1 i nop_yroxPne 0.2 0 . 2 0.3 0.1 0.2 I . 5 0. 4 u. 3 I.I 
Garnet 1.5 I.I 0.2 0.9 II.I 
[xsolved garnet 0 . 1 
Altered garnet I. 2 0.6 0.2 0. 5 
Green spinel 
Drown s rinel n .8* Q.Q I. 3 0.4 I. 3 3.3 0.7 
Altered spinel 0.2 0 . 2 I-' 

\..0 Phlogopite co 
Chromi t.e 0. I 
Rut i l e 
Il menitP I. 6 
Su lfide s 
Opaque 0. 5 0. 9 
lntcrgranular alt. I. 9 4 .8 I. 4 0.4 I. 4 6. I 

Total pt.< counted 519 391l 1212 96 3 586 787 97 I 84 7 805 544 184 162 516 

• rroba b 1 y second~ r_y 



Appendix I. (Conti nuerl) . Tr~ns it io11a l -porphy1·oc. l,1 st i c ; nnrluk s with rnrphyroc l~ s tk tP xt urPs. 
·---- - --- -

• -• - ••• -- -- - • • - - - ---- - •... - -- . - • ·- - - - . -- . ·- - -- . -- . _._ - . -· - - . ,. ---- . ·- - - - - . - . ----- - . -- - ---
) riJ11 ~ it ion~ _1 _-po1:p_hy!.:_Qc_l a ~_t _i ~---- . __ . _ 

·sii?-- • - • ,ii2-
rorphy_r~c_!_J_s_t i c ____ - 502-'iD?. - SIJ2 - S02- SU2- S02- snz- S02- Sil?- S02- S02-·- - - -- -- -- _ -· __ L!69 .. L)7_1 ____ L!H LI 75 L_l ~6_ - - -~17] __ . _H_l_3_ L?. L57 L61 L69 Ll 20 L 1_33 

01 ivine 51.5 53. I 39.5 35 . l Ii!. 2 52 2 73.fi fifi.4 49. l l?.4 50 .5 58.3 40.6 I\ 1 terl'd olivine 20.6 2 I. 2 12. 7 15.4 23. l 21. 2 17 . 1 23.5 33. I 15. 1 3.3 0rthor_vroxenr Jg_ 3 UJ. 9 20.6 26 .8 4.8 I 1. 0 2.4 25.7 I 7. 8 52. 9 8.0 12.6 30 . 2 Exsolved orthopyroxene 
I\ 1 te rect orthopyroxene 4. 1 3.8 I. 2 3.5 I. 2 2.0 I. 9 2.0 1.0 4.7 ] . 7 0.4 Cl i noryroxene 1. 9 Hi.fl Hi .0 7.5 11. 7 6.4 l. 6 14 . l 0.8 1.1 l. 8 A 1 trred clinorvroxPne 0. 3 n. 2 0.7 0.9 0. 3 Garnet l. 1 4.3 I. 4 7.6 4.4 Exso l ved garnet 
Al tered garnet I. 3 0.6 l. 5 3.4 19.2 ...... Green spine] 

<.O Brown spine] I.I 8. 3 2.7 J. 4 I. 0 1.0 :l.8 4.2 <.O I\ ltered spinel 0 .6 0.4 
Plo9opite 
Chronii t.e 
Hutile 
llrnenite tr,. ce 
Sulfides 
0pa<]UP. 0.5 lntergranular a 1 t. 2.2 15 .5 
Total rts counted 533 1014 730 5~4 4 Jr, 693 700 860 8411 5?4 92] 357 54 2 



App<'mlix I. (Continued). Nodules with mos a i ( -µcwphyroc last i c texture s; nodul es with porphyroblastic-coarse textures; nodul es with 
ro,·phyrnh last i c -9ranul ob last i c text,irPs. 

--- - -- -- --- - - - ---- ------ -- - - - - ·-- - - - ------ --- - - - --- - ------ --· -- -- - --- ·-
Mos a ic_-Poi:ehYJ'DC 1 as tic_. _______ _ _ Porp)lyroblast ic -Coarse __ __ _ __ Por_p hyyob last i c.:..9ranul ob las t _i c 

S02- Sll2- S07.- SD2- SD2- 502- SIJ2- 502- SD?.- 502- S02- SD2- 502 -
L91 l92 L93 L41 L44 L48 l 52 L83 LM L43 L49 L89 WR 

---------------···· ------------ ---- -- --- --- --------------- · ----- --- -- --- ------------·-- -- - - -- --- ---- . --- --

0 1 ivine 38.5 42.2 42.0 
ill t.crr>d olivine 7 .8 14.8 13 .5 
Orthopyrox<'ne 41.0 26.8 29. 4 12.7 35 . 2 6,q 10. 5 3.3 2 I. 7 8.0 7.6 17.7 
Ex solved ort.hnryroxene 10.0 
/11 l.ered ort.hoµyrnxene 5.0 2.6 6.4 0. 4 2 . 2 0. 7 I. 4 2.0 0.5 7 .0 
Cl i nopyro xene 5.7 10.6 4 .2 21. 4 4.2 39 .6 38. 1 32. 9 15.7 52.0 4 I. 8 45 .9 60.6 
Altered c 1 i nopyroxen<> 0. 4 I.Ii 0. 7 0.5 I. 2 I.I I. 4 0.4 ]. 0 2 . 3 0.3 2.9 
Garnet 48.6 43. 2 36. 2 27.8 46 . 7 43. 5 9.2 29 . 8 14. 7 N 
Exso lved 9arnet 0 
/I ltered garnet. 13.4 1 I. 5 14 .6 11. 7 10 . 7 7. I 9.8 19.2 15.) ::, 
GrPf'n spine] 
Grown srinel I. 6 ]. 5 2.R I. 7 
/1 1 t.ercrl spinrl 
Phlogopite O.Q 3. I 
Chrnmi te 
Rut i le 0.2 0.3 0.4 1. 4 
Ilmenite 
Sul fid es 0 . 3 0.2 0.4 0.8 2.2 0.6 
Opaque 
Interqranular alt . 1.0 7.. 7 3.4 I. 3 8.8 3.6 9.6 18.4 4. l 11. 0 

Total pts countec1 766 616 578 560 548 904 982 638 715 400 724 353 345 



ll[l[lf'ncfix I. (Continued) . Norlulf's with Lextur<'S cl o11 ii n,1 tpd by P.x solution . 
.. .. . -- - --- -··· - --·-· ---- . - -- --···- - - ·· - - -·-. -- -- ·- ·---- - -- ·-- - --- ---. . . . - - --- - -- ---- - ·-

IJ X4 - ~IJ2- :;112 - Sil?- Sll?. - :,nz- <, (J~ - S112 - sn2 - ~U?.- S02- SD2 -
L7 LI 1 -- - -- LI 11 LI 12 I.I 13 L 111 Ll 15 U32 Ll7 2 _L_l73_ W9 - . ·,·110 

. ----- -·- -·- -- - - - ---

01 ivi11e 2f>. 1 .l0 .2 
llltPrt!cl n11v1ne 17 . 8 9. 7 o,· t hopyroxeni- 14.8 28.2 13 . 7 8. ?0.7 8 .2 35.2 24.7 10.6 2.4 3.4 
f.xsolved orthopyrnxe nP J. 2 5.6 I. 5 9.9 0.6 4 . 0 
llltPrrd or thopyro x<'ne 2.1 4.1 0.8 0.9 n.3 0.4 2.2 I. 9 0 . 2 
Cl i nory,·oxcm' 40.2 1.8 4(,. l fi 2. 9 54 . 0 1 l . 4 75.0 35. 3 8.5 fi 2.8 H.6 69.3 
111 tered cl lnopyrnxcne 0.4 I.I I. 7 1.6 ' l. 7 1. 6 0.4 
G~rnet 23 . 7 6 . 7 11. 3 14 . 4 15. 3 9 .2 11. 7 20.6 J 5. 7 i 5.9 7 .8 24.9 
Fxsolved 9arnct 4.8 4 . 8 S.7 8.6 2 . 0 4 .5 J. 4 3.4 l. 7 3.3 5.0 trJ ce 
111 terP. d garnet. 1.3 l. 2 0 . 2 1. f, 3.7 I. 6 1. 7 1. 7 N 
Green ,; pinel 11.1 10. 1 tr(l CC 14. 5 4.4 trace 0 
Brow11 spinel 4.5 5.5 1.0 ...... 
111 tcrrd spinPl 1. 3 0. 3 6 .2 0. 7 
rh l O!JIJ P I tP 
Chrond te 
Rut i le 
Ilmen ite 
Sulfides 
01'Ml\lP (l_ 3 '). 7 (l _ 1 
lnterqranul ar alt . 4. 5 iO. ; 0.9 ] . I 

Total pt.s coun t ed 540 779 14 70 5SG Rlfi 57n :12 4 984 n89 S19 578 5;,z 

- ---- ------ - --- -- - - -· ------- ------- - ---------- - --- ------- ---- - ----·- ••· --- - -·--- ----- -------·-



APPENDIX II 

MINERAL CHEMISTRY 

Mineral analyses are arranged by Group (see text for ex-

planation), then in alphanumeric order unless otherwise 

specified. 

ABBREVIATIONS: 

CHR Chromite 

CPX Clinopyroxene 

GAR, GT Garnet 

IL, ILM Ilmenite 

MIC Mica 

OL, OLV Olivine 

OPX Orthopyroxene 

PHLOG Phlogopite 

RU Rutile 

SPN Spinel group minerals 



APPENDIX II 

GROUP I NODULES 

SLOAN KIMBERLITES 



Mrl ?- 1 MN? - 1. l SO?. -ll fl SIJ2-ll (l sn?-o ?C, s n~-1.1 ?S sn?.-n 2S Sll?- 11 l l Sll/- 11 l:l SIJ ?-11 11 ', ll.' -1 '. ll / I ,1 ': IJ ? I '> 11 2 -1 ?I '', IJ ? - 1 ?I 
GflH '.i PI/ 01. o r x Gfl ll Il l orx Gfll! 01. fll' X (,flH OL rt l' X 01. Il l' / 

Sf02 41 .% .07 40.48 so. 15 40 . 'Vi 10 . f, / S 7. 39 3~ . !19 ,10 . 71 r, 7. ?7 411 . 11 1 1. :14 •,:\. -12 40 . 1!1) S 7. ?. l Ti 02 . (M .02 . 10 . ?. fi I. 11 1).00 . 3fl . (,() _1111 . 10 . I? 0 . 110 .1111 o . on . J (i f\1 203 I r, , 60 'J . 02 o . oo . 9') l 'i.f,0 ll,IJ() . /') 12 . /(, (l.00 . G4 11. 0(, 11 . (1(1 . /(J 0 . 00 . r,n Cr 211 3 '),ill) ~,r.. ] 11 [1 . 00 . 12 fl . fi 7 0 . (1 1) .40 1:1. 4(, .O J . GO l !, . ;'(i . 10 . J~ ll. 00 .H Fro 1. 20 1 'J . 46 9 . 09 6.79 7 . 1 ,' Y. SG 5. l 6 r, . 74 G. 06 4 . Bll r; _ ~tl /.'J:I 4 . fj{) ,.1q 1 . 7 l Fe203 o. oo o.on 0 . 00 o. oo ll . llfl o. no 0 . 00 ll . lJO o . no 0.110 11.llfl IJ, (lf) O. llO 0 . 01) o. no MnO . '·d . 3fl . JG . 12 . ~s . l 1 . 14 . IS . 0 / . c l . . l!I .09 . I :} . 12 . 11 NIO .1 11 . 16 . 34 .I)] . OJ . 4C . I 5 . 0/ . . M . 0 7 II.Of) . 111 . fl :! . 41 . P M~O l [l. 31 [ 2.?9 50. l 2 31. JO 19. I l Sll. 65 34 . Gl l ll. 1 1 r,1 . 'j / 3', . J;> I H. ?1 ~, I. /2 l',. /~ 
~·1 l . 1J '. 1. /4 ( ~I) 7. J1 0.00 .O? . ll (; ,l '.O 11.00 . CJfl H. 14 .Ill, 1 . 111) H. '.1 ~ .Of, . f!/ . 06 1 . II? Na20 . 01 0.00 . 07 . 1? . 11 . 111 . ?.7 . lr . (11 . JO .0 / . Wi .?? . f) ( , .n r-20 n . nn fl. Oil O. Ofl .(l l 0 . 00 0 . l)l) 0. 0() .03 IJ. Oll . 111 II . Oil o.r,11 o. r;n o.oo o . on 

TilTfi l 1 Il l. 1 r, 9 1. 71 10 1 . lfl 99. nn 101. l l I 01. S~ J()O . ?7 l IH I. '17 10n . 91 1 on. ?o I (11 1. •J ? 1 ll?. ?. / I Il l .: :? 1011 . /,!l WJ.,1!) 

Si 3 .01 9 . 00 1 . 9M I. n5 l l. 4ll7 . 'HM l. 9 7 l l . 4 79 . 'Jfl J 1. 96/l /. <:7 '1 .'l')(i 1.%9 . 91l 'J l . ' Ji l, lf 0. 000 0 . OIJO .002 . 007 . OJ I 0 . ()00 .010 . 017 .002 . 00 3 . (l ]<J 0 . 0111) . f)IJ ? 0 . 0011 . no~ fll 1. 1 I 5 .3SJ 0. 000 . 010 .6GB 0. llOO . 03? . !;sn 0.000 . (1 ;1 6 .fJ(1{ , II. 1)00 . OZ) O.Oll!J . l)?fl Cr . 14 I. ~81 o . ono . 009 . ?19 o.ono . 0 11 . 30 11 0 . 01)0 . 0 16 .B'H .00 1 .020 (). 1)00 . Il l ;> Fe2• . 1 ](, . 540 . 201 . 19:t . 22·1 . l 93 . 14 B . :'11') . I ()J . 11 0 . t?n? . I ',ll . I Oll . ! Sf! . ]1 (, N Fe1• 0.1 )(: (1 0.000 o. ono (l. 000 n . ooo IJ.01)() o.nno 0,(1() () 11 ,()() 1) n . 1100 1n 0 .000 .( l?fi 0.000 n.ono 0 .P? 'l . 0 10 . 003 , ()fl} . OJ 7 . 003 . 001 . on . llU2 , (}(If, . ll / I . 011 1 .IIIH +'> Mn . 00 ;' . 001 Ni . 0()/l . 00 :l . 00 1 . 00] 0 .000 . 0()') . 0 (J,l . Ill)/ , '111/ .(102 I). nl)I J . 0(1 1 . 00:' . 1 l 0 . () () . GOU 1. 016 1. nr. 1. or;; J . H? I I. 77 3 I .PI H 1.1: •, 1 1.g:1n ' . OI ', 1. 1! 1,l 1. /')(, M~ I . 'J /9 
l .ll'i l I . 7YO Ca • rlr,9 n . ooo . OU ! .026 . 2(,5 0.01)0 . OJ(, . :l/ 4 . ()lJ; .017 . ( ,/(; . (Ill ) .run . 00? . 03H N~ 0.0(1(1 0.000 .003 .oon .oo:i . (1(1;' . 111 f! . (111'1 . 110:' .0;>(1 . flll!I .00? . fl )~ . 00 3 . iJl S r, IJ .Ofl fl 0 .1100 fJ . 000 0.001.l 0. 000 0 . 000 ll. 000 .(l(IJ o. nno .110 1 n. 01 111 0.0;)1) 0.000 o.noo 11.000 

CflT! ll NS 7.ngq ? . ')<)f, 1. 01 7 1. n2 l ,1. on ].I ll /l 4 .007 4. oy; ] . 11 1 fl 1. '11 'l l . 'J'll .1.non 1. ')' la :1. 41 ,, 1. Ol li , 

. fl l q . 510 .'100 . 91)1) . n~'ri . ')04 . 9;>1 . 810 . "1 9 . 928 . ll/ / . <J? J .9•1.1 . 92 1 . <J?'l MG/ MG •rE . 2?1 0.000 , ()(1 1 . 0 1 . I ~l l_l 0.000 . ()20 . 211 .(10 1 . 020 . ?~, 1 . 0() 1 . 11 11; . 0111 . 0? 1 Cfl / Cfl•MG 
Cfl/CR+fll. . ?(, (i . r:on o. ono .1[11 . ?12 11 . no11 . 2')(i .111 0 . 000 . 181 . ,, HJ 1 . 0011 . -1 ?6 n. 0011 . 11)11 



,,. , L In/ ··"''- "L "" _., 1,,_ -L "IIJ/-1. 1,/ jllt_ -L ti~ Wt-I. h'! '>IU-L h'! '.> IJL -L Ii') '.>Ile -L 7~ °.ll2-L 75 Sll2-L 75 Sll2-L 7(, sn2-t 76 S02 -L 76 

crx OPX Gr.R 01. crx Gr.R OL Ol'X GM 01_ OPX Gr.R OL OPX 

Si02 <,4. 55 57.10 40.03 40. ·10 54. 50 40.9/ 41.25 58.()U 41. 15 40.82 SG.98 41. 41 40.81 57. 84 
Ti02 . 05 .02 . /6 . 02 . 36 1.18 .03 . 19 1.7.0 .05 .29 .29 .05 .09 
r.120:1 1.10 . 56 12.14 .02 l.72 14. 70 .02 . 82 16. 10 0.00 . 72 in.12 o.oo .60 
Cr203 . 95 . 24 13. :l! .OH 2.05 'J.11 . 07 . 51 8.59 0.00 .43 7.05 0.00 . 30 
I ell 2. 74 5.45 6.50 l.'J'i 3. 7r, 7 .60 9. 07 5. 54 7.99 9.82 5.88 6.57 7.66 4. 73 
rc203 0.0() 0.00 0.00 (l.00 o.oo 0.00 (1.00 0.00 0.00 0.00 o.oo o.oo 0.00 o.oo 
HnO .04 .II . 3r, . 12 . 12 .36 . 15 . 14 . 56 . 13 . 10 . 44 .08 . 14 
Nill .03 .05 0.00 . 34 .05 o.oo . 37 . 10 . 02 .4 2 . 17 0.00 .33 . 10 
H,10 19.42 35.21 l B. lfl 4'1. /0 18. 30 19.03 50. 4B 34.UO 19.11 49.6) 34.39 20.42 51. 52 36.06 can 20.IJ4 . 79 8.54 . 04 17. 55 7 .03 . 05 . 94 6.41 .07 . 94 5.90 .03 . 61 
Na70 .87 . 13 .01 .Ill l.M . 10 .or. . 24 .01 .Oil . 21 .01 .05 . l 5 
K20 .06 .02 0.00 0.(11) .OJ 0.00 0.00 0.00 0.00 0.00 .Ol 0.00 . 01 . 01 

IOlr.L 100.65 99.68 99.81 9f1.58 'l9. 51 100.0fl I OJ. !>5 101 . ?.fl l 01. 20 101 .02 100 .17 100. 21 JOO. 54 100.f,3 

Si 1.962 l. 972 7..993 .995 1. 977. 3. Ill 4 . 993 1.974 2. 985 . 992 I. 967 I. 494 .987 l. 972 
f i .001 0.000 .042 o.ono .009 .OG4 0.000 .004 .066 .001 .007 .008 .001 .003 
r.1 .047 . 022 1.068 0.000 .073 I. 214 0.000 . O] 1 I. 378 0 . 000 . 029 . 771 0. 000 .024 
Cr .027 .006 . 705 .001 . or,8 . '>29 . 001 .013 .493 0.000 .(112 .201 0.000 .OOfl N 
Fc2• .007. . 158 .406 .164 .098 . 46{> . l(J2 . 157 .485 .200 . 170 .198 .155 . l 35 0 

CJ1 r eJ I· 0.000 0.000 o.oon (). ll[J() 0.000 0.000 0.000 0.000 n.noo 0.000 0.000 0.000 0.000 0.000 
Hn .001 .003 . ll?l .00? .003 .021 .0113 .OM .03!; .002 .003 .014 .002 .004 
Ni .DOI .002 o.nuo .006 .001 0.000 .007 .002 .(101 .003 .005 0.000 .OOfi .003 
Hg l.M 2 l. 814 2. 025 1. 830 . 98fi 2. OUG 1. 813 1. 765 2 .Of,8 1. 798 I. 771 J. 100 I. ll58 l. IJ33 
Ca .804 . 0?8 .682 n.noo . 6P.l .553 . 001 .014 .498 .002 .035 . 278 .001 .on 
Na .060 .009 0.000 0.000 . l 14 .013 . 002 .(116 .009 .004 .014 .002 .002 .Ol!l 
K .003 .002 0.000 0.000 .001 0.000 O.OUIJ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

C/1 I IONS 4.030 4.016 [1.()27 ? . 9'111 3. 996 8.020 3.002 4.002 11.0!R 1.007 4 .013 4.016 3.012 4. 014 

HG/MG•r£ .927 .920 . 833 . 9Jfl .910 . UJ 7 . 909 .918 .810 . 900 .912 .847 . 923 . 931 
cr.1cr.,H(; .436 .015 .251 0.000 .409 . 210 .001 .019 . 194 . 001 .019 . 172 .001 .012 
CR/CR •/IL . 31i5 . 7.14 .4;>4 l .000 .443 .293 1.000 . 281 . 263 0.000 .293 . 207 0.000 .250 



Sll?-L 98 Sll?-1 1)H Sll2-L 9(l SO?-L 'l8 Sll2 -Llll0 Sll2-L!OO Sll2-LIOO S02-L!OO S02 -LJ01 Sll2-LIOI S02-l 101 S02-L IOI SOZ-l 102 SD2-ll02 ,ll2-L102 
(PX GIIR 01_ llPX r.px GI\R Ill llPX (PX GI\R OL orx crx GI\R Ol 

Si02 C,4.69 40.20 40.48 56.46 C,4. li4 l'l.93 41. 23 57 .16 ~5. 34 39 .90 40.43 56.85 54. 70 41.49 40. 99 f i02 .43 I. 411 .04 .29 .22 .(l9 . 05 .II . 1R . 88 o.oo . 12 .07 . 16 o.oo II 1703 I. 56 14 .2 1 o.oo . 70 I. 30 12. 12 .05 . 76 1.40 12. 44 . 02 . 73 1.91 19.52 .02 c,·203 1. 93 9.96 o.oo .40 2.46 12. 87 .09 .65 2. 52 12. 71 .07 . 66 1. 96 5.07 o.oo r00 J.li!l B.61 9.98 6.3? 2. 78 6.16 8. 12 4.82 2.!Hi 6.94 8.24 5.04 2.32 7. I 5 IJ.09 r('203 0.00 o.oo 0.00 o.oo o.oo o.oo o.oo o.oo o.oo o.oo 0.00 o.oo o.oo 0.00 0.00 HnO . 18 .63 .09 .01 . I 7 . 3 I .II . 14 .12 . 4 I . I 3 . 14 . 12 . 36 . 12 NiO . 10 .08 .48 . 17 .Ofi 0.00 . 35 .II .09 0.00 .38 .09 .05 o.oo .35 H,10 18.41 HJ. /4 4'J.85 33. 94 111. 52 I!). 38 51. 46 15.41 18. 52 18. 26 50.34 34.93 17. 2 7 20 . 69 50. 70 r.., o I 7. 51 7.?t .08 . 90 l!l.05 11.08 .05 . g:, 11.n !1.05 .05 .93 19. 10 5. 15 .04 N;,?O I. 72 .11 .05 .25 1.51 . 15 0.00 . 24 t. 54 . II .02 . 18 I. 71 .05 0 . 00 KrO .OJ 0.00 0.00 .01 .!M 0.00 0.00 0.00 .04 0.00 0. 00 o.oo 0.00 0.00 0.00 

1011\l 100.10 IOI. 11 I 01. 05 99. 51 9'l.!l1 l)f). r,5 IOI. 51 100.37 100 .34 99. 70 99.lill 99 . r,7 99. 81 99.64 100. J I 

Si I. 972 2.'M . 9flf, 1.%5 I. 975 2.995 . 900 1.%1 I. 987 2. 9117 .990 I . 963 I. 979 2.991 .995 Ti .012 .00? .001 .008 .005 .040 0.000 .002 .004 .048 0.000 .003 . 001 .000 0 . 000 111 .Ofi7 I. 231 0. 000 .029 .058 I. o,;9 .001 .OJO .059 1.096 0.000 .029 .Oil ! 1.650 0.000 Cr .055 .579 0.000 .Oil . 070 . 761 .001 . 017 .070 . 751 .001 .017 . 055 . 288 0.000 N re2• .Ill .5?9 . 204 .184 .OflJ . 422 . 167 .110 .085 . 4JJ . 16B . 145 .070 . 429 . 164 0 I eJ+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 . 000 0.000 0.000 0.000 0.000 ll.000 0.000 0.000 0) 
Mn .005 .!139 .002 .002 .004 .022 .002 . (ll)J .001 .0?4 .002 .004 .OOJ .O?I .002 Ni .001 .005 .010 .005 .001 0. 000 . 006 .On? .002 0.000 .007 .002 .001 0.000 .OOli H~ . 99() 2.0SJ I .810 I. 762 .997 2.053 I. fl39 1. R\ ;> .'l90 2.036 J. RJ6 I . 79B . 931 2.223 1.833 c, .(,/9 . ~,68 .002 .033 .6'l9 .619 0.000 .034 .GHZ . li44 0.000 .034 . 71i3 .397 0.000 N~ .120 .O lli .002 . 01 7 .105 .020 0.000 .016 . \0(, .015 0.000 .Oil . 120 . 006 0.000 K .001 o.ono o.noo 0.000 .not 0.000 o.oon 0.001) .001 0.000 0.000 0.000 0.000 o.oon 0.000 

f. l\ 11 OIIS 4.015 n. or,1 J.0 17 4. OJ Ii 3.9'.)ll R.019 2.999 4.015 3.9fl9 ll. 034 3.004 4 .nor. 4.004 8.0?1 J.000 

HG/HG+rr .8'l9 . 195 .899 . 905 .923 . 829 .91 9 . 979 . 921 .825 . 916 .925 . 930 .838 .918 CII/C:l\otlG .407 . 21 7 .00\ .010 .412 . 240 0.000 .0\8 .408 .240 0.000 . 019 .4 50 .152 0.000 CH/CR •Ill . 451 .1?0 0.000 . 275 . 547 .4 16 . 500 . 362 . 543 .407 1.000 . 370 . 404 . 148 0.000 



Sllt.•l 102 S02-1.102 S02-1 . IOJ Sll2-LlOJ Sll2-Ll?O 502-1.120 S02 -Ll20 SD2-Ll23 S02-Ll23 S02-Ll23 ~02-L l33 SD2-L133 S02-Ll33 S02-Ll 33 
Ol'X SPII OL OPX GI\R OL orx GI\R OL OPX crx Gf\R OL orx 

S102 57.3B .M 41.05 57.3? 41. 34 41. 37 56.0(l 40. 77 41. 92 56.63 54.80 42.09 41.50 57.95 TiOc . 04 .75 .02 .05 . 52 0.00 . 17 . 70 o.oo .03 .14 . 64 o.oo .07 f\1 ?03 . 72 11.81 0.00 ,(ifj 70.41 0.00 .68 14. 73 0.00 2.56 t.48 17 .42 .04 .IJ'J C, ·?.01 . 311 55. 2r, 0.00 .44 3.50 .04 . 25 10.05 .07 .68 .9G 6.79 .II .43 reo 4. 7'l 1.46 7. 8/i 4. 711 7.32 q,31 5.54 6.87 8.06 4. 73 3.42 6.68 8.25 4. 96 r e?03 0.0() 43.15 o.ou 0.UIJ 0.00 o.oo 0.00 o.oo o.oo o.oo 0.00 0.00 o.oo 0.00 M11ll . 13 . 31 . 15 . 13 . 35 .09 .14 . Jr, . 12 . 14 .10 .32 .10 . 14 Nill .06 0.()0 .25 . 1 7 0.00 .42 . 13 .04 .42 .09 . OG .04 . 35 .07 11,,0 35. 81 12. 60 51. S'J 35.66 ?1.41 48.27 35.76 20. 17 49. 21 35.91 19.61 20.06 49.93 34.45 C.iO .53 0.00 . 01 1.00 5.05 .04 . 61) 6. /1 .Ofi .45 17.90 fi. 13 .09 1. 14 N.i ?. 11 . 07 . Ill . 01 . 14 .05 .01 . 14 .05 . 02 .OJ .97 .04 .02 . 14 K20 o.no 0.00 l).110 .01 0.0(1 0.00 0.110 0.00 0.00 .01 .03 0.00 o.no 0.00 

ltllf\1. 'l'l.fl.l 125.48 10\.00 I00.1fi 99.95 99.55 99. '.,l 100.45 9Q.88 101. 26 99.47 100. 21 100.39 100 .29 

Si 1.970 . 003 .9119 \.%5 2. 960 t.01 5 1. 945 2.982 1.0 18 1. 922 I . 979 3.034 1.006 1. 91l3 Ti .001 .1)18 o.oou .002 .027 0.000 .004 .039 0.000 .001 .003 .034 o.uoo .001 f\1 .021! . 454 0.00() .on I. 723 0.000 .on l. ?69 0.()00 .102 .061 l. 4 79 0.000 .035 c,- .00!1 I. 426 0.000 .012 .191 o.ono .nor. .580 .001 .01 8 .026 .3117 . 001 .01 I N r 1~2 I . 137 .399 .l'i8 . 116 .437 .1 90 . 11;0 . 41 fl . 163 . l 33 . 103 .402 . l 67 .JH 0 f'pll 0.000 .0 /6 0.0110 0.0(10 0.000 0.00() 0.000 0.0()0 o.noo 0.000 0.000 0.000 1).000 0.000 ........ 
lht .003 .OOfl .0113 . 004 . 02 1 .1101 .004 .0;'1 .002 .004 .002 .01 9 . 001 .003 Ni . 001 n.ooo .oo~ .004 0.000 .nun .OU) .(102 .008 .002 . 001 0.000 . OOfi .002 Mg I. !l33 .(,13 1.nr,,1 J.11 22 2. 2!l4 I. 7Cifi J. ll49 2. !')fl 1. 783 I.UJG 1.056 2 .156 I. 804 I. 15 7 r.., .019 0.000 .002 .038 . J!IG o.onn . ()24 .526 .001 .016 .692 .4 72 . 002 .043 N,1 .OM 0.000 0.000 . 009 . 006 0.000 .009 .006 0.000 . 001 .067 .004 0.000 .009 K o.oon 0.000 0.000 0.11(10 o.ono 0.000 0.000 0.000 0.000 0.000 .001 0.000 o.ono 0.000 

Cf\ r ION S 4 .004 ? . CJ')] 1. 011 4.0\Q fl.<111 2.9RO 4.031 fl.04 1 2.ll 76 4.015 3.993 7. 9fl7 2.987 3.9fl5 

MG/MG•rE .930 .(,06 . 921 .931 .839 .903 .920 .840 . 916 .932 . 911 . !143 . 915 . 92r, (f\/Cll•Mr. .U\11 0.0011 .001 .0211 . 145 0.000 .013 .193 .001 .009 . 396 .1 80 .001 .024 CR/CR tf\l .??.?. .759 0.000 . 308 .103 1).1100 . lf\2 . 314 1.000 .150 .292 .207 1.000 .239 



W/-LJ ~ll ,llc-Ll!Jll SIII.-Ll ~IJ ', 11 , -1 lh / , 111.- 11 hi ~lit-LIL, './ ',11 ~- l lh'J ~llZ- LI L,Y 502-1.1 88 S02-LIB8 , ll ?-W II •;IJ<' -1·/ II \ llJ - S03- 2 
CPX IJPAQ orx crx 01 GM OL orx Ol orx crx orx crx GAi! 

Si02 53.83 .09 56.54 55.1 2 4 J .G?. 39. 76 40.60 56.03 4 I. I 7 58 .50 54.40 'i 7. 71 54. 92 4 I. 8() 
TiOl .35 55.23 . 15 .22 .OJ . 21 .03 (J.00 0.00 . 10 . 38 . 23 . I 9 .59 
Al20) 1.83 .12 1.05 I. 32 0.00 12. 93 0. 00 .58 o.oo . 70 1.85 .73 I. fi) 19. 31 
c,201 .72 8.36 . l3 ?.28 o.nn 14. 15 o.oo . 51 0.00 .4!l . HJ . I 7 1.00 ~-29 
reo 3.60 73.68 6.30 2.26 B.Ofl 6.71 7. 87 4. 91 7.52 4. 35 4.00 6.39 J.03 7 .no 
I P21l1 0.00 0.00 o.oo o.ou 0.00 (l.00 o.oo 0.00 o.oo 0.00 0.00 0.00 ll.00 0.1)1) 
Mn O .20 .46 0.00 . I 7 .)9 . 58 .OG .22 . 15 . I 5 . 16 . )fl . 15 . 32 
NiO .03 .20 o.oo .07 . 34 . 10 . 3? . I 7 .35 .on .04 .08 .06 0.00 
M90 I 7. 72 I 3. 90 33.6) I 7. lJ 50. 90 18.03 ', I .03 15 . 23 5U. 77 )'i.05 Ill. 91 1].5') 19.02 20. 7'J 
Cao 19.)5 .04 . 93 20 . 011 .02 8.34 .08 . 88 .07 .96 I/. 511 l.0/ Pl. 50 5.53 
Na 20 1.59 .05 . 14 1.B4 .02 .01 .03 . I 3 .OJ . 19 I. 72 . 22 I. 13 .04 
r. 20 .05 .03 o.oo .Ofi (l.00 O.ll0 O.Oll o.oo 0.00 0.00 .0) .01 . 03 O.Ofl 

Tllf/11. 99. 2 7 102.16 9fl.85 1011. 5r, IOI. H1 100.flfl 100.()7 98.66 100.04 !Ofl.56 'l'J.90 I 00. 38 'l'J.f,(i 99.67 

St 1.967 .003 1.974 ) . 91)5 1.000 ?.953 .988 1.%8 . 999 1.991 1.%8 I. 9B/ I. 982 3.004 
Ti .OlO 1.390 .004 .006 0.000 .012 .001 0.000 0.000 .003 .010 .006 .004 .003 
Al .079 .005 .043 .056 0. 000 I. 132 0.000 . 024 0.000 .028 . 079 . 030 .068 t. 635 
Cr .021 .221 .004 .065 0.000 .831 0.000 .014 0.000 .013 .024 .005 .02fl . 242 N 
Fe 2• . llO . 663 . 184 .0(,8 .)63 . 4 I 7 .!GO .144 .153 .124 . 121 . 184 .091 . 419 0 

00 Fr)• 0.000 0.000 0.000 (1 ,1)()0 n.ooo 0.000 o.ouo 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
lln .006 .013 0.000 .0ll5 .004 .036 .Oil) .OOG .003 .004 .005 .005 .004 .Ol'l 
Ni .Ofll .005 0.000 .002 .007 .006 .006 . 004 .007 .002 .001 .002 .001 0.000 
Mg . %5 .693 1.750 .920 l . lJ25 1.997 J . R5Z 1. 836 ) .837 I. 779 1. 020 1. 725 1.071 2. 228 
Ca .7SO .001 .035 . 775 0.000 .664 .007. .033 .002 .035 . fill? . 019 . 71 5 .424 
N,1 . I 13 .003 .009 . 128 .001 .010 .001 .OCJ9 0.000 .013 . 121 .fJI 5 .om . 004 
K .002 .001 0.000 .003 0.000 0.000 0.000 0.000 0.000 0.000 .001 0.000 .001 0.000 

CAT 10115 4. 032 2.9'JR 4.003 4.013 3.000 !l.058 3.01 I 4.02fl 3.00) 3.992 4. 011 3.9'll1 3. '!'Vi 7. ')lfl 

MG/l1G•FE .890 . 511 .905 .931 .918 .827 .920 .927 . 923 .935 .8'l4 .904 .91(1 . 842 
C/1/(A•MG .440 .001 .020 .457 0.000 .250 .001 .018 .001 .019 .4 01 .027 . 411 . 160 
CR/r.R •Ill . 210 . 978 .OIJ5 .537 0.000 .423 0.000 . 361) 0.000 . 317 .231 . 141 . 2<J;> . 1 ?.9 



APPENDIX II 

GROUP I NODULES 

SCHAFFER-FERRIS-AULTMAN KIMBERLITES 



/\Ill-I rn1. 4 S113- 3 S113- 3 5113- 4 S113- 4 S113- 5 Sl13- 5 Sill- 0 S113- 8 S113-L 3 S113 -L 3 S113 -l. 5 511 3-L 5 
cr x C./\n crx GAR crx r.11n CPX G/\n G/\fl s rN r./\R SPN CPX G/\R 

Si02 54. /f, 42, 33 54. 95 42, 21 r,4, 73 42.63 55, 11 42.33 41.06 . 3 7 40. 75 .32 54.67 41.05 r 102 . 7. li . 39 ,21 . 51 .20 ,44 ,22 .46 .zo 1.02 .09 . 30 . 22 . 52 /I 1 ;'03 I. GI 19, 1B 1.95 18. 74 J.97 19.05 J. 91 19.07 I CJ. 7/i 22.26 14.32 7. 52 J.00 i8.li'J r. ,·203 2.11 4.40 I.GI 5.54 1.46 5. 14 J.57 5.1!1 4. l 7 3 7. 09 12. 26 61.06 1.59 S.55 ,,,() ?.111 6.55 2.!l4 6. 90 2. 74 6. SB z. 70 6. 82 7 .09 22 . 73 5.99 11.30 2.68 r;. 29 
f r7.01 o.oo 0.00 o.oo o.oo o.oo o.oo (1.00 o.oo o.oo o.oo o.oo 37. 30 0.00 0.00 M110 .OH . 33 . 11 .38 . 12 .32 . 12 . 31 . 35 . 23 .38 ,27 . 13 .29 NiO o.oo 0.00 , 04 o.on . 07 . 06 .06 0.00 o.oo . 27 0.00 .07 . 07 . OJ Mc1 1J lfi.H/ 21. 52 18.28 7.0.99 10. 90 ? J . 60 JO. 14 21. 13 1 'J . 93 13. 04 21. 41 14.23 18.21 ?!. 39 c.,o t ll.41 5.04 l8. 25 5.50 17.45 5. 18 IB.4 2 5.46 7 .oo o.oo 4. 71 .01 18. 38 5. 72 N,1?0 I . r,2 . on J. 58 .01 1. 61 . 10 J. 45 .04 .03 0.00 . OJ .04 1.45 . OS 1:111 .111 fl. Oil .03 o. oo .03 o. oo , 03 0,(10 0 .00 0.00 o.oo 0.00 .03 o.oo 

ror111. 100.1m 100.02 9'1.115 100,04 9q_31 1 OJ. !fl 99.!Jl 100. 110 100. 59 97. 11 1 99. 94 132. 42 99 . ?1 99.5fi 

~i I. 'II I 3,022 1. 9BO 3.010 1. 976 3.011 1. 986 3.012 7. . 993 .011 2. 9115 .009 I. 981 2.965 
Ti .00(, .021 .005 .027 .oos .022 .005 .()2] .010 .023 .004 .006 . 005 .027 
/II .(l/0 I . 630 . 083 J, 574 ,083 1. S!JS .080 1. 600 1.659 . 814 I. 236 .291 . 076 1. 5119 rr . Of,5 . 24 7 . 045 . 312 .041 . 211G .044 . 290 . 234 . 910 .709 l . 584 . 044 .315 N 

I-' l e?., . OHS .390 .Ofl4 . 410 . 051 . 3 I 7 .08] . 405 .330 .383 .365 .401 . 081 . 379 0 I c• .1+ 1• . 000 0.000 0.000 0.000 . 0)2 .070 0.000 0.0110 .092 . ?06 0.000 0.000 0.000 0.000 Mn .002 . 01 9 . OOJ .021 .001 . 019 .003 , 0\ 7 . 021 .oos . 02 1 . 00fi .0113 . 01 7 
Ni P. 000 0.000 0.000 O.OIJO .001 . 002 .001 o.oon 0.000 .006 0.000 .001 .002 0. 000 t-l•J .905 ?. 291 . 902 ? . 23 1 I. bl 7 2.282 . 974 2. 24 1 2. 1 I 7 . 63') 2. 337 .6% . 9U4 2. 101 Ca . /Bl', .3113 . 705 . 420 . 674 . 3't2 .710 . 41 6 . 531 0.000 . 370 0.000 . 713 . 44 0 Na . \ll'i .01(1 . 110 .008 . 114 .012 .100 . 0IM .004 o.ono .004 .001 . 101 . OOG 
K . 001 0.000 .001 0.000 .no t 0.000 .001 0.000 o.noo 0.000 0.000 0.000 .001 0.000 

C/\T 11111 \ 3. ')'Ill ILOD 3. 99fl f1 .l)IJ 3. ')')11 7. 9'JA 3.987 R.008 7. ')')8 2.'197 fl.OJ I 2. 994 3. 9<J ! 8.01') 

M(; / W, + If . 'JI 4 .H55 ,921 ,045 .952 . 87fl .921 .Ml . fln5 . r,25 .865 . 634 . 924 .85') C/1 /C/\ +M(; .46S . 143 .418 . 158 .399 . 14 7 .422 . l 5 7 .201 0.000 . 137 0.000 .420 . 161 
rn;rn ,111. .4Rl . 112 . 352 . 165 ,331 . 153 .355 .1r,3 . 17.4 . 528 . )(,5 . fl45 .367 . 165 



S111-L Ii 5113-L Ci Sll3-L 7 S111-L 8 SIIJ -L II Sl13-L II S113-1. 17 S113-L 12 S113 -1. 12 S111 -1. 14 S11 3-1. 14 SIIJ -L 15 511 3-l 15 
r. rx GM Glln Glln CPX GAR CPX GAU IL crx Glln (PX GAil 

Si02 54.87 4 J. 12 41. 56 40.4<J 54. 88 41.00 54.63 42. IO .1 8 53.'M 42.04 54.13 41. 37 T 102 .32 .4 7 .10 .40 .42 . 63 . 28 .33 54 .01 .22 .49 . 2q . 15 Al 203 I. 73 l 7 .66 Hl.07 15. 74 1.66 17 . 97 1.63 21.82 .69 2.02 20.57 2. 01 16. 'J I Ct20J 1.73 6.91 6.35 10.40 I . 71 7.26 .61 2.00 2.05 1.31 3.80 1. 22 9.36 fr.0 2. 78 6.65 6.97 6. G5 2.01 6.42 3. 36 9. 63 26 . 28 2. 69 6.32 2. 75 6. 14 rc 20J o.oo o.oo 0.01) o.oo n.oo n.oo 0.00 o.oo o.oo 0.00 o.oo o.oo o.oo MnO . 13 .33 .4B . 6fi .J(i .4 2 .06 . 34 . 90 . 16 .JO . 10 . '.J l N10 .05 0.00 .OJ .02 .06 .02 .05 o.oo .09 .07 o.oo .Oli .07 MyO 18.43 20. 62 20 .07 11\.61 111 . 73 20.62 I 7. 23 20 .11 14. 91 10. 40 21. r,2 IO. 41 21. 13 CaO 1!1.4 2 fi.06 6.35 7. 74 19. I 7 6. 13 20 .4') 4. 96 .04 18. 80 5. 25 18.81 5. I I Nazn I. 43 .05 . . 04 .05 I. 71 .06 I. 2H .03 0.00 !. 78 .08 I. 74 .04 K20 . 04 0.00 o.oo ll.Oll .05 0. 00 . OJ 0.(10 0. 00 . 05 o.oo .04 0.00 

TOT/IL 99,q3 'JCJ.87 100. flO JOO. lfi 101. 36 JOO. 53 9'l.C,6 IOI. 40 99. 15 99.44 100 .63 9g_c;1 1 no. 79 

S1 I. 978 ? .979 I. 4<JI l.4 !11 I. 959 I. 478 1. g32 2.98 1 .005 I. 960 1.489 I. 962 1.409 Ti .000 .025 .003 .01 I .OIi .01 7 .007 .017 I. 381 . 006 .013 .008 .001 Al .073 I. •;07 . 79il .fi79 .070 . 764 . 069 1.820 .027 . 007 .859 .086 .71 0 Cr .048 . 395 . 180 . 30 1 .048 .207 .018 . I 16 . 055 . 038 .109 .035 . 267 ff'2• .003 .401 , 209 .?M . OM . I <J4 . IOI . 51i9 • . 74 7 . Ofl2 . lil7 .083 . lfl5 N re3• 0.000 0. 000 o.oon o.ono 0.000 0.0110 0.000 0.000 0.000 0.000 0.000 0.000 o.oou I-' Mn .003 .OJ') . OIS . fl20 . OO'i .013 .001 . 019 . 0?.6 .005 .OJ I .006 .015 I-' Ni . 00 1 0.001) 0.000 .001 .002 . 00 1 .Oil ! (1,000 . 002 .002 0.000 .002 . ni12 Mg . 9'10 2. 226 1.074 1. 015 .997 I. \O!l . 932 2. 121 .755 . 997 I. 143 .995 I. 135 Ca . 710 .170 . 244 . '!04 . 734 . 237 . 7% . 376 .001 . 732 .1 99 . 731 . I 97 ri~ .099 . 006 .003 . 01)4 . I 18 .004 .089 .004 0.000 . 126 . 005 . 122 .003 K . 001 0.000 0.000 0.000 . 002 0.000 0. 000 0. 000 0.000 .002 0.000 . 002 o.ono 

CAI IONS 3. 9<J4 8.028 4. 01 I 4. 070 4. 010 4.023 3.9% 8. 023 2.999 4. 037 4. 015 4.012 4. 015 

MG/MG•H . 923 . 04 7 . 03 7 . !133 . 922 .fl51 . 902 . 780 . 503 . 924 . 059 . 923 . 8GO ( 11/CA•MG . 410 . 174 . 105 . 230 .4?4 . I 76 .461 . I 51 .001 . 421 . 14 0 . 47. 4 .HU Cll/rn >Ill .397 .?08 . 184 . 307 . 407 . 213 . 207 .060 . 671 . 304 . I I 3 . 2119 . ?7 1 



SIIJ-1. 16 SIIJ-L 16 S113-L 17 Sll3-1. 17 Slll-L 17 S113-L 22 5113-L 22 S113-I. 58 5113-L 50 S113-L 65 S113-L 66 S113-1 66 S113-L 67 

crx GI\R CPX GI\R IL Cl'X GI\R CPX GI\R Cl'X CPX GM (il\R 

S102 55.01 42.21 54.51 41 . 34 1. 18 54. 16 42.02 53.85 41.60 55.40 54. 78 41. 16 41. 73 
TI02 . 11 .23 .27 .36 54.02 . 40 .86 .so .66 . 31 .15 . 31 .57 
1\1203 1 .42 21.21 1.63 21.32 . ,, 2.02 21.62 l.93 18.89 l.25 2.07 19.00 18.61 
Cr203 .68 2.93 .68 2.23 2.23 . 16 .60 l.81 6.04 l.M J.93 5. 74 6.32 reo 2.48 6.43 3.29 9.64 27.38 5.14 ll.23 2.47 5.82 2.94 2.32 6.l5 5.81 
re20J o.oo n.oo o.oo o.oo o.oo o.oo o.oo 0.00 o.oo o.oo 0.00 o.oo 0.00 
MnO .16 .30 . 09 .37 .59 . ll . 36 .14 . 46 .18 .09 .40 .4 7 
NIO .06 o.oo .05 o.oo 0.00 .05 .01 .03 o.oo .01 .07 .06 o.oo 
Mull 10.95 21. 90 17.05 20.11 14.23 17. 92 f 0.65 '18.45 21. 54 18.90 17 .02 19 . 98 21.58 
CaO 19.66 5.26 20.50 5. 14 .07 17. 94 4.85 lB.55 5.69 18.97 19.37 5.50 5.03 
Na20 .84 .01 l.23 .03 .02 l.27 .05 l.81 . II 1.35 I .94 .05 ,09 
K20 .04 o.oo .01 0. 00 o.oo .Ol . 01 .04 o.oo .05 .OJ 0.00 o.oo 

TOTl\f. "l'l.41 100.48 99.31 100.54 100.49 99.18 100.26 99.58 100 . 81 IOI.OB 99.75 99.03 101.01 

Sf 1.909 2.906 J. 907 2.961 .003 J.979 3. 019 1.953 I .482 1.978 J. 901 2. 992 1.406 
Tl .002 ,012 .006 .019 .922 . 010 .044 .014 .010 .008 .003 .017 .015 
1\1 .060 l. 76/ .069 J.800 .021 .085 1.830 .082 .794 .053 .088 I. 627 . 781 N ....... Cr .019 .162 ,019 ,126 ,040 ,004 .034 . 052 . 170 .046 .054 .328 .178 N 
rc2~ .074 .300 .099 . 576 .430 . 156 .6H .075 . I 73 .008 ,070 .409 .173 
re:l• o.ono 0.000 0.000 0.000 .090 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn . 004 .017 .002 .021 .011 . 003 .021 .004 .Oil\ .006 .002 ,023 . 014 
tlt .001 0.000 .001 0.000 0.000 .001 0.000 .001 0.000 0.000 .002 .002 0.000 
Mg 1.021 2.309 ,926 2.147 .481 .975 I. 996 .998 J.145 l.Oll .917 1. 262 J. 146 
Ca . 762 .398 .800 ,393 0.000 . 702 .373 . 721 .217 . 726 .750 . 433 .223 
Na .O!i8 0.000 .0!16 . 004 0.000 .009 .006 . 121 .008 .094 .136 .006 .006 
K .001 0.000 0. 000 0. 000 0.000 0.000 0.000 .002 0.000 .002 0. 000 0.000 0. 000 

CI\TIONS J.991 8.031 3,995 13.047 1,990 4.004 7.997 tl.029 4.021 4.012 4 .003 7.099 4.022 

MG/MG•FE . 932 .859 ,903 .708 . 528 .862 . 748 . 930 .869 .920 . 929 . 755 .869 
CI\/Cl\1MG .427 . 14 7 .463 . 155 0. 000 .41 9 . 157 .419 . 159 .418 .450 . 255 .163 
CR/CR tl\l. . 24 I .084 . 216 . 065 .656 .045 .018 .308 . 176 .465 .380 . 160 . 186 



S113 -1 74 Sll3 -L 01 S113-L 86 Sll3-L 07 S113-L 07 S113 -L 07 S113-L 97 S113-LJ03 S113-Ll03 St13-L160 S113-LJ60 S11 11 -L 

GM GAR Cl'X CIIR crx GAR f.PX Cl'X GAR Cl'X ILM crx 

S102 40.66 41.53 54.-10 .14 54.34 40.94 53.50 53.90 40.42 53. 98 .07 55.20 

Ti02 1. 21 .08 .05 3.R3 . 36 . 51 .09 .03 .08 . 15 38.75 . 14 

A1203 )4.60 17. 72 .50 6.23 1.49 14.17 1.28 1. 33 15.82 1.03 .40 2.50 

Cr203 11.09 7.53 3.20 52.63 2.52 11.43 3.83 2.31 10.65 .14 .08 ?. • 53 

Fell s.~5 5.29 2.06 7.1. 36 2.59 6.88 2.31 2.27 6.85 4.68 46.81 1.49 

Fr.203 0.00 o.oo o.oo 0.00 0.00 o.oo o.oo o.oo o.oo o.oo o.oo 0.00 

11110 .M .50 .23 . 3!1 .11 .43 . 20 .17 .6R .10 . 21 .05 

NiO .01 .01 .07 . 31 .07 .05 .05 .08 .02 .04 .17 0.00 

M~10 70.00 21. 46 16. 51 13. 27 17.50 18.02 l 5.52 17. 49 10.67 16.30 5.39 16. 15 

C,10 7.20 6.06 20.51 .02 10.89 7.60 18.91 19. 99 7.70 ?2.10 .02 70 . 70 

N,120 .07 .11 ?.17 o.oo 1.73 .04 2.78 I. 71 .03 1.04 . 01 2.09 

K20 0.00 o.oo .03 o.oo .01 0.00 .03 .07 0.00 o.oo 0.00 .01 

TOIAI. 101.03 10\.09 ')g. 7') 9fl. I 7 99.61 100.07 C)0.50 99.35 100.92 99.56 92. 71 100. 36 

Si 1.479 1.482 1.986 .003 \.973 3.021 1.980 1. 969 1.478 1. 983 .001 1.900 

r i .033 .024 .001 .096 .009 .028 .002 .001 .002 .003 . 749 .003 

Al .6?6 . 746 .022 . 246 .063 1. 232 .056 .057 .682 .044 .012 .105 

Cr .319 .213 .092 1. 306 .071 .667 . l 12 .067 .300 .003 .017 .071 

f r.2• . 169 .150 .063 .430 .078 .424 .071 .069 . 210 .143 . 540 .044 

re3 • 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0. 000 0.000 0.000 0.000 N 

.020 .051 .007 .009 .003 .026 .006 .005 . 07.1 .001 
I-' 

M11 
.002 .004 w 

Ni 0. 000 0.000 .002 .007 .002 .002 .002 .002 .001 .001 .003 0.000 

My I . 005 1.142 . 902 .657 . 946 1.981 .855 .953 1.019 .892 .207 .863 

Ca .281 .232 .003 0.000 . 734 . 600 . 74CJ . 783 . 302 .870 0.000 . 775 

Na .005 .007 .154 0.000 .121 .004 .199 . l ~l .002 .073 0.000 . 145 

K 0.000 o.ono .002 o.ono 0.000 0.000 . 001 . 003 0.000 0.000 0.000 0.000 

CATIONS 4.017 4.055 4.034 2.034 4.000 7.985 4.033 4.030 4.025 4. 014 1.533 3.987 

MG/MG•H .065 .878 .935 .604 .924 .82.\ . 923 .932 .829 .862 . 277 .951 

CA/CAHIG .206 .169 .471 0.000 .437 .232 .467 .451 . 229 .494 0.000 .473 

cn1rn~A1. . 338 .222 .807 .049 . 530 .351 .667 . 540 .311 .064 .586 .403 



APPENDIX II 

GROUP I NODULES 

IRON MOUNTAIN KIMBERLITES 



I ll ·M I .I 111·1 •I .I IM/ ··1' 111 ,'t l - t. ( '111 11 11 • 1 . IJ 11·1, h - 1' 'J IM4 .' ·I. i.11,t,11 . 1 hlM42 - I. r, lf-14/ -1 It IM41 -L 20IM4 2 -I. ? 11114 ?-I 2 1 

f.PX r;/\11 1;1111 r.rx Cl'X GIIR Cl'X 1;1111 ~l'N crx crx crx Gf\ll 

Si02 r,,1. 7r; 41. Ill 41.')0 r,4. / 2 'il.45 42.61 'i4 . 19 4fl. 7B . I G C,5. 39 54.04 53.91 41.09 
Ti02 .23 .GI .OJ .0(, .')fi .48 .07 . 10 .rn .mi .25 .43 I .02 
111203 I .Ir, 17 .fl() 21.00 . 15 ).9'1 20.82 ;> . 14 If,. 75 B. lfi I. 4 7 3.GO I. 90 15. 74 
Cr203 ].~,() /.37 4. 45 I . r,1 I. 4 I 2.45 2.23 '). 3 7 57 . 12 1.4 '", 2. 42 2. I 7 9.GO 
FcO 2. '10 G. '", / 7. 21 ;' . 7'1 2. 41 7.63 2. Ill , . 10 19.02 2.5H 2.5(i 2.<Jfl Ii. fll 
rc2n1 (l.Ofl 0.(10 n.oo o.on n .on n.no n.oo ll.00 0.(1() (1.00 (1.00 o.ou U.00 
HnO . Ill . 34 . 41 . II .09 . 2G .11 . 411 . 36 .03 . 10 . 18 .32 
NiO . (J(i .01 .02 .04 .02 0.00 .05 o. ()() . I 3 .05 o.oo . 10 .04 
HyO 19. 11) ;'o.H~ ?IJ.S?. Iii. 3'.1 15 . 00 21 .44 16 .M lfl.91 12. 47 17 .f,3 14.4G Ill. B2 19. 77 
cao JR. 34 li.14 r,,r.o c? . II zn. 13 5.05 19.70 6 . f\4 o.oo 20. 7!l I 7. 19 lf1. J I 6. 45 
Na 20 I. ? (i .OJ fl.Oil I. I <J ;>. 32 .02 I. 94 n.oo .04 1. 41 3. 40 I. 64 0.00 
K20 . 0/ ().01) .01 U.Oll o.on 0.flll n.oo . ()) 0,(1() .O? 0.00 . 04 0 . 00 

101111 l(lll .?? 10 1.r,1 IOI. 41 'J'l. 11 'J'l. 114 lllO. 7fi '1'1. )') I Oil. r,r, <JB. 49 100 .f\9 '18.02 100.48 100.'M 

Si 1.%!! ? . 977 2 .')(i(i ?.000 I. 95 7 1.013 I. '170 7 . Q/3 .004 I. 'J8fi I. 9fl6 I. 941 2. 9fll 

Ti .nos .rl31 0 . 000 .001 .007 .025 .001 .nn5 .o,o .002 .006 .OJ I .055 
Ill . 014 1.4% I. 151 .005 . 146 I . 735 .0'10 I. 43B . 1 I 7 .062 . 15~ .OflO I. 346 
C,· .04 ? .414 . 74fl .045 .!Ml . 137 .0(;4 . 540 I. r,oo .04 I . 070 . 061 . 554 

re2• .n11 c, . 391 . 4?fi .OM . 04? .4 50 . ()(,J .444 . 52G .ORO .om .088 . 413 
0.000 fl.000 0 . OIJO 0.000 0.000 0.000 n.noo 0.000 0 . 000 o.onn 0.000 0.000 0.000 

N 
Fe3• ..... 
Mn .no; .O J ') .027 .003 .003 . 01 4 .003 .Ol B .009 .00 1 .002 . oos .0 19 u, 

Ni .nn1 1).1)00 0.0011 .00 1 n.ooo 0.000 .00 1 o.noo .002 .001 0.000 . 002 0.000 

Mg I. 0 )4 ? . / ()') ? . IGS . fl <J ;> . fJr,4 ?.2/iO . <JI? ? .IJS4 . Iii ~ . 'l4 I .7"12 I.Oil 2 .138 

Cd . /Oh . 4HI . 43 /l . 11:t<J . 113 11 . 1fJ2 . 7(, 7 . ~34 o.non . l'Jll .Ci76 . 107 • <;(JI) 

N,, . OU/ - 0114 o_ono .Ofl3 . !Of\ .002 . 13G o.noo . 00 1 .0•)7 . 742 . I I 4 0.000 

I'. . 11111 U. 11011 n.ono O.OOIJ 0.000 0.000 0.000 . 001 0 . 000 o.non o.non .001 0.000 

CIITIONS 4 .IJOf, 11 . fl?l 11.0;>J 4. mn 1.') 'J ) 8.018 4. 007 11.Ul 7 2 . 994 4.00 'J 4.007 4.023 8 .00G 

MG/MG ,r[ . ~21 . f1 ',0 . (l l f, . 914 . %3 . fl34 .9JC, .nn . Sl'l .92? .910 .920 . 83fl 

C/1/Cll•HG . 40(, . I l'J . 168 . 4')') .4'JS . 145 . 4r, 7 .20G 0.000 . 45') . 460 .412 . 190 

rn;rn •IIL . 3(;;> . 7 11 . l ?. 4 .'lnn . 219 .073 . 4 I 6 . 273 .R26 .198 . 31 I .4 13 .2'12 



J I 1' 11 • I. 111•1, · - I / 1 IIH/ - 1 i'IIII-M?-L 171H17 -L '13 IM1 l- l '1/1H17 -L 1 /ll·M 2-1 ~7111'11-L !,J IH1 ?- L 511H12-L ',IIIH4?-l. 5111111 ? -L C,I\JM47 -L '., ,'! 

Cl'X 1;1\R Cl'X (l'X CPX Cl'X GJ\R G/'\H f.l'X r.r.n r./'\RZ( * r.J\Rll/'\ * f,J\Rl?fl* r.J\R Z 2 

SiO; ,,.,. 0'1 '10. 1') !,'1. (,J !,',.0/ 51. ,,, ,,r,. ],' 10.'J) 40. 1 J 5'1.14 4 I. 4H 41.0ll 10.11 11.0B 10.!lJ 
I iO I. .]2 .9B .Oil .11 . I 1 .36 fl '' .OJ .07 .II . 10 .II .]] . I 5 
/'\17.0J I .R5 ]!,.07 .]9 .M 7 .Iii 1.119 17 . ')') I G. 20 2 .10 10. ]4 17 .09 IG. 77 I 7. I 2 I 7. 01 
c,·ZOJ 2.32 10.54 ?.110 2. 31 I.I ? I. 3'1 5. 70 9. 71 2. [15 7. 49 ll.00 7.99 fl.Oil H.16 
l 1!0 J.01 , . 04 I. Q2 7. 13 2.0i' 1.D I.11 , . 33 I. 93 7. 29 6.51 6. 34 6.29 (,. 3'1 
Fl'21l3 0.00 11.00 0.00 0.00 o.no 0.00 0 .00 0 . 1)0 o.on 0.00 o.ou fl.OU fl.00 o.on 
MnO .13 . '13 .05 .OJ .Ol .l'i . )f, .45 .07 .53 . 32 .32 .JO . 32 
Nill .11 . 01 .OG .IM .lll .u, .01 .OH .OJ a.no .01 .02 .07 . 03 
Hr10 ! fl . 52 19.GO 16 .!,'l IG.117. ] ',.t\4 IU.41 7U. 22 Ill. GU 16. 27 19. /G l 'l. 94 19 .9[1 7.0 . 71 7.0 .1(, 
C.10 rn.on 7. 06 22. 311 27.. 0'J 21. I 1 I 7. G? 5.54 7.53 19 . ')/ 6. (JI) 6.92 6. 13 6. I I (i.1) 
N,, ;,n I.I') o.no I. 27 I. 19 1.11 I. JI .115 IJ.00 2.21 o.oo o.oo .OJ o.oo o.on 
KIO . IM fl.Oil ().00 0.110 o.no .OJ 0.00 ll.00 0.110 fl.Oil o.oo 0.00 a.on a.no 

llll/'\I . 100. lfi 101. 5~ QlJ.]7 I oo.r,r, 10(1.07 'l'J. llJ 99. 17 1011. 17 100.00 IOI .on 99.99 'lfl. 41l 'l'). 71 99. 74 

Si I . 955 7. ')(i(l 1 . <197 I . 9'l0 I. 917 I. '190 2.Yn!; 2 . 955 1. 971 2.984 2 . 991 2.%') 2 . 9117 Z. 974 
Ii .UOfl .05] .002 .007 . OIM .009 .045 o.noo .001 .005 .001 .00'1 .004 . 006 
I'll .0/11 1. 21lll . Ill G .026 .111 . 079 1.54r, 1.41)5 .009 I. 553 1.165 I. 461 1. 46 6 I. 4G2 N 
Cr .Of.5 .G04 .0',7 .11 (,5 . 0111 .038 .JJ2 .C,(jfl .001 . 425 .459 .467 . '150 . 168 ....... 
r 1'2 I . 091 .12(, . 0!,8 .Oh] .01, 1 .099 .451 .44'1 .058 .437 . 395 . 391 .3112 . Jfl5 O"I 
rd• 0.000 o.oon 0.000 0.000 0 .000 0.000 0.000 0.1100 0.000 0.000 0.000 0.000 0.000 0.000 
l-111 .OOJ .075 .001 O.POO .Ofll .004 .021 .OH, .001 .rno .019 .020 .017 .019 
Mi .002 .007 .001 o.oou .001 .001 0.000 .004 0.000 0.(101) o.noo 0.000 o.noo 0.000 
M~ . q97 2 . 11 9 .901 .9or, .HSI . 9H7 2 . l'l:l ?.04/ .nm 2. 121.> 2. 162 2 . 202 2.245 2 . 22 1 
C.1 .69/ . ~4 I .1176 . 1154 .r.1n . fi7') . '132 . '.,'J4 . 711 . 46 1 . 5Jll . 532 . 476 .r,oo 
Na . 125 0 . 000 .Oll'J .0% . 171 .O'lO .006 0.0(10 .1511 0.000 0.000 o.noo 0.000 o.noo 
K .001 o.oon 0.000 n.ono a.non .001 0.000 0.000 0.000 0.000 0.000 0.000 o.noo 0.0llll 

C/'\T ION '> 1.077 fl. 1121 1 . 001 ·1.l!Ol J. 'J'll l. '117 f1 .lll fl fl.0 '1] 1.011 ll. 021 A.033 ll.0% ll. 01'i U.035 

HG/MGtF ( .916 . !l1J . '140 .'135 .9] ] . 909 . H2'l .H7.0 .93ll .1129 .MG .fM9 . R~!) .8~,7 
(/'\/C/'\1Mr. . 411 .zor, .4')2 .1fl6 . 4'.)fl .408 .IM . 7.25 .169 . l 7U . 199 .195 . l 15 .IIM 
CR/f.R •Al . ~ ljlj . 319 . 71\ 1 . 711 .1112 . 325 . 177 . ZOil .476 .;?] 5 .2]9 . 242 .?311 . 242 

* r./'\RZl, GAP.ZIA• garnet interiors 
* GAr.Z2, GARZ?l : garnet rims 



111 -1:' I 1,1,IH•ll - l hlil M4,-I (,'IJM4i' - I II IIM i' -1 II ll·M?-1 //l~M /- 1. //IIM / -1 /'lll·M/ I /'JIM•l.' -I /'I 

Cl'X ,;rm CIIR f.l'X (;/\R Cl'X 1;1111 rl'X 1;111? 0,l'll 

Si02 ',4. 1'l 41 . (,/ 11 .)/ •,~. '17 40. ',(j !'>'i .117 ~I. ?II r,~. !JR 41. 71 .II 
l i02 . ?'l . 41 1.111 . ]!, .H6 . ?2 . zr; . 14 .OG .ll'l 
/11701 I .!1'l I B. ·1G 16.(,(i Ii. lll J f,.Gh I. 'JI 17. 44 i.SB ?I. 5/ l ?. . HI 
C:ri'01 I. 34 7.04 !l.0/ . ll'J I. 51 ? . fl(, ii. (,H ~. rlr1 1 . JI: 5 ] . 1111 r ,,o 1. I~ I. l :' 7. Ill ?.M 7. 2fl ?.26 G.UI I .(,H 7. 7"! ?fl.(,[ 
r,,2nJ o.nn n.no n.oo 11.110 11.00 0.00 0.00 11.1111 0.00 0.00 
t1110 . ]f, .]2 . J(, .ns .H . ]J . 4', .ll'I . r,~ . )') 
llill . llf, 0.1111 0.011 .OJ .II? .ll'i 0.()(1 .OJ (1.1)1) .OIi 
MqO I 9. 11 i'O. lif, ?O. ;>n 12 .tiH 70. 11; Hi.hf, l 'I.fol IS.~& ? I. ll 1 1?. 01 
CJO l I . 'J'i (j. ()/ 6.55 11. II r,. 4? I <J. I 7 (,_ 71 i' I . O<J 5.111 0.00 
N,1 2fl I . . M n.oo (1.00 3./9 .llf, ?.OJ U.011 2. fl) o.no 0.110 
r. 20 . (l? n.no .OJ O.flll 0.(10 .02 o.nn fl.fill n.on n.oo 

llJl/11 'l'l.'ll 101.f,/ JOI. !,O ')'l. ;>(i <J'J.9l l00.Jfl 1111. Jr; l0fl . l3 IOI. l / ')11. 4 I 

s i J. %0 ?.'Hill ;>. 974 J .<J/1 2 .%) l . 9113 ?.<JI? I. ?/0 ? . ')Sfi .no, 
Ti . (JI)/ . 11?3 .OGJ .00') .017 .ow, .01 2 . 001 . OM .O?I 
/II . 07'.l I. 54 I 1.411 .292 l. 4 ] 4 .urn, 1.47') .]I}') I. l9<J . 491 
Cr .Olf\ • ]<JC, . 4S(l . 00 2 . 4 JI .ono . 4'H .0/2 . I Ill 1.12[, N -rec• . 094 . 4?2 . 42fi . 079 .14) .067 . 4 l 2 .049 .4 6 1 . 5(, I --...J r cJ • 0.(Jflfl n.noo n.ooo o.oon 0.000 0.000 0.000 11.0110 0.01)1) 0 . 0011 
Mn .1)1)~ . 01 'l .021 . 001 .01') . 110) . 0 2~, . 0112 .01 1 .01(1 
tli . 001 o. noo 0 .000 0.(1110 0.000 .001 fl.()[)() o.nnn 0.0(10 .00 1 
M<J I . flJ'J :'. 19 J 2. 164 .f>/9 2.1% . fl94 ? . 105 . 1\11 2 .2 19 .SIM r.~ .m1 .4(i :' .504 . (if\4 .SOI . 739 . 'i?? .1\ 15 . 1110 O.OllO 
N,1 .09) 0.000 0.000 . ;1(, 1\ .Oflfl .14 1 n.ooo . 111 0.000 0.000 
Y. .001 fl.11110 0.000 o.ono 0.000 0 . 000 0.000 11.flOll o.nnn 0.000 

C/\f liltl <; .01)9 ll. (l?l fl.O?I 3. 9117 !\.M7 l.'l'JJ 11.0:'I \. '19H ILOVl ?..'l'l(, 

MG/Mf.•rl . 'l l 7 .RJ') .036 .fl'lG . 032 . •)30 . ~lh . 94r, .fl2R .r,10 
C/1/f./\ •MG .400 . I 74 . lll'l . 502 . l!l6 .451 . l'l<J . 49J . 14 6 0.000 
CH/CR •Ill . J?~ . 204 . 245 .007 .2)4 .'iOO . 7r,n . )')fl .091 .no 



APPENDIX II 

GROUP II NODULES 



'~ll/ - I \ll!I. Sll?- 1. \ ll / -L '; ll t- 1. '.,IL' · I .I :,11 %-L .l 111 ,' I ', ll.'- 1 \ 11 :' - I \l) , ' .. 1 ,, ·. 1, ;• I \I' ,' I r, 'i\l? -I (, ',11/ -1 t, ·;!J? -1 
Cl'X 01. orx SPN crx (I( n1•x \ l'fl C:l'X ill Ill' X '. I'll (:l'X 111 lll 'X ~1- 11 

Si02 r, ~. 13 1: . , ~ r,7. II!\ .Ofl S~. ~II ~? . 01 57 .GI . Ill, '•1. ] II 1:'.% ~,I . ,' 3 . 1)0 ',1.IM ·11). h'J r,'.,. fl(j . II') Ti02 11.01) 0.111) 0.1)1) 11.00 O.U() 0 .0() 0.00 0 . 110 ll.Oll 0 . 1111 II. f' I) 0.11n ,(I(, o.no 11.01) .Il l A1 203 ?.Sil n.110 2. ')() 1?_. tlO 7.G7 ll.00 2. r, 7 11 . /1 ) t. 1·1 . ll ? ? . r,9 1 1 .P'J 'I . rl0 (I.Oil ;>. ',:! /41).11'1 Cr 203 . flO 0.00 • ',?_ 21 . ',0 . IM ll.UO .1 :1 i ii. I I\ ,Jill 0.IJII . JI c'(,. 1,1 ',· !J . il() .17 ? I . 1 I • -· FcO 1. 2,1 7. no 1. 'i 'l 11. SI, I . 111 / .OJ ~.G1 I i . l,H l ."l/ 7. n:, 11 • ~lj 11 . 1 'i l.'.,ll 1. ?3 -1. /Hl I I . ~" Fr %0) o.nn n .Pl) n.nn n.oo tl. Oil 0.00 n.oo 0 . 011 ii.till il . (111 II.On fl.Ill) II.Ill) (I.Ot_l fl .llfl 11.l!ll MnO .0') .\ll .l.l . 1 ') . or, .09 . II . J:\ . 11:: . 11 . 11 .111 . o~ . Ill _;•t . ?J NiO .111 . :01 .(l) . 11 . nr, . J 7 .ll2 . I J .11(1 . 1.\ . 117 . . lt i . 11 . I / . I ~· . MyO I 7. l l :, ;'. ~G :1s. 1JJ lll. 'l l l l . ;:,-~ '.1? . ~10 3r, __ H 1,: .,:1\ l /. :'/4 r1 l. fl(, ]f,.t,1 I '.l. l•\ l l . 1il 51 . 'il 1 r, .0', 1H.iM cao 23 .. ll . OJ . I~ 11. Oil n .1n . ll2 . ?fj .Ill i1 l . 11:~ 11.111 1 . ;'(1 0. Oil ? I. /4;' .111 . ·111 . l\l N~2n .M n.111l .(\] . ill . hr, . 02 .o:• tl.111) .1:11 .Ill . 01 1) .1111 . ;::_ 0. lli l .fl•j . (I;' K?O o.nn (1.00 n . no 11.(11) O. tlll ll . tlO 0.lln 11.111) 11.tlll 0 .( 111 0.1111 ll.1111 0.1111 fl.IHI ll.tllJ 0.1111 

Tfll Al 100 .'1'1 10? . ?9 l ill. '10 1011.1'1 1110 .11\ 111;'.0/ 102. lll 11111. :i;• 1110. 1_,ll IOI.Ill, I ()7 . '1 3 1()0. CJ/ I()IJ. ::•1 lfllJ.OH 'lf\./1 '!'1.1·1 

s i 1 . ')'j 7 1.001 ]. 9?7 .llil l l . <t',<J . CJ'}) 1. 910 fl. (1111 1 l .'1',l _;)')7 I. 'J?/4 .fl( l? 1 . '1~11 • r I/~/ I . ' liP. .()0;' li n.ooo o. oon O.llllll ll .lll)II 0.0011 o.oon 0.01111 ll.1111!1 ll . 1111(1 ll.f!llO 11.()[)(l 11.lllHI . IHl;' fl.I)!)() II. <Hill 0.11011 /11 . J(lf1 0.000 . I 1 S 1. 3',fl . 113 0.000 . 1(15 1.1-1', .Jl(; 11 . 0llll . IOI l. 11/ . l!l'J (}. IJf)(l . 1nr, I. 11'' Cr . llci' (1.(1011 . 11 13 , '.)t)IJ .11n O.OtllJ .011 . (;JI) . (i;'/4 11.11111) .010 . ,, 7 J . II:' I 11. 11011 .111:l . (, I) ? rez• .112(i . I)/ .1?n . i:'3 . 03 1) . 1 l'l . l?'J . ;,,•, . (I/ 7 . I IH , n nr1 . ? 11 . 111 11 . 1,1, . 1-1 1) . / ! l f'J 
FP)< .OP r.noo O.llllO .n11;' n.noo o.ono 11.lJ()() .1117 .!Ill . 11111, . l) ,1 2 1--' . IJ,1(, 0.11(/1) O.lltllJ 11.! llltl . 05() <..O Mn .llll2 .('O?. . 0!11 .OIM . f'III .0111 .001 .011·1 . Ill!;' .11117 .111),1 .lllM . 1101 . 011;' .fl!lf , . !){) ~l Ni .ODl .007 .1101 .Oil? .r:01 .007 O.Ollil .P{l,' .11111 . {,fl(, . 0117 . 1'01 . ()I) 1 . (lf i'l . nn: . llO; Mg . 'l l 7 1. 1:19 1. ftlft .7/? ') o,· 1 . j~ ~) 5 1. ms .//1 . ·1;,;, ] .1{t)(l I .ii?] . 1:12 .'Ml I .1•.1;q I. ::7 l . 1:10 

• 'J 
Ca .ll<l / ().oon . (11\(, o.nno . 11')0 O.llllll . ()()CJ ll . llflll . ~:~.a 11 . !Jllt l .Oil') ll.111111 . 'JO;_> 11.lltlfl . 0 15 n.nr111 Na .0511 0.(1()() n.nnn ll. llllll .lMT n.nun . 0(1 1 ll. 11111 1 . n:)r, 0.lli\ll .no:' 0.llilO .nso n.011,1 . 110 1 0 . IJOll K 0 . 0011 n.(11)() O.Ollll 0. (Ill() (J.0!)() n .noo o. or.n 0. !)(Ill n. nno n . noo 11, 0110 11.11011 fl.0:111 o.nnn r. .noo 0.llOO 

CAT l OflS 1. q<]q .' . ~') (, 1.011 1 i . 'J'l/ :1 . 0911 ?.'1'19 ~.003 ;, # q11 q J. ')!JfJ ? . ')')q '1.1 11111 ? . <l•JH ,1. 11 I !I 1 .11 I 1 1. 071, ? . r~0a 
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trH?.-C JOIM4 ?- l 14 IM4?-L 14JH42-I. 72JH4i'-I. ?.;> IM4 7-l 46 l H42-L 4f, I M42-l SOIIH?-I C,OI H4 ?-I 1,1) I M4?-L 70 IH4 2-I IOJtH ?-1 :12 I 114 -1. 1\2 

Cl'X Cl'X SPN Cl'X \PU CPX srN r.rx Sl'N Cl'X crx SPN crx Sl'N 

Si02 !,4. 51 r,'1. ~,8 .05 r,~. 11 .11 1, 1,.07 . 14 r,z. 31 . 11 S4 . /0 54.92 .13 S4.G3 .07 
Ti02 . II fl.fl() .or, . 12 .on 0, . . " .04 4, . . " . JI .w, . 34 . 33 .'/7 . 36 
1\1203 1.4H .l.07 3;'.(i7 3. 3& 3 /. 34 7 .49 14.0G 4. (i) 4 l. G7 2. r,4 ].39 29. 38 3.96 21. 72 
Cr203 J.4fl I. )(i 37.110 J.40 31 . 110 1.09 34. 'Jf, I. 4 I 7(,.) ') .8(i J .(jH 40.~2 2.25 4 7. J 0 
I ,.o 1.41 I. 13 n.11 J.41 1S.U2 ) . ('5 11.f,li I. 37 12. C)t 1.01 J. 24 l 4 .1\9 I. Jr, 14.6? 
rr21l] ll.00 11.00 0.00 0.00 lJ.01) 0.00 0.0() (1.00 IJ.00 0.00 o. (l(I 0.00 o.oo 0.00 
MnO . I?. . ()') . 21 .08 .?I .!l'J . 24 .01\ . I 9 .IM o.no . JJ .()(i . 35 
NiO .O?. 0 . 00 . 01 .oz .JO . 04 .03 .on . 11 . or) • 0~) . 11 . IJ ;> . 0') 
H90 I 5 . ')/ 1 :>. Iii lG.12 16 .57 14.9') l fi.h9 1 ~- 3') 15. 51 I/. 73 tr.. 51 IS. /0 14. 29 I 4. 5S 14 . 05 
r.~o 71.B;> 71.% ().00 23. I 7 o·, 71.12 u.oo 22 . 25 .OJ ?2.95 21. 78 .O? I 'l. 'J? . 01 
Na;>ll I.Sf, l.~11 0.00 1.11 .04 I. 15 0.00 I. 91 .OS I .OB I. 7H .07 2. II 0.00 
K20 0.00 0.00 ll.110 ll.!lO 0.011 II.Oil 0.00 0.00 IJ.00 0.00 0.00 0.00 0.00 0.00 

T!lfAI_ Jll0.41\ 9'J. :,1 lllll.!lll 100. 51 <)'). /') 100.<J') 9ll.~? 99.9<) 1110 . r,5 ')9.85 100.:!I\ !Oll.07 '!<J.5? 'I!\. l/ 

Si 1.951 I. <JIG !l.000 I. 923 .OOJ ).%7 .01)1 1. 9110 .OO;> l.'J/1 ).%) .003 I. 914 .0111 
Ti .002 n.ooo 0.000 . l!OJ .001 . 01)] 0.000 .())) .001 .001 .008 .007 . OOG .OOH N 
Al .146 .110 I. I 11 .14 2 I. 21,1 . 101 I. 175 . 191 I. 415 . IOG . 142 1.0?6 . 1GB . 791 N 
Cr . IM I . 0311 . 865 .040 . 7? 1 .030 .illl<J .040 ,ljf)<J .024 . 04 7 . 919 .OG3 ) .1!,6 (.J1 

I e2 • .04? .OH . 1 I fl .04, . }(ill . (I~/ .:l14 . 019 .?% .11?9 .037 .]&9 . 0]4 . 379 
Ir] I 0 . 000 n.rmo o.oon 0 . 000 (l.0I)0 (l.001) 0.1.1110 (1.000 o.onu n.0110 0.000 0.000 o.noo 0.000 
1111 .llll:l . ll0 2 .nor, .002 .001> . 001 .0115 .oo;, .004 . 0111 (l.000 6.00il .Oil) .009 
Ni 0.000 0.000 0.000 0.000 .001 11._oon 0.000 .002 .00? . 1101 .001 .001 0.000 . 001 
H<J .HS4 . flC,{l . (j<J'j .891 . f,41 .WIil . 6/1 . fll 7 . 707 . 1191 . !lJS .631 . 7!1] .649 
Ca . P.J!l .!151 o.noo .fl95 n.ooo . flfl~ 0.000 . !\M 0.000 . flll6 .833 0.000 . 771 0 . 000 
N,1 .!OP. . I 10 o.uoo .0 79 .001 .llHO 0.000 .131 .002 . Ol'i . I 23 .01!1 . lfl9 o.ouo 
K 0.0,10 o.ono 0.000 0.000 0.0011 0.000 11 .1100 ll.000 n.ooo 0.000 0 .000 0.000 0.000 0.01)0 

CATIONS ].9<)1 1. 9'l1 2.997 4. 01 7 2. <)<)/ 1. Q')(, 2.997 4 .02(, 2 .99B 3. 9!11 3.9fl7 11.997 3. 9:l'J 2. ')<17 

MG/HG•H . 953 .%? . 6116 . 955 .640 . 'lf,O .6G8 .955 . /(Vi .%H .958 .631 . 'l5fl .GJI 
C,\/CA•Mr. .495 .son n.ooo . 50 1 0.000 .499 0.000 . ~,08 0.000 . 49') .499 0.000 .4% 0.000 
rn1rn •Al. .219 . 22(i .4 17 .220 .163 . 2;•4 . 401\ . 169 . ?!17 . !H'i . ;,49 . 4fli . ;171 .593 



APPENDIX II 

GROUP IV NODULES 



IM:'0-W 'illl ! ll - 1·1 S t1X1 - 1. 20 NX4-L 211 Sill - f. 2 '.i lll-1' 7 ,111 .r ?. ~; \l ;'-1 I / '.II? I I ? \ f) ?- 1. ;> ') c; n;, . I. / 'J Sll?- L H SD? - 1. 4 I SDZ-L 42 SIJ 2- 1. 42 

rrx Sl'll crx Ol'X Cl'X (;fir. Ol'X Cl'X r.111 : Cl'X (i/\H Cl'X G/\H r.rx G/\H 

5i02 4'1. 57 . ?O Sil. 91 54 . M r,4 .M 41 . 41 '.ifl. 'JB r,4. '.ii 41. ? I !,~. (,f) 4J. 16 54. 55 42. 99 55.36 43. 72 1 i 02 . Ill . () ;> .oo . l ti . 36 .O'l .07 .1? . lJ .?') . 18 .2G .H . 29 . 14 /11 ?03 7. 4.1 "1 . lll 8. 1 1 t1. S!J 1. 23 n.% .'l l l . l ll ;)~ . :l'> 3.41 ?3. 51 2 . 8'.i 7.3 . G4 3. I I ?4.0') r, ·?03 o. 00 .07 o.oo 0.01) .Jfl . ?(, . 07 . 1H . ?2 . /1, .Jn .1 8 .32 . 1 J . 17 l eO 4.JH 1/.')I) I . Bl ',. n 1. II 7. fi2 4.41 l. t:O / . •) ti 2 . /4 1IJ.;,J 1. 71 7. 82 1. 79 7.r,9 Fecil3 n.oo o.oo 0.00 n.uo 0.00 o.oo 0.00 1).()11 I). 00 O.Otl n. rn1 0 .00 0.00 0.00 (J.00 f1110 . II . 11 .nr, . 1G .n:, . 3:! .11•_1 . Ill . :ll) . I) ( , . 43 .OJ . 32 .06 . 33 N iO .OJ 0.00 . OJ . OJ u.no u.oo . 01 . II :' ll.11() . 05 11.()() .04 0.00 .(M 0.00 
M<JO 14. 21 1 /. 00 !4.S2 D . 4S 16. I ll ?2.34 17.W !6. (>.I ?? . ?il I G.n ?O.Gl 16. IJI 22 . 7.7 17. I 6 ?2.0'l C.111 ?.l.ll(, .)fi ?2.5 1 . ?O :' l. Ill\ 4. VJ . ?1 ?I. I 3 4. 'I I I 'l. ')/ J. !19 22 . ?I 4 .3 7 71. 59 4 . 40 Na20 J'' o.on l. 6 1 o.nn I . !ill . ()4 .04 I. /I . 07 ? . 41 . Ill I. S7 .07 J. M . OS r;•n o.oo 0.flll .1)1 0.00 o. ou 11.llU o.on ().1)0 (l . !,il 0.IJ0 0.0() u.oo o.oo 0 . 00 o.no 

l fll/11 9tJ. 1J;1 'l'l . 5fi 1 nn. r,!i 9<J . Jf, I 00 . 17 1 0? . 1", IO?. 1J ,_,q . 71 I Il l. 4:' IOI . fl 'l In ? . Sil 100. 21 IOI. 94 101 .. 17 102 . r,11 

'.'1 l.lll'J .004 1.1133 1. (10;_, I .9GO 2. \HI') 1.%'1 l. 'JV, / . qci,, l. 'JHl J . 004 1. %5 2. 978 !. 96fJ 2. 997 [j . 32 1 ll.000 . 02~ .(HM . flO'.l .OM . OU ! . llOH . ( J( J(j . !Hl I .unn .006 .00/i . 007 .006 /II .O~I 1. 956 . 34 7 . ! fl(j . 135 I. 913 . 035 .l l'J I . 'Jill . 144 I. 937 . 120 1. 929 . I ?'J I. 945 Cr· ll . 000 0.000 n.oon O. OIIU .OM . 012 .00 1 .0:1,1 . Ill? . Otl f, . ll!I, . 004 . OJ (, . 0(13 . OOIJ N r l'2 , . I 13 . JR/ . OSG . l(i (i . 0:,2 .438 . l ~2 . 0 ?(1 • · ; 1)3 . Pil l . S~1h .osn .15 I . OSi . 440 N 
--..J f' pl1 o.ouo n.ooo 0 .0111) O.fl'lfl ll . 000 0. (1! 11) O. OU(l . lltP. • I)! ~1 0 . 1)(111 11. nno 0. 000 o.ono n. onn 0.11110 M11 .001 .002 .()Ill .nor, .Oil ! .0 18 . 0(1;> 0 . {)( JI) .lllh .111) 1 . 0;.> 4 0.0,10 .OIB .001 .O J ll Ni 1).0IJ0 n.ooo . UO I . 1)()1 0.()00 0.000 .oo~ rl.00() II, flll[l .001 0.(101) 0.000 u. uoo . ll(II n.oou Mg . 777 . 657 . /19 I. 129 . :1'1tl 7..292 1. fJ65 .1111:, ;' . ;,' II() . !1/j ,) ?.. 118 . 9flJ ?. 299 . 'JI ll ?.257 

(.,1 . ~()/ . 003 . ,; <J . f)(l/ .838 . J2J .007 .Hl 1) . 11 'I . lbJ . 2Yil . g~, 7 . 323 . P,22 . 322 ti., .O??. 0 . 000 . 11 J O.!l() fl . 115 . 00,1 .PO;> . 11 11 . n11n . I r, 7 . 00:l . 109 .fJOfl .I?r, . fJOG 1; 0.000 o.noo 0.000 0.0110 0 . ()00 0.0011 O. IJOO n.n11n (I , l;tllJ o.nno 0.(l(ltl fl.00:J 0 . 000 0.00(1 0. ()I ll) 

C/11 IONC, 4. 0111 l.009 4. 0:'1 4 . llfll l ~.on~ r. .nn ~ . Of)(, .1 . 'l<Jll I . qqo 1, O! / H.016 4 .014 fl.O?H ~.()?0 7. 'l'l'l 

M!; / MGIJ'[ . 13',4 .629 . 'l.13 ,OJ:' . 945 . 840 . 93') . q/ ',!_ . 1:(, I . 'II 4 . /H ,? • 9·l8 .836 . 9~5 . (JJ 7 
C/1/Cfl>MCi .5'J<) .005 .sn .'11()<\ -~M . 12~ .OM . !, !I . 127 . 41;9 .11 ') .487 .123 . •175 . 125 
Cll/f.R •flt. 0.000 n.ooo o.oon 0.()0() .02') .nor, . 028 . n ;,11 . O!lli .!\<I ll .non .032 .008 .ll23 .004 



502-1 52 502-L 52 Sll:?-1 !)2 S02 -L 77 ~IJ2-L II S02-t 7l\ Stl2-t. /U Sll2 -l /H Sll2-l 79 Sll2-t. /') Sll 2- L 79 Sll/-L 7') 502-L llO 5£12-L eo Sll2-L 80 

Cl•X GAil Pllt.OG Cl'X GAil c.rx GAIi ltU CPX liAH MIC orx Cl'X GAR Ol'X 

Si02 S4.34 4?.. 20 40. 40 53.W 41. 51 S4.56 4~. l'J . 14 ~~,. 11 43.00 41.08 51!. I 'J !>4 .Ile 42. /4 ~7.IJ<' 
Ti02 .65 . 13 I. 35 .44 . 15 .35 . 16 % .46 . 1r, . cu 1.71 . 07 .40 . 21 .O'J 
Al203 3.07 23.89 IJ.11 3.. IU cJ.ltl 3. I/ 23 . 29 1.47 Z. Ull Z3 .ti3 13. lfl .ll9 3. / 4 22 .86 . 9-1 
C, ·203 0.00 0.00 tl.Oll .08 Z,· . " .1 .a .42 .14 . 24 .03 .0) .43 . 73 .09 
fdl 2.07 7 .88 2.U l.'J2 , . r.o I. 74 8. 16 I. 52 1.62 7. 2) l.'M 4.83 I. 73 7. !JO 4. 16 
Fe203 0.00 0. 00 U.00 0.00 0.00 0.00 0.00 o.uo 0.00 0.00 0.00 0.00 0.00 o.on 0.00 
l-1110 . 10 .35 .03 .01 . JS .06 . 33 .11 .05 . 28 0.00 .07 . 01 . 2'! .{)') 
Hi O .07 .04 .OH .01 .02 . 04 0.0ll . 17 .03 U.00 . 14 .04 .06 .0) .13 
M90 I 7. 67 21. 16 24.% 16.88 ?I . 4 / t&.'J3 21. 53 . )B 16. 79 21. 3') 25.29 36.59 lb. 32 21.00 )!:>. 91 
CJU 20 .4 / 4.(,8 .04 22 .17 4. /0 :' t. 44 4 .60 .ll2 22 .1 5 4.43 . 02 . I') 21. 64 4. 5'J . 25 
Na 20 I. lb .04 . 21l 1. G5 . Iii' I. 93 .OH . 06 1. 50 . OS . 13 0.00 I. OU .03 .05 
KZll .02 . 01 10. 24 0.00 0.0ll O.llO O.tlll .Ill 0.00 0.00 9.09 .lll O.lltl 0.00 0.00 

N .~ 
TllTAL 100.22 100. )ti 9c. till 100.02 1011. 0~ 99. 7 7 101 . lb ltlll. /1.., IOU.G3 100.45 93. 41 ttm. <J I 100.45 'J~.9a ~'J.53 co 

S1 1. 953 I. 486 I . ~•.M I. 941 ! . 'l.l l l l. 'JIU 2. 994 .Oil l. 'J/ 2 J.00':I z. •u~ I. '! 12 l. %b 3.019 I . 982 
Ti .018 .fl03 .040 .O il .0118 . 00') .00') ~- /HO .00') . 010 .090 .002 .lllU .OIO .002 
Al . !3ll . 992 .6 10 . I 36 l .9titi . l 35 I. 922 . 139 . 121 l. 949 l. 107 . OJ5 . 13 7 I. 'JOJ .03/ c,· 0.000 ll.000 0.0ltfl .002 . 014 . 004 .01? .027 . 003 .OJ 2 0.000 .IJO! .01 I .039 .002 
r ,,2 , . 062 . 232 . 074 . 0511 .4u2 .ll~3 .4/H . 101 .04 13 .4 23 . I 16 . 13 7 .or,1 . 4•1 l . I 19 
fdt O. OOtl O.OOIJ o.ouo 0.000 tl. (1()(1 0.000 0.000 0.11(1() 0.000 0.000 O. OllO U.000 0.000 U.000 0.000 
Mu . 003 .010 .002 0.000 .0?2 .002 . 019 . 111)7 .001 .016 o.oon . 002 0.0011 . 011; .00? 
Ni . ll02 . 00 1 .00! o.uoo .01!2 .001 0.000 .ill I IJ.llllll 0.000 . lll16 .001 . 001 O.UtlO .003 
M<J . ')4 7 I.Ill I. 470 . 'J lO 2. :>tit; . l.!79 2. ;'4 7 .046 .895 2.2)0 2.G'.l) ! .8SO .u72 2.210 1. !l35 
Cd . 789 . 177 .002 . 860 . 3!i(, .BJO . )•Vi .002 .fl4 8 . 33 1 0.000 . Otl7 .832 . 146 .001.l 
tfo .123 .003 .OIG .11!:> .002 . 13!:> . Oil .Oll'J . !OJ . Ollli .017 0.000 . 125 .002 .003 
K .001 0.000 .5lo 0.000 0.0011 0. 000 0.000 . 001 0.000 0.000 . 89[) 0.000 0.000 0.000 0.000 

CflflONS 4.028 4.015 4.32ti 4.034 11.lbh 4.0IB 8.01/ h . I l1 4 .1)011 l. '11 !6 / .1162 4. Ol)/ 4.005 1. 91.lu ) . 9')) 

Mli /Ml,tH . 939 .827 .%2 .940 .IIJI . 943 .l.l2~ .313 . 949 .1141 .%9 . 'l)l . 'J4 ~ . UJ4 . ')]') 
C,1\/CA•MG .154 . 137 .1101 .4U6 .l 1u .4Bo .133 .04 J .4B7 .1 29 o.ono .004 . 4Ull .135 .004 
CH/CH •AL 0.000 0.000 IJ.000 .011 .00/ . 02') .006 . 163 .024 .OOti ll.ll00 . 02tl . 074 .020 .051 



51l2-I. 41 Sfl?-1. 43 S112-l 43 5117-l 46 S117-l 4(, Sfl?.-l 41 S112-l 47 Sll2-L 4R 5ll2-l 411 S02 -1. 49 SD,-l 49 Sll?-l 50 5ll2-1. .50 S02-1. 50 

Cl'X l,l'IR orx crx Gl'IR crx Gflft r.rx Gl'IR crx Gf\R r.rx (,M orx 

SilJZ !i4 . . 16 42. 36 57 .OIJ 54.H 42.99 SS .11 43. 73 55.52 41. 77 54.30 42. <J4 54.75 43.29 SR.04 
TiOZ .37 . 13 .01 . 26 . 11 . 33 .14 . 3 7 .11 . 34 . 10 . 34 . 12 .07 
1'1 203 1. Ill ?1.40 .57 1.JZ ?3.66 3. lfi ?.3. 77 J. 27 24.13 J.25 21. 52 3.25 ;>3 . 7<J I. 59 
Cr20] . 10 .43 o.uo .23 . 30 . 30 .49 . 23 .37 .39 . 59 .28 . 16 . 36 
rco 1.11 7.42 4.48 I. 77 7.48 1./8 7.63 I. 73 7.57 1.64 7.29 I. 74 7.60 4. 77 
fp203 0. 00 o.uo 0. 00 o.oo 0.00 0.00 0.0() o.ou 0.00 0.00 0.00 0.00 0.00 0.00 
M110 .02 .34 . 1 7 .05 . 34 ,(JJ . 34 .06 .29 .04 . 32 .04 . 10 .09 
MiO .O? 0.00 .04 .03 0.00 .o~, o.oo .Ofl 0.00 .03 0.00 0., 

• L o.oo .06 
Mull 16 . Jll 21.G6 36. 49 16. 18 71.85 16. 71 t.? .41 16.Sll 22.03 16. 16 21.79 16.70 22 . 29 36.74 
r. .. o 21. H'J 4.4 1 . 21 Zl.92 4. 4 7 21. 80 4. 34 21.83 4.41 21.BO 4.68 21. Ill 4.3] . I 9 
fla ?O l. 7'i .oz .06 I. i i .04 I. 69 .M I.I S .03 I. 70 .05 I. 7Z 0.01) o.oo 
K;'ll 0. Ot) 0.00 0.00 o.oo 0.0(1 0.00 (l.01) 0.00 o.oo 0.00 0.00 .01 (}.00 o.on 

TOI I'll 9'l. 'lf) 100.17 'J').03 99.flfl 101.24 100 . 9fl IO?.f19 101. 42 102.71 'l9.65 IOI. 2fl 100.66 102. 08 101. 91 

N 
5 i l . 'l57 2. 977 1.970 I. 95g 2.9!lfl I. 967 2.9% I. %9 3.000 I. 96 1 2.985 I. 961 1.494 1. %1 N 
Ti .009 .006 0.000 .006 .004 .00() .006 .009 .004 .009 .004 . OOH .003 .001 I.O 
I'll . I 14 l. 937 .023 .140 1. 938 . 137 I. 920 . 136 1. 950 . 1J 7 I. gzr; . 13r, . 967 .063 
Cr . OOH .022 O.Ollll .OOG .016 .OOH .02r, . oar, .018 .010 . 030 .OG7 .009 .009 

.006 . 357 .129 .009 .3G6 .052 .436 .05 1 .133 .02J .348 .051 .219 . 134 
r('3 • .044 . 078 0.000 .044 .0611 0.000 0.000 0.000 0.000 .026 .0 74 0.000 0.000 0.000 
Mn 0.0lJO .019 .005 .001 .01!1 0.000 .018 . Olli .016 .001 .Ol!l . 001 .008 .noz 
Ni 0.000 0.000 .001 0.000 0.000 .001 0.000 .002 0.000 0.000 0.000 0.000 0.000 .001 
M<J . Hi~ 2.268 1.()81 .869 2.264 ,890 2.288 .816 2.252 .869 2.2513 .891 I. 146 1.1140 
c~ .nH .332 .008 . !145 .332 .833 . 31 7 .8?<J . 374 .844 . 349 .836 . 160 .OOG 
Ila . 121 .002 .004 . 119 .004 .!!Ii .004 .1 70 .002 . I 18 .006 . 11 '1 0.1100 0.000 
K 0.001) 0.000 0.000 o.uon 0.000 0.000 0.000 n.ooo 0.000 0.000 0.000 0.000 0.000 0.0011 

Cf\ TIOUS J. 'l'l / 7. ')9() 4.021 3.99fl 7.998 4. 001 11.0!l 3.999 7. 9'J'l 3. 998 7. 99!3 4.010 4.006 4.007 

MG/Mli•FE . ')9) .OM .936 .990 .861 .945 .840 . 945 .839 .974 . 866 .946 .840 .932 
f,fl/Cfl•MG . •191 .1 211 .004 .493 . 12fl .483 . 122 .4!l(, .J2fi .493 . 134 .484 . 123 .OOJ 
rn;rn •I'll. .ll', f, . 01 l 0.000 .041 .OOR .0~7 .013 . 042 .009 .068 . 01 S .049 .009 . 125 



S07-I. H3 ~02 -1. 83 S112-L 1!3 S02-1. 114 S02-L H4 S02-L 84 S02-1. nr, S02-L 85 S02-1. 85 S112-L 85 Sll2-l 86 SIJ?-1. nr. Sll?.-L l\li 

f.PX GM 0PX crx G/IR 0PX crx G/\R orx RlJ lPX r./\ll orx 
S102 55.27 47.40 Sri. 96 r,1. 22 47. 51 51.21 54.55 42. 72 57.93 .08 55. 54 17..5G 51. 76 rill? . 34 .05 .03 . 4(, .12 . 16 .36 . 21 .05 '16.28 . 34 . 11 .7.1 /11 203 2. 94 24.07 . 73 3.30 73. 75 . 79 7.93 23. r,7 .69 .09 3.01 2?. . 91 l.00 c.-201 . 17. . 13 0.00 .3) . (i) .03 . 41 .27 .06 . 56 .18 . 97 .()(, I eO I. 'J9 l.'M 4.56 1.81 I. 67 4.37 l. C,9 7 .09 1.<JB . I 4 I. 82 11.23 1 . 'JI fe21l1 (l.00 0.00 0.00 0.00 0.00 o.oo 0.00 . 0.00 0.00 o.oo 0.00 o.ou 0.00 MnO . 10 .40 .\5 0.00 . ]3 . 10 .04 .29 . 10 o.oo .06 . ]Ii 0.(J(l NiO .09 .02 .(M 0.00 0.00 .11 .01 o.no . 11 .02 . 10 .OJ .01 MuO 16.53 21.30 3/i.29 16. 11 71.16 3 7. I I lfi.66 2\. 54 36.36 .01 16.07 21. I) V, . 95 Cao ?I. BG 4.63 . 7.1 21.1? 1./0 . 21 21 .IM 1.~5 . t 7 .01 21. 34 1. 5fl .56 Na 20 \.% .04 . 01 ? .0\ . or, .06 I. SB .01 .03 o.oo \. 93 .01 . 1/ K20 .02 0.00 .0\ .01 0.00 0.00 0.00 0.00 o.oo 0.00 o.oo o.oo o.nn 

fOl/11. 101 .77 100. 9/1 99.05 'J<l. 10 101.23 100. 15 100.10 100.111 99. 18 97.75 100.69 100. 95 100.M 

Si I. 972 I. 484 J .9611 1.%0 1. 1115 \ .955 1.963 2.9'16 1.9M 0.000 I. 985 2.992 1.961 Ti .009 .OU\ . 001 .012 .003 .004 .009 .0\2 .001 . 9'll .009 .001 .005 N /II . 121 . 991 .0]0 . 11 I . 9/ll .032 . 121 1.955 .027 .001 . I 2 7 \. 900 . 010 w 
0 r..- .003 . 001 0.000 .OIi~ . OJ 7 .001 .O\ 1 .011 .001 .006 .011 .051 . 1:02 r 2• .OS9 .23J . 132 . 0'>1 .?71 . 175 .050 . 111 . l l 3 .001 .051 . 1fJ1 . 110 r Pl , 0.000 o.ouo 0.000 0.000 0.000 n.ooo 0. 000 0.001) 0. 000 0.000 0.000 0.000 o.uoo Mn .003 .0\2 . (l!M 0.0011 .OJO .00) .001 .0) 6 .002 0.000 .002 .0?2 0. 0P0 Iii .002 .001 .001 0.000 0.000 .003 0.000 0.000 .002 0.000 .003 .007 . 002 M9 . 87q I. I 12 1.810 . 871 \. 118 I. fl92 .B'l) 2-25 1 1. 8% 0.000 . 857 2. 216 I . fJ?G C1 .81(, . I 71 .00') .831 . 176 .008 . 81 1 .311 .006 0.000 .81 8 . 315 . 020 fl,l . 135 .002 .007 . 11 l .001 .004 . 10') 0.000 .001 0.000 .134 .006 .OOB 1: . 001 0.000 o.onn n.oon 0.001) 0.000 o.ono 0.000 o.noo 0.000 0.000 n.oon o.ono 
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Si I. 9/9 c.9n .99/ ].952 I. 97U 1.!,11<, I. 976 1.91M . 91\IJ I. 917 0.000 I .U94 .'JU9 I. U/6 .Dill Ti .00& .003 0.000 .DUI . 009 .003 .002 . 29l) 0.000 .001 0.000 .009 .001 . 002 . Dill /\I . 13'1 l .B53 0.000 .048 . 143 .9]5 .034 .25& 0.000 .144 l. 735 . 261 0.000 . 176 I. 772 Cr .on .067 0.001) .006 .026 .036 .004 .024 0.001) . 007 .226 . 022 0.000 . OOfl .1% Fe , , .064 . 678 . 10/ . 174 .0!,9 . ns . I, l . 056 . 201) . 174 . 207 .05U . 199 . IH4 . 244 fe3+ O.OllU 0. 000 0.000 o.ono 0.000 0.000 U.tl!lO 0. 1)00 0.000 0.000 .036 0 . 000 0. 000 0.000 0.000 
M11 .OU \ . 034 . 001 .003 .002 .OIO .002 .003 .OCIJ .005 .002 0. fHJO .001 .Otlti 0.000 Ni 0.000 0.000 .005 . 001 O.OllO 0.000 0.000 U.000 .00') .001 . 005 .00? . 008 . 003 .007 Mu . IM4 2.039 1.1.lO'l 1. 818 .834 1.091.l I. 84 7 .Ill I I. 827 I. 735 . 787 .817 l.809 I. /4 2 .790 Ca .8)2 . 374 0.000 .007 . 7911 . 115 .001 . 823 0.000 .01 I 0.000 .838 0.000 .021l .001 tld .125 .1)07 0.000 .001 . 143 O.OIJU . 004 . 109 .001 .003 0.000 .112 . 003 .009 . 002 K 0.000 0.01)0 0.000 0.000 0.000 0.000 0.000 0.001) 0.000 0.000 0.000 0.000 0.000 0 . 000 0.000 

C/\TIONS 4. Ill ;> H.04/ 2.9'19 4.UI I 3. ')'J2 3. ')')!l 4. U03 4. l/(J J.OLO 3.998 2. ')'JI] 4 .013 3.010 4. OJ4 3. 014 

M1;/Mli > FE . ')'H) . 7!>0 . 906 .913 . 9)4 .824 .936 . CJ .l5 .901 .'lfl<J .792 .934 . '.101 .'Jll4 . /G4 C/\/CAtMG .49ti . 155 0.000 .004 . 4iJ') . 13/ .004 . !i04 IJ.000 .006 0.000 .506 o.ouo .0\h .001 rn / CH , AL . I 37 .035 0.000 .111 .l!A .037 . 105 .OU6 11.ono .046 . l I 5 .0711 0.000 .01l .100 



SU2-L 72 S02-L 72 S02-L n S02 -L 72 Sll2-L 74 SU2 -L 74 S02-L 74 Sll2-L 74 Sll2 -L HI S02-L 81 S02-L 81 502-L 82 Sll2-L 82 SD?-L 82 

CPX G/\11 OL Dl'X CPX OL OPX SPN CPX GI\R OPX CPX lil\H OPX 

S102 53 . 99 41. 78 40.6~ 57. I 6 52.8) 40.46 54 . 71 .O!l 54.09 42. 73 57.75 54.64 42.67 57.4') 
Ti02 .42 . 13 .O!l .26 .46 . 10 .05 .06 .38 .23 .II . 56 .l!i . 20 
1\)203 5.38 22.08 0.00 1.47 6.34 0.00 4. 20 ~9. 58 3.26 22.91 . 96 3. 04 ~I. 25 .!l4 
c,·203 .ll2 1.29 0.00 .24 .1 I 0.00 . 20 9.09 .81 I. 26 0.00 .66 .81 . 03 rcn 2. 31 11.04 9.89 6.44 2.23 10. 15 6. 77 l0.l>2 2.08 8. 81 4 .UII 2. 22 1.99 4. 1)6 
~e?O J 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11110 .13 . 55 .09 .09 0.00 .08 . 22 .24 0.00 .29 .09 . 07 . 34 .04 
NtO .08 .05 .37 .15 .03 .45 . I 7 .22 .03 .02 0.00 .10 .02 . 13 
1·1<10 14. 65 19. 211 49.41 34. 73 14.87 49. 33 33. 27 20.31l 16 . 28 20.65 36. 23 )b. 32 21. 34 35.132 
lJll 20.25 4. 90 . 03 . 31 20 . 61 0.00 . 57 .02 21. 39 4. 90 .20 20. 7ti 4. 71 . 20 
N,t 2tl 2. 40 .04 . 04 .04 1.81 .U!i .OU 0.00 2.21 .06 0.00 2.07 Or .0li . :, 
K2il 0.00 0.00 {1.00 .0) n.oo 0.00 0.00 a.no 0 . 00 0.00 a. co 0. 00 0.00 0 . 00 

llll/11 100. 43 IOI. 14 100. 56 100. 90 99.89 100.t,2 100. 24 100. 29 100. 53 101.86 100.22 N 1011. 44 99.39 99.b/ 
0-, 

Si I . 94 1 2.982 . 992 I. 956 I. 906 . 989 1. 893 .llll2 I .'.MU I. 494 I. 97 1 1. %5 J. 046 I. 9/ 4 
It . 01 I .007 . 00 1 .00/ .01 2 .002 .002 .001 . 010 .006 .003 .0) 5 .008 . 005 
1\1 . 228 I. 8\iH 0.000 .059 . 270 0.000 . I 71 I. 777 . 13<) . 945 .039 . 129 l. 789 . ll34 
Cr .023 .073 0.000 .007 .020 0.000 . 0116 .111/ . 021 . 035 o.noo .019 .046 .1101 r t·2 • .069 .G~'l .202 . IB4 .067 . 208 . 196 -~25 . 063 . 258 . 14 0 . 06/ .4/7 . 140 
f .,) I 0.0110 0. 000 0.000 0.000 0.000 0.001) 0.000 .O l5 0.000 0.000 0.000 0.000 0. 000 0.000 
M11 .004 .033 .002 . 003 0.000 .002 .0llG .005 0.000 . 00') .003 .002 .020 .001 tli .002 . 003 .007 .004 . 001 .009 .004 . 0U4 . 00 1 U.000 0. 000 . 00) .001 . 004 
l·l!J . 786 2. 052 I. 79Y ) . 772 . 800 I . 799 I. 716 . lb'l .11/5 1. 077 I. 844 .875 ,.n2 ) . 835 
Cd . 713 .37~ .001 .OJ I .7 YO 0.000 .021 0.0110 . Ul6 . 184 . 001 . !JOO . 365 .008 
N" . 161l . 005 .002 .003 . 127 .00?. .006 0.000 . J 54 .004 0.000 . 144 . 006 .004 
K 0.001) 0.000 0.000 .001 0.000 0.000 0.000 o.noo 0.000 0.000 0.000 0. 000 U.000 0 . 000 

CI\TI UNS 4.005 0. 047 3.006 4.007 4.001 3.011 4.021 3.000 4.039 4.012 4.007 4 .OJ 9 !l.OJ0 4.006 

r-11; / Mli, FE . 91 'J .757 .89') . 906 . 923 .1!96 .ll'J7 . 774 .933 .807 .929 . ~l'J .U?.6 . 92 9 
LI\ /Cl\•MC .496 .155 .0lll .006 .499 0.000 .01 2 0.000 .486 . l~ u . 004 .4 /8 . 1111 .004 
Cl!/CI! t i\! . 092 .038 o.uoo .106 .069 0.000 .034 .093 . 14 2 .036 0.000 . 12ll .02S .Ol 9 



- ---- - ---- ---------------------- - -

Sll2-I. <JI ~n?-1. '11 Sll2-1. q1 <;ll?-L 91 S02- 1. 92 S02-1 . 'J2 Sll2 -L 92 Sll2-L 'J? S112-1. 'J) S02-L 93 <;D2-L 93 S02-L 93 S02-1. 95 Sll2- l. 95 
Cl'X !II. OPX SPN CPX OL orx Sl'N crx OL orx SPN OL OPX 

S iOi! 54.0~ 40. 21 ',6. 54 .M ~4.02 40.BS '.iii. O(j . I 5 '.i1 .AI 40 .60 5'.i. 90 . I 7 40. 21 54. 91 T ill2 .O J .or; .JO . 02 . OJ .OJ . OJ 0.00 .06 .07 o.oo .07 o.oo .09 fl I 20J 7.. 7<, .O'J 2.51 40 .2? 2. 24 .02 2. 53 39 .(,8 ? . 42 0.00 2./6 38.92 0 .00 4.4 5 Cr203 . 93 . 07 . 30 26. 71 . 72 .OJ . 36 2 7. 43 . 71 .OJ . 48 20 . 34 0.00 . 31 Fen I. (i', 7.17 '.i.(ll ll. 37 1.62 7.A3 '.i.22 12 . 73 I. ~,3 u.oo 5.07 13.07 9.86 6. 30 re i!03 o.oo o.uo o.oo o.on 0.00 (l.00 o.oo 0.00 0 . 00 o.oo o.oo o.oo 0.00 (l.00 HnO .O'J . 13 . I 3 . 21 .JI .11 . II .24 .Oli . 13 . 13 .29 . I 3 . 14 NIO .1)4 . 40 . 14 . I 7 .OJ . 45 . 13 . 2r, . 04 . 4 I .10 .26 . 36 .07 H<JO 17. 48 4Q. 78 34.54 I 7. 54 27.% 50.72 35. 11 IB.?4 16.79 SI. 24 34. 91 17. 90 50. 15 33 .23 C.10 23. l 'J .02 . 33 0.00 73 . 7'.i .01 .12 .02 ?3 . 03 . 61 . 59 .04 .01 . 57 N~20 . 59 0.00 . 02 o.oo . 4 7 0.00 . 02 .01 . 57 .oz .01 .06 .OJ .05 K20 0.0ll 0.00 0.00 n.nn 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 o.oo o.on 0.00 

TOTfll 1()0. 7'J 9A.50 100 .42 97.)8 110. 9'.i 100 . 03 99.R7 90.AI 'l'l.RO 101.09 100 .03 99.12 I 00. 73 I 00 . 12 

Si I. 942 . 994 1.918 .003 I. 948 . 994 I . 929 .004 I. 95 1 .984 I. 924 .004 .9Hl 1. 895 Ii 0.000 0.000 .001 0.000 0.000 0.000 0.000 0.000 . 001 0.000 0.000 0.000 0.000 .002 fll . I Iii .002 . 101 I. 349 .094 0.000 .102 1.31) . 103 0.000 .1 11 I. 291 0.0011 . 180 N Cr .026 0.000 . 008 .601 . 020 0.000 . 009 .608 . 021 0.000 . 013 . 630 0.00(1 .non ..::,. 
re? • .049 . lfiO . 167 .246 .04R . I S9 . 149 . z;,2 . 04S .162 . 145 .217 . 20 1 . !Bl --..J 
rrJ n.nnn o .ono 0.000 .(MO 0 . 000 0.000 o.oon .07 6 n.ono 0.000 0. 000 .070 0.000 0.000 
l-111 .fJ02 .002 .004 .004 . 003 .002 .OOJ .005 .110 ) .on2 .003 .006 .002 .004 Ni o. rmo .00 7 .004 .003 0.000 .ooo .OOJ . 005 .001 .008 .002 . 005 .006 .00 1 H~ . 93:, l.f11) I. 766 . 744 • 9r,3 I. MO 1. 800 . 763 . 907 I. 852 I . 788 . 7SO ) .824 1. 709 Ca . 11')2 0.000 . 012 0.000 .906 0.000 . OJ I 0.000 . 925 0.000 .02 1 0.000 0.000 .020 Na .040 0. 000 .00? 0.000 .012 0.000 .001 .0(13 .039 0.000 0.000 . 002 0.000 . 003 t: 0.000 o.nnn o.noo 0.000 o. ono n.ooo 0.000 o.nno 0.000 o. noo 0.000 0.000 0.000 o.ono 

CflT IONS 4.002 7.9% 4. nn s 2.998 4.004 J.001 4. 007 2.'199 J. 'J'l4 3.oon 4.007 2.995 3.014 4.00] 

H(;/MG•rE . 950 .920 . 914 . 752 .952 . 920 .924 . 775 .%1 . 920 .925 . 760 . 'JO I .904 Cfl/Cfl•MG .4 1lR 0. 000 .007 0.000 . 487 0.000 .oor, 0.000 . 505 0.000 .012 0.000 0.000 .01 2 Cll/Cll•fll . !Al 0.000 .nn . 10fl . I 75 o.ono .Ofl l . 31 7 .)li'l 0.000 . ! OS .320 0 . 000 . ()43 
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ERRATA 



~Ol-L 'J5 Sll2 -L 96 S02-L 96 S02-L 9u Sll2- L 96 S02-L 97 S02- L 97 S02-L 97 Sll2-L 91 S02-L 99 5ll2-l. 99 S02-L 9'J S02-L 99 
SPN CPX OL Ol'X SPN CPX Gflll OL orx CIUt CPX OL Ol'X 

SiOl .10 51.114 40.9b 56.30 .01> 53.Bti 41. 80 41. BO 57. 13 .02 55 . 35 41. 3:1 5/ . 73 Ti02 .09 .01 0.00 .13 .03 .40 . 10 . 10 .OJ . 27 .03 .02 . II /\WU 51. 82 3.BO 0.00 2.59 46.06 3.69 21. 99 21. 99 1. 21 17.88 I. 84 0.00 . 04 C, -;>03 8.14 .83 0.00 . 22 19. 87 I.Oil 1.44 I. 44 . 2b 52 . 03 I. 23 0.00 . 10 FcO 11.40 J.83 9.41 6. 20 10 .59 2. )O 9.91 9.91 5. 70 13.67 1.24 7. I 4 4. 21 I c:.'03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 . 00 0 . 00 0.00 0.00 0.00 0.00 M110 . 11 .II .OB .10 .5/ .o~ . 54 . 54 . II I. 37 . 13 . 13 . 09 Nill . 32 . II .44 .18 .28 . 03 0.00 O.Oll .09 . 13 .04 .39 .08 M"O 19.114 16.25 50 . 38 34.0 / 111.39 I ~. 52 19.49 l 'J. 49 35.116 13. 25 16.117 52.21 36.05 Lill .02 22 . 52 .02 . 30 .02 20.6 1 4. 76 4. 76 .23 .02 22.43 0.00 .28 llJ 21l 0.00 1.02 .03 .OJ 0.00 2.0ll .02 .02 .OS 0.00 I. 36 . 07 .04 Klll 0.00 0.00 0. 00 0. 00 0.00 .01 0.00 0.00 O.llO . 01 . 02 0.00 .01 

[I) !AL 97. 04 100.32 I OJ. 32 100. 10 9ti.67 99.~b 100 .05 100 .U~ I 00. 71 98.65 IOU. 54 101. ,'') '.J9 . b2 
N 
+:> )i .002 I. 940 .9'!1 l.'139 .002 1.%4 2.999 . 994 I. ~52 .001 I .'JI\/ .9'JU I. 97U \D f I .DOI o.uoo 0.000 .003 .001 .010 .004 U. 000 .001 .006 .001 (l.000 .003 Ill I. 792 . 162 0.000 .105 I. 4 'l6 . I 57 1.859 O. llllll .IJ~O .h53 .07H ll.001) . 034 r: ,- . 169 .024 0.000 .006 .4 26 .031 .000 0.000 . llOo I. 2 IS . 03~, O.UOtl . OOS fe ~, . 210 .055 .190 . I 7':l .240 .069 . 594 . 177 . 162 . 0~9 . 03 7 . 143 . 121 fdo ll.000 0.000 0.000 0.000 .074 0. 000 0.000 0.000 0.000 . 354 0 . 000 0.0110 0 .000 Mu .UU2 .003 .002 .003 .013 .OUJ .03 1 .001 .llU) . 036 .004 .003 . 003 N1 .006 .0()3 .009 .005 .006 U.000 0.000 .007 .llll2 .003 .001 .Ou/ .002 11" . 7 ll . 814 I. Ill 7 I. 750 . /4 2 .8 "l9 2.0114 J .fs2) 1.826 .61 2 . 'Jll3 1. 11r.s I. tl1 2 C.-1 U.000 .870 .001 .011 0.000 . BO I . 364 0.0IJ0 .00!1 .001 . B~3 0.000 .Oil) I-la U.llll(J .072 .Olli .Olli 0.000 . 140 .002 0.000 .ll03 0.000 .0')4 .003 . 003 t: 0.0()() 0.000 0.000 o.oon 0.00(1 (J.(100 0.00() 0.000 0. 0011 0.000 .00] 0.000 0.000 

CIITIUNS 2.%7 4.003 3.011 4.00,' 3.000 4.0112 ll.017 3.002 4. 013 2. 990 4.004 3.01 I 4.001 

M!, / M<i•l"t . 78 1 . 941 . 905 . 907 ./56 . 9~t\ .178 .912 . 919 .912 .%] . 929 .938 CII/C/11M1, 0.000 . 499 .001 .006 0.000 . 4Ufl .149 0.000 .004 . 002 .48'.I 0.000 .005 CH / CH•/\L .DUG .1 29 0.000 .054 . n2 . J6S .041 0.000 . 107 .66 1 .310 0 .000 . 123 



Sll2-l.121 SU2-ll21 SD2-ll21 SD2-Ll21 502-Ll24 SD2-Ll24 SD2-Ll24 Sll2-Ll24 S02-Ll25 S02-Ll,~ ~UZ-Llt~ JIU-Lll:J 

c1•x GAH 01 01•x CPX GAR OL 0PX CPX OL 0PX SPN 
Si02 53.23 42. 71 41. 79 57.53 54.04 42.25 41. 20 57.45 53. 04 40.97 55.10 .02 Ti02 . 32 . lR 0.00 . II .39 . 10 0.00 .13 .27 .01 .14 .01 /11 203 3.49 22.59 0.00 1.19 3. 50 22.25 0.00 l. 36 6.24 0.00 3.04 5U.55 (r2U3 .89 I. I 7 .02 . 20 1.00 1.44 .02 .29 .64 0.00 . 16 9.85 FeO 2.57 10.54 9.32 6.24 I. 'J4 10. 20 9.35 6.04 2.15 9.67 6.25 10. 51 f e2U3 0.00 0.00 0.00 0.00 0.00 ll.00 o.uo 0.00 0.00 0.00 0.00 0.00 M110 .Oil .53 . I) . 10 . OU .55 .09 . 15 . I 5 . 17 .15 . 21 NiO .05 .01 . 41 .05 . I<' 0.00 .42 .04 0 .00 .37 .00 .27 M90 15. 18 19.36 48.94 34.)3 15.61 18.61 48.57 34.31 15.30 49.63 32.80 19. 97 Cail 20.66 4. 56 .02 . 25 21.n 4. 91 .o, . 30 21. 10 0.00 .63 0.00 NJ21J 2.IU .02 .02 .04 I .!16 .02 U.00 .04 I. 78 .04 .10 0.00 K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .02 0.00 0.00 0.00 

TUT/IL 911.65 I OJ. 67 100.65 I00.04 9'). 75 100 . 49 99.b7 100.11 10ll.h9 100.86 99.)) 99.39 
N 
(J7 

Si I. 955 3.012 1.014 I. 979 1.%8 3.019 I.Oil I. '!74 I. 901 .9% l. 915 0.00() 0 
fi .008 .008 0.000 .002 .0 10 .008 0.000 .Otl3 .007 0.000 .004 0.000 Al .151 l.87J 0.000 . 04 7 . 14 1\ l. 872 U.000 . OS4 .264 0.000 . I!,/ I. 772 Cr .025 .064 0.000 .005 .02H .OllO 0.000 .007 .IJIO 0.000 .004 .200 Fe2, .079 .621 . lllO . l 7U . OS8 . 614 .191 . l 73 .OL5 . I 97 . 102 . n6 I e3 t 0.000 U.000 0.000 0. 000 fl.0110 0.000 0.000 ll.000 ll.000 0.000 0.000 .on M11 .002 . 031 .002 .002 .002 .031 .001 .004 .OM .004 .004 .005 Ni .001 0.000 .DOU .001 .00] 0.000 .008 0.000 0.000 .007 .002 .006 M~ .031 2.035 1. 770 1./&0 .!142 l. 981 I. 776 I. 757 .818 1.799 I. 705 . 764 Cd . lll3 . 343 0.000 .009 .822 . 375 0.000 .01 l .811 0.000 .023 ll.OflO Nu . 155 .002 0.000 .002 . 129 oo~ 0.000 .002 .124 .Oll2 .1107 0.000 K 0.000 0.000 o.ono 0.000 0.000 0.000 0.000 0.000 .001 0.000 0.000 0.000 

C/\TI0tlS 4.020 7.993 2.982 3.98~ 4 .000 7. 91l2 2.987 3.985 4.013 J.005 4.003 3.000 

MG/Mlj If[ . 913 . 766 .904 .900 . 936 ./63 . 903 .<J IO . 926 .901 . 904 . 112 CA/(/\•MG .495 . 144 0.000 .005 .494 .15') 0.000 .006 .498 0 . 0110 .01 3 0.000 Cfl/W t/11. .142 .033 0.000 .096 . 159 .041 0.000 .ll5 .064 0.000 .025 . IOI 



S02-L126 SD2-L126 S02-L126 SD2-L126 502-Ll27 S02-L127 502-L127 S02-L 127 S02-L12U S02-L120 S02-ll2U S02 -L128 S02-L129 S02-L12<J S02-L129 S02 -Ll29 
CPX OL Ol'X SPN CPX OL OPX SPtl CPX Ol OPX Sl'N CPX OL OPX SPN 

S i02 53.62 41.29 55.66 .02 !il.23 40.52 54.JO .04 ~2.00 40.69 55 . 36 .08 51. 53 40.40 54. 77 .03 r i02 .01 .03 .10 .05 .53 .01 . 18 .13 .29 0.00 . 01 0.00 .42 .04 .12 .05 fll20J 4.04 0.00 2.83 49. 39 5.63 0.00 4 .07 54.81 5.90 0.00 3.58 58.67 6.67 U.00 4.37 61.28 C,-203 .86 o.oo .26 19. 74 .Ul 0.00 .37 13. 32 .M 0.00 .10 10.33 .62 0.00 . I 9 8.02 f ,io I. 78 8.61 5.39 11.67 2.33 9.51.l 6.79 10.88 2.09 9.42 6. 14 9. 71 2.65 10.02 J.02 10. 27 fc21!3 0.00 0. 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 M111J . 13 .18 .14 . 51 .16 .20 . 17 . 36 .08 . 10 . 19 .40 . 15 . 19 .16 . 13 NiO .05 . 35 .07 . 12 .07 .48 .01 . 21 0.00 . 33 .04 .37 . 04 .47 .06 . 31 M"I) 16.62 50.57 33.80 18.19 14.66 50 . 37 33.4<) 19.56 15 .02 50.bO 34. 35 · 20. 73 15. 32 50. 12 33.20 20 .99 CJIJ 22.26 0.00 1.04 0.00 22.0U 0.00 . 54 0.00 21. IU 0.00 .26 0.00 20.61 0.00 .60 0.00 N,1 20 1.06 .04 .07 0.00 l. 68 .03 .03 .05 I. 94 .01 .03 0.00 1.83 .04 .02 .02 K20 .02 0.00 o.oo 0.00 .01 0.00 .01 0.00 0.00 0.00 .01 . 01 .01 0.00 0.00 0.00 

TO f/11 . 100.45 101.07 99.36 99.69 99.19 101. 19 99.')9 99.J6 99. 14 101. 35 100.07 100.30 99.85 101. 36 100.51 101. 10 N 
U1 
I-' 

Si \. 929 .')9/ I. 930 0.000 1.880 .'Jtl4 1. B84 .001 I. ll•J7 . 9tl4 1.908 . 002 I .U/0 .'JU3 1. U'JO .001 fj 0.000 .001 .003 .001 .015 0.000 .005 . 002 .008 0.000 0.000 0.000 .012 .Olli .003 .Olli fll .171 0.000 .116 1. 558 .244 0.000 .166 l. 666 . ;>54 0.000 .146 I. 74 7 . 2115 0.000 . I 78 1.195 c,· .025 0.000 .007 .418 .024 0.000 .010 . 27;> .018 U.000 .003 . 20G .Oltl 0.000 .005 .157 f~L• . 054 . 1 74 .156 . 26 1 .072 . 1% . 197 . 234 .064 .191 . Ill .205 .080 . 204 .203 . 213 rd, 0.000 0.000 0.000 .021 0.000 0.000 0.000 .057 0.000 0.000 0.000 .043 0.000 0.000 0.000 .045 M11 .004 .004 .004 .012 .005 .004 .0,15 .onu .002 .002 .005 .009 .005 .003 .005 .003 tli .001 .001 .002 .003 .002 .009 .001 . 004 0.000 .006 .001 .008 .001 .009 .002 .006 M9 .892 1.820 1. 748 . l26 .802 \.B?4 1. 733 .75l . 01 7 I. U32 1.766 .780 .029 1.815 I. 708 . 778 Co . US9 0.000 .039 0.000 .8fi9 0.01)0 .020 0.000 .829 0.000 .010 0.000 .802 0.000 .022 0.000 N" . 074 .002 .005 0.000 . 120 .00l .002 .OOl . 13 7 .001 .002 0.000 . 129 .002 .001 .001 r. .001 0.000 0.000 0.000 .001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

CATION\ 4 .010 3.005 4.010 3.000 4.034 3.017 4.023 2. 991.l 4.026 3.016 4 .018 3.000 4. 031 ].017 4.01 I 3.000 

MC/MC•fl .943 . 913 .918 . 7)6 .918 .903 .1198 . /G3 . 927 .'106 . 90') .792 . 912 .899 .894 . 785 CA/Cfl•MG .491 0.000 .022 0.000 .520 0.000 .Oil 0.000 .504 0.000 .006 0.000 .492 0.000 .01] 0.000 Cil/Ci!rflf. .128 0.000 .057 .21 2 .090 0.000 .05/ .140 .066 0.000 .020 .105 . 0S9 0.000 . 02 7 .080 



S02-L!30 S02-Ll30 S02-L130 ~02-L130 SD2-ll30 S02-L134 5D2-L!34 5D2-Ll34 S02-L134 S02-ll37 S02-Ll37 S02-LD7 S02 -U37 

Cl'X GAR OL OPX SPN CPX DL OPX SPN CPX OL Ol'X Sl'N 

Slll2 54. 57 41.65 40. 71 56.B!, .02 51. 74 40.60 54.42 .05 51.63 41. 71 54 .99 .OJ 
Ti02 . 34 .JO 0.00 .22 .J!i .50 0.00 .09 .04 . 38 .06 .08 . 12 
A1203 3.39 21.92 0.00 1.22 44.40 6.10 o.oo 4. 23 54.10 5. 71 0.00 3. 56 56.66 
C, ·203 .85 1.13 0.00 .10 22.02 .79 0.00 . 35 12.51 .80 0.00 .28 12.31 
h,O 2.40 11. 23 10.00 6.48 12.04 2.01 9.31 !i.99 9.31 2. 18 9.30 6.64 10.57 
Fc203 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
M110 .08 .60 .06 .02 . 56 .10 .11 . 14 .44 . 13 . 13 . 13 .28 
NiO .09 .06 .47 . II . 10 .01 . 24 .OJ . 24 .03 .45 .02 .26 
1-190 15.43 19.06 49. 72 34. S2 17. 39 15.49 49.27 32.48 19. 90 I 5. I 9 50.65 33.68 20. 13 
Ci,O 20. 72 4.84 .03 . 20 0.00 20.52 .01 .00 0.00 21. 96 0.00 .!ii 0.00 
Nd20 2.32 .02 .07 .04 . 04 1.89 .01 .14 .02 I. 53 .02 .03 .02 
K20 0.00 .12 0.00 .01 0.00 .01 0.00 0.00 .01 0.00 0.00 .01 0.00 

TOTAL JOO. 19 100. 73 101.06 99. 71 96.1 2 99.16 99. !,!i <JU.67 96.b2 99.60 102.38 99.93 JOO. 38 N 
<..Tl 
N 

S1 l. %9 2.9!l9 .990 l.% f, .OOl 1. ll85 .9':IB I. 91M .001 I. 882 . 990 I. 905 . 001 
r1 .009 .006 0 .000 .006 .003 .014 0.000 .OllJ .001 .010 . 00 1 .002 .002 
Al . 144 1.855 0.000 . Of,O I. 432 .262 0.000 . 174 1.677 . 248 ll.000 . 145 I. JOI 
l r . 024 .064 0.000 . 00:l .4 76 .023 0.000 .004 . 260 .023 0 .000 . 008 . 248 
Fci:'• .072 .674 . 204 .188 . 276 .061 . 191 . I 76 . 205 .066 . 186 . 192 . 225 
Fc3' 0.000 0.000 0.000 0.000 .086 0.000 0.000 0.000 .060 0.000 0.000 0.000 .04 6 
1111 .002 .036 .002 0.000 .01 'J .003 .002 .004 . 010 .004 .003 .004 .006 
tli .003 .003 .009 .Oll:l .002 0.000 .005 0.000 .005 .001 .000 .001 .005 
M9 .831 2.040 1. 803 l . 779 . /09 .842 1.806 I. 904 . 7!l0 .826 I. 805 l. 740 . 764 
Ca .802 . 372 .001 .00/ 0.000 .802 ll.000 .OJO 0.000 . 058 0.000 .019 0 . 000 
NJ . lb2 .003 .003 .003 .002 . 133 .001 .004 .001 . 100 .001 .002 .001 
K 0.000 .01 I 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

CAT lllflS 4 .010 8.053 3.012 4.004 3.000 4.025 3.003 4. i:'03 3.000 4.026 3.002 4.018 2.999 

MG/MGtH . 920 . 752 .898 .'J04 .no .932 .904 .'JI~ .792 . 926 . 'l07 .901 . 772 
CA/CA•MG .491 .154 .001 . 004 0.000 .488 0.000 .016 0. 000 . 510 0.000 .01 I 0.000 
CH/Cl! •AL .143 .033 0.000 .057 .249 .081 0.000 .022 .134 .085 0.000 .052 . 127 



S02-Ll38 S02-Ll38 S02-L l 38 S02-L llB S02-ll39 S02-L l39 SD2-Ll39 SD2-L l 39 502-ll48 SD2-Ll 48 S02-L l4 8 S02-ll48 S02-L l4 9 S02-Ll4 9 SU2-Ll49 SD2-L l4 9 

CPX OL OPX SPN crx OL orx SPN CPX GAil OL OPX CPX OL OPX SPN 

Si02 51. 93 41. 57 53. 79 . I 5 53.60 40. 96 55.27 .02 52.21! 42.50 4 I. 42 56. 40 51. 07 41. 61 5~.01 .03 
Ti02 . 29 .04 .07 0.00 .4 2 0.00 .20 .07 . 73 .06 .06 .12 .48 .05 .10 .09 
,'1) 203 6.31 0.00 4.65 56.72 5.67 0.00 3.84 56.57 5.48 23 .25 0 .00 1.06 5.78 0.00 3, 16 54 .58 
Cr203 . 73 0.00 .31 10 .68 .68 0.00 . l 7 11.49 . 74 . 85 0.00 ,II . 96 0.00 .22 14. 76 
fcO 2.85 9.65 6. 73 9.92 2.00 9.)8 6.19 10 .24 2. 74 10. 78 9.58 6. 92 2.16 9.22 6.64 l I. 27 r .. 203 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 00 0.00 0.00 
HnO . 13 . 17 . 13 . 36 . 16 .20 . 14 .27 .O'J .60 . 13 .13 . 13 . 17 . 15 . 38 
NiO .08 .46 .03 .16 .05 . 42 .05 . 24 .03 . 13 . 49 .03 .07 .30 . 01 . 24 
M')ll 16.62 50 . 36 33. 22 19.99 14. 85 50 .67 33.64 20 .00 14. 76 18. 82 50.50 34.98 I 5. 12 50 . 74 34. 14 19. 48 
Cd0 19.38 0.00 .42 0.00 21. 41 0.00 . 34 0.00 2ll. 44 5. 06 0.00 . 21 21.81 0.00 . 34 .01 
NJ211 1.61 . 05 .04 . 01 I. 91 .04 .06 0.00 2.43 .02 .04 .03 I. 58 .07 .02 .02 K20 . Ill 0. 00 0.00 0.00 .01 0.00 0.00 0.00 0.00 0.00 0.00 .01 .OJ 0.00 .01 0.00 

Tllflll 99. 94 102.30 99 .39 97.99 100.76 I 01. 4 7 99.90 98 . 90 <J<J. 72 IOi'.07 102. 22 100.00 99. I 7 102. 24 99. 80 100 .86 

l .lJ/7 . ')')6 I. 875 .004 l. 920 . 989 I . 'Jllll .001 I. 902 1. ~00 .9')) 1.952 J.812 . Y<_iS J. 90fl .001 N i 
CJ7 Ti .OOB .001 . 002 0.000 .OJ I 0.000 .005 .DO I .Oi'O .001 . 001 .003 .013 .001 .003 . 002 w Al .26'! 0.000 .191 1.739 . 240 0.000 . 156 1. 722 .n5 .%6 0.000 . 043 .250 0.000 . 129 l. 652 

Cr .021 0. 000 .009 . 220 .019 0.000 . 005 .235 . 02 1 .024 0.000 .003 . 028 0.000 .006 .JOO Fe2+ . 086 . 191 . 196 . 2l (i .OuO .18~ . I 79 .22 1 .Oil3 . 318 .192 . 200 .066 . 185 . )93 . 242 Felt 0.000 0. 000 0.000 . 034 0.000 0.000 0.000 .040 O.OllU 0.000 0.000 o.ono 0.000 0 . 000 0.000 . 044 Mn .004 .003 .004 . OOH .005 .004 .004 .006 .003 .01 8 . 00) .004 . 004 .003 .004 .OO!l Ni . 002 .009 .Olli . OOJ .001 .008 .001 .005 .00 1 .004 .009 .001 . 002 . 007 U.000 .ODS 
M~ .ll'JG I .BOO I. 721 . 775 .793 J.U24 1. 732 .no .tlll l .980 I . 806 1. 806 .827 l.!i!O l. 76S . 746 Ca . 751 o.uno .0)6 0.000 .1!23 0.000 .0) 3 0. 000 .797 .I 'l l 0.000 .008 . fl~ 7 0.000 .011 0.000 
ri .. . 11 J .002 . 003 .00) .1 32 . 002 .004 0.000 . I 72 .llU l .002 .002 . I I J .00) .002 . 001 
K 0.000 0.000 0.000 0.000 . 00 1 0.000 0 . 000 0.000 0.000 0.000 0. 000 0.000 o.ono 0.000 o.oon 0.000 

CAT IONS 4.on 3. 004 4 .024 3. 000 4.005 J . 012 4.007 3.001 4.03 ~ 4. 01 I 3.00u 4.0i'2 4 .032 J.004 4.023 3.001 

M(j/MG•F( . 912 . 903 .898 . 182 . 930 . YOB . 906 . 777 .906 . n,1 .904 .900 .926 . ')07 . 901 . /55 
CA/CA +MC . 4~6 0.000 .009 0.000 .509 0.000 . 007 0.000 .499 . ) t,2 0.000 .Oll4 -~09 0.000 .007 0.000 rn;rn •Ill .072 0.000 .04 5 .11 2 .073 0.000 .031 . 120 .0132 . 024 0.000 .065 . 101 0.000 .044 . I ~4 



S02-Ll51 S02 -U 51 S02-Ll 51 ~02- L l !i l Sll2- L 15:' Sll2- I J~;> Sll2-L I !>2 SU2-LI !>2 502-1.1 !,2 SD2-Ll 54 SD2 -Ll 54 S02 -ll 54 Sll2-L 151 
CPX Ol OPX Sl'N CPX Gfll! OL OPX Sl'N Cl' X Ol OPX SPN 

Si02 51. 50 40.41 54 .59 .OJ 52.1,5 41. 38 40 .53 5ti. 51 .02 52.64 40. 79 !:. 4. ]') 0.00 TiO;> .46 .02 .14 .05 .42 .u 0.00 . 12 . 14 .45 .OJ . 12 0.00 1\1 203 5.95 0.00 3.82 56.80 3.99 n. 43 0.00 I. 36 43. 36 5. 96 0.00 3. 36 56.4 7 Cr203 .82 0.00 .30 12 .14 .87 1.13 0.00 . 16 22 .ll .61 0.00 . 22 12. 93 feO 2. 19 9.98 6. 94 11.15 2. 12 9.60 8. 72 5.71 10.09 2. 15 10.00 7.10 11. 43 fc203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 H110 . 13 . 23 .16 . ;,3 . 06 . 51 . II . 16 .60 .11 . 21 . 15 . 25 N10 .06 .48 .03 . 17 0.00 0.00 . 34 .01 .21 . I 7 .50 .02 . 2 7 MyO 14 .84 50.23 33.Jl 19. 75 15.75 19.30 50. 36 34.76 18.22 14.84 50 .1 2 33.78 I 9. 54 ld0 22 .33 0.00 . 93 .OJ 20. 7H 4. 76 .OJ .26 0.00 22 . 26 0.00 . 25 0.00 N.120 I. 46 . 04 .05 .02 2. 45 . 02 0 . 00 .04 . 05 1. 68 .04 .01 0.00 K20 . OJ 0.00 0.00 0.00 0.110 0. 00 .01 . 01 0.00 0.00 0.00 0 . 00 0.00 

TOTAi 9'J. 75 I 01. 39 100.07 100.33 9'J.ll9 99 . 2!, IOU.OU 99. 10 %.46 100.8/ IOI .67 99.00 100 . U9 
N 
u, 

Si l. 877 . 981 1.895 0.000 l. 926 l. 49) . 989 l.%1 O.OIJO 1.893 .987 I. 904 0.000 Ti .013 0.000 .004 .001 . Oil . 003 0.000 .003 .003 .012 0.000 . 003 0.000 Al . 256 0.000 . 156 I. 71 1 . I 72 .955 0.000 .0~6 l.4116 . 252 0.000 . I 3 7 I. 702 Cr .024 0.000 .008 . 245 O••r. .032 0.000 . 004 . 495 .018 0.000 .006 . 261 • LJ 
Fe2• . 067 . 203 . 202 .23fl .Ofi5 . 290 .\ 78 . 166 . 232 .064 .202 . 206 .2 44 Fe] t 0.000 0.000 0. 000 .042 0.000 0.000 0 . 000 0.000 . O'J4 0.000 0 .000 0.000 .037 
M11 .004 .005 .005 .005 .002 .01 !i .002 . 005 .014 . 003 .004 .004 .00!, rli .002 .009 .001 . 003 0.000 0.000 .007 0.000 . 005 . 004 .010 .001 .006 M<J .U06 1.819 I. 714 . 751. . 859 I. 038 1. 834 I . 799 . 14 7 .795 1.808 1. 750 . 74~ Ld . 872 0.000 .035 0 .000 . Ul!i . 184 0.000 .010 0.000 .858 0.000 .009 0. 000 Nd . 103 .002 .003 .Olli . 174 .001 0.000 .003 .003 . 11 7 .002 0. 000 0. (100 K 0.000 0. 000 0.000 U.000 .00 1 0.000 0.000 0. 000 0.000 0.000 0.000 0.000 0. 000 

CJ\f lONS 4. 024 3.019 4.023 2.9'J8 4.IJSO 4.011 3.010 4.007 2. 'J99 4.016 3.013 4.020 3.000 

MG / MG•FE .923 . 900 .895 . lt,() .930 . 7!12 .'J l 2 .91/i . IL3 .925 . 'JOO .!l'J5 . 7~3 C/1/CAtMG . 520 0.000 .020 0.000 .487 .l!:>1 0.000 .006 0 . 000 .519 0.000 .005 0.000 Cl!/(1! • Ill .OflG 0.000 .049 . 125 .1 27 .032 0.000 . Ou7 . 260 . 067 0.000 .042 . I 33 



<;D?-ll r,r, 502-LI 56 S02-1.156 S0?-1 l'i6 S02-Ll59 <;IJ?-ll59 S02-L15'l S07-1.159 S02 -l.l hO SIJ?-1.160 S02-Ll fiO S02-l!fiO S02-1.160 

crx 01. orx srN crx OL orx SPN crx Gflll Ol orx Sl'N 

Si02 ',2. 91 41. 34 55. 94 .07 50.93 40. 58 55.34 .02 53.711 42. 51 41.20 56.59 .01 
r i02 .27 .01 .09 .07 .44 o.oo .20 .07 . 15 .II .02 .08 o.oo 
f\1?03 5.26 0.00 4.03 51.01 5.54 0.00 ).Iii 54.46 4.37 22.48 0.00 3.20 51. 75 
Ct·201 1.0', 0.00 .42 in.10 . 111 o.oo .2J I 4. 34 .79 1.41 0.00 .22 16. 94 
FeO I .19 7.93 5. 10 '). (jJ 2.0J 9. 54 fi. 10 11.111 1.91 10. 20 11.63 5. (,! 9.75 
f c203 o.on 0.00 o.oo 0.00 o.oo n.oo o.oo a.on ll.00 0.00 ll.00 o.oo o.oo 
11110 . 10 . I 5 . 16 . 49 . 14 . 13 . I 5 . 31 .Ofi .59 . 19 . 16 . 51 
Nin .05 .36 .04 . 14 .O'J . 4? .05 . I 7 .01 .OJ . 3 7 . 10 .14 
M!JO 15. 72 50. 70 33.6~ 19.(,4 I'>. 14 50.46 13.31 I 9. 17 I fi. 3 7 19.0B 50. 22 34 .04 19.60 
Cao ?I. 32 o.oo .(i') 0.00 21.13 o.oo . 54 .01 72.03 4. 74 ll.00 .35 0.00 
lla20 I.G? 0.00 .09 .02 1.68 .03 .05 .01 1. 26 .02 .03 .01 .oz 
r?O .01 o.oo 0.00 0.00 .01 0.00 0.00 0.00 ll.00 0.00 .OJ .01 0.00 

Hlffll 100.05 I 00. 49 100.21 99. 12 98.54 101. 16 99.511 99. 76 100. ?3 101. 15 100.67 100.43 9fl. 72 

Si 1.910 1.000 I. 917 .002 1. 11711 . 985 1. 91 7 .001 I. 922 3.015 . 999 1.936 0.000 
Ti .006 .010 .002 o.oon .012 0.000 .005 .001 o.ouo .004 0. 000 .002 0.000 
f\1 .224 0.000 .163 I. 5fl9 . 241 0.000 .Ml . 1116 1.878 0.000 .129 1. 60 7 "' I. 675 u, 
Cr .030 0.000 .01 I . J 711 .024 0.000 .006 . 296 .on .077 o.noo .006 .353 u, 

Fe2• .054 .Ifill . 146 . 211 .063 . 194 . I 77 . 24 4 .0511 .604 . I 75 . 161 .215 
fc] I 0.000 0.000 0.000 .O?IJ o.ouo 0.000 0.000 .076 0.000 0.000 0.000 U.000 .MO 
Mn .003 .003 .005 .01 I .004 .003 .004 .007 .002 .035 .004 .005 .Ill! 
Ni .001 .007 .001 .003 .003 .OOfl .001 .004 0.000 0.000 .007 .003 .003 
Mg .134 6 1.829 1.720 . 7 / 4 .833 1.826 I. 721 . 74fi .1180 2.018 1.815 1.737 .770 
C,1 .(!25 0.000 .025 0.000 .1159 0.000 .O?O 0.000 .8~2 .360 0.000 . 013 0.000 
Na . I 13 0.000 .006 .Oil! . 120 .001 .003 . 001 .orrn .002 .001 .005 .001 
K .001 0.000 0.000 0.000 ll.000 o.ono 0.000 o.oou 0.000 0.000 0.000 . 001 0.000 

CflTlONS 4 .0 13 3.009 3.9% 3.000 4 .037 3.01 7 4.00) 3.001 4.010 7.991 3.001 3.998 3.000 

MG/MG•Ff . 940 .920 .922 .7M .930 .904 .907 . 754 . 938 .770 .912 .915 . 782 
Cfl/Cfl•MG .494 0.000 .014 0.000 . 508 0.000 .Oll 0.000 .492 . 151 0.000 .007 0.000 
rn ;rn •flt . I 18 0.000 .Ofi3 . 192 .O'll 0.000 .039 . 150 . IOfi .039 0. 000 .044 . 1110 



,!12-1. Hit 5112 -1.161 5117 -l lfil 5112 -l lfil Sl>?-l.l 6J S11,-U fiJ S02-lt6J S1>2-ll64 5112-l.164 Sll2-l.164 S!12 -ll66 S1>2 -ll fifi , 11 2- 1. I f,fi Sll ?- l.l f,(, 

f.l'X Ol !IPX SPH r.rx G/\ll orx crx orx SPN crx Ol Ol'X Sl'N 

S iO ?. 51.llO 40. I 7 54. 10 0 . 00 57.0'l 42. 70 56.55 4'l . 73 51. 7'1 .04 51.90 40. 211 54.flO .01 
l iU?. .43 . flfl . 10 .04 . 12 .00 .06 . 51 . 03 o.oo . 59 .06 . 26 .us 
f\17ll3 4 .% 0.00 3.G / 55.06 4. 03 73 .40 \. 42 7. 70 fi.07 57.34 5.65 o.ou 3.fll 54. 32 
l.r-211] .fi2 u.oo . 25 )3 .01 . 7ll .92 . 20 .91 . 54 II .SU .85 0. 00 . 32 15.04 
I ,.11 2. I 7 9.00 6.94 I\. 45 ?. . \R o. 58 5.32 2.49 8.31 12. 71 2.1 'l ll. 67 6.lM 10 . 26 
r .. 1n1 ll.llU 0.00 o.uo 0.00 0.00 o.uo 0.00 o.ou 0.00 0.00 0.00 o.oo 0.fJ0 o.uo 
ll11fl . l3 .20 . 15 .22 .Ofl .35 .08 . 16 .1 6 . 34 .11 . 10 .15 . 23 
NiO .os . 46 .02 .25 .01 . I 7 . 10 .01 .O!l . 42 .07 .43 . IJ ?. . 23 
1-lq() 15.29 49.0U 32.98 19.36 I 5. 5'l 19.90 35.66 14. 10 30. 70 I IJ. 58 15 . 34 51. 06 ]] . ,to 70.07 
C,1{) ?2 .52 0.00 I. 25 o.oo 22.02 5.42 . 36 22 .03 .48 0.00 21. 27 0.00 I . 13 u.oo 
tl~70 \. )') .04 . IO 0.00 I. ~,2 .01 . 02 1. 44 .04 .01 \. [l6 .06 .11 0.00 
l'.?ll o.oo u.oo .01 o.oo O.Of l 0.00 0.00 0.00 0.00 .01 .01 o.oo .01 0.00 

lfll /11. 1)9 .44 100.63 ')1).li5 100. I 9 99.411 10\. fi t 99. 77 99. 96 99.0fl 100.95 99.92 100. 74 100. 11 \00. 71 

Si 1. 896 . 9fl2 \.891 0.000 I .'IOI I. 500 J. 948 1. 824 1. !l?ll .001 J.887 . 979 t. 895 0.000 
Ii .012 . 001 .003 . 001 .009 .002 .002 .01 5 .001 0.000 .01 6 .001 . 007 .001 
/II . 214 0.000 . 151 \. 673 . 20IJ .9611 .058 . 130 .205 J. 735 . 242 0.000 . 15f1 J. 641) N 
Cr . OI IJ 0. 000 .007 . 281 .023 .026 .006 . 02r, .01 5 . 233 . 024 0.000 .009 . 306 CJ7 

I ,-? I . OGG .202 .203 . 24 7 .OG/ .252 . I 53 .019 . 245 . 273 .06/ . l 76 . I 75 . 221 0) 

I , -·1, 0.000 0.000 0.000 .044 0.000 fl.000 0.000 0.000 0.000 .030 0.000 0.000 o.oou .04 4 
tin .004 .004 .004 .005 .003 .010 .002 .ooi; . 00!> .007 .003 .004 .OIM .005 
fli .001 . OOIJ .001 . 005 . 007. .004 .003 0.000 .003 .009 .002 .008 0.000 .005 
liq .833 I. Rl6 I. 717 . 744 . 114(1 1.044 J. 8)2 . 78 1 1.616 . 711 . 1130 I .flS l I . 727. . 710 
(:,1 .882 0.000 . 04 7 0.000 . 116 1 . 204 .O\J . 883 .019 0.000 . 828 0.000 .042 0.000 
tl.1 .OQ8 .002 .oor, 0.000 . IOU .002 .001 . 094 . 003 . OU ! .13 1 .003 .001 0.000 
Y, 0. 111!0 0.000 0 . 000 o.ono 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 n.ono u.ono 

f./\T I0llS 4. 024 l. 01 fi 4.030 3.000 4.010 4 .01 2 4.0IR 4. 037 4. 020 3.000 4.0JO J.02? 4 .01 'l 3.000 

MC/MG•H .921 .900 . 094 . 751 . 927 .006 .923 .908 . 868 . 723 . 925 .913 . 900 . 717 
Cfl/C/\•Mr; . 514 0.000 .027 0.000 .504 . Hil .007 .531 .012 0.000 .499 0.000 .024 0 .000 
Cl!/U? • /IL . 0 7[l 0.000 .044 . 144 . 100 .0?6 .094 .07J .050 . I 18 .090 0. 0110 .054 . I 57 



<;IJ? -1 l(i/ Sfl?-L lG/ Sfl? -1 167 S112-1. 167 ~ll?-1. lfi!I Sll?-llG8 SD2-l 161l SO?- l.1h8 Sfl ?-1 170 S11 2-L 170 Sll2- l.l 70 S0?-1 170 

Cl'X Ol Ol'X SPtl r.rx Ol Ol'X ~l'JJ crx fll Ol'X Sl'N 

~ i02 5 I. 4] 40.41 54 , f,5 .02 5? . 4~ 40.78 54.% . I) 51. I 2 411.09 53.93 .05 I ill:' . 5\ .OS . 12 . I "l . \I . 04 .01 . 14 . 50 .05 . 13 . 10 A I ?Ill 6. I 9 o.oo 3.72 ':. l . ~' '1 1.23 0.00 2.60 4o.93 'dO 0.00 3.35 54. 911 ( r·/ll 1 . 79 0.00 . l!J l].(i7 I. 10 {1.00 .40 ?2.91) .80 o.oo . 24 14.33 l r•ll 2. ?I 9. 411 6. 91 10. n ? .II\ H.5'l 6. IS 12.S9 1.89 <J. 12 5.97 10.72 r ,,;-111 (l.00 0 . 00 (1.00 0.(Jll fJ.110 0 . (ll) 0.110 0.00 Cl.OU (1.00 0.00 0.00 Hnl1 . II . 20 . 13 .27 . 15 . 17 . JG .56 . 16 . I 9 . 20 .44 ,., ii) .01 .49 .01 .,'9 .llG . 41 . 04 . 74 . 12 . 4') . 14 . 25 l-1qll 14. 10 S0 .41 JJ.1111 ?11. Ii? I fi. 4'l ',l. <'IJ 14. 2q 18. 12 15. ZJ S0.93 34. 17 19.8~ c.,n 21. 32 11.00 .29 .Ill ?:l . 27 a.no . 71 .02 22. 24 . 02 . 36 .02 11., ?ll ?.Oil . 02 .112 o.oo . 76 . 04 .01 o.oo 1. 64 .oz . 03 o.oo l'.?ll .Ill a.no 0.110 0.00 . 111 n.no .01 fl.On .OJ .01 0.00 0.00 

lflli\1. CJ9. 34 I 00 . 911 99.97 100 . 71 'lfl. 66 10!.?3 9').J(i 101.fi) 9<). I I 100. 92 98.52 100. 74 

Si 1. 819 . 982 1.895 0.0110 \. 916 . 9135 1.914 .003 1. 816 . 975 1.893 .001 Ti . fll4 .001 . 003 .002 .004 .001 .001 . 003 .014 .001 .003 .002 Al . 267 0.000 .152 1. 111 . 119 o.uoo . 107 1.455 . ?.34 0.000 . 139 1.660 N 
c..n Cr .0?.3 0.000 ,005 . 2JJ .032 0.000 .QI I . 416 .023 0.000 .007 . 290 '-J r ,,;1, .Of,(l . I 91 . 200 . 716 .m;1 . 1 74 . I 79 . 277 .05(! .185 . I 75 .044 I r· l, O.OIJO 0.000 0 .000 .OSI o.ono 0.000 0.000 . 057 0.000 0.000 0.000 0.000 1111 .0!M .004 .004 .00(, .nos . 00.l . 005 .012 .rJ05 .004 .006 .230 Ni . 002 .010 .00? .nor, .002 .OOll .001 .005 .001 . 009 .004 .010 11,J .801 I. !1211 I. Vi? . 7 /5 . JJ'JU I. ll4 J 1. lll 1 . 710 .814 I . 04 7 1. 7B9 .005 1.,1 . (!15 0.000 .01 I 0.000 . 911 0.000 .on .001 .875 .001 .011 .758 II., . 14 ? .001 .001 o. ono . OS4 .002 .001 0.000 . I I 7 .001 .002 0.000 ,: 0.0110 0.000 0.000 fl.Olli! 0.000 o.nou 0.000 ll.000 0.0110 o.noo 0.000 0.000 

CA 11,111•, 4. Q]r, ].017 4. 02'• 3. 000 4. 0?2 3 . 016 4.027 ? . 9q9 4.019 3.02] 4.03 2 3.000 

Mti/111i•f"I . 922 . 905 .898 . 7B2 .936 . ')14 .90') .7 19 .935 .909 .')11 . 102 Cft/l.A1t-l(; . 510 0.000 .006 0.000 . !i04 0.000 .OJ 5 .00 1 .512 .001 .008 .993 nurn,At .01q 0.000 . 032 . 120 . l fJ/ 0.000 .093 . 24 7 .089 o.r,oo .04 !1 .149 



Sll2-Ll71 SOl-1.171 SD2-Ll 71 S02-Ll ll SD2-Ll72 S02-Ll72 SD2-Ll72 SD2-Ll72 Sll2-Ll 74 502-LI 74 Sll2-ll 74 502-L l 74 
CPX Ill llPX SPN CPX GAR OPX SPN CPX UL Ol'X Sl'N 

Si 02 52. 29 40.6U 55.49 .04 !,3.93 41.69 56.19 .01 51. 59 40.69 5!>.34 .02 Ti02 . 13 .04 .04 .16 .54 .03 .08 . 21 .49 0.00 .24 .12 Al203 ~.90 0.00 2.20 39.87 4.84 23.66 1.10 50 . 43 !i.23 0.00 3.88 53.26 c,-203 .U5 o.oo . 34 30.16 .59 .64 .05 17. 46 .72 0.ll0 .32 14.79 fc0 1.99 8.65 6.23 13.98 2.25 10. 74 6.10 14.92 1.U3 8. 73 5.54 10.38 l'c203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 M110 .07 . 17 . 13 .75 .02 .58 .09 .~0 . 14 .16 .11 . 34 HiO .06 .45 .02 .20 .10 .05 . 10 .37 .01 .37 .08 .29 MyO l6.G3 51.25 34. 75 16.26 15.15 20.08 35.26 lU.86 15.19 50.08 32.91 19. 34 cao 23.40 0.00 .60 .03 21.40 4. 01 .19 0.00 21.81 0.00 1.11 0.00 No20 . 76 .03 .03 .03 2.51 .01 .05 0.00 \. 63 .03 .10 0.00 K20 0.00 o.oo 0.00 0.00 .0\ 0.00 . 01 .01 .02 0.00 0.00 0.00 

• TOTAL 99.08 101. 27 99.U3 101 . 48 101. 34 101.49 99.22 102. 77 98.66 100.()6 99.63 9B. ~4 

Si 1.U95 0.000 l. 914 N \. 92 1 .91J2 l. 922 .001 l. 927 1.473 1.%3 0.000 .0()1 (.)"I Ti . 003 .001 .001 .003 .015 .001 .002 . 004 .014 0.000 .006 .002 co Al . 126 0.000 0.000 1. 280 .204 .986 . 045 1. 554 . 22 7 0.000 .158 1. 655 C,· .025 0.000 0.000 .650 .017 .018 .001 . 361 .021 0.000 .009 . JOU Feb .061 . l 75 . I 75 .319 .067 . 31 7 . I 77 . 250 .056 0.000 . 160 .229 fc), 0.000 0 .000 0.000 .06) 0.000 0.000 0.000 . 076 0. 000 0.000 0.000 .03 1 Mn .002 .004 .004 .017 . 001 .017 .001 .Oll .004 0.000 .00) .008 Ni . 002 .009 .009 .004 .00) .001 .003 .008 0.000 0.000 .002 .006 M9 . 91 l 1.lM6 1. 846 . 06(1 . 807 l . 058 I. 112/l . 736 .832 0.000 l . 698 .760 Ca . 922 0.000 0.0llll .OU\ . ll20 . 152 . 1)07 0.000 .859 0.000 .041 0.000 
li d . 054 .001 .001 . 001 . l /4 .001 .004 0.000 . I 17 0.000 . 007 0.000 K 0.000 0.001) 0.000 0 .1100 .001 0.000 0.000 0.000 .001 0.000 0.000 0. 000 

CAf IIJN~ 4.027 3.018 3. %8 2. ')•)!) 4 .03(, 4.024 4.023 3.00U 4. 026 0.000 3.998 3. uon 

Ml;/MC•H . 9'.!7 . 913 .913 . b/4 .923 . 769 .912 . 741> .')]/ 0.000 .914 . lbtl CA/CA,MG .503 0.000 U.000 .002 .504 .\26 .004 U.000 .500 0.000 .024 0.000 CH/Cil<AL . lf,6 0. 000 0.000 .337 .OIi .018 .022 . l!l~ .0B5 0.000 .054 . 151 



Sll?-1.1 75 Sll2- Ll 75 S02-l 175 Sll2-I 175 S02-L l 7fi SIJ2-ll 76 S02-1.176 Sll?-Ll 7l S02- L\ 17 S02- Ll7/ S02 -Ll 77 S02 -L\7R S02 -L170 S02-Ll7H S02-L\78 
crx 01 orx SPN crx 01. OPX CPX OL OPX SPN crx OL OPX SP tl 

\ii);' 51. 5r, 411.SJ 54 . /B . ()/ 53 . 58 41. 33 55 .(.0 5 I. 5 7 40.29 55.05 0.00 51. 55 4fl. 58 55.01 .04 I ill? .47 .01 . 10 . 01 .4 2 o.oo . I 9 .40 .04 . 14 .OJ .39 . 04 . 13 0.00 /I I :' ll I 'i. 3ti ll.00 ] . 53 55 .46 5. I 5 o.oo 3.15 5.fl5 o.oo 3.2fl 5(d 2 5. 38 o.oo J.32 56.03 lr ;'fl l . llO o.on . 25 13. 79 . 6U o.oo . 16 . ')2 o.oo . 20 12. 54 . 76 0.00 . I 9 I 3. 07 I r·ll 2. l 9 9. I I 6.50 10. 7'i I. ')() !l.8'l 5. 7J 2.27 9. l 9 6.60 10.411 2. 15 9.07 6.55 10 .56 I ,-;'I) l 0.00 0.00 0. 00 o.oo 0.00 n.oo 0. 00 0.00 o.oo 0.00 o.ou o.oo o.oo 0.00 0.00 l·l111 ) . II . IU .11 . 24 . ]II . I 7 . 12 .II . 21 . I 7 . 21 . II . 18 . 15 . 25 II 111 .02 .4 2 . 07 . 23 . 04 . 3q .JI .os .40 .06 .?!i .03 . 48 .02 .22 llqll I 5. 34 r,o. M ] .l. 80 19.89 15. 3 7 50.18 34.0/ 15.07 50.63 34. 31 20 .05 15.00 50.57 34.20 20.04 
l.,11) ? I. 87 ll . 00 . GI 0.00 ?I.GS 0.00 .32 ? I. 87 0.00 . 27 0.011 22 .29 0.00 . 33 o.oo l,,r:'11 I. 59 .03 . 05 .O J I. 75 .us .05 I. 64 . 03 .OJ .01 J. 57 .04 o.no .OJ 1.:-n .Ill o.nn n.on 0.00 .01 n.nn 0.00 .01 o.oo .01 o.on .01 0.00 .01 0.00 

I 111/1I 'J'l.? I IOI. 02 'l9. 75 100.40 100. 73 IOI. GI 99.50 99 . 76 JOO. 79 100.10 9'l. '!7 99.24 100.96 9'l. 'JI 100. 72 

•;j I . llll6 .983 I. <JOI . 001 I. 922 .994 I . 923 1. 878 . 980 l.903 0.000 1.fl88 .905 I. 'l05 .Ofll Ii .01 2 0.000 .002 0.000 .Oi l 0.000 .005 .011 . 00 1 .004 0.000 .Oil .001 . 001 0.000 /\I .231 0.000 . 145 J.673 . 218 0.000 .\2U .251 0.000 .134 l. 703 .232 0.000 . 136 1.68') N c, . 021 n.nun .007 . 279 .019 0.000 .OM .027 0.000 . 006 . 254 .022 0.000 .005 . 264 u, 
I.O I(' ;, I .0fil . 185 . lfl9 . 230 .nr,1 . 179 . )66 .069 . 18 7 . I 91 .224 .066 .104 . 1 qo . 226 1, ,1 , o.uoo {l.00() 0.000 .046 0.000 0.000 0.001) 0.000 0.000 0.000 .0•13 0.000 O.IIIJO 0.000 .045 llrr .l103 .004 . 003 . 005 .006 . 003 . 004 .003 . 004 . 005 .005 .004 .004 . 004 . 005 Iii .001 .0013 .001 .005 .Ofll . 008 .003 .001 .008 .002 .nor, . 001 .009 o.ono .004 f.1q .837 l .UJG l. 749 .759 . 822 1. 82 1 I. 750 .819 I . 837 I. 769 .765 .819 l . B30 1. 766 .71i4 c, .BSB 0.000 .023 0.0110 .832 0.000 .012 . 854 0.000 .01 0 0.000 .875 0.000 .01 2 0.000 IL, .113 .002 .004 .001 . 121 . 011 2 .003 . I 16 .002 0.000 0.0()0 . I 12 .002 o.ouo 0.000 1: 0.{l(){l 0.000 0.000 0.000 .001 o.noo 0 .000 0.000 0.000 0.000 0. 000 0.000 0.000 0.000 0.0110 

U\f l flrl'; 4. fll I 3. 01 fl 4 .024 2.999 4.1110 3.007 4.006 4.029 3.019 4.024 2. 9CJ9 4. 030 3.015 4.021 2. 99f1 

IIC/ IIC<l 1 .9?6 .908 . 902 . 767 .935 . 'HI .914 . 922 .908 .903 . 774 .925 .909 . 903 . 772 
l./\/("/\ 11H; .506 0.000 . 013 0. 000 .503 0.000 .007 .510 0.000 .006 0.000 . 517 0.000 .007 0.000 
I.II / (111 Ai _{)q \ 0.000 .046 . 141 .080 0.000 .030 .097 0.000 .04] . 130 .087 0. 000 .03'i . 135 



S07-LI 71! Sll2-1.179 S02 -Ll 79 S02 -·LI 79 Sll2-l !RO SD2-L180 S02-L HIO S02-L180 Sfl?-1 !Ill Sll2-1.181 S02-l.181 S02-LI Ill 

crx 01. orx SPN crx OL orx SPN r.rx GAR OL orx 
SIO? 'i?..52 40.34 55.53 .02 C,?. 16 40.89 'i5.37 .01 52.9H 42.G'J 40 .G8 5':,.89 
TIO? .Hi o.oo .02 .07 .41 .OG . I 5 .02 . 57 .09 .04 . I) 
Al i'03 J.19 0.00 2.39 36. 10 5.22 0.00 3.45 55.90 4.84 23. 13 o.oo 1.39 
Cr:>01 1.27 0.00 .38 )4.47 . 74 o.oo .23 12. 68 .9fl . 98 0.00 .25 
I pl) I. 95 fl.OG 5.M I 3. 54 1.% '). 37 Ii. 21 12.03 2.61 10.46 9.08 6.45 
r .. ?0.1 0. 00 (1.00 o.oo 0.00 o.uo o.oo (J.00 o.oo (1.00 o.oo 0.00 0.00 
H11fl . 13 . I 7 . 13 . 71 . 13 .15 . 20 o.oo . 10 .GS . 12 . 14 
Nill .05 .44 0.00 . I 7 .Oil -~3 . 12 . 31 .04 . 13 .42 .OJ 
HgO 16 . Gli 51.30 34.82 16.03 I 5. fill 50.33 14.03 20.12 14.27 19. 24 50.50 34.55 
r.,11) 22. ?2 (1.00 . 5G o.oo 21.09 .01 .44 .02 20.24 4. 7S 0.00 . 74 
N.1 ?0 I. I 9 .03 .03 o.oo !.'ill .OG .06 .03 2.82 .01 .03 .09 
~: i'l 1 . 02 0.00 .OJ 0.00 1).00 o.uo o.oo 0.00 .01 o.oo o.oo .01 

IOI Al 'l'l. JG I 00. 34 CJ9.51 101.25 100. 44 l 01. 30 100 .76 101. I?. <J9.46 102 . 13 100.87 99.65 

5 i \. 921 . 981 I. 924 0.000 I. 902 .990 1.908 0.000 I. 931 1. 500 .987 I. 942 
Ii .004 0.000 0.000 .002 .01 I .001 .004 0.000 .0\6 .003 . 001 . 003 N 
/\I . I 311 0.000 .O'lll l.18fi .222 0.000 . 140 J. 708 .ZOil . 9511 0.000 .057 0) 

Cr .0.17 0.000 .Oil .750 . 021 0.000 .006 .2GO .02ll .027 0.000 .001 0 

I e ;' 1 .116() . 164 .164 3.1 'iO . 05'1 .1 90 . I 79 . 2G l .080 . 300 .IM . 1!18 
r .. 1, 0.000 0.000 0.000 .520 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
M11 .OIM .003 .004 . 100 .004 .ooz .OOG 0.000 .003 .020 .003 .004 
Ni .OOI .009 0.000 .040 .002 .008 . 003 .007 .001 .00) .008 0.000 
Mq . 90'l l . 8Gl 1.800 G. 6'i0 .813 I.BM 1. 74 6 .778 . 776 1.008 1.828 1. 791 
Cc) . flit 0. 000 .on o.oon .f\46 0.000 .016 .001 .791 . I 7ll 0.000 .021 
N,1 .OM .00 1 .002 0.000 . I 10 .002 .004 .002 . 200 .002 .002 .006 
,: .not 0.000 o.ono 0.000 0.0110 0.000 0.000 0.000 11.000 0.000 O.OOIJ 0.000 

UIII ON~ 4 .0·10 ) .019 4. 024 12. 4 7fl ~.020 3.007 4.012 3.017 4.034 4.007 3.013 4.025 

f~(; /MC 1f L . 1)38 .919 .'ll6 .679 .935 . 905 .907 . 749 .907 . 766 . 909 . 905 
C!\/Cll• f·H; .4 fl'l 0.000 .01 2 0.000 . 501 0.000 .009 .001 .505 .150 0.000 .OJ 5 
rn;rn ,111. . 211 ll.000 . IOI . 3fl7 .Ofl6 0.000 .041 .132 .119 .027 0.000 . 109 



Sll2-LIP.4 Sll2-LIM S02-t. HM Sll2-I. JIM S02-L185 S112-1.185 Sll2-Ll85 Sll2-L!R5 Sll7-I.IR6 S02-Ll86 Sll2-Ll86 S02-Ll RG Sll2- l. lflfi 

(PX Ill Ol'X SPII crx Gr.fl 01. OPX (PX GAR OL OPX SPN 

Sill ;! ",3, 19 40.81 57.17 .02 53.49 41. 90 40.80 58.0'1 53.38 42.11 40.81 57.93 .03 
1 Ill? .01 o.oo .02 o.oo .so .M o.oo . 11 .55 .06 o.oo . 12 . 13 
Al7.03 3. f,7 o.oo 2.80 44.75 3.42 27.05 0.00 1.05 4.63 22.91 o.oo .95 43.79 
C,·?()] .'l'j o.oo .30 24,78 J. I 5 J. 78 0.00 . 16 . 70 .86 0.00 .05 22.18 
f!'ll \.64 11.54 5.49 12.09 2.43 9.96 fl.95 5. 61 2. 30 10.06 9.08 5.76 ll.'Jl1 
fp ;'l)3 o.oo o.oo 0.00 o.oo o.oo o.oo u.oo 0.00 o.oo 0.00 0.00 o.ou 0.00 
11111) .07 .19 .19 . 74 .OG .52 .1 2 . 14 .07 . 54 . I 7 .11 .60 
Nill .04 . 41 .04 .02 .02 .OJ . 35 . 04 o.oo .03 .35 .07 .II 
Mq(l 16.28 50 .4 9 34. 13 17. 39 15.6<; 19.01 50.05 15.07 15. 14 19.20 49. 96 35.14 17. 29 
ran 73.29 o.oo .38 o.oo 70.53 4. 95 .01 . 35 20.48 4.G2 o.oo .23 o.oo 
N,120 • q~l .OJ .06 .OJ 2.48 .01 .OJ .07 2.55 o.oo 0.00 .05 .02 
K;>o .OJ 0.00 o.oo 0.00 0.00 0.00 .01 0.00 .OJ 0.00 0.00 0.00 0.00 

111 1 Al 100.00 100.45 too. 58 99.110 <)'), 73 100.33 100. 30 100.69 99.81 100.39 100.43 100.41 % .33 

S i I. 929 .992 \. 951 .001 I. 940 I. 500 .')94 1. 9eo I. 934 I. 501 .995 \. 981 .001 
Ti 0 .000 0.000 .001 0.000 .010 .004 0.000 .002 .015 .002 0.000 .003 .003 N 
Al . 153 0.000 .113 \.438 .150 .931 0.000 .042 . 198 .963 0.000 .038 J. 420 en 
Cr· .027 n.ooo .008 . 534 .030 .051 0.000 .OM .020 .024 0.000 .001 .487 I-' 

r (•~ I .nr,o . 1 74 . I 57 . 276 .070 .298 .1(1? . 160 .070 . 300 .185 . 165 .276 
Fc.l 1 n.ooo 0.000 0.000 .02B 0.000 0.000 0.000 0. 000 0.000 0.000 0.000 0.000 .O!l7 
1111 .OO? .004 .005 . 01 7 .002 .016 .003 .004 .002 .016 . 003 . 003 .014 
Ni .001 .0011 .001 0.000 .001 0.000 . 007 .001 0.000 .001 .007 .002 .002 
Mq . 81)0 1. 830 I. 73 7 .706 .850 1.015 1.819 I. 783 .BIR 1.021 1.814 1.792 . 709 c., . 905 0.000 .014 0.000 .HOO .190 0.000 .013 .795 . I 77 0.000 . 009 0.000 
N., .0(i7 0.000 .004 .001 . !RO 0.000 .001 .005 .179 0.000 0.000 .003 . 001 
1: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

CAT IONS 4. 014 1.00B 3. 9')! 3.00! 4.033 4 .005 3.006 3.994 4.031 4.005 3.004 3. 997 3.000 

MG/MG•F[ .946 . 913 .917 . 719 .924 . 773 ,909 ,91R . 921 . 773 .907 .916 .720 
CA/Cl\•t1G .507 0.000 .oon 0.000 .485 .158 0.000 . 007 .493 .148 0.000 .005 0.000 
CR/rn 11\1 . 1511 0.000 .066 . 27 1 .167 .052 0.000 .087 .092 .024 0.000 .026 .255 



S02-I.I fl7 S0~ -1.1 RT S02-l lfl7 SD?.-l.187 S02-llfl'l Slll -1.1119 S02-1. lll'l SO?-Llfl'l Sll2-llll9 S02-W SD2-W S02-W 

crx OI. orx srN Cl'X f.l\R OL orx srN crx Gl\ll orx 
Si02 5?.85 •10.R4 56.43 .01 54. 16 41.94 39. 'll 5 7. I 7 .08 53. 75 I?. 75 5 7. 79 
I iOi' . ]fl 0.00 .OT .02 .51 . 15 .04 . 12 . 74 .48 . I 5 . 12 
I\ I i'll1 4. 'l') 0.00 3.23 -19.9] ].92 22. JO 0.00 I. II 25.]5 ).112 22.50 1.23 
c,-2111 • 9(i 0.00 . 24 18. 12 I. 19 1.93 0.00 .2] 42.43 1.09 I. 40 . 2G 
f('[) l.llf) !l.42 5.51 10.14 2.26 9.50 8. 29 5.49 IS. 78 2.34 9. I 1 5. 38 
re2n1 0.00 0.00 o.oo 0.00 0.00 (J.00 o.co (1.00 0.00 (l.00 0.00 0.00 
f-111(\ . II .15 . 1 7 .49 . 1 l . 54 .08 . II I. 2 7 .OG .4] .ll 
N itl .O? .35 .06 .10 .02 (J.00 . 3G .01 . 33 . 10 .02 .07 
r-l<_JO 15. 45 50 .49 34. 24 19. 21 l 5. C,4 19.25 50.13 35. IT I 3.80 15 .26 19.92 ]4.61 
C,1 0 21. ]] .01 . 32 o.oo ;>!.15 5.16 .01 . 2r. .50 20.38 4. 77 . 24 
tl.1 211 1.94 .OJ .06 .02 1.1 5 .02 .01 .01 .08 2.05 .04 .04 
l: ?o 0.00 0.00 0.00 0.00 .Ol o.oo o.oo 0.00 .01 0.00 0.00 0.00 

11 11111 ')9.83 100.27 100.]3 98.64 100.68 100. 5'l 'JR.fl) q9_74 100.3 7 '19. ]] 71.09 99.85 

Si 1.9H . 993 l . 932 0.000 l. 94 7 1.4% .9(16 J.')(jq .002 I. 955 ].016 l .9fl2 
Ii .OJO 0.000 .002 0.000 .Ul5 .004 .001 .00] .016 .013 .006 .003 N 
/\I . 211 0.000 .130 l. 564 . 165 .9JO 0.000 .045 .856 .16) 1.869 .M9 O'l 

.027 0.000 .OOfi .)93 .03) .054 0.000 .OOG . 96) .0)1 .076 .006 N c,-
r (_•?• . O!ir, . 171 .158 .Oil .067 . 2fl4 . l 71 . 15B . )79 .070 .536 . 154 
r01, ll.000 0.000 0.000 .225 0.000 0.000 0.000 0.000 . 149 0.000 0.000 0.000 
1-111 .00) .003 .005 .2)6 .00] .016 .001 .00 ) .0)0 .001 .024 .003 
Mi .001 .001 .002 .002 .001 0.000 . 00! 0.000 . 007 . 002 0 .000 .002 
M~ .8)5 \. 8)1 I. 749 . 761 .824 \.024 I. R4 7 1. R06 .590 .827 2.095 \. 770 
Ca . f12!1 0.000 .012 0.000 .!l0b . l 97 0.000 .010 .001 . 794 .)60 .008 
ti., . 136 0.000 .004 .001 .155 .002 .001 .005 .040 . 144 .004 . 002 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 .Oil! 0.000 0.000 0.000 

(/\ f I OIIS 4.02, 3.005 4.000 3.000 4.01 6 4. 007 ].014 4 .005 3.0)4 4. 000 7. 9116 3.979 

MG/Mf.1fF. .938 . 915 .917 .986 . 925 . 783 . 915 .970 .60'l .922 . 796 . 920 
C11/r.l\1Mr. .498 0.000 .007 0.000 .494 . 161 0.000 .()06 .002 .490 .\47 .004 
rn;u: ,111 .111 0.000 .044 .201 .167 .055 0.000 . I IR . 529 .160 .039 .]09 



S02-W 2 SO?-W 2 Sll2-W 7 'iO?.-W 7 Sll2 -W fl S02-W 8 S02-W 8 

crx r.M orx SPN crx orx SPN 

:tiO;> 51.M 47. (i(, S'i.82 . 07 'i i. 37 54. 31 .07 
I ii! :' .40 . 23 .II .02 .40 . 10 o.oo 
111 2111 7. 01 22.l:5 4.93 53.02 /.I') 5.'ll 55. 74 
c,-;•n1 \.04 1.14 .44 13.8') . 73 . 33 1 I .G3 ,.,o 2. 51 !1.03 6.24 14.02 2. 39 ll.04 12.51 
I Pt lll 0.00 0.00 0.00 (l.00 o.oo n.oo o.oo 
MnO .11 .32 . II . 18 . 15 . 24 .37 
NiO . 1!l .01 .09 .44 o.oo .08 . 31 
M<Jil I 3. J4 / 0. ')(I 33. 40 18. 76 14. 24 3\. 24 18. 07 
r. ,1() 22 . ? I 4 .HO . 3l .02 77. 44 .25 o.oo 
N,1?0 I . 14 .OS .04 0.00 1.40 .09 .01 
K;'O Cl.Oil 0 . 00 .01 0.00 . 01 o.oo 0.00 

1011\l 99.!lO 101 .07 IOI. SI 100.4 2 100. 32 100 . 59 98. 77 

Si I. 8!10 2.991 1.896 . (101 J . 8GO I .1178 .002 
Ii .010 .010 . 002 0.000 .OJ I .003 0. 000 
I'll .303 1.f\89 .1 % \.649 .307 .2H \.730 N 

0) Cr .OJO .062 .01 l .290 .O?l .009 . 240 w 
I c:? t . 078 . 470 . 11r, . 2'i5 . 072 .23] . 280 
l ei• 0.000 0.000 0 . 000 . 05•1 0.000 0.000 .030 
1111 .003 .0111 .004 .003 .004 . [107 .OOH 
Ni .004 0.000 . 002 . Q(ll\ 0 . 000 . 002 .010 
M<J . 722 2. J ')4 1. 69 1 . 738 . 16<) I. 611 . 710 
r:~ . 865 . ) tj() .OJ I 0.000 .0 71 .OO'J 0.000 
N,, .mm .006 .002 0.000 .098 .006 0.000 
t: 0.000 0. 000 0.000 0.000 0.000 0.000 0.000 

C: 1'11 llltlS 3. 975 !l.003 3.991 2.99fl 4.013 3.999 3.010 

MG/M(;, n : . 901 .024 .906 . 741 . ')14 .874 . 717 
Cl'l/ f. l'llflr. . 54'i .141 .006 0.000 . 'i31 .006 0.000 
rntrn •I'll . .090 . 032 .051 . 150 . Of, 4 . 036 . 122 



APPENDIX II 

GROUP V NODULES 

SCHAFFER-FERRIS-AULTMAN KIMBERLITES 



11ll1 -1 111 1101 -1 1fl 5113-L S113-1. S11)-L 15113-1. S113 -L l3 S113-1. l3 5113-L J3 S113-L 29 S113-L 29 S113-L 31 SID-L 31 S113-L 31 S113-L 32 S113 -L 32 
f.l'X !,/\R crx 01. orx SPtl crx GI\R SPN CPX SPN CPX GI\R SPN f.PX GI\R 

S iO;• '13.07 47.57 50.65 40. 54 54. 72 .17. 53. <JS 41. 57 . 18 52.62 .03 54.06 41.55 . 13 53.87 41 . 51 [ jl);' . 73 . )It J. 41 o.oo .36 . 7U .46 .11 .68 . 10 . II .47 .11 . 21 .42 . 13 /\1 703 5.93 71.% 6.22 .02 ). 91 45.42 3.94 2?. 13 21. 16 3.25 44.40 4 .00 72.44 45.06 3.55 22. 16 Ct·i'OJ ). lfl 1.flll 1.10 .01 . 52 20.81 1.02 I. 70 43.fi3 . 79 24.42 .82 1.24 21. 00 1.28 I.Iii r,~o 7.. 41 '). 64 3.0(j 10.80 6. 79 13.43 2. 18 10.04 20.89 I.RO 11.40 2.30 10 .20 14 . 95 2.29 JO. 14 I,, ;>()) o.oo 0.00 o.oo 0.00 0.00 0.00 0. 00 0.00 0.00 0.00 o.oo o.oo 0.00 0.00 o.oo o.oo l-1111) .04 . 49 . 12 . 16 .18 . 20 .04 . 52 . 30 . 12 . 55 .09 . 48 . I 3 .05 . 50 tHO .or, 0.110 .04 .30 .07 .?5 .05 0.00 . JR .04 . 16 .05 0.00 .24 o.oo o.oo 11tJO I 1. f.3 I 'J. I 7 15.66 49.27 32. 78 18. 71 14.88 19.45 11. 34 16. 34 I 7. 811 M.119 19.60 16.50 15.07 19.36 r:,n l').f,fi 4. 71 20.57 . 07 . en 0.00 20.52 4.80 .02 22. 54 o.oo 20.111 4. 98 o.oo 20.82 4.86 11.,71) 2.G l . ll? 1.22 0.00 .09 0.00 2.)3 .02 .04 1.07 0.00 2.09 .OS o.oo 2 .14 .03 1: i'll o.on .01 0.00 o.oo o.no o.on 0.00 0.00 0.()(l .OJ o.on 0.00 0.00 o.oo 0.00 o.oo 

1111111. 9'1.11 100.!,S 100.05 101.17 IOU. 30 9'l . IR 99 . 37 100. 34 9(1.42 'l8. 76 98.95 99 . 58 100. 65 98.22 9g_49 100.30 

s , I. 'l?B 1. 0?11 1.837 .9£\8 I .1192 . 002 J.959 2. 980 .005 1.932 .001 1.961 2. 968 .003 \. 959 2.975 Ii .019 .UOH .038 0.000 .009 .016 .012 .004 .016 .005 .002 .013 .OM .004 .010 .006 N Ill . 253 1.MO . 265 0.000 .159 1. 45ll . 168 1.869 . 788 . 141 1. 428 . 170 1.889 I. 484 . 151 I. 872 Ol Cr· .031 . 104 .031 0.000 .014 .447 .07.B .094 1.091 .023 . 527 .023 .069 . 464 .036 .090 (.J1 I •~2, .071 .576 . 054 . 219 .1% . 243 .066 . 602 .552 .055 . 260 . 069 . 608 .309 .069 .60/J r ,, 1, 0.000 0.(1()() .03 fl 0 .000 0.000 .OG 2 0.000 0.000 o.ouo 0.000 .040 0.000 0.000 .040 0.000 0.000 l·ln . 001 .0?9 . 003 .002 .005 .004 .001 . 029 .007 . 004 . 013 .002 .027 .002 .001 .079 tli . 001 o.nno . 001 .005 .001 .004 .001 0.000 .003 .001 . 004 .001 0.000 .005 0.000 0. 000 ll•J . 7311 ?. 014 . 846 1. 791 1.689 . 762 . 805 2.079 . 534 .895 . 727 . 805 2.086 . 687 .816 . 2.068 c., . 7!i5 . 3(,1 .799 .001 . 032 0.000 .798 . 3fi8 0.000 . (l(l 7 0.000 .809 . 379 0.000 .81 I . 3 72 t:., . 183 .00? .085 0.000 .005 0 .000 .164 .002 .001 .076 0.000 . 14fi .OOfi 0.000 . 150 .004 1: 0.000 0.0llO 0.000 o.oon 0.000 ll.000 0.000 0.000 0.000 .001 0.000 0.000 0.000 0.000 0.000 0.000 

Cl\ ! IIHl 'i 1. 994 7. ~l\2 3.997 3.00(i 4.002 2.'l'Jfl 4.002 8.027 2.9~7 4.020 3.002 3.999 8.036 2. 9')(1 4 .003 8.024 

1,tt;/MC1 rr. . 910 . 179 . 940 .8'JI .896 .758 . 924 . 775 .492 . 942 . 737 .921 . 774 .690 . 922 . 773 CII/Cl\ 1M(; . 509 . I 51 .486 .001 .019 0.000 .498 . 150 0.000 .498 0.000 .501 .)54 0.000 .498 . 152 Cll/<:H •Ill . 115 .or,3 . 105 0.000 .Ofll . 235 . 143 .048 . 581 .140 .270 .119 . 035 .238 .193 .046 



S11.1-L 611 S113-L 60 Sll:l-L 6q S113-l. 72 <;113-1. 75 Sll1-L 7", S113-L 7!i S113-L 78 5113-L 7fl 5113-1. fl3 S113-L 83 S113-1. 84 S113-L M S!l3 -1. 91 5113-L 91 

CPX GAR CPX CPX CPX r.1111 CPX CPX G/\R CPX G/\R CPX SPN CPX SPN 

Si02 ~-3. 3 7 4 I. 95 53.02 53.42 !i).0!1 41. 74 53. 16 53.24 41.80 52. 18 41. 59 52.58 .09 53.13 .Ol 

Ti02 . 54 . 11 . 5\ .45 .43 .19 .40 . 3\ .20 . 58 . 12 . 41 . 09 .20 . 19 

/11 203 4.52 22 .43 4. 20 2. 34 3.91 22.37 4.45 3. 90 27.75 5. 74 22.76 4.34 48. 20 3. 79 3(1, 09 

Cr203 ).63 I. 50 .93 . r;3 1. 17 \.69 1.06 .B'l I. 27 .85 I. 31 . 77 19. 90 ).25 31.45 

rco 2.35 10. 29 2.30 4. 2fl 2. lll 10.19 2.41 2. Jr; )0.04 2. 14 9.48 1.82 13.01 I. 53 12. /4 

re 203 o.oo 0.00 0.00 0.00 o.oo 0.00 0.00 {1.00 u.oo o.oo o.oo o.oo o.oo o.oo o.oo 

MnO . 14 . 65 . 15 . 18 . 15 .63 . 13 . 13 .59 . 13 . 59 .09 . 52 .14 . 71 

NiO .01 0.00 .01 . 03 o.oo o.oo .02 .us .01 .03 o.oo 0.00 .lfi .04 .11 

H90 13. 91 19. 20 14.85 17. <J4 14 .% \ <J.07 15. 13 )5.0/ 19.31 14.42 19.48 15.67 l 7. 13 16.04 16. 28 

cao \9.43 4.57 20.62 \ll. 77 20 .9fl 5.01 20,28 70 . 73 4. 90 20.61 4.97 22.38 . 01 21. 97 o.oo 

N~ 20 3. 51 .06 2.68 1. 50 2 .4 2 .07 2.46 2.56 .06 2. 50 .06 I. 50 o.oo I. 70 o.oo 

i:,o .01 o.oo .01 . !14 .O? 0.00 .02 .01 0.00 .01 0.00 .01 o.oo .02 0.00 

f()f /11. 99.48 100 . 76 99. 28 ()9.411 9'l . 30 100.41 99.!i? 99.M 100 .93 99.19 100.36 99.57 99.11 9'l . lJ I 99.64 

Si \. 945 1.496 I. 937 l .%0 1. ()3'l J.4!10 l. 934 \. 94 7 1.487 I. 905 1.485 \. 914 .002 1.928 0.000 

Ti .015 .003 .014 .012 .012 .005 .Oil .OQ8 .005 .016 . 003 .Oil .002 . 005 . 004 N 

/11 . I 94 .943 . 181 . 101 . 168 . 945 .191 .1 68 .955 .247 .958 . 106 \. 5•12 .162 l. 264 O'I 

Cr . 04 7 .042 .027 .015 .034 .04fl .031 .026 .036 .025 .037 .022 . 427 .036 . 700 O'I 

rc2• .072 . 307 . 010 . \31 .Ofil . 306 .073 .Olifi .299 .ll65 .283 .056 .023 . 046 . 32 7 

Fe3 • 0. 000 0.000 O.OllO 0.000 0.000 0.0\JO 0.000 0.000 0.0110 0.000 0.000 0. 000 . 295 0.000 (1.000 

Mn . OM .020 . 005 .006 .oor; .019 .004 .004 .01 0 .004 .018 .003 .012 .004 .010 

Ni n. ooo 0.000 0.000 .001 0.000 0.000 .001 .002 0.000 .001 0.000 0.000 .004 .001 .002 

M9 . 759 1. 021 . f\09 . 976 . UIS 1.021 . 821 .822 \. 025 .785 l. 037 . 85 1 .693 . fl68 .6f13 

CJ . 759 . l 75 .807 . 734 . 822 .1 93 .791 . 813 .1 87 .807 . 190 .874 0.000 . 855 o.ono 

Na . 248 .004 . l 90 . 106 . I I? .005 . I 74 .182 .004 . 177 .004 .106 0.000 .1 20 0.000 

K 0.000 0.000 .001 .002 .001 0.000 .00\ .001 0.000 .001 0.000 .00\ 0.000 .001 0.000 

C/\TIONS 4.04 3 4.01\ 4.041 4.034 4 . 035 4.on 4.032 4.039 4. O\fi 4.033 4.015 4.024 3.000 4.026 2.991' 

MG/MG•H .913 .769 .920 .882 .924 . 769 .9\8 .926 . 774 . 924 .786 .938 . 968 .950 .676 

C/1/C/\+MG .500 . 146 .499 .429 .502 .159 .491 .497 . 154 .507 .155 .501 0. 000 .496 0.000 

Cll/CR t/\L .195 .043 .\30 .129 . \68 .048 .)40 . \34 .036 .092 .037 .106 .217 . \82 .356 



S1 13-L \ Ii i C.11)-l l fi l SIU -L 162 S11 3-L Ir,;, \IIJ-Ll 77 Sll3 -L 171 Sll3-L JR? '>113-L 132 Sii l-LI B1 Sll1-t.Jn1 Sll\3-L I Slll3-L S1119-1. ISlll<J -L 

CPX r./\R f.PX G/\11 crx r.llR CPX G/\ll (PX G/\R crx G/\R CPX (;/\R 

Si02 54. 04 11.38 51.07 41. 51 52.21 47.02 51.61 4J .R7 53.37 41.06 54. 27 41. 70 54. 74 4).07 
r i02 . 32 . II .45 .08 .41 .20 .27 . I 7 . 31 . 16 .38 .08 . 31 . 18 
1\120) 3.55 ?\. ')fl 3.52 n.37 4. 74 22.58 3 .46 22. 54 3.6B 22.66 3.66 22 . 55 3. 31 22.3 1 
Cr203 \. 41 ). 77 I. 12 I. 44 1.01 1. 55 1.02 1.40 . ')) I . 15 .80 I. 14 I. 27 1.55 
leO 2. 12 9.41 2. 19 10 .00 2. 10 9.62 2.31 10. 21 2. l!l 9.77 1. 99 10. 26 2. 1" 9.27 
re203 o.oo 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 n.oo 0.00 o.oo o.oo o.oo o.oo 
MnO .or, . 52 .05 .48 . I) .68 . II . 5q . 10 .51 .OG . 52 .09 .43 
NiO .04 .04 .05 .04 .04 .01 .07 .n1 . OJ .01 .05 o. oo .05 0.00 
M<JO I 5.11 lfl. 81 15.07 18.66 15. 06 19.22 15.43 19.21 15. 71 19.35 15.48 I 9. 29 15.27 19. 72 
C,10 20 . 88 5.00 20.5fl 4.68 21.47 5.22 20.99 4.92 21. 13 5.02 20.97 4. 75 21. 36 4.93 
N,120 2.04 .02 2.06 0.00 2.01 .02 2.40 .07 2 .07 . OG 2 .09 .04 1.88 .03 
K20 0.00 0.00 0.00 0.00 .03 0.00 .OJ 0.00 . 02 o.oo 0. 00 o.oo 0.00 0.00 

rorr.L 99.59 9g_o4 99.16 99.29 Q') . ;>4 IOI. 12 99 .70 100 .99 9q_ 73 99.Bl 99. 75 100.33 100.42 J 01. 49 

S i J. 963 2.997 I. 967 1.000 J. 910 1.492 I. 951 1.490 I. 940 1.4 77 I. 961 2. 984 I .969 3.030 
Ti .008 . 004 .012 . 004 .01 I .005 .007 . 005 .008 . 004 .009 .004 . 007 .008 
/\I . 151 J.877 . 150 1. 904 . 205 . 945 . 148 .94 6 . 158 .961 . 156 1. 901 .139 1. 851 

N Cr .040 . 100 .032 .ooo .029 .044 .029 .019 .027 .033 . 022 .063 .036 .034 0) re2• .063 . 569 .066 . fi02 .064 . 286 .071 . 304 .066 .294 .059 .613 .064 . 545 --..J 
r r.3' 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0. 000 o.ono 0.000 0.000 0 . 000 0.000 
Mn .001 .032 .001 .OZ/ .004 .020 .003 .O\R .OOJ .017 .001 .029 .002 . 024 
Ni 0.000 0.000 .001 .002 .001 0.000 .002 0 .000 .001 0.000 . 001 0.000 .001 0.000 
Hy .817 2. 030 . 81 7 2.010 .nn 1. 017 .817 \ .020 .C52 J. 038 . 833 2.058 . 818 2.069 
Ca . 812 .307 .802 .362 . fl42 . 199 . 819 . 188 • . 83 1 . 194 .811 .363 .824 . 370 
N~ .144 .002 .14 5 0.000 . 145 .00 1 .169 .005 . 146 .001 . 146 .004 .131 . 004 
K 0.000 0.000 0.000 o. ono .001 o.noo .001 0.000 .001 0. 000 0.000 0.000 0.000 0.000 

( f,TI ONS 3.999 7.998 3.991 7.991 4.0H 1.009 4.037 4.015 4.0D 4.022 1.999 fl.019 3. q91 7.98~ 

HG/HG•FE . 923 . 781 . 925 .770 . 92/l . 7fll .922 .no . 928 . 779 .934 .770 . 927 . 792 
C/\/C/\+HG .498 . \ 60 . 49'i . 153 . 506 . 164 .495 . 156 . 494 .1 57 .493 .150 . 502 . 152 
CR/CR •Ill . 209 .051 . 116 .040 . 124 .044 .IM .(140 .146 .033 .\24 .032 . 206 .043 



APPENDIX II 

NODULES WITH EXSOLVED GARNET 



NX?-1-1 ' JHI -W NX i.'-W NXI-W I NXI-W I IL'.1. - W J l'lll-1 - ~ 7 Nirlf -L 7 lb<f-L 7 KX'l- c.. 7 SOZ.· l.111 SD7.·Lll .l :soz. -~I1I .SDZ.· l l I l 

crx 1,1\R ()l_ or x1 • orx2 • srt1 r.rx f,/\R orx S1'11 CP X (; /\R orx Sl'tl 

Si02 r,4 . 3 I 47 . 20 41. 45 Sf..25 51. 16 .11 57. 4 7 41. 43 5r,.u2 .o, ~2 .06 4 1. 74 55 .4 7 . 04 
li02 . Ill . 70 .0(, .20 . J(i . 1 7 .87 . 12 .04 .OJ . 58 . 11 0. 00 o.oo 
/\ 1703 J.f>S 71. 43 o.rm I. 94 !.'.ii 4 1. /[1 5.24 24. JO 2. 08 G'i . J r, 4 . 99 23.54 2 . 36 6 1. 87 
Cr·20J .% I. 22 .02 . ]7 . ?4 ?4 . 51 o . ori o.on o.oo .n3 . 13 .27 .02 4. 03 reo ? .'1( 10 . 9? ').()? 5.59 fi.4? 14. <)fl 3.01 11.1 11 7. 20 CL!,~ 2. 48 1\. 88 7.1 8 9 . I 7 
J',:,20.1 0.00 n. oo o.oo O. flll (1.01) O. O!J o.nn l).(10 O.U() o.uo 0 . 00 u. oo 0 . 00 o.oo 
llnO . I 1 . r,o .()fl . JG . 12 . 50 . (17 , 41l . I G . JI . 08 .46 . 12 . 22 
NiO . I ? .lM 0.011 0.fl(l . (M n.oo .0? .CJ1 .01 o,· 0 .00 .OJ . 11 . 36 . ,) 

M<JO I 5. 7!, l 'l. 94 49.11'1 14 . G<J 1 rl, ~) I 7. 13 1 r,_ 45 111.,11 34.!:4 ??.t5 15. 42 17 . 97 33. H 2 1. 11 r.ao ? \.OG 4. ')') .01 . !,O . 48 . 01 22 . 4P. r,. 4 I . 23 0.00 22.n5 5. 54 . 24 . OJ 
N,t~O ? . l(i . 01 . 0 1 . 17 .01> n.uu l . ~,r, .O!., .OS . (IJ \. 39 a.no . 03 0.00 
l'. ?O .0 1 n .nn 0.(11 1 (1.00 .Ul 11 . 00 o.nn 0.llil .O J n.ou . OJ 0 . 00 . OJ a . on 

Hlr/\1 I flil. 11 101.4~, l!lO. r,4 'l'l. r.2 IOI. f.5 'l'J. 4'.i IOI . II 101. ?7 100.(,4 9 7. ,,,; 100 . 04 101. 52 99 . 30 96 . fll 

Si I. <1S 1, 1. 000 1 .nos I . 941 \. 943 . 003 J . 1188 I.41 2 \. 929 . 002 1. 893 1. 485 I. 935 .001 Ti .011] .010 .001 .oos .004 . OfM .023 . 003 .001 11.00U .016 .003 0.000 0.000 /\l . !','i I . / ')fl [l.00(1 .01 <) . 0(, 1 I . 372 . 222 1.010 .0!15 1.r.110 . 214 . 988 .097 1.843 Cr . () /' .0(,;I .00 1 .Olli . 007 . 54() 0. 000 o . uoo 0.000 .OJ(i .005 .008 0 . 000 .080 r e2, . 11/J .(/;o . JB1 . 11; l . l f\1 . 273 . 09 1 . 132 . 208 . I 75 .015 .354 . 210 . 194 Fel t 0 . (lllr) 0.000 0.000 0.000 0.(100 .076 0.000 n.ooo 0.000 .0')2 0.000 0.000 0.000 .075 N 
Mn . l'll~ . 030 . O!J I . 005 .orM .013 . 002 . 014 . OrJ5 .002 .002 .014 .003 .005 °' I.O Ni • (IQ ~ . on2 o.ono 0.000 . 001 0.000 . 00 1 .001 (J.1100 . 00/ o.ouo 0.000 . 003 .007 
M<J . r 4.1 2 . I \I> l. !\03 1. 1% l. 797 . 71 <J . ll?<J . Q!] I. IH'J . ni 4 . 836 . 953 I. 756 . 795 
Co . ,1 ]? . i rtO o.non . 01 H . Olf1 . ()() ] .H6 7 . ?ilH .OOH n.noo .891 . 211 .009 0 . 000 fl ,, . l' ,l 0.0011 0.(lfl0 .non . 004 0. 000 • \ (l') .no.i . OOJ . 001 .09fl o.ono . 002 0.000 
K ().Oil () 0 .000 (l.()1)0 0.(1(111 0.01\0 11. 000 0.0110 11.000 _()()) IJ.000 .001 0.000 .001 0.000 

C/\TIDrl S 4.0l f1 r.. n'~'1 2 . 9'M 4 . 013 4.0?? 3.00\ 4 . 03 7. 4 . (1;>0 4.0;>() 2 . ')()') 4. 031 4.016 4 .016 3.000 

MG/MG •fl. . 'J20 . 7G5 . 90[J . 91 7 . 901) .725 . 90 1 . /(if,, . 3% .!173 . 918 . 129 . 893 . 8n4 
f./\/C/\ +Mr. . 4')0 . 152 0 . 000 .010 . 010 .00 1 . 511 . 176 . 004 n.ooo . 516 .181 . 005 0 .000 
Cll / CR•/\L . \ -HI . 016 I. 000 . l l ? . 11) 3 . 7112 0.011() 0.000 o.oon . ll0f1 .023 .008 0 . 000 . 047 

•orx1 = ne~ r so lne l 'lPX , = away from spinel 



Sll?-l 11 2 Sll2-l.112 Sll2-l.112 Wl.-llll. '>IJI-LIIJ , 111 -I.IIJ '>lll-1.11.i \ IIL - 1.1 J •I '>111 -1114 WL-l J 14 '> 11 / -L 114 \ IJ L-l.11 '> ll /- l. I I '1 '., 11 / -L I I' , 

crx r.r.R OPX SPN crx f,f IIPX crx f,f Ol'X srri CPX GT OPX 

S102 51.57 41.02 55.40 . 13 51.95 41.62 56.00 57 .94 41.62 56.20 . 16 53.42 41.68 56. 70 fi02 . 79 .02 . 15 .06 . 71 .01 . 13 .62 .06 .) ) .OJ .46 .09 . 13 r.1203 5.91 23. 41 1.01 63.IJ8 5.93 21.05 2. 15 4.61 23 .30 1.81) 62.53 4. 45 22. 43 1.21 Cr20.l .03 .09 0.00 2.49 . 16 . 21 .06 .27 . 34 . JI 3.65 .59 .81i . 14 reo 3. 10 I?. 76 7. 64 12. 36 2./5 11. 54 7.01 2.43 10. 71 6. 16 12. 11 2. 11 10.07 5.67 Fe203 0.00 o.oo 0.00 0.00 0.00 fl.00 o.oo 0.00 o.oo 0.00 0.00 o.oo o.oo 0.00 MnO .OB .50 .20 .04 0,. .45 . 13 .06 .42 . 10 .05 .05 .44 .11 . _, 
Nill .07 .oo .07 .61 .04 .03 . 12 . 04 .02 .10 .31 .06 0.00 . 14 HgO 14.48 1(1.)0 13. 9/ 20.97 14. 75 18.45 14 . 25 15. 24 18.69 34. 7 / 21. 42 15. 33 19.27 35. I 3 c~o 21.04 5. 15 .25 .02 21.53 5.20 .33 72.36 5.20 .22 .01 21. I I 5.00 .27 Na20 I. 02 .us .04 .OJ 1.41 .OJ 0.00 1.79 0.00 0.00 0.00 I. 72 .04 .02 Ki'O .01 0.00 0.00 o.oo 0.00 (l.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 

lOT,',L 'l'l. 70 10\.18 '19.53 100.57 9'J .34 100.63 100. 18 99.86 100.44 99.65 100. 31 99.30 99.88 99.60 

Si 1.883 1.471 1.935 .003 l.8'M 2.981 1.935 I. 920 \. 981 1.945 .00) l. 941 2.991 J . 959 
Ti .022 .001 .004 0.000 .019 .002 .003 .016 .002 .002 0.000 .012 .004 .003 r.1 .255 . 990 .074 ) .890 . 254 I. ').14 .087 . I 'J7 I. 966 .016 1.856 . 189 I .A98 .04 8 Cr .001 .002 0.000 .049 .004 .010 .001 .007 .018 .002 .062 .016 .048 .003 N ....., re2• .095 .383 .223 .?09 .083 .689 . 202 .073 .624 . I 78 . 193 .064 .604 .)63 0 re)+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 . 000 0.000 0.000 0.000 H11 .002 .01 5 .006 0.000 . 001 .027 . 003 .001 .024 .002 0.000 .001 .025 .003 
Ni .()02 .002 .002 . 012 .001 0.000 .003 0.000 0.000 .002 .001 .001 0.000 .003 Hg . 788 . 968 I. 769 . 784 . 80 1 I. 910 I. 765 .824 I. 995 I. 773 .A04 .830 2.0b2 I .806 c~ .855 . I 98 .009 0.000 . 841 . )'19 .011 .86') . 393 .007 0.000 .A21 . 303 .009 Ua . 129 .004 .003 0.000 . 104 0.000 0.000 . 090 0. 000 0.000 0.(100 . 120 .004 .001 1; .001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Cr.TIONS 4.011 4.034 i1.025 2. 94 7 4.002 A.077 4.010 ).997 7 .003 3.987 2.925 3.99S 8.019 3.990 

HG/MG+rE .on . 711 .888 . 790 . 906 . 741 .097 .919 . 762 .909 . 806 .928 . 713 . 917 cr.1cr.•MG . 520 . I 10 .005 0.000 .512 . 168 .006 . 513 .165 .004 0.000 .497 . 157 .005 
CR/CR<,',L .004 .002 o.ono .075 .016 .005 .011 .034 .009 .026 .032 .nm .025 .059 



502-l 117 S0?-1.13? S02 -1.13? S02-Ll 73 Sll2-l l 73 S1>2-I. I /1 SO?-OP 152502 -0PI 57Sll2-01' I r,z.Sll2-W 9 SOi'-W 9 Sll2-~l 'I Sll2-W 9 S02- W JO 502-W JO S02- ll 10 ~O?-W JO 

crx GAP or1 r.rx GAR SPN crx GAil orx CPX GAil orx SPN crx GAf1 orx srri 

Si02 54.50 41.(19 56. 70 51. H 42 .15 .03 52.45 41. 55 56.25 53.3fl 42 .19 5R.06 .03 51.49 40.25 5).53 . nc 
Ti02 .24 . 17 .03 .75 .07 0.00 .66 .06 .04 .:io .05 .07 .02 . 73 . 07 . I 5 .Ofl 
Al 203 3.79 22.75 1.08 5.95 23.33 fi3.f16 4. 76 22.l\2 I. 92 5.13 23 .06 1.24 48.48 7.99 23. M 3.0') (ii. 0.1 
c,-203 .82 1.14 .12 o.oo .01 I. 6/ .Oil .09 .02 .(i2 . 7b .07 19. 50 o.oo o.oo o.oo I. 14 
r,,o I. 93 9.36 6.63 2.79 10.60 R.61 2.Rl 11.63 7 .03 I.fl] 8.59 4. 115 9.!M o. 34 16.62 11. 73 13.14 
.. ,!203 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 ll.00 0.00 (l.00 o.oo o.oo 0.00 o.oo o.oo 
MnO .05 .38 .05 .04 .39 .09 .05 .45 .09 .04 .J:l . 10 .49 .13 .49 . 18 . 14 
HiO .\0 o.oo .02 .02 .02 .20 .01 o.oo .06 .01 . 03 .I) . 37 .02 o.on 0.00 .55 
M<JO 16.0l 19.88 35.87 15.07 JO. 51 21. (i/ 15.46 tu.lM 34.39 15. 22 19.84 35. 54 l '). 49 16. 94 14.65 30.24 1 I. 71 
c.~o 71.23 4.95 . 21 ?.1.91 5.22 0.00 21. ')5 4.9B . 16 21.06 5. l'l . 25 n.oo 14.43 5.06 . 2(l .OJ 
Na 20 2.39 .04 .04 I. 70 o.oo 0.00 1.35 0.00 0.00 2.42 .01 .07 .01 J.81 .OJ • (M .07 
Ki'O .0\ o.oo 0.00 .01 0.00 o.no 0.011 0.00 o.no 0.00 . OJ (J.00 o.on 0.00 0.00 n.oo 0.00 

lOfAl 101.0fl 100.56 100. F, 99.98 100. 30 %. 13 99.58 <)Q,62 9'l.% 100 .05 100.08 JOO.JO 97. 43 IOI .1Jf1 JOO . 31 'J'l . 24 94.57 

s i J. 'l49 J. 4r,9 I. 945 I .BOO \. 504 .1101 J. 910 J.004 1. 944 ] . 926 1. 499 J. 978 .001 l.ll41 1.480 I. 910 .002 
1 i . 007 .005 . OOI .021 .002 0.000 . 01 7 .002 .001 .Oll il .001 .002 0.000 .1)02 .002 . 004 .002 
/\1 . 160 . 954 .044 .255 .982 1. 896 . 204 1. 943 .om . 718 . %7 .050 I. 531 .337 1.004 .]30 I. llli1 N 
Cr .023 .012 .003 0.000 0.000 .033 .002 .OM 0.000 .01 (l .021 .002 .413 0.000 0.000 0.000 .023 -...J 

r e2 • .058 . 218 . I 90 .0(15 . 31 7 . 181 .OBS . 702 . 203 .056 .255 . 138 .?03 . 249 .512 .]50 . 2<Jfl 
._. 

Fr3 • 0.000 n.ooo 0.1100 0.000 0.000 . 010 0.000 0.000 0.000 0.000 o.ono 0.000 .054 0.000 0.000 0.000 . I 10 
Mn .002 .012 .001 .001 .01 2 .Ol12 .OUI .025 .002 . 001 .OJO .003 .Oil .004 .015 . 005 .003 
Ni .(103 0.000 .001 .00 1 .OOI .004 0.000 0.000 .001 n.ooo .001 .001 .008 .001 0.000 0. 000 .OJ I 
Mg .W,5 1.0',4 I. fl)f, . 816 . 985 .!HJ .839 I. '143 \. 772 .8 ]9 1.0"2 1. 806 . 779 . 903 . 803 ) . 609 .6fM 
Ca . (11 4 .189 .(1011 .853 . 200 0.000 .856 . 386 .nos .BJ5 . }')8 .009 0.000 .553 . I 99 . 01 I .001 
Na . 166 .003 .OOJ .1 20 0.000 o.oun .095 0.000 0.000 ,]f,') .001 .()04 0.000 .125 .002 .003 .003 
K o.oon 0.000 0.000 0.000 0.000 0.0011 n.noo 0.000 o.noo 0.000 . 1101 o.noo 0.000 0.000 0.000 11.000 o.noo 

CIITIONS 4. ()] 7 4.0\6 4. 012 4.0]2 4.003 3.000 4.00') R.009 4 .006 4.030 4.006 3.'J')C, J.oon 4.015 4.017 4.072 ].000 

MG/MG>F[ . 936 . 791 . 906 . 906 .757 .fll8 . 908 . 735 . 8()7 . 911i .805 . 979 . 793 . 784 .6\1 .fl?\ . !i97 
C/1/CA•MG .4:18 .152 .004 .511 . 169 0.000 .505 . 166 .003 .499 . 151l .005 0.000 . 380 . 19') .007 .001 
(.U/CH•/11. . 126 . 032 .OG4 0.000 0.000 .017 .010 .002 0.000 .076 .021 .038 . 212 0.000 0.000 0.000 .012 



APPENDIX II 

GROUP VI NODULES 



,fl?. -11 Sll2 -f1 2 Sf1l-ll J Sfl?-fl 70 '>02-11 Sll? -11 ll ~fl2-II 11 

01. OI OL OL 01. 01. OL 

S102 ~L.HS .19. 'J2 H.9'l ~,. 75 ~I. 38 l. ll6 ~2. Of, 

Ti02 o.nu .01 . 01 0.0(1 .02 o.oo .01 
1'1203 ,(M .o~ .()2 0 .00 .o~ . ()~ . 02 
Cr?.03 . 11 . (J) .02 .02 .02 .or, .11?. 

reo ~- 14 12.03 12.0'l G.% 11. 7? ll. 4G 11. s~ 
FP203 o.no [).(){) 0.00 o.oo ll.00 0.00 0.00 
HnO . JO .11 . 10 .09 . I~ .D .1 2 
NIU . . Ill . 7(1 .23 .~[) . 22 .?O .2u 
H<JO r,t. fl/ lfl.' ,2 4'1. 23 S0.52 ~<J. fl1 SI.% 50. IG 

CaO .or, .OH .06 .02 .01 .(15 .OJ 
Na?O .112 .02 . 03 O.CJO o.no 0.00 .OJ 
K20 n.on ll.00 0.00 0.fJO o.oo (1.00 0.00 

Tll I fll \112 . ~() l rJ. 'l9 I 03. 01 'l'l. ](, 103.14 102. n~ JM. 29 

Si .~94 . 'lOI I. 000 1.01 2 .<Jfl9 .991 . 9'l~ 
Ti 0 . 0ll0 .Ofll 0.000 0.000 o.ono 0.000 0.000 
fll 0. 0110 .001 0.000 0.000 0.001] 0.000 0.000 N 

Cr .0111 .O(JJ 0.000 IJ.000 0.000 0.000 0.000 '-I 

r e2• . I r,~ . i'4 l . 240 . l 4 I .2)4 . I 6 7 , 22[J w 

rd+ (1. ono (l.000 11.000 o.noo 0.000 n.ooo n.ooo 
Mn .001 . Oll2 .001 . 001 .0112 .002 . 002 
Ni ,l) l)C, .0[).1 .004 .on, .011] . (104 .OlM 

Hg urn, 1. 718 I. 74 7 \. !l2S I. 77'", l .fl J S I. 76ll 
Ca . 00 1 .002 . 001 0.000 . [)1)1 0.001) fl. 000 
ri~ (l.0111) fl. OllO .nn1 (1 , 000 fl,()i)(I n.ooo 0, {1IJ0 
K 0.00fl o.oon o.oon 0.0f1() 0. OIHI o.non 0.000 

C.flf IONS 3. 000 1. 01 7 2 . ')'),1 2.986 3.0IJ~ 2. 99') 2.9% 

HG/MG•IT . 91 .nrn .B79 .928 . GH4 .91 7 .8()6 
C,\/Cfl•HG .001 .001 .001 0.000 .001 0.000 0.000 
CR/r:R +/II. 1.onn .~00 o.noo n.ono 0.000 0. 000 0.000 



APPENDIX II 

GROUP V NODULES 

IRON MOUNTAIN KIMBERLITES 



)Mr(, - f. 9 JH?li -1' MIM?l> -P MIM21i-P M IM4 7-I. :171M42-I. 17 ll·Ml -1 I', 

l l'X r.rx r.AR orx Cl'X ~~PN r,ry 
Si02 54. 40 54.33 41. !l'l r, I. r, I '>1.SB . JO 1,4. Il l Ti02 .OR . 31 . 11 .IM . 34 . 52 . ;, s Al ?.03 ?. Bil l.02 ?7 .l<J .(16 2.GG 23.(l) .1. 2n c.-201 . <JI .l\'.i I. 27 . 18 I. 13 4 I.IJ~ 1. 0(, I rO !. !JO I. 16 (i.'18 3.RG ?.? I ?4. fM I. 65 f p,'0 1 o. CXJ (l.00 0.00 n.no o.on o.oo o.oo l-1111) . 14 .01 . 34 .09 .O'l . )Ii .n1 fli 0 .0 1 .O!J 0.00 .09 .or, .09 . 04 MCJO 16 .29 16. 45 21. 33 36. 54 IS.GB 9.34 I 5. 7ll CaO ?2. 30 21. 71 4. 42 .23 ?? . 24 0.00 ?I. (,I) Na20 I. 1B 1. 59 . 01 .05 l. ?3 0.00 I. ll6 K?ll O.ll0 o.on (1.00 n.oo 0.01) (1.00 0.011 

TOTAL <l'l.9'1 ')'I. r., 7 g9 _ 14 99.6 1 99 . 2? 1ll0 . 10 1 no. 34 

Si 1 .1Jr,s 1.%4 2.9fl2 I . 974 1.9/.(l .002 1. 970 N 
--..J Ti .00? .007 .OM . 00 1 .non .012 .OOG u, Al . I ?? . 12R I. 912 . 034 . I 14 .(l/7 .11{1 c,- . O?C, .on . 071 .004 .nv I.Oil .OZ9 r f !2 . 054 .034 .416 . I 10 .Ohl .M<J . 049 f p3 ( ll.00() 0.000 0.000 ll.000 IJ.000 0 . 000 0.000 M11 .004 .001 .019 .002 . 00? .009 0.000 Ni 0. 0ll0 . 002 0.1100 .002 .Oil ! .001 .001 Mu .876 .llHfi ? . 264 1.864 . fl'i4 . 435 . {145 Cn . R63 . IMO . 336 .OOR . R7 2 0 .11011 .R)I Na .O!l7. . 111 0.000 .001 .OU/ n.ono . I 2fl K IJ.000 0 .0011 o.oon 0.000 ll.000 o . noo 0.0011 

CATIONS 1. 'l')J 3.9% R.OM 4.002 3. <)<)7 2.<l9R J.991 

MG/MG•H .942 . 963 .84'> . 944 .'l27 .401 . 94 r, CA/U11MG .496 . 481 .1 2') . 004 . sor . o.oon . 4% CR/Cll +Ill . I 70 . 15? . OJf, .IW, . 21 'I . 536 . I 74 



APPENDIX III 

WHOLE ROCK CHEMISTRY 



Appendi x 111 . Whole rock chemi s lry, Group I nodul Ps. 
------ · _; •• • •• - --· _-_ •·· - ----- ---- - · ·--- --- - - --- - - ----- - ---- - - --- - -- - - - ·····-·--- --·--- - - -- ---·--::------ --- -------------- ---

Si02 Ti02 Al 203 Crl3 FeO MnO NiO MgO r.ao Na 2o K20 FeO 
- ---· ------ ··-· . --· ·- - - -· - ---- -- -· - - - -- - -- - . - - ------- - · ·- -- . ---- -- -- -- --- ------------ - -- f_e_Q_ ·• - l:\_g_O 
S02-ll8 4!U4 . 18 . 50 . 16 8.31 . 14 . 18 42 .0ll . 37 . JO .01 0. 165 
5D2 -025 4?.26 .06 . 35 . 19 q. 1n . 15 .44 48.58 .21 .fJfi .00 0. 158 
SD2-Hl3 4 I. 11 . 13 1.33 I.41 7 .83 . 14 .30 47.69 . 92 .06 .00 0.141 
SD2-L4 42.'JJ . 16 2.37 LB 7 .40 . 16 .27 43. 3;, I. 90 .07 .00 fJ .1 46 
SD2-L69 42.84 . 15 I. 36 . 90 8.57 . 17 . 31 46 .06 . 92 . 10 .OD 0. 15 7 
SD2-L75 41. 45 . 08 . 37 .20 9.63 . 14 . 40 40 . 40 .24 . 08 .00 0. 166 
SD7-L76 43. 94 .08 I. 55 .62 7. 04 . 12 .26 46.25 .60 .06 .01 0.132 
Sfl2-L98 42 .28 . 19 I . 25 .88 9.4 1 . 13 .41 45.24 1.00 . 10 .00 0. 172 N 

-...J 
S02- L JOO 43. 45 . 10 . 77 .88 7.47 . 13 . 29 46.70 I.31 . 10 

-...J 
.00 0.138 

S02-LIOI 42.35 .03 .27 .32 7.82 . 13 . 34 47.91 . 46 .06 .00 0.140 
SD2-LI02 42. ID .04 4 . 71 I. 26 7. 59 . 18 .25 42. 15 I. 78 .06 .00 0. 153 
SD2 -LI03 43.04 . 02 .08 .05 7.4fl . 15 . 24 49. 64 . 18 .03 .00 0.131 
SD2 -L1 20 42.65 . 16 5. 71 1.02 8.43 .1 7 .28 3'l.74 l . 48 .03 .00 0. 175 
SU2- Ll 23 46. 16 .02 .46 . 38 7. 97 . 13 . 40 48.08 .28 .02 . 00 0. 142 
SU2-L133 44.62 . 34 9. 01 3.56 6. 85 .22 . 14 31. 78 3.67 . 07 . 00 0. 177 

S02- Wl I 56.42 .29 I. 17 .43 5.46 .17 . 06 V .85 7.53 .81 . 02 0 . 164 

SD2- L169 43.09 ----- ----- .04 1.07 I. 15 7.29 .13 _ _:_2~-- ~9_3 . 83 _ . 05 .00 ____ 0. 137 _ 



/lppendix II I. Whole rod chemistry, Group 11 nodules. 
·---·----------- ---------------- - ------ ----------- ------------------- ------------------ --- - - - -· -- ---- --~- . - ----- -- ---- ------- - - -- --- - --- - ----- -·- --· .. ·-. - -- - -· ---- -- ---- -- . - -- -- -- - .. ----. - ·- -- - - -- ------- ------------· 

- -- ----- ---------- S!02 -- - Ti02 --- /11203 - -
Cr2o3 Fell MnO NiO MgO cao reo Na 20 K20 fco+M<i'(Y 

---·--- --·· - ----- -- ---- - - -- --·-·----- -- ---- - --- --- -- ---·-- - -- -- ·- -- - ---- _ __!__!'19_. 
S02-Ll 45 .?4 . 00 . 64 .14 6. 4'.) .I I . 32 48 .89 .27 .01 .00 0.117 
S02-l3 45. 73 .00 . 77 . 19 6.36 .09 .2A 47.90 . 67 .04 .00 0.117 
S02-L5 44 .64 . 00 1.00 . 39 6. (,(i .13 .2A 49 .68 . 12 . 02 .00 0 . 118 
Sll2-L6 44 . 27 .00 .65 . 13 6.4A . 12 . 36 46. 73 1.03 . 04 .00 0. 122 
SD2-L7 45. 77 .00 1.01 .29 6.44 . 13 .30 47 . 37 .33 .06 .00 0. 120 
S02-L15 43. 7G .07 . 51 . 16 7. 4 7 . OR . 36 47.74 .58 .06 . OD 0. 135 
SD2-L16 43 .82 .05 . 47 .06 6.78 .09 .37 4R.R2 .13 .04 .00 0.122 
S02-L20 46.39 .01 I. 10 . 19 6.34 . 09 .29 45.66 .20 .05 .00 0. 122 
S02-L21 19 .68 .02 2.54 I. 42 6.89 . 12 . 37 47.21 I. 42 .07 .00 0. 127 
S02-L22 4 I. 38 .00 2.45 I. 29 7.36 . 16 .30 46.97 I. 40 .05 . 01 0 . 135 

0.122 N 
S02-L23 45.85 .05 .89 .15 6.28 .nn .37 45 . 24 1.63 . 08 .00 -....J 

0.136 co 
SD2 -L25 42.66 .02 . 41 . 21 7.69 . 12 . 39 413.84 . 31 .03 .no 
S02-L31 44.70 .00 . 89 . 26 6.35 . II . 30 47. 58 . 41 . 03 . 00 0.118 
SD2-L38 43 . 12 . 01 .41 . 09 6.61 .12 . 36 48 . 08 1.15 . 05 .00 0. 121 
S02-L55 41.05 .00 . 52 . 27 7. 14 . II . 39 50.29 .38 .01 .00 0. 124 
SD,-L65 45. 76 . 05 I. 30 . 39 60.3 . 15 .25 46.46 . 14 .02 .01 0 . 115 
SD2-L73 43.83 . 02 I. 10 .)) 6. 72 .12 . 30 47.29 . 35 .01 .00 0. 124 
S02-L90 43.80 .00 .65 . 34 7.31 . 14 .28 47. 13 .55 .01 .00 0. 134 
SD2-Ll62 42 . 96 .03 .13 .23 7.50 . 19 .JI 47. 55 2.01 . 20 .01 0.136 
S02-Ll83 _____ 42.38 _ .00 . 9 I .47 8 . 13 .16 .37 47.25 . 97 .06 .00 0. 147 



llppend ix l l I. Whn 1 P rrJck chemistry , Grnur l V no<lu 1 es. 
· • •· - --- --- -- ·- - -- ---·--- - -- - - - ________ __ __ ______ _, ______ ___ __ _ 

Sill2 _ Ti02 _ _ __ 111 203 ____ Cr2o3 -- ---~e~ 
NX4-L7 43.57 . 41 lfl.17 .07 7.3 1 
NX4-L20 51.]4 .80 7 . 78 .00 2 . ?9 
S02- Ll 2 47.flS .2 1 Vi.16 .?O 5.21 
S02- l41 4S.',8 . 17 18.99 . 29 6.45 
S02- L4 2 48 .65 .26 15.15 . 15 5. 17 
S02 -L47 48.22 . 41 15. 43 . 41 5.26 
SD2-L48 47.58 . !9 17 . 37 .J~ 5 .68 
S02-l49 16 . 48 . 28 17 . 11 .53 5 .50 
S02-L50 47.fi8 . 20 15 .92 . 33 5.35 
S02- L52 47.G6 . 40 14 . 12 .00 5. 08 
S02- L77 46.86 .33 M .66 . !8 5.20 
S02- L78 16.54 .3 1 16 . 75 . 20 6.07 
S02-L79 16.53 .22 17 .BG . 20 5.99 
S02- L80 46.85 .4 2 16.16 . 61 5.69 
S02-LB3 45. 48 . 14 17 .38 . 12 6.12 
S02-L84 46.08 .18 17.82 . 51 6.34 
'>ll2-LR5 47.40 .44 15.39 .33 5.0 1 
Sll2- L86 46.06 . 17 17.7 1 .80 7.00 
S02- L87 47.13 .25 JS.IO . 45 6.08 
S02-LRR 46.70 .32 17. 17 . 42 5 .97 
S02-L I04 48.45 .24 12.64 .00 4.63 
S02-L 106 47.61 . 16 9.rJ6 .39 8.52 
SD2-LI09 48.82 .34 12.65 .00 4 .84 
SD2-L lll 45.07 .JS 14 .03 .5 1 6. 16 
SIJ2- Lll 2 4IJ.42 .50 11.27 .05 6.~0 
S02- L!J3 48 . 37 . 40 12. 17 .1 7 6 .59 
S02- Lll4 33.68 .25 27.54 1.32 7.90 
S02-P l 47.86 . 32 11.56 .19 13.?7 
S02-W6 19. 72 . 19 10 . 42 . 76 4. 49 
S02-W7 48.53 . 13 13 . 68 . 08 10 . 89 
S02- IHO _______ 47 .57 ___ .49 ____ 13. 24 __ __ .oo 11.31 

MnO 

. 24 

.06 

. 13 

.26 

. 2 I 

.2 1 

.22 

.23 

.20 

.23 

.20 

. 24 

.22 

.20 

. 31 

.25 

. 19 

.28 

.2 1 

.25 

.20 

. 21 

.20 

.20 
22 

. 21 

. 16 

. 30 

.21 

. 24 

. 26 

NiO 

.06 

.03 

. 01 

. 01 

.02 

. 08 

.03 

.01 

.01 

.05 

.02 

. OJ 

. 01 

.04 

. 04 

.OJ 

.01 

. 04 

.03 

. 02 

. 04 

.00 

.01 

. 04 

.07 

. 04 

.14 

.05 

.03 

.03 

.0 1 

FeO 
_ r eo_ :£ l\g6_ My O 

18.89 11.49 .06 . 00 0.279 
16. 56 20 .11 1.44 .01 0.121 
19.99 11 . 17 .74 .00 0.207 
21.05 8.36 . 41 . 00 0. 234 
19.98 11 .71 .8 ) . 00 0 . 206 
20 . 08 11. 35 . 70 .00 0. 208 
20.26 10 .(16 .59 . 00 0.219 
19.99 10.07 .57 .00 0.216 
20. 15 11.03 .66 .00 0 .210 
19.69 11.71 .83 .32 0.205 
19.4 3 12 .4 2 .74 .00 0.242 
19. 85 10.01 .68 .03 0.234 
21.85 7.33 . 31 . 00 0 . 215 
20.43 9. 15 .53 .00 0.218 
20. 17 9.64 .6 1 .01 0.233 
22.36 fi.92 .38 .00 0.22 1 
20. 12 10. 77 . 59 .00 0. )99 
22 . 23 6.29 .30 .00 0.239 
22 .06 8.64 .53 . 00 0.2 16 
21. 58 7.65 . 14 .00 0.217 
18.78 13.67 1.06 .OJ 0.198 
15.60 15.96 . 66 .0 1 0.353 
18.56 13.IJ7 I. OJ . 02 0.207 
18.23 13 .9 7 .75 .0 ) 0.252 
16 . 91 15.06 1.13 . 01 0.278 
18 . 18 13. 04 . 75 .00 0 . 266 
18. 98 9. 71 . 4 7 . 00 0 . 294 
19.47 6.86 .55 .32 0 . 405 
18 . 69 15 . 33 . 64 .01 0.194 
14.17 10.72 2 . 03 . 01 0.434 

_ _16 . 35 10.91 __ 1. 16 _ _ _ ._o_o ___ 0 . 409 

N 
-....J 
<.O 



Appendi x 111. Whole ror.k chemistry, Group V norlule~ . 
-· - -- ---- ---· - ---------- - - -- ----. - -- -- ------ ---- -- - - --- - -- - - ------ -- - ---- - ------ ·- - - --- -- - - • - - • - -- -- ----- ·-· - ---- -- - • -- - -- -·---- -- --- •·- - -~--- ----- -------- ----- ---· -- ----- - - FeO Si02 Ti02 A1 203 Cr,(13 FeO MnO NiO Mq O CaO . Na20 ---- K20 - -·-- FeO! MgO -- --·- - -- -- --- -- -- ---- • - - - ------·-- --------- ----- - - --- ---------NX4 -L l 42.60 .on . 37 .07 7.79 . 13 .29 4 7. fl I .94 . 06 .00 0. 140 

NX4-L2 43.09 .07 I.OJ . II 8. 11 . 16 . 30 44.07 3.06 .30 .00 0. 155 
NX4-U 44. 11 .OJ 3.09 . 16 7.33 . 15 . 27 43. 7q 3.48 .20 .00 0. 14 J 
NX4-L4 42.90 .02 I. 52 . 45 7.08 . 14 .27 44 .00 3.25 .20 .00 0.139 
NX4 -L6 40. 93 . 01 3.00 .69 8.20 . 16 .27 44.48 2. 12 . 14 .00 0. 184 
NX4-LG 4(,. 70 . 08 2.46 . 27 7. 34 . I 7 .22 38. 73 4. 18 . 34 .01 0. 159 
NX4-LQ 47. 35 .05 2. 30 . 34 60.2 . 13 . 21 36.98 6. 71 .48 . 01 0.140 
SD2 -L2 44.71 .OG I. 89 . 31 7.35 . 13 . 2fi 44. 14 2. 13 .18 .00 0. 14] 
S02-L9 42. 76 .02 I. 18 . 33 7. 93 . 18 . 34 44.90 2.60 . 14 .00 0. 150 
SU2-LIO 42.79 . 11 13. 95 I. 63 8.89 . 40 .JI 29.21 4.58 .71 .00 0. 233 
5D2-Ll I 43.Sfl .05 9.37 .96 8.50 . 24 . 16 35.35 I. 93 . 06 .00 0.194 
5D2-LIJ 45 .20 . 09 19.48 I.OJ 7. 23 . 31 . 02 24. 11 3. 76 .07 .00 

N 
0.231 co 

S02-L l4 41. 77 .01 I. 70 .26 8. 7fi . I 7 .31 45.98 J. ?3 . JO .00 0. 160 0 

S0?-1. 17 41. Q8 .Ofl 3.00 .40 9.13 .22 . 29 42.46 3.37 . JG .00 0. 177 
5D2-Llfl 43.58 .07 1.20 .28 7. 90 . 13 . 21 43. 57 3.49 . 16 .00 o. 151 
5D2-Ll9 44 . 38 . 05 2.07 . 21 8.23 . 15 .28 42.61 2.99 .30 .OJ 0. 162 
S02-L24 41. 32 .05 .65 . 16 9.21 . 17 .42 48.67 . 37 .03 . 00 0. 159 
S02-L28 40.92 . 10 15.33 2. 49 6.88 .22 . 13 29 . 04 3. 70 . 39 . 00 0. 192 
S02-L32 42.45 .04 5.86 . JR 9.55 .28 .22 39. 12 1. 75 . 10 .01 0. 196 
5D2-L34 42. 14 .04 1.09 . 36 7. 13 . 18 . 27 47 .68 I. 28 .09 .00 0.130 
SD2-L35 44 .07 .09 1. 54 .14 7.93 . 18 . 3 I 43. 59 2.3 1 .24 . 00 0. 154 
5D2-L37 46.37 . 12 2.89 . 47 7.44 . 18 .26 37 . 24 3.59 .33 .00 0. )66 
5D2-L39 42.20 .05 10.79 .93 8.47 .29 . 16 33 . 65 2.93 . 14 .00 0.201 
5D2-L40 45 . 07 .06 3.01 .50 9.50 .21 . 12 33. 13 8.54 . 31 .00 0.223 



Appendi x 111. Whole rock chemistry, Group V norlulP~, continued. 
··- ----- --- ·-·---------•--• --- - . - . - - -- - - . - • - • --- ------ - --·-• -- ---- - -- ----- ·- - - - - - - -------- ------ -- --- --

Sill2 l i02 1'11 203 Cr/13 reo MnO NiO M<JO c~o Na 2o K20 FeO reo··, MgO 
-- - -- --- ---- --- - • --- - - -- • -- -- -- ----------- ----- -- ----- - -- ------ ------- --- - - -- - - -- - -S02-IA4 %.17 .19 19 . 42 . 77 G.q9 .30 . 04 24.08 4.61 . 15 .00 0.225 

SD2-L5 1 48 . 9q .2 7 12. 93 I. A4 4. 65 .?6 .03 18 .82 13 . 15 .93 .00 0. 198 
S02-L54 45. 44 . 08 4 .26 . 36 7. 56 .20 . 21 37.80 3. 92 . 36 .00 0.167 
Sll2-L57 41. 37 . 02 2.83 . 70 7.99 . 14 .29 46.48 .58 .05 . 00 0. 147 
SD2-L58 43. 65 .15 3.48 .4R 7. 73 . 13 .22 38. 12 6. 42 .50 .01 0. 169 
Sfl2-L59 44.41 .08 8. 66 . 73 8. 45 .31 . IA 34 .87 2. 46 . 10 .00 0.195 
Sfl2-L61 49. 34 . 25 5.93 I. 18 5.69 . 09 . 18 30 . 75 6.00 . 48 .00 0. 156 
S02-l.64 42.34 . 03 2. 16 . 27 8.46 . 12 .29 44 . 4 7 2. 10 . 21 .01 0. 160 
502-Ui6 44 . 19 . 05 4. 06 . 34 8. I I . 16 . 20 38.12 4.50 .32 .00 0. 175 
SD2-L68 47.52 . 13 16 . 14 1. 03 6.78 . 29 . OJ 24.37 4. 76 . 16 . 00 0. 218 
Sfl2-L70 44.46 .08 '.'. 07 . 27 7.54 . 15 . 38 .00 0. 158 N .30 40 . 05 4. 88 00 
S02-L71 43. 72 . 10 l. 61 . 18 8.28 . 06 . 33 42.98 3. 14 . 29 .00 0. 162 I-' 

S02-L72 46 .84 . 19 4. 0R .38 7. 71 . 15 . 73 35. 41 S. 11 .56 .00 0. 179 
S02- L74 44. 7?_ . 13 3. 12 . 33 8. 28 .11 . 32 40 . 23 2. 88 .29 . 00 0. 171 
S02- Lfll 45.80 .60 17.87 1.03 7.6n .24 .02 22. 75 5.33 .21 . 00 0.252 
S02-Lfl2 45. 16 . 17 17 . 79 .69 7 .40 .29 . 04 23. 47 4. 36 .09 . 00 0. 240 
S02- L91 46.75 .06 2.05 .78 6.53 . 13 .26 40 .33 2.4R .07 .00 0.139 
S02 -1.92 45 .82 .03 l.66 . 70 6.21 .II . 30 42.60 4.49 .09 .00 0.1 27 
S02-L93 44.47 . 05 2.33 l. 20 6.86 . 13 .29 42.84 2.40 . 06 .00 0. 138 
S02-L96 43 . 96 . 02 2.04 .63 8.05 . 10 . 36 43 .02 2.57 . 14 .00 0. 158 
S07-L97 43. 07 . 1 I 20 . 19 I. 37 9.37 . 50 .01 20.11 5. 23 . 11 .00 0. 318 
S02-Ll 15 50.35 . 34 9.23 . 64 4. 44 .16 .05 17 . 26 15 .81 I. 19 . 00 0.205 
S02-Ll21 44 . 11 . 13 11. 10 .67 8. 99 . 31 .17 30. 50 4. 62 .28 .00 0.228 



Appendix 111. Whole rock chemistry, Group V nodules, continued, 
- -- -- - --- -- ---- -- ----- - - . - ·- --

Si02 Ti02 Al 2o3 Cr2o3 FPO MnO NiO MgO cao Na 20 K20 FeO 
i'eO+MgO ------- - - ---- - - -- - - - ·------ - - - - ---- - - - - - - --------- ---- ---- - - ------- --- - ------------------------ - -----S02-Ll25 43. 9n . 07 3.32 .41 fl.OJ . 16 .26 40.84 3. 16 .30 . 00 0. 164 

Sn2-ll26 43. 40 .03 1.04 .27 7 .6'1 . I 7 .29 45 . 36 2.49 . 15 .00 o. 143 
S02-L127 43. 72 . IO I. 92 .29 8.23 . 19 . 35 42.85 2.83 . 23 .00 0. 161 
S02-ll28 45 .flR .04 ?.90 . 30 7.43 . 13 .20 40.41 3.06 .29 . 00 0. 155 
SD2-ll29 44 . 00 . 09 I. 47 . JO 8.H4 .18 . 36 44 .01 l.fl4 . I 9 .00 0. 167 
SD2-Ll30 45.00 . 13 7.M .64 8.19 .2 1 . 24 31. 48 6.95 .66 .03 0. 206 
SD2-ll32 49.46 . 19 13 . 01 1.09 5.87 . 22 .09 21.01 9.60 .70 .00 0.218 
S02-Ll34 44 . 41 .09 2. 79 . 42 7.5Q . 12 .16 40 . 44 2.93 .29 .00 0 . 158 
S02-Ll37 44.99 . 15 2.02 .29 7. 16 . 13 . 31 39.68 6.29 . 45 .00 0. 153 
5D2 -1.138 44.94 . 10 1.83 . 19 7.RS . 16 . 34 41. 21 4.50 .41 .00 0. 160 
SD2 -Ll39 45.52 . 19 5. 35 . 84 6.09 . 18 .23 33.32 8 . 41 . 77 .00 

N 
0. 154 co 

SD:>-Ll48 43. 32 . 15 2. 70 . 17 8. 72 . 16 . 39 42.75 3. I I . 35 . 00 0. 169 
N 

SD2-Ll59 44 . 47 . 10 I. 98 . 36 8 . 06 . I 7 .28 43. 58 ? .25 .2 1 .00 0. 156 
502-1 I 5 l 44. 14 . 13 I. 65 .21 8.00 .20 . 35 40. 91 4.97 . 35 .no 0 . 164 
SD2-Ll52 41 . 58 . 12 16.76 2. 14 8.56 . 39 .06 25.30 4.04 . 15 .00 0.252 
SD2- LJS4 44.68 . 14 I. 91 .20 7. 71 . 18 . 38 39.58 6.08 .49 .00 0. 163 
Sl12-L!Sfi 4 7. 21 .08 3. 32 . 71 5 . 7) .IS .20 37.04 5. 44 . 42 .00 0.136 
SD2-L159 41. 56 . 19 10 . 92 2.48 6. 71 . I 7 .18 30 .89 fi. 16 . 49 . 00 0.178 
SD2-L161 43. 72 . 17 1.88 .27 7.75 . 18 .33 39.79 5. 79 . 39 .00 0. 163 
SD2-Ll63 49. 77 . 26 9 . 47 .81 3.82 .15 . 10 16.87 17 .li6 1.13 .00 0. 185 
SD2-Ll64 49.41 . 48 8. 15 . 98 2 . 83 .16 . 02 14.87 2 I. fi5 I. 37 .00 0.160 
SD2-Ll66 42 . 07 .09 .80 .12 8. 28 .18 . 37 48.32 . 34 . 08 .00 0. 146 
SD2-L167 43 . 59 . 13 2.00 .26 7.97 . 18 . 37 42.44 3. 33 .33 . 00 0. 158 



Appendix II I. Who 1 e rock chemistry, Group V nodu 1 es, continued . 
-- --- ------ - -- - - - - -- - - - • -·--- - - . -- - --- --- ·- · -- -- - . - - --- .- - -· - - ----~- - . .. -- ----- - -- · - ··------ --- ----- - ---- ----- --- - - - -

srn2 Ti02 Al?~oj _ . Cr203 r .. o Mn0 Ni0 Mg0 Cao Na20 Kl re/f0wo 
-- ----- --- · -··-· ··--- ·- ·- - - ·-· - - -- - ··-- --- ----- --- --- - -·-- ·--·- ----- -- -·--- -- - -·----·· -_l'.19- -

S02-L168 41 .73 .O '" 3.33 1.43 8.03 . 19 .31 44.38 1.31 . 07 .00 0.153 
SIJ2-Ll 70 
S02-Ll71 
S02-ll 7~, 
SIJ?. -Ll 75 
S02-Ll77 
S02-Ll 78 
S02-L179 
S02- L! IJO 
SD2-Ll81 
Sll2- l.184 
Sf12 -LIR5 
SD2-LJ86 
S02-Ll87 
Sll2-Ll89 
SfJ2-W8 
S02-W9 

4?.54 . J . II 2.40 . 4G 7.93 . 19 .39 43.93 2 .20 .l!l . 01 
- 42 . 98 . 04 1. 00 . 49 8. 11 . I 7 . 36 46. 95 . 80 . 05 . 00 

42.21 .24 Q, 63 2.26 5.88 .17 . 17 30.57 7.80 .60 . 01 
44. % . 13 3.86 . 7fJ 6 .93 . 15 .2 3 37.54 5. 40 .41 . 00 
43. 25 . }] 1.95 .32 7. 71 .19 . 30 42.36 4 .01 . 32 .00 
45.48 .1 2 3.36 .53 7.32 .16 .27 39 . 49 3.38 .25 .00 
42.59 .OJ .85 .47 7.6 1 . 17 .36 47.55 .54 . 05 . 00 
42.87 . 12 1.70 .29 8.01 . 15 . 36 43.42 3.88 .33 . 00 
42.01 . 06 . 96 .07 8.84 . 14 . 37 47.75 .52 .08 .00 
4 2. 98 . 00 I. 9 3 . 81 7. 64 . 20 . 32 44 . 46 I. 98 . 09 . 00 
43.37 . 10 7.08 .66 8.44 .24 .20 36 . 46 3.49 .25 .01 
42.59 .07 5.39 .63 8.51 .23 .24 39.86 2.55 .22 .00 
44 . 34 .07 1.71 .37 7.00 . 15 .26 42 . 47 3. 49 .33 .00 
45 . 93 .22 8.41 1.70 6.95 .?.6 . ]] 29.43 6.66 .29 .00 
51.19 .33 7. 67 .81 3.70 .17 .02 17.78 17 .56 1.11 . 01 
50.89 .24 8.95 . 77 3.41 . JO .02 16.98 16.86 1.82 . 01 

0. 153 
0. 147 
0 . 161 
0. 156 
0. 154 
0.156 
0.138 
0 . 156 
0. 156 
0. 147 
0. 188 
0.176 
0.142 
0 . 191 
0.172 
0 . 167 

N 
OJ w 
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PLATES 

Mineral Chemistry* 

Olivine (OLV) 

Plate 1: MgO versus FeO 
Not. shown: 

GrouR II 
S02-Ll at 52.46 MgO, 7.00 FeO 
SD2-L3 at 52.50 MgO, 7.03 FeO 
SD2-L5 at 53.06 MgO, 7.06 FeO 
SD2-L99 at 52.21 MgO, 7.14 FeO 

Group V 
SD2-L40 at 47.59 MgO, 13.00 FeO 

Group VI 
S02-019 at 47.52 MgO, 13.00 FeO 

Orthopyroxene (OPX) 
Plate 2: Al 2o3 versus Cr2o3 

Not shown: 
Group I 

SD2-L169 at 0.48 Al203, 0.88 Cr203 
Group V 

SD2-L164 at 6.87 Al203, 0.54 Cr203 
SD2-W8 at 5.91 Al203, 0.33 Cr203 

Line connects two different orthopyroxene analyses from 
sample NX2-Wl. 

Plate 3: Cao versus cr2o3 
Not shown: 

Group I 
SD2-L169 at 0.88 Cao, 0.88 Cr203 

Line connects two different orthopyroxene analyses from 
sample NX2-Wl. 

*All oxides are weight percent. 



Plate 4: Ti02 versus Cr2o3 
Not shown: 
Group I 

286 

S02-D25 at 0.38 Ti02, 0.40 Cr203 
SD2-L75 at 0.29 Ti02, 0.43 Cr203 
SD2-L98 at 0.29 Ti02, 0.40 Cr203 
SD2-L169 at 0.00 Ti02, 0.88 Cr203 

Group V 
SH3-Ll at 0.36 Ti02, 0.88 Cr203 

Line connects two different orthopyroxene analyses from sample 
NX2-Wl. • 

Clinopyroxene (CPX) 
Plate 5: Al 2o3 versus Cr2o3 

Not shown: 
Group I 

SH3-L97 at 1.28 Al203, 3.83 Cr203 
Group IV 

NX4-L20 at 8.17 Al203, 0.00 Cr203 
S02-WlO at 7.99 Al203, 0.00 Cr203 

Plate 6: FeO versus Cr2o3 Not shown: 
Group I I 

SH3-L86 at 2.06 FeO, 3.20 Cr203 
SH3-L97 at 2.31 FeO, 3.83 Cr203 

Group IV 
S02-WlO at 8.34 FeO, 0.00 Cr203 

Plate 7: Ti02 versus Cr203 
Not shown: 

Group I 
SH3-L86 at 0.06 Ti02, 3.20 Cr203 
SH3-L97 at 0.09 Ti02, 3.83 Cr203 

Group V 
SH3-Ll at 1.41 Ti02, 1.10 Cr2o3 
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Plate :8: Na20 versus FeO 
Not shown: 

Group I 
IM42-L20 at 3.40 Na20, 2.56 FeO 
IM42-L71 at 3.79 Na20, 2.64 FeO 

Group V 
SH3-L60 at 3.51 Na20, 2.35 FeO 

Plate 9: Mg/Mg+ Fe versus Ca/Ca+ Mg 
Not shown: 

Group I 
SH3-L22 at 0.862 Mg/Mg+ Fe, 0.419 Ca/Ca+ Mg 
SH3-L72 at 0.882 Mg/Mg+ Fe, 0.429 Ca/Ca+ Mg 
SH3-L160 at 0.862 Mg/Mg+ Fe, 0.494 Ca/Ca+ Mg 

Group IV 

Garnet (GAR) 

IM20-W5 at 0.854 Mg/Mg+ Fe, 0.539 Ca/Ca+ Mg 
SD2-L106 at 0.889 Mg/Mg+ Fe, 0.493 Ca/Ca+ Mg 
S02-Pl at 0.802 Mg/Mg+ Fe, 0.56 Ca/Ca+ Mg 
SD2-W7 at 0.856 Mg/Mg+ Fe, 0.490 Ca/Ca+ Mg 
S02-WlO at 0.784 Mg/Mg+ Fe, 0.380 Ca/Ca+ Mg 

Plate 10: Al 2o3 versus Cr2o3 
Line connects analyses from core and rim of garnet from nodule 
IM42-L58. 

Plate 11: Ti02 versus Cr203 
Not shown: 

Group I 
S02-025 at 1.34 Ti02, 8.67 Cr203 
SD2-L98 at 1.48 Ti02, 9.96 Cr203 

Line connects analyses from core and rim of garnet from nodule 
IM42-58. 
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Plate 12: CaO versus Cr2o3 
Not shown: 

Group I 
SD2-H13 at 8.14 CaO, 13.46 Cr203 
SD2-L4 at 8.54 CaO, 15.26 Cr203 
SD2-L62 at 8.54 CaO, 13.31 Cr203 
SD2-L169 at 8.34 CaO, 14.15 Cr203 

Line connects analyses from core and rim of garnet from nodule 
IM42-58. 

Plate 13: MgO versus FeO 
Not shown: 

Group IV 

Spinel {SPN) 

SD2-L106 at 14.18 MgO, 15.18 FeO 
S02-Pl at 13.28 MgO, 18.48 FeO 
SD2-W7 at 14.28 MgO, 18.03 FeO 
S02-WlO at 14.65 MGO, 16.62 FeO 

Plate 14: Al 2o3 versus cr2o3 

Plate 15: 2+ 2+ Fe versus Mg 
2+ Fe data is not available for all spinels analyzed. 

Plate 16: Ca-Mg-Fe 

Not shown: 

Garnet (GAR) 

S02-WIO at 12.0 percent Ca, 47.0 percent Mg, 41.0 percent Fe 
SD2-L40 at 15.0 percent Ca, 58.5 percent Mg, 26.5 percent Fe 
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Whole Rock Chemistry* 

Plate 17: Cao versus 100 x (FeO/MgO + FeO) 

Not shown: 

Group IV 
SD2-L106 at 15.96 CaO, 0.353 FeO/MgO + FeO 
S02-Pl at 6.86 Cao, 0.405 FeO/MgO + FeO 
SD2-W7 at 10.72 Cao, 0.434 FeO/MgO + FeO 
S02-WlO at 10.91 CaO, 0.409 FeO/MgO + FeO 

Group V 
SD2-L115 at 15.18 CaO, 0.205 FeO/MgO + FeO 
SD2-L163 at 17.66 Cao, 0.185 FeO/MgO + FeO 
SD2-L164 at 21.64 CaO, 0.160 FeO/MgO + FeO 
SD2-W8 at 17.56 CaO, 0.172 FeO/MgO + FeO 
SD2-W9 at 1686 Cao, 0.167 FeO/MgO + FeO 

Plate 18: Na 2o versus 100 x (FeO/MgO + FeO) 

Not shown: 
Group IV 

S02-Pl at 0.55 Na20, 0.405 FeO/MgO + FeO 
SD2-W7 at 2.03 Na20, 0.434 FeO/MgO + FeO 
SD2-Wl0 at 1.16 Na20, 0.409 FeO/MgO + FeO 

Group V 
SD2-W9 at 1.82 Na 20, 0.167 FeO/MgO + FeO 

Plate 19: Al 2o3 versus 100 x (FeO/MgO + FeO) 

Not shown: 

Group IV 
S02-Pl at 11.56 Al203, 0.406 FeO/MgO + FeO 
SD2-W7 at 13.68 Al203, 0.434 FeO/MgO + FeO 
S02-WlO at 13.25 Al203, 0.409 FeO/MgO + FeO 

*All oxides are weight percent. 
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Plate 20: Ti02 versus 100 x (FeO/MgO + FeO) 

Not shown: 

Group IV 
NX4-L20 at 0.80 Ti02, 0.121 FeO/MgO + FeO 
S02-Pl at 0.32 Ti02, 0.405 FeO/MgO + FeO 
SD2-W7 at 0.13 Ti02, 0.434 FeO/MgO + FeO 
S02-WlO at 0.49 Ti02, 0.409 FeO/MgO + FeO 

Plate 21: cr2o3 versus 100 x (FeO/MgO + FeO) 

Not shown: 

Group I 
SD2-L4 at 3.33 Cr203, 0.146 FeO/MgO + FeO 
SD2-L133 at 3.56 Cr203, 0.177 FeO/MgO + FeO 

Group IV 
S02-Pl at 0.19 Cr203, 0.405 FeO/MgO + FeO 
SD2-W7 at 0.08 Cr203, 0.434 FeO/MgO + FeO 
S02-WlO at 0.00 Cr203, 0.409 FeO/MgO + FeO 
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