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ABSTRACT

Ultramafic mantle xenoliths contained within the Sloan 

kim berlite , Colorado, include 1h e rzo lite , harzburgite and pyroxenite 

assemblages and discrete ultram afic megacrysts. Chemically s im ilar  

1herzolites containing coexisting spinel and garnet provide a sampling 

of the spinel- to garnet perid o tite  tran s itio n  in the upper mantle, 

estimated here at about 910° C, 30 kbar. Consideration of effects  of 

bulk composition extends the experimentally determined reaction loca

tion to th is  pressure as w e ll. Mineralogical and chemical depletion 

occurs with increasing depth and a residual zone of garnet harzburgite 

is indicated a t the base of the lithosphere. These xenoliths define 

a segment of the geothermal gradient under western North America at 

the time of kim berlite  emplacement. The lin ea r slope of the paleo- 

geotherm implies that heat transport by conduction dominated to at 

least 160 km depth. Examination of cation diffusion in these samples 

constrains the duration of the ambient thermal conditions to a minimum 

time of 6 m illio n  years.

i x



CHAPTER 1 

INTRODUCTION

A detailed picture of the composition, mineralogy and physical 

conditions of the lower crust and upper mantle beneath northern Colo

rado and southern Wyoming is emerging due to continued investigations  

of kim berlite  diatremes in that area, and the xenoliths they contain. 

Over one hundred diatremes to date have been found along a N-S trend 

in the Laramie and Front Ranges of Wyoming and Colorado. These mag

matic bodies have proven to be an abundant source of a fragmentary- 

sampling, of the mantle and crust lith o lo g ies  encountered during th e ir  

ascent. One of the larger d is tr ic ts  in th is kim berlite province is the 

State Line D is tr ic t where approximately 40 diatremes are mapped 

(Figure 1 ). Since the discovery of diamond in one of these in 1975, 

there has been continued exploration of the d is t r ic t ,  and diamond has 

been id e n tifie d  in twelve diatremes (MeCal Turn and others, 1979), 

including one of the la rg es t, the Sloan kim berlite complex.

Geological Setting

The State Line D is tr ic t is located approximately 60 km south

east of the Cheyenne Belt in southeastern Wyoming. This structural 

boundary separates the Archean Wyoming Province to the north from a 

lith o lo g ic a lly  d is tin c t Proterozoic terrane which extends southward 

(H ills  and Houston, 1979; Condie, 1982; Duebendorfer and Houston,

i <
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Figure 1. Location of the Sloan kim berlite  complex, Colorado, in 
re la tio n  to exposures of Precambrian rocks in southern 
Wyoming and northern Colorado. - -  A fter H ills  and 
Houston (1979).
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1986). Precambrian c rys ta llin e  rocks hosting the Sloan diatreme 

include the 1.4 Ga S ilv e r Plume Granite and 1.7 to 1.8 Ga schistose 

and quartzofeldspathic gneisses.

While most of the kim berlites found in the State Line D is tr ic t  

are c irc u la r to e l l ip t ic a l  pipes usually less than 200 meters in 

diameter, the Sloan Complex is a d is tin c tly  la rg e r, elongate in trusive  

measuring about 800 meters in width (Figure 2 ). Recent exploration  

has proven that outcrops in i t i a l l y  id en tifie d  as Sloan 1 and Sloan 2 

kim berlites are part of a composite in trusive  body in which nine 

separable kim berlite  lith o lo g ies  have been id en tifie d  (K. Shaver, 

pers. comm. 1985). However, while the pipe is considered to be the 

resu lt of m ultip le in trusions, age relationships between most of the 

d iffe re n t phases is  not well understood. The intrusion has been cut 

by a NE-SW trending fa u lt  which serves as a convenient division between 

Sloan 1 (SL 1) and Sloan 2 (S I 2) portions o f the diatreme, even though 

the fa u lt  does not seem to be related to the orig inal boundaries of any 

in trusive phase. The SL 1 kim berlite lie s  to the east of the fa u lt  

trace and has a broadly east-west elongation which "para lle ls  the 

orientation of the most strongly developed fo lia tio n  surfaces (S0/S1) 

in the Precambrian metamorphic rocks" (K. Shaver, pers. comm., 1986).

SL 2 appears to be a kim berlite dike which extends WNW from the fa u lt  

and p ara lle ls  the structural trend followed by 1.4 Ga th o le i i t ic  basalt 

dikes in the Front Page (Hepp, 1966), portions of one of which have 

been found immediately north of the diatreme. Contacts o f the in tru 

sion with the country rock are sharp and apparently steep (McCallurn
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and Eggler, 1971). McCallum and others (1975) reported tha t only 

local oxidation and s i l ic if ic a t io n  is present in the wall rock adjacent 

to the Sloan pipe and that rock fragments included in the kim berlite  

matrix show neglig ib le  a lte ra tio n . They concluded that intrusion  

temperature was re la t iv e ly  low.

Age of Intrusion

State Line D is tr ic t  k im berlite pipes are truncated by an ero- 

sional surface and hundreds to perhaps a few thousand fee t of material 

may have been eroded since the time of the intrusions. Early workers, 

in fa c t, were f i r s t  attracted to unique Lower Paleozoic sedimentary 

rocks contained in c irc u la r structures in a g ran itic  Precambrian 

terrane (Chronic and others, 1965). The subsided blocks contained 

fossil assemblages id e n tif ie d  as Ordivician and S ilu rian  age (Chronic 

and others, 1969). No Upper Paleozoic rocks have been found and a 

la te  S ilu ria n -e a rly  Devonian age has been suggested fo r emplacement of 

kim berlites in  the region (Chronic and others, 1969; McCallum and 

others, 1975). A fiss ion  track radiometric age date has been obtained 

from zircons from these pipes indicating that emplacement was in the 

Devonian (Naeser and McCallum, 1977). While no xenoliths of Paleozoic 

rocks have been reported from the Sloan k im berlite , i t  is  reasonable 

to assume that i t  was intruded in the same period.

Previous Work

An assortment of lith o lo g ic a lly  d is tin c t groups of xenoliths 

entrained in these diatremes-has been recovered and constitutes a



petrological record of the nature of the western North American craton 

and Paleozoic lithosphere. Bradley and McCall urn (1934) demonstrate 

the evidence fo r a basic metaigneous lower crust as recorded in 

granulite facies xenoliths. Eclogite nodules are fa ir ly  common and 

form a compositionally heterogeneous grouping with eq u ilib ra tio n  

temperatures estimated a t between 700° and 1300° C. (Eggler and 

McCall urn, 1974; Ater and others, 1984). P eridotite  and re lated u ltra -  

mafic nodules are reported fo r a number of kim berlite diatremes in the 

State Line D is tr ic t , and have been c lass ified  according to mineralogy 

and mineral chemistry (Eggler and McCall urn, 1974; K irkley and McCall urn, 

1980). Geothermometry and geobarometry constraints on the location of 

the spinel p erid o tite  to garnet p erid o tite  tran s ition  are presented in 

Eggler and McCall urn (1974), McCall urn and others (1975), and Kirkley  

and others (1984). K irkley and others (1984) describe coexisting 

spinel and garnet in  both pyroxenite and p erid o tite  assemblages. They 

conclude that development of the assemblage in aluminous, Cr-poor 

pyroxenites was due to exsolution during cooling, and suggest that in 

the perid o tite  assemblages garnet growth occured during mineral reac

tio n . Discrete megacrysts are a common constituent in the kim berlite  

matrix and some are considered to have c rys ta llized  from the liqu id  

(Smith and others, 1976; Eggler and others, 1979) and u tiliz e d  to 

estimate the geothermal gradient (Eggler and McCall urn, 1976; Eggler 

and others, 1979). The la t te r  work supports a model of a steady-state  

geotherm with a superposed subarray o f perturbed temperature estimates 

from suites of C r-rich and Cr-poor orthopyroxene megacrysts assumed to



have been in equilibrium  with f ic t iv e  garnet and clinopyroxene. 

D iffe ren t megacryst chemistries are described from kim berlites in the 

v ic in ity  of the Sloan 2 pipes by Eggler and others (1979) and they 

have postulated that the d is tin c tiv e  groups of diatremes followed 

separate conduits from at least 140 km depth.

Purpose of Study 

The goals of th is study are:

1. provide accurate mineral compositional data on the dominant 

lith o lo g ies  of the lower lithosphere sampled by the Sloan 

kim berlite .

2. using appropriate geothermometry and geobarometry, re trieve  

precise and accurate estimates of the intensive variables of 

the System defined by samples of mantle lith o lo g ie s .

3. reconstruct the geothermal gradient beneath the western North 

American shield a t the time of the kim berlite eruption and to 

describe the evolution of mantle conditions with time.

4. evaluate the im plications to kim berlite  magmatism of the 

physical state of the upper mantle.



CHAPTER 2

ANALYTICAL PROCEDURES

Sampling and Petrographic Data 

The m ajority of the xenoliths examined in th is study were 

removed from d r i l l  core samples of Sloan 2 phase k im berlite . One 

sample (SL1-1C-770) was taken from core from contiguous o liv in e  

porphyry phase k im b erlite , but separated from the Sloan 2 phase by an 

altered fa u lt  zone. Three additional samples were obtained from study 

pits in the Sloan 2 phase in trusion . This kim berlite m atrix has a 

large xenolith population, which allowed fo r some discrim ination in 

sample selection on the basis of v is ib le  a lte ra tio n . No e ffo r t  was 

made to distinguish between p erid o tite  nodules on the basis of modal 

mineralogy during co llectio n . Polished th in  sections were prepared 

from 25 samples and examined u t i l iz in g  standard petrographic techniques 

Modal analyses were completed on one or more samples from each 

of the d is tin c t mineralogical and/or chemical groups id e n tif ie d .  

Analyses are based on point count densities of between 350 and 600 per 

domain, ty p ic a lly  covering about one-half of a petrographic mount.

Modal mineralogy is lis te d  in Appendix A. Estimates o f whole rock 

analyses were calculated by combining modal analyses and the chemical 

data fo r each phase in that sample. Because of the very fresh

8
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appearance of most samples, no correction was attempted fo r the lim ited  

a lte ra tio n  seen in a few samples.

Mineral Chemistry Analysis

Chemical analyses were obtained from minerals using an ARL 

scanning electron microscope a t the University of Arizona employing 

analytical conditions lis te d  in Table 1 with natural and synthetic  

s ilic a te  and oxide minerals as standards. Beam diameter was generally 

kept small (1-5 urn) to fa c i l i ta te  recognition o f local inhomogeneity 

and allow precise measurement near grain boundaries. Data were cor

rected fo r dead time and matrix e ffects  by the Bence-Albee method, 

using alpha coeffic ien ts  from Albee and Ray (1970) and reported for  

twelve oxides. The very fresh condition of the m ajority of the samples 

perm itted.precise analysis of the mineralogy of each assemblage.

Error is estimated a t 3 percent re la tiv e  fo r most elements, 7 percent 

re la tiv e  fo r NiO and 50 percent re la tiv e  for PgOg based on repeated 

analyses of individual grains. Results are tabulated in Appendix B, 

and represent an average of three separate analyses from each grain.
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Table.1. Analytical conditions of electron microprobe operation

15 kV 

30 nA

RAP - Na, Mg, A1

PET - K, Ca, S i, P '

LIE - T i ,  Cr, Mn, Fe, Ni 

Counting Time . . . . . . . . .  Peak Position - 30 seconds

Background - 10 seconds each side

Accelerating Voltage 

Microprobe Current . 

Analyzing Crystals:



CHAPTER 3

PETROGRAPHY AND MINERAL CHEMISTRY

The nodule suite examined here was recovered from d r i l l  core 

and exploratory operations of the diamondiferous Sloan kim berlite  

recently evaluated by Superior O il, Minerals D ivision. The m ajority  

of the samples are very fresh , often completely devoid of a lte ra tio n  

material along grain boundaries or w ithin any grains, except fo r some 

grains along the periphery of xenoliths and adjacent to the kim berlite  

m atrix.

A ll perid o tite  samples contain o liv in e  and orthopyroxene, the 

la t te r  frequently accounting fo r 15-20% by volume of a sample.

Clinopyroxene is  present in every sample except one, which is a garnet 

harzburgite, and is  abundant in the Ih e rz o lite  rocks. Garnet and/or 

spinel is also common in these nodules. No c learly  primary hydrous 

phases are recognized. A few grains of phlogopife are present in a 

p a rtly  a ltered sample (SL1-1C-770) near garnet rimmed with kelyphite. 

However, the phlogopite appears to be in communication with the kimber 

l i t e  matrix via connected fracture channelways.

Modal mineralogy permits id en tific a tio n  of the following rock 

types represented in the nodule suite (followed by number o f samples 

in study): spinel Ih e rz o lite  (5 ) , garnet Ih e rzo lite  (1 1 ), garnet

harzburgite (1 ) ,  and o liv ine  websterite (1 ) . Following the

11
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mineral/chemical c lass ific a tio n  of K irkely and McCallum (1980) fo r the 

State Line D is tr ic t  perid o tite  samples, the m ajority of these samples 

correspond to Group 5 (chemically s im ilar garnet and/or spinel-bearing  

Ih e rz o lite s ) , with a smaller number fa l l in g . in  Group 1 (garnet 

Ih erzo lites  and harzburgites). The single o liv in e  websterite would be 

. c lass ified  in Group 4 (garnet websterites and clinopyroxenites).

The dominant texture is  coarse equant to coarse tabular (Harte, 

1977), with typical grain sizes between 1 and 7 mm. S ilic a te  mineral 

habits are often subhedral to anhedral. Annealed, granoblastic texture  

has developed among o liv in e  and pyroxene grains of Group 5 nodules: 

these show polygonal outlines and often form t r ip le  junctions with; 120 

degrees between adjacent grain boundaries, implying in te rfa c ia l 

equilibrium . Nodules of th is group occasionally contain irreg u la r  

in tergranular garnet or spinel and symplectic intergrowths of garnet 

or spinel with pyroxene or o liv in e . In those Ih e rz o lite  samples with 

coexisting chrome-spinel and garnet, reaction coronas of granuloblastic  

garnet form variably th ick rims between spinel and clinopyroxene and 

orthopyroxene.

A small number of discrete nodules of orthopyroxene, 

clinopyroxene, garnet and o liv in e  were also collected and examined. 

These megacrysts range from 1 to 7 cm in length and have overall 

angular, fractured outlines which have been somewhat modified by 

abrasion in transport.
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Olivine

O livine is a ubiquitous constituent of the ultram afic  

assemblages that achieves its  greatest modal abundance (> 70%) in the 

garnet peridotites of Group 1. I t  usually forms 1 to 5 mm grains, 

though occasionally is  as large as 10 mm, without any evidence of 

shearing or preferred direction of growth. In most samples any a lte ra 

tion is lim ited to the immediate margins of fractures transecting the 

grains. O livine is c h a ra c te ris tic a lly  uniform in composition, 

exhib iting  a very lim ited  range of Xmg among the samples. In both the 

coarse grains common to a ll the samples and the fin er-s ize d  grains in 

the garnet-rich reaction coronas where there is  coexisting spinel in 

Ih e rz o lite  assemblages, the fo rs te r ite  component is  between 89 and 93 

mole %. Figure 3 indicates a weakly defined trend o f Mg-enrichment 

in spinel-absent perido t!te  assemblages, which have fo rs te r ite  con

tents comparable to that present in a large (7 .0  cm), single crystal 

o liv in e  megacryst.

O livine inclusions have been found in both orthopyroxene and 

clinopyroxene and are s lig h tly  enriched in  CaO, but Otherwise s im ilar 

in composition to groundmass grains. The FeO content of o liv in e  

present in a ll  assemblages with both garnet and spinel shows very 

lim ited  v a r ia b il i ty ,  ranging from 9.35 to 9.76 wt. %. Among a ll the 

perido tite  samples there is  a generally consistent level o f NiO, 

prim arily  in the range between 0.34 and 0.48 wt. %. One sample of 

spinel perid o tite  (SL2-4C-96) contains d is tin c tly  less nickel in a ll 

phases and NiO in the o liv in e  is 0.04 wt. %.



Figure 3. O livine composition: mole fraction  of Mg vs. NiO. — in
wt. %. The symbols fo r the various rock types employed 
in th is  and subsequent mineral composition diagrams are: 
f i l le d  c irc les  for spinel Ih e rzo lite s ; open c irc les  fo r  
sim ilar composition garnet Ih e rzo lite s ; half-open c irc les  
fo r d ivarian t Ih e rzo lite s ; open box for clinopyroxene- 
pogr garnet Ih e rzo lite s ; half-open box fo r garnet 
harzburgite; tr ian g le  fo r garnet webstente; open hexagon 
for garnet megacryst; half-open hexagon fo r o liv in e  mega- 
cryst; hexagon with diagonal slash for orthopyroxene 
megacryst with coexisting garnet.
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Figure 3. O livine composition: mole fraction  of Mg vs. NiO
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Orthopyroxene

Orthopyroxene is the most common pyroxene in a l l  perido tite  

samples. Subhedral to anhedral grains averaging 3 to 5 mm in size 

(in frequently to > 7 mm) are often recognized by characteris tic  

cleavage, and frequently appear to have anneal led grain margins. I t  is  

invariably  en s ta tite  composition: the range in the ra tio  of Mg/Mg+Fe

is .90 to .93. Among the minor oxides, A^Og is the most abundant and 

system atically varies with the phase assemblages of the samples:

0 .7 -1 .4  wt. % in garnet p erid o tites , 1 .4 -1 .6  wt. % in peridotites with 

coexisting garnet and spinel and 3 .2 -4 .2  wt. % in peridotites  contain

ing only spinel. This natural segregation and simultaneous Mg- 

depletipn in the spinel p erid o tite  is  illu s tra te d  in Figure 4. Addi

tional oxides are.present in lim ited  abundance. TiOg values range from 

0.01-0.14 wt. %, CaO between 0.20 and 0.40 wt. %, and OgOg between 

0.18 and 0.37 wt. %. Total A1 and Cr in orthopyroxene in spinel 

Ih e rzo lite  assemblages fa l l  in approximately the same range as reported 

from spinel perido tites  from Ronda, Spain (Obata, 1980) and Oregon 

(Henry and Medaris, 1980).

Most orthopyroxene grains are homogeneous but a few were found 

to have sporadic domains of variab le , generally lower, AlgOg near and 

along irre g u la rly  shaped grain boundaries with surrounding garnet in  

samples with coexisting sp in e l. Nonuniform FeO content was sometimes 

observed in these assemblages too, but only in those grains with i r 

regular outlines or located near the margins of the nodules.
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Figure 4. Orthopyroxene composition: mole fraction o f Mg vs.
A12^3* — In wt %.
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Exsolution of diopside is  re la t iv e ly  common and occurs as 

closely-spaced, fin e  lamellae along (100) planes.

Orthopyroxene present in a harzburgite sample contains higher 

levels of the refractory  components Cr and Mg. A single discrete  

orthopyroxene megacryst has a nearly iden tica l ra tio  of Mg/Mg+Fe, but 

a substantia lly  greater chromium content (C^Og = 0.55%), s im ilar to 

the Cr-rich group described by Eggler and others (1979).

Clinopyroxene

All clinopyroxenes included as part o f perid o tite  or pyroxenite

assemblages were found to be c h a rac te ris tic a lly  calcium -rich diopside,

with ratios  of Ca/Ca+Mg ranging from 0.47 to greater than 0.52. I t

is re la tiv e ly  low in iron (1 .43-2.67  wt %) and contains moderate to

high amounts of AlgOg (1 .62-7 .08  wt. %) and CrgOg (0 .78-3 .05  wt %),

although the la t te r  was ty p ic a lly  about one per cent. Estimates based
3+on charge balance f a i l  to indicate any s ig n ifican t Fe . These pale- 

green chromian diopside form e llip so id a l to tabular gra ins, between 0.5  

and 2 .0  mm in s ize . Modal proportions vary between lith o lo g ic a l 

groups. I t  is  abundant in Group 4 and 5 rocks, and sparse in the 

Group 1 samples.

R elatively  higher concentrations of calcium are present in the 

more aluminous grains, illu s tra te d  in Figure 5, with the greatest con

tent of each in diopside from the spinel, p erid o tite  nodules. This 

pattern of aluminum d is trib u tio n  closely para lle ls  the trend shown fo r  

enstatite  (Figure 4 ) ,  though in the diopside there is  somewhat more of
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an overlap between the garnet+spinel and garnet-only Ih e rz o lite  

assemblages.

The jad e ite  component in the cl 1 nopyroxenes ranges from about 

4 to 17 mole %, and sodium is fa ir ly  well correlated with aluminum 

content in the garnet-bearing nodules (Figure 6 ). The noticeable 

excess of A1 over Na fo r the spinel assemblages indicates a substantial 

Ca-Tschermak component fo r diopside in th is  group, calculated at 

between 9 and 14 mole %. Total Tschermak component fo r a ll other 

clinopyroxenes is between approximately 3 and 6 mole %.

Garnet

The chemical compositions of garnets from these samples tend 

to form d is tin c t groupings which re fle c t  differences in th e ir  P-T 

environments of eq u ilib ra tio n . This segregation can be read ily  seen 

in a p lo t of the mole fraction  of Mg versus the Cr/Al+Cr ra tio  in the 

garnets (Figure 7 ). A number of garnet Ih e rzo lite  and a ll  of those 

containing coexisting spinel have d is tin c tly  higher concentrations of 

A1 and Fe, and form a t ig h tly  constrained grouping of lim ited  variation  

very much as already seen fo r the pyroxenes in these samples. The re 

maining Ih e rz o lite  garnets loosely c luster as a second grouping, 

re flec tin g  th e ir  increased concentration of the refractory  elements,

Or and Mg.

The garnet from the one harzburgite assemblage has a markedly 

decreased amount of " fe r t i le "  elements, p a rtic u la rly  Al and Fe, and 

exh ib its -ra tio s  s im ilar to that of a fresh garnet megacryst. A discrete
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Figure 6. Clinopyroxene composition: A1 vs. Na, in cations
based on 6 oxygen atoms. - -  Na is fa ir ly  well 
correlated with A1 for cpx from garnetiferous assem
blages, except for a single p a rtic u la rly  Na-rich 
sample. Cpx from spinel Ih erzo lites  contain a 
substantial Ca-Tschermak molecule.
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Figure 7. Garnet composition: mole fraction  of Mg vs. Cr/Cr+AI



crystal o f garnet also occurs as a p a rtia l rim on the discrete  

orthopyroxene megacryst and shows the most refractory composition.

Calcium content of the garnets ranges from 3.59 to 8.32 wt. % 
and is  p o s itive ly  correlated With chromium content. Among the minor 

elements, MnO values f a l l  between 0.28 and 0.58 wt % and the behavior 

of Mn closely follows Fe, tending to be most abundant in the more 

aluminous grains. Higher concentrations of sodium (NagO = 0 .0 -0 .5  

wt. t) are present in the megacrystic garnets and those from p erid o tite  

with elevated levels of Or. No chemical zoning was found in any 

garnet, w ithin the lim its  of resolution of the microprobe.

There are two textural va rie ties  o f garnet in the perido tite  

nodules also containing sp in e l: the granuloblastic, corona-forming

grains which have c rys ta llized  along grain boundaries (Figure 8 ) ,  

and iso la ted , somewhat larger (1-2 mm) subhedral grains in contact with  

pyroxenes and o liv in e . Though they appear to be v is ib ly  d iffe re n t, 

they are compositionally indistinguishable. Granular garnet is most 

abundant between sp inel, which is completely surrounded by the garnet, 

and clinopyroxene or orthopyroxene, which may be completely or p a r t ia l

ly  surrounded. Connected ten d rils  or "necklaces" up to 2 mm in width 

and composed of garnet granules are common along grain boundaries 

between o liv in e  and pyroxenes, and extend outward from coronas sur

rounding sp in el. In one sample garnet p la te le ts  have formed along 

cleavage planes in  clinopyroxene and vermicular garnet occurs in 

symplectic intergrowths with orthopyroxene. A s im ilar texture is  

present in  the sp in e l-free  Ih e rzo lite  sample SL2-55P-4. Intergranular

22
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olivine

4 ft] ) : : : : :  HmfS

garnet

Figure 8. Thin-section sketch showing the relationship of the 
in tergranular garnet corona to reactant sp inel, 
orthopyroxene and clinopyroxene. - -  Note the exsolved 
ilm entite  granule at the spinel grain margin.
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bands, 1 to 3 mm wide, of granular garnet form corona structures around 

pyroxenes and have numerous, small (0 .1 -0 .5  mm) inclusions of pyroxene 

and o liv in e . The s im ila r ity  of garnet textures and absence of spinel 

suggests that th is  may represent complete recrystal 1iza tio n  of a 

formerly spinel-bearing assemblage.

Oxides

Spinels are present in a number of the perid o tite  nodules,

both with and without coexisting garnet. Compositional differences

of the spinels are read ily  seen between the d iffe re n t assemblages.

Spinels in spinel Ih erzo lite s  are more aluminous (55-57 wt. %), with

low fe r r ic  iron (0 .0 -2 .57  wt. %, ca lcu la ted ). Spinels in Ih erzo lites
3+also containing garnet assemblages have higher Cr and Fe and are 

comparable to chrome-rich spinels from uppermost mantle conditions 

recovered from some South African k im berlite  xenoliths (Carswell and 

others, 1984). This group has somewhat lower Cr-content than a sample 

of garnet p erid o tite  with coexisting magnestochromite reported from 

the Sloan pipe previously (McCallurn and Eggler, 1976). Table 2 shows 

the wide range of major oxides found in spinels in th is study, and 

demonstrates the w ell-defined d ifferences, p a rtic u la rly  in the 

tr iv a le n t cations and T i ,  which follow  from a systematic pattern of 

increased chromite component (to 41 mole %) in those spinels in the 

nodules where garnet is also present. Grain size and appearance 

separate the two groups as w e ll. In garnet^free nodules the spinels 

are reddish-brown, have smooth outlines and grow to greater than 7 mm.
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Table 2. Oxide composition of spinels

garnet+spinel 1herzo lite  
assemblages

spinel 1herzolite  
assemblages

A l2°3 27.18-43.93% 55.54-57.57%

Cr2°3 22.07-35.26 9.35-13.76

Fe2°3 1.87- 8.48 0.0 - 2.57

FeO 12.04-14.09 10.27-11.91

MgO 15.37-17.28 18.56-19.88

T i02 0.19- 0.49 0.05- 0.16
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All spinel grains in samples with coexisting garnet are completely 

encircled by the reaction coronas. These grains are dark brown, often 

smaller and ty p ic a lly  embayed or ir re g u la r ly  shaped. This suite of 

nodules represent a sampling of the spinel p erid o tite  to garnet 

p erid o tite  tra n s itio n , and as such permits characterization of th is  

essentia lly  pressure-dependent boundary.

The spinels are a high pressure type characteris tic  of
2+Ih e rzo lite  xenoliths and show the common Fe /Mg and Cr/Al substitu

tions of th is  su ite . A p lo t of the Cr and A1 concentrations (Figure 9) 

shows the extremely strong compositional conformity of the spinel 

Ih e rzo lite  samples. Comparison with the data of Haggerty (1979,

Figure 3) indicates that they are some of the most aluminous found in 

p e rid o tite . The spinel grains from samples with the assemblage 

opx-cpx-ol-gt-sp have a noticeably wider spread of composition.

Analyses taken from a number of grains in each sample show some varia 

tion of Cr and A1 content. In samples SL2-59P-1 and SL2-55P-2 rare , 

isolated spinel granules under 1 mm in size are the most enriched in  

chromite component, and in a ll garnet+spinel assemblages smaller sized 

grains appear to be s lig h tly  enriched in  Cr. I t  is possible that th is  

apparent correlation of grain size and composition is  a consequence of 

random sectioning through grains and not a re flec tio n  of accurate core 

compositions. S t i l l ,  i t  provides a minimum measure of th e ir  hetero

geneity. A number of grains also show variable Cr enrichment at grain 

margins. In one sample (SL2-59P-1) a recognizable pattern of zoning 

is present in  the outer 100 microns of spinel grains, with extensive
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Figure 9. Spinel composition: Cr vs. A1, in cations based on
6 oxygen atoms. - -  The zoning trend of sample 
SL2-59P-1 is indicated by the lin e  connecting core 
and rim compositions. The lin e a r, nearly 1:1 form 
of the overall trend suggests that exchange of t r i -  
valent cations in spinel is approximately binary.
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substitution of Cr fo r AT (Figure 10). Care was taken to obtain

analyses from unaltered spinels adjacent to garnet free of any v is ib le

a lte ra tio n . Some variation  was observed in core and rim compositions

in other grains in th is  sample, but AT and Cr gradients were nearly the

same. I t  is  possible tha t rim compositions of a ll zoned grains are

the same, but th is  is d i f f ic u l t  to prove a n a ly tic a lly  because of the

steep compositional gradients. MnO and NiO compositions are constant

throughout the grains while MgO and to ta l FeO contents both increase

a small amount in the outer portion of the zoned region (by 0.24 and

1.89 wt %, resp ective ly ). Ferrous and fe r r ic  iron have been calculated

according to charge and stoichiom etric requirements, and th e ir  ra tio

is  seen to change substantia lly  across the p ro file , indicating coupling 
3+between Fe and Cr.

Local equilibrium  is maintained between the rim composition of 

spinel and adjacent garnet. (A discussion of p artitio n in g  is presented 

in the following chapter.) The equilibrium  nature of the rim composi

tion is also suggested in Figure 11, which compares re la tiv e  abundance 
2+of Cr and Fe from spinels in th is  study with chrome-spinel and 

magnesiochromite compositions reported from garnet p e rid o tite  nodules 

in India (Ganguly and Bhattacharya, 1986) and Lesotho (Boyd, 1973), 

as well as the one sample (SD2-L102) previously reported from a nodule 

recovered from the Sloan s ite  (McCallurn and Eggler, 1976). Also 

indicated is  the compositional range of discrete spinel and chromite 

nodules recovered from kim berlites in A frica , Greenland and the Soviet
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Figure 10. Spinel composition: zoning p ro file  from sample
SL2-59P-1. - -  Fe(t) is the to ta l iron measured 
by electron microbe analysis.



Figure.11. Spinel composition: mole fraction  of Cr vs.
Fe^+/Fe^+ + Mg. — The zoning trend in spinel is  
indicated. Symbols fo r the comparative data are 
as follows: Proterozoic Indian xenoliths conatining
chrome-rich spinels (Ganguly and Bhattacharya, 1986), 
inverted trian g les ; chromite-bearing perido tites  from 
northern Lesotho (Boyd, 1973), hexagons; 
magnesiochromite-bearing p erid o tite  previously re
ported fo r a Sloan nodule (McCallurn and Eggler,
1976), diamond.
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Union (Haggerty, 1979). A ll comparative p erid o tite  samples conform to 

c r ite r ia  of equilibrium  d is trib u tio n  o f A1 and Cr.

As can be seen, the core compositions of the Sloan 2 spinels 

from the tran s itio n a l assemblages tend to be enriched in ferrous iron .
o I

Progressive Cr-Al exchange and a concomitant increase in Fe'3 c learly  

sh ifts  the rim composition in the d irection of the equilibrium  trend.
q I

However, i t  is important to recognize that th is  Fe varia tio n  across 

the p ro file  occurs even though the d is trib u tio n  of to ta l Fe and Mg 

between garnet and spinel varies only s lig h tly  (Figure 10).

Scattered 0 .1 -0 .5  mm ilm enite grains occur as tabular or 

hexagonal prisms near embayments along the perimeter of spinel grains 

in two garnet+spinel Ih e rzo lite s . No isolated grains of ilm enite have 

been found in the s ilic a te  m atrix, Phlogopite or hydrous phases such 

as found in kelyphytic rims are to ta lly  absent, and th is  textural 

relationship suggests that the ilm enite crystal 1ized under subsolidus 

conditions. The ilm enite are homogenous and contain no perceptible  

evidence of exsolved intergrowths w ithin th e ir  borders. They are 

Mg-rich, with an average MgTiOg component of 46 mole °L Substitution  

of tr iv a le n t cations is  lim ited . The calculated hematite content 

(FegOg) is 7 mole % and the ilm enite contains l i t t l e  C^Og or AlgOg 

(0.97 and 0.05 wt. %, resp ective ly ). This composition is  s im ilar to 

the Cr-poor discrete megacrysts recovered from the Sloan 2 kim berlite  

(Eggler and others, 1979).
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Summary

The suite of p erid o tite  nodules in th is study exh ib it phase 

chemistry representative of a few, broadly d iffe re n t P-T-X regimes in 

the upper mantle. The spinel Ih e rz o lite  nodules are very homogeneous, 

having only minor variations of composition in a ll phases. This 

implies that there was a fa ir ly  lim ited  range of the equilibrium  state  

in th e ir  formational environment. A compositionally s im ilar grouping 

includes the tran s itio n a l garnet-spinel-cpx-opx-olivine assemblages 

and four of the garnet Ih e rzo lite  samples which have the same aluminum 

content in the pyroxenes and Fe in garnet. Three Ih e rzo lite s  with 

less abundant clinopyroxene and the single harzburgite sample have com 

positions in d ica tive  of increased pressure-temperature conditions: 

decreased Ca in clinopyroxene, A1 in orthopyroxene and Fe in garnet, 

and an overall trend of increased Mg and Cr in the s ilic a te s . Thus, 

both from the standpoint of litho logy and assemblage chemistry, the 

nodule suite seems to be a comprehensive sampling of a sequence of 

increasingly re fractory  mineral assemblages which formed under 

progressively higher grade mantle conditions.

I



CHAPTER 4

PETROLOGY OF THE SLOAN XENOLITHS 

P artition ing  of Components

The d is trib u tio n  of components w ithin each mineral generally  

conforms to the regular behavior expected fo r the equilibrium  p a r t i

tioning of the major elements in response to variations of intensive 

parameters and fo r  the range of bulk chemistry of these p erid o tites . 

Systematic relationships are observed in comparative plots of the 

Mg-Fe d is trib u tio n  between s ilic a te  phases, exemplified by those 

between orthopyroxene and o liv in e  and orthopyroxene and garnet 

(Figures 12 and 13). Somewhat greater scatter exists in Mg-Fe p a r t i

tioning between orthopyroxene and dinopyroxene, but increased iron 

content in orthopyroxene is p o sitive ly  correlated with increased 

diopside component in  clinopyroxene.

Mg-Fe exchange between spinel and s ilic a te  phrases in u ltra -  

mafic rocks is  known to vary with the chromium content o f the spinel. 

As discussed by Wood and Nicholls (1978), th is  is  a re fle c tio n  of 

the "reciprocal" in teraction  of d ivalen t cations in the tetrahedral 

s ite  in spinel with the Cr content in the octahedral s ite  in spinel 

(see Figure 11). Evans and Frost (1975) recognized tha t Mg-Fe 

d is trib u tio n  in spinels in metamorphosed ultram afic rocks changed as

33
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Figure 12. Mg-Fe p a rtitio n in g : o liv in e  vs. orthopyroxene. - -
Symbols are the same as in the previous compositional 
diagrams.
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Figure 13. Mg-Fe p artitio n in g : garnet vs. orthopyroxene. - -
Symbols are the same as in the previous compositional 
diagrams.
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a function of the A l/Cr ra tio . This compositional dependency is  also 

recognized in the Sloan xenolith suite where there is system atically  

■lower Mg with Cr-enrichment in the spinels in the d ivarian t 

assemblages (see Figure 11).

Some Cr-Al p a rtitio n in g  between the s ilic a te  phases conforms 

to an equilibrium  d is trib u tio n . For example, the exchange of Cr fo r  

A1 between orthopyroxene and garnet forms a smooth trend fo r the garnet 

p e rid o tites , with an overall pattern of Cr-enrichment in good corres

pondence with the trend of Mg-enrichment of the samples. However, the 

plot of Xcr in clinopyroxene versus Xcr in orthopyroxene shows scat

tered d is tr ib u tio n , as do diagrams of the Cr p a rtitio n in g  between 

spinel and clinopyroxene or orthopyroxene. This scatter may be 

a ttrib u tab le  to a t least two factors. F irs t , the Cr content in ortho

pyroxene is  sm all, and so the Cr/Al ra tio  is  very sensitive to 

analytical precision. Second, the textura l evidence suggests that 

both orthopyroxene and clinopyroxene in the garnet-spinel samples 

partic ipa te  as reactants in the process of garnet c ry s ta lliz a tio n . The 

lack of systematic varia tion  of Xcr in  orthopyroxene and clinopyroxene 

with Xcr(sp) (in  fa c t, there is  almost complete overlap of Xcr(opx) 

and Xcr(cpx) between the di varian t and the spinel-only assemblages), 

as well as evidence of some inhomogeneity, is indication that 

equilibrium  p a rtitio n in g  was not realized fo r Cr-Al exchange between 

these mineral pairs .

The mineral compositional data from Ih erzo lites  with coexisting  

spinel and garnet and the chemically and te x tu ra lly  s im ilar (Group 5)
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garnet Ih erzo lites  without spinel give indication that the P-T 

conditions of th e ir  formation were closely a lik e . For example, the 

Mg-Fe p artitio n in g  between garnet and clinopyroxene and garnet and 

orthopyroxene, sensitive indicators of thermal conditions, have only 

a small range of variation  among these samples. A res tric ted  range of 

pressure can be in ferred from the coexistence of garnet and chromian 

spinel in a few samples, and in the sp in el-free  garnet Ih erzo lites  from 

the textural evidence tha t garnet l ik e ly  c rys ta llized  as a la te r ,  

in tergranu lar, and possibly replacement phase. Therefore, values of 

the d is trib u tio n  c o e ffic ie n t, Kd, fo r Cr-Al exchange between spinel and 

s ilic a te  phases in these samples would also be expected to have only a 

small range due to variation  in ambient P and T conditions. As a 

re s u lt, P-T conditions can be assumed to have been approximately 

uniform, and p a rtitio n in g  information from mineral pairs in these rocks 

can be used to estimate the compositional disequilibrium  in the 

garnet+spinel Ih e rz o lite  assemblages.

The equilibrium  p artitio n in g  of A1 and Cr between garnet and 

spinel has been studied by Wood (1977), who demonstrated a lin ear  

re lationship  between the d istribution, c o e ffic ie n t. In Kd (Kd = (C r/A l) 

in garnet divided by (C r/A l) in sp in e l) versus Xca in garnet in 

equilibrated natural samples. Figure 14 shows the re lationship  be

tween data from the Sloan assemblages and the d is trib u tio n  trend 

observed by Wood. Also shown is the d is trib u tio n  of sample SD2-L102 

with coexisting garnet and magnesiochromite (MeCal 1 urn and Eggler, 1976) 

As can be seen, while Cr-Al exchange between garnet and coexisting
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Figure 14. Cr-Al p a rtitio n in g : Kd for Cr-Al exchange between
garnet and spinel vs. the mole fraction  of Ca in 
garnet. — The zoning trend for spinel in sample 
SL2-59P-1 is indicated. The diamond symbol repre
sents the magnetiochromite-bearing sample previously 
reported for a Sloan nodule (McCallurn and Eggler, 
1976).
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chromite in sample SD2-L102 conforms to the predicted equilibrium  

d is tr ib u tio n , the d is trib u tio n  between garnet and chrome-spinel for 

most Group 5 assemblages does not. . The d istrib u tio n  between garnet and 

the rim composition of zoned spinel does, however, closely approach 

equilibrium values and may be assumed to have achieved local e q u ilib r i

um of these components.

A s im ilar comparison can be made to assess the equilibrium  of 

Cr/Al exchange between spinel and orthopyroxene. I f  we can assume 

that th is p artitio n in g  is adequately represented by 

MgCrAlSiOg + MgAl204 = MgAl2Si04 + MgCrA104 .

opx sp opx sp

then,

Kd = <a1? V r )o p x  
(Ai '/C ris p

The expression for the equilibrium  constant is 

K (P,T) = Kd'x.K (P ,T ,X ),

where the second r ig h t hand side ( r .h .s . )  term is the expression for 

the combined a c t iv ity  coeffic ien ts  of the components. In the case 

of Cr-Al exchange between spinel and orthopyroxene, the compositional 

dependence of Kd may be expressed according to a "simple mixture" 

model using the formulation for multicomponent solid solution  

developed in Ganguly and Kennedy (1974) (see Appendix D). Combining 

the la s t equation with th is  functional form of the a c t iv ity  c o e ff i

c ie n t, and rearranging terms yields
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in Kd = Constant + .KSP(.X<:r_- Xal ) sp .  l ^ i X.cr, Xa j g ^

where the constant Wa is an energetic parameter due to the in teraction  

of components in each solid solution. In this expression. In K (P,T) 

and the lim ited compositional e ffec t of an approximately constant value 

of the ternary F e ^  component have been combined in the f i r s t  r .h .s .  

term. The difference between the mole fraction  of Cr and the mole 

fraction  of A1 in the second r .h .s . term is s u ffic ie n tly  small that 

the term can also he treated as constant over the range of in te re s t.

Kd can then be d ire c tly  compared to the more s ig n ifican t compositional 

fac to r, (X cr-X a l)s*>, as presented in Figure 15. For comparison, the 

data from a number of spinel-bearing perido tites  have also been p lo t

ted, to indicate a l ik e ly  equilibrium  p artitio n in g  trend . These 

spinels include aluminous, chromian and magnesiochromite compositions. 

( I t  is th is la s t group which forms the most restric ted  c luster on the 

diagram.) To elim inate a source o f scatter from th is fig u re , the con

centration of Fe^+ was fixed a t ( Fe^+/Al+Cr+Fe^+) = 0.10 for spinel 

compositions from a ll samples. The Sloan spinel Ih e rz o lite  samples 

appear to conform to Cf-Al exchange equilibrium  between these m inerals, 

as do the orthopyroxene-spinel core composition pairs from g arn e tife r-  

ous assemblages. The zonation of spinel rims c learly  influences Kd 

values and the s h if t  from A1-rich core to Cr-rich rim appears to 

diverge from the equilibrium  trend. As a re s u lt, any thermobarometry 

or other in terp re ta tion  must recognize the p o ss ib ility  of
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Figure 15. Cr-Al p a rtitio n in g : Kd for C r-A l(IV ) exchange between
orthopyroxene and spinel vs. (Xcr-Xal)sp. - -  Symbols 
for the Sloan assemblages are the same as before. Com
parative partitio n in g  data, represented by small hexagons, 
comes from Boyd (1973), McCall urn and Eggler (1976), Obata, 
(1979), Carswell and others (1979) and Kirkley and 
others (1984).
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disequilibrium  Cr-Al partitio n in g  in the orthopyroxene-spinel, 

clinopyroxene-spinel and clinopyroxene-orthopyroxene pairs .

Spinel P eridotite  to Garnet Peridotite  Transition  

As has been shown, the bulk compositions of perid o tite  nodules 

can be broadly separated into two groupings. The Ih erzo lite s  with 

re la tiv e ly  abundant aluminous phases, that is., spinel and/or garnet, 

possess closely s im ilar builk chemistry which distinguish them from the 

more depleted garnet p erid o tites , garnet harzburgite and discrete  

nodules that make up a heterogeneous second group. The number of these 

Chemically s im ilar Ih e rz o lite  samples which contain sp in e l, garnet or 

coexisting garnet and spinel provides a remarkably well-documented 

record of the tran s itio n  between spinel and garnet s ta b il i ty  in the 

uppermost mantle.

Variance in the Transitional Assemblages

The presence of th is  boundary which is defined by the reaction  

of orthopyroxene and spinel to form o liv in e  and garnet has been recog

nized for some time on the basis of experimental studies (MacGregor, 

1964, 1970). The reaction forms a univariant in the chemically simple 

system MgO-AlgOg-SiOg (MAS) and its  P-T location has been estimated 

fa ir ly  accurately by reversed experiments and theoretical calculations 

(e .g . .  Lane and Ganguly, 1980; Perkins and others, 1981). The presence 

of additional components in natural rocks can give rise  to additional 

degrees of freedom in the system, and therefore introduce a 

compositional dependence to the boundary location.



Of the major additional components present in the Sloan 

assemblages, titanium may be considered an accessory component which 

is p re fe re n tia lly  partitioned into ilm en ite , and therefore does not 

a ffec t the variance of the reaction boundary. Neither does the addi

tion of a calcium component, which is o ffse t by the presence of diop- 

side, nor sodium, which is only accommodated to any extent in 

clinopyroxene. There is no evidence of vapor phase or that any 

v o la tile  was a determining component and the very lim ited  variation  

in the mole fraction  of Fe overall implies that iron may be treated  

as isomorphous with magnesium. But chromium is d istributed  between 

oxide and s ilic a te  phases and is a compositional variab le which s ig 

n ific a n tly  affects  the equilibrium. P-T location of the reaction  

(MacGregor, 197.0; Chatterjee and Terhart, 1985).

Ir r e v e r s ib i l ity  of the Transition Reaction

In th e ir  s tu d y ,. K irkley and others (1984) id e n tifie d  the 

textural features which indicate the reaction relationship  between 

spinel and coexisting garnet in these rocks, including the embayed, 

"bitten" margins of spinel and nearby pyroxenes and the reaction  

coronas of garnet invariab ly  rimming sp in el. They concluded that the 

following reaction was petrographically indicated  

cpx + opx + spinel = o liv in e  + garnet.

They considered that garnet is in close chemical equilibrium  with a ll  

the other phases in th is  assemblage, but as has been shown in th is  

study, the absence of zoning in spinel is no guarantee of equilibrium
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with respect to element p artitio n in g  between reactants and products 

( e .g . , Figure 14). The zoning, of course, demonstrates that composi

tional equilibrium  has not been fu l ly  achieved, and that the extent of 

reaction has been dependent on k inetic  controls. I t  is important to 

recognize the influence and e ffec t of these controls because quantita

tiv e  estimates of the state conditions which led to the partitio n in g  

now preserved in these samples are Only va lid  when they incorporate 

compositional data which re flec ts  thermodynamic equilibrium .

Iden tify ing  the ra te -lim itin g  reaction controls proceeds by 

considering a ll evidence of k inetic  influences on the processes leading 

to the formation of the product assemblage. The formation of garnet 

coronas around spinel demonstrate the non-random nature of garnet 

growth and indicates that nucleation was influenced by intergranular 

diffusion (Loomis, 1977). In terface kinetics are suggested by nuclea

tion of garnet, which is sometimes seen along cleavage planes in 

pyroxenes, and ilm enite nucleation and growth,which occurs solely at 

spinel margins. However, neither in terface d iffusion nor in terface  

kinetics is a control on the composition of product phases which are 

in equilibrium  throughout the domain of a th in  section. Also, Fe-Mg
X

partitio n in g  equilibrium  apparently extends to reactants in these 

rocks. O verall, there is no compelling evidence that cation m obility  

in the matrix was ra te -lim it in g .

Chemical evidence suggests tha t the zoning may be the resu lt 

of dissolution k in e tic s . Compositional uniform ity among the product 

phases in these assemblages points to the absence of any gradients in
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the chemical potentials of those components involved in crystal growth. 

P artition ing  analysis demonstrates that local equilibrium  has been 

realized between exchange components a t the margin of zoned spinel. 

These characteristics have been described as indicators of p artia l 

equilibrium by Loomis (1977, 1983) who pointed out that corona struc

tures can contribute to the iso la tion  of a portion of the chemical 

system. In th is case, i t  would appear that spinel cores were r e s tr ic t 

ed from eq u ilib ra tin g  with the product assemblage.

As chromium is made availab le  to the eq u ilib ra tin g  matrix by 

the breakdown of sp in el, i t  is also p re fe re n tia lly  fractionated into  

spinel. This can be explained as the resu lt of the greater crystal 

f ie ld  s ta b iliza tio n  energy of spinel compared to the s ilic a te s  present 

in p erid o tite  assemblages (Burns, 1975). Along with the preserved 

core composition, the equilibrated rim composition of spinel establish

es the compositional gradient which drives intragranular d iffusion in 

the zoned grains. Chromium enrichment developed a t the grain margin 

has diffused into in i t ia l l y  homogeneous sp inel, resu lting in an 

induced zoning p ro file  (Loomis, 1983). F in a lly , the ra te -lim itin g  

nature of intragranular d iffusion is suggested by the preservation o f 

th is  compositional zoning, which requires that the rate  of spinel 

breakdown has exceeded that of in tragranular d iffusion of tr iv a le n t  

cations.

A comprehensive model of the kinetics of the spinel to  garnet 

tran s itio n  can also explain the apparent partitio n in g  equilibrium  

between orthopyroxene and garnet. This is probably best understood by
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f i r s t  making the reasonable assumption that the compositional state of 

the-reactants prior to the change in conditions responsible for garnet 

s ta b ili ty  can be approximated by the compositions of the minerals found 

in the spinel 1herzo lite  assemblages. Figure 16 shows the phase 

e q u ilib ria  of the spinel 1herzolites and compares the compositions 

of reactants in the d ivarian t 1h erzo lite  assemblages. The phase 

assemblage indicated by the dashed lines includes the spinel core 

composition, that is ,  the in i t ia l  composition, and probable c lin o 

pyroxene and orthdpyroxene compositions in thermodynamic equilibrium  

with the spinel cores. Also shown are the compositions of the pyroxenes 

now found in these samples. The postulated reactant orthopyroxene 

composition lik e ly  f e l l  along the jo in  between orthopyroxene from the 

spinel 1h erzo lite  samples and the fin a l composition o f orthopyroxene 

in the d ivarian t assemblages.

In th is model, the re la tiv e ly  rapid d iffu s ive  rates of com

ponents in orthopyroxene permitted continuous cation exchange so that 

a progressive change in composition occurred while maintaining homo

geneity in the phase. In the case of s p in e l, dissolution of the phase 

outpaced the in tragranular d iffusion of chromium and aluminum compo

nents and only the rim composition may be considered to have grown in 

equilibrium  with the m atrix . This rim composition did s h if t  as reac

tion proceeded, and as indicated in Figure 16, realized approximately 

the maximum chromium enrichment expected fo r the bulk composition of 

these rocks. This corresponds to the process of the "d ivariant sh ift"  

of compositions described by Loomis (1975, 1983).
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T -  constant 

+ olivine

Figure 16. Al-Cr-Ca ternary projection of tran s itio n a l Ih e rzo lite  
reactant assemblage. - -  Indicated are the mineral com
positions of spinel Ih erzo lites  (on le f t )  and reactants 
in the tran s itio n  Ih erzo lites  (on r ig h t) . Projections 
are for conditions of constant Mg/Fe in o liv in e . The 
composition of a hypothetical opx in equilibrium  with 
spinel core composition is indicated by a small open 
square, and the proposed equilibrium  assemblage outlined  
by dashes. The 1d ivarian t s h if t '  to the present eq u ilib 
rium assemblage including spinel rim composition and 
reequilibrated opx is indicated.
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I t  follows from this discussion of k inetic  controls that cation

m o b ility , that is ,  the d iffusion rate for the exchange o f tr iv a le n t

cations, might be useful in evaluating the time span required to form

the induced zoning p ro file  preserved in the spinel grains. There are

a number of required assumptions, however, before rate  analysis can be

undertaken. The in terd iffu s io n  co e ffic ie n t for Cr in spinel is not

known, and therefore as a f i r s t  approximation the d iffu s ive  rate for
3+Cr is taken to be equal to that for A1. While some s h if t  of Fe does 

occur in the zoning p ro f ile , i t  is unclear how fe rr ic  iron content 

influences Cr-Al exchange, and i t  is ignored in th is s im plified  tre a t

ment. A more s ig n ific a n t sim p!ication stems from assuming that the 

boundary conditions can be treated as constant. This means ignoring 

any effects aris ing from the migration of the spinel rim during its  

consumption, as well as assuming that the equilibrium composition was 

instantaneously imposed on spinel rim s. Lastly , i t  is worth r e ite ra t 

ing that the ambient temperature conditions for a ll 1herzolites was 

close to constant, suggesting that the d iffusion model can be reason

ably constructed for the isothermal case.

The temperature dependence of the d iffusion co e ffic ie n t for 

aluminum can be evaluated according to the Arrhenius equation 

D = D* exp(-Q/RT)

where D* is the preexponential fac to r, Q is the activation  energy and 

R is the gas constant. The D* value for aluminum cation m obility  

(s e lf-d iffu s io n ) in MgAl^O  ̂ is 8 .9 x 10"^ m^/s and its  activation
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energy is 439 kJ (Stubican and others, 1972). Simple estimates of 

the time required for development of the recognized zoning p ro file  in 

sample SL2-59P-1 can then be arrived a t through the formulation express 

ing d iffusion through a sem i-in fin ite  so lid . (Absence of recognized 

compositional gradients in adjacent garnet grains suggests that they 

can be thought of as a w e ll-s tir re d  rese rvo ir.) Thus, 

x = Dt^

in which x is the "penetration depth" of the d iffusion components for 

the concentration of d iffusion component halfway between its  in i t ia l  

and fin a l amounts (about 50 microns). The e ffec t of any unrecognized 

compositional gradient in the tr iv a le n t cations in the fa s te r , but 

nonetheless slow d iffu s in g  garnet would be to s lig h tly  reduce the value 

of the appropriate "penetration depth." The equilibrium  temperature 

of this sample is 914° C ± 55° C ( c f . next section). This leads to 

maximum estimates of less than 20 m illio n  years a t a constant tempera

ture of 914° C to more than 150 m illio n  years a t a constant temperature 

of 860° C necessary to develop the zoning found in sp inel. The wide 

range of uncertainty in tim e, about an order of magnitude, associated 

with the re la tiv e ly  lim ited  degree of uncertainty in the temperature 

estimates demonstrates that even a more constrained model, for instance 

with a moving rather than stationary grain margin, may s t i l l  only be 

expected to supply an order-of-magnitude indication of the reaction  

time. Nonetheless, th is  study emphasizes that the zoning profiles  

could only have been developed over long periods of tim e, and should
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not be construed to re fle c t  any change in ambient conditions associated 

with the rapid in trusive event.

Pressure and Temperature Conditions

The xenoliths transported to the earth 's surface by kim berlite  

intrusions constitute an important primary source of information 

regarding the thermal state of the lithosphere. As pointed out by 

early workers (Boyd, 1973; MacGregor, 1974) useful quantitative  

estimates of the pressures and temperatures Of ambient conditions of 

the mantle can be obtained from element d is trib u tio n  among the minerals 

generally found in perid o tite  nodules. Suites of discrete nodules of 

garnet, clinopyroxene, orthopyroxene and o liv in e  phases found in 

kim berlite pipes have been Studied in a s im ilar fashion to provide an . 

estimate of magmatic P and T conditions (Nixon and Boyd, 1973; Eggler 

and others, 1979). In recent years, continued research into the 

thermal conditions with depth for a number of locations worldwide, 

and representing a temporal span of intrusion a c t iv ity  of over 1 6a, 

has begun to establish the data source necessary for the construction 

of models of thermal evolution of the lithosphere since the Proterozoic 

(Ganguly and Bhattacharya, 1986).

Methods of Thermobarometry

A varie ty  of methods have been employed to re triev e  information 

regarding pressure and temperature from mantle assemblages. For an 

assemblage at equilibrium , the d istributions of Components between 

coexisting phases can be expressed according to
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RT In K (P,T) = RT In H A, .
i 1

where K is the equilibrium  constant, A is  the a c tiv ity  expression, 

i represents the component of in te re s t, and v is the appropriate 

stoichiom etric c o e ffic ie n t. The relationships between composition 

and a c t iv ity  expressions of components has been explored for a number 

of useful mineral reactions. The intensive variables of a system can 

be determined via calibrated formulations of compositional eq u ilib ria  

between the phases of a system. That is .

In Kd (P,T,X) = In K (P,T) - In Ky (P ,T ,X ).

The equilibrated element d is trib u tio n  illu s tra te d  in the partitio n in g  

relationships in the Sloan nodule assemblages can be predicted accord

ing to thermodynamic law and is a useful guide to an appropriate 

choice of the exchange relationships best suited for thermobarometry 

of these rocks.

The fractionation  of Ca and Mg between diopside and ortho

pyroxene is among the methods popularly used for obtaining temperature 

estimates from garnet p erid o tites , especially by Boyd and co-workers 

(Boyd, 1973; Boyd and Nixon, 1975; Danchin and Boyd, 1976; Finnerty 

and Boyd, 1984). However, geothermometry based on the diopside- 

enstatite  solvus is  considered inappropriate for the Sloan nodules. 

The.diopside content of clinopyroxene is quite high, with (Ca/Ca+Mg) 

often greater than 0.50. The corresponding diopside content in 

enstatite  is  very low (< 0 .0 1 ), indicating that these rocks e q u ili

brated at cooler mantle temperatures. Carswell and Gibb (1980) have



52

pointed out that the re la tiv e  s e n s itiv ity  of a given geothermometer 

w ill vary over the range of in teres t fo r 1herzo lite  nodules. They 

concluded that Ca-Mg exchange between pyroxenes was a less sensitive  

means of thermometry in the lower temperature range for garnet 

1h erzo lite  nodules than.the d is trib u tio n  of Fe and Mg between garnet 

and clinopyroxene. Also, Finnerty and Boyd (1984) have reported that 

the re la t iv e ly  high precision of the d iopside-enstatite  geothermometer 

was reduced by a factor of two when applied to a lower temperature 

xenolith in th e ir  study. Because of the steepening slope of the limbs 

of the m is c ib ility  gap with decreasing temperatures, analytica l uncer

ta in ty  in the Ca content in pyroxenes is reflected in a large  

uncertainty in temperature estim ation. Also, because the ra tio  

(Ca/Ca+Mg) is greater than 0.50 for a number of Sloan clinopyroxene 

samples, the re lationsh ip  of the diopside and ensta tite  components 

between clinopyroxene and orthopyroxene cannot be assumed to be a 

simple binary system. Some form of correction for the effects  of 

additional components, especially  Fe and Na, must be applied before 

the mineral data can be compared with experimental data on the 

diopside-enstatite  m is c ib ility  gap in simple systems. Unfortunately, 

the large uncertainty of the magnitude o f these compositional effects  

results in greater imprecision of the geothermometer when they are 

applied, without demonstrably improving accuracy.

Diagrams of p artitio n in g  data show that Mg-Fe d is trib u tio n  in 

a ll the assemblages forms systematic re lationships. Except for 

d is tin c t compositional differences between spinels in the garnet-free
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and garnetiferous assemblages there is continuous, correlated variation  

seen between the Fe and Mg contents of a ll phases. A number of experi

mental studies describe the Fe-Mg d is trib u tio n  between garnet and 

clinopyroxene. E ll is  and Green (1979) and Ganguly (1979) derived 

expressions for temperature in terms of the d istrib u tio n  c o e ffic ie n t, 

Kd, and P which are suited to assemblages with low jad e ite  component 

in clinopyroxene. These thermometers contain corrections (empirical 

and calculated, respectively) for the nonideal solution of additional 

components, p rin c ip a lly  Ca, in garnet. The Ganguly (1979) thermometer 

is based on experiments conducted over a higher range of temperatures 

(1000-1400° C) and its  application to lower temperature Sloan 

assemblages requires extrapolation below its  calibrated range. The 

experimental ca lib ra tio n  of the E ll is  and Green thermometer extends to 

lower conditions (750° C). Mg-Fe exchange between garnet and c lin o 

pyroxene for rocks of th o le iit ic  bulk composition was determined from 

synthesis experiments over a broad range of temperatures (600-1400° C) 

and pressure (20 - 40 kbar) by Raheim and Green (1974). On the basis 

of a lim ited  number of experimental runs, they derived a pressure 

c o e ffic ien t substantia lly  larger than what is predicted from thermo

dynamic data, This may be explained as the e ffec t o f increasing ca l

cium component in garnet with increasing pressure. Ganguly and 

Bhattacharya (1986) derived a m odification of the Raheim and Green 

thermometer using more recent experimental data on the volume of mixing 

in garnet and clinopyroxene which y ields a pressure correction nearly



54

identical with that experimentally determined by E llis  and Green (1979). 

Ganguly and Bhattacharya (1986) also suggest that the Raheim and Green 

thermometer can be applied over a broader compositional range by cor

recting for the effects  of d iffe r in g  Xca in garnet.

The Kd for Fe-Mg partitio n in g  between garnet and orthopyroxene 

has been recently experimentally calibrated as a function of tempera

tu re , pressure and nonideal solution of additional components for the 

rartge 950-1400° C (Lee and Ganguly, 1984; Lee, 1986). As previously 

mentioned, greatest precision in thermobarometry can be expected from 

exchange in systems'with the fewest additional components. Fewer addi

tional oxide components are sited in orthopyroxene than in c lin o 

pyroxene, thus garnet-orthopyroxene thermometry can be expected to 

provide estimates with reduced scatte r. The potential imprecision 

contributed by uncertainty in the F e^  content is considered extremely 

lim ited for Sloan nodules, where very l i t t l e  to no fe rr ic  iron is 

indicated for garnet and orthopyroxene. A s im ilar advantage is ex

pected for the ca lib ra tio n  of Fe-Mg p artitio n in g  between garnet and 

o liv in e  made by O 'N eill and Wood (1979).

The estimation of garnet perid o tite  eq u ilib ra tio n  pressures 

can be made on the basis o f aluminum s o lu b ility  in orthopyroxene 

coexisting with garnet. Ganguly and Ghose (1979) introduced endmember 

components which conform to the ideal mixing of A1 in orthopyroxene, 

and Lane and Ganguly (1980) and Perkins and others (1981) have col

lected experimental data of this reaction for the model perido tite  

MgO-AlgO^-SiOg system (MAS). The la t te r  resu lts , obtained from a



55

large number of reversal experiments, provide the most precise 

ca lib ra tio n  a t th is time, and are in excellent agreement with the 

results of Lane and Ganguly (1980) for A1-contents of orthopyroxene 

that are of in te res t in th is  work. At present, the e ffe c t of addi

tional components on AlgO^ s o lu b ility  in ensta tite  is not well known, 

therefore pressure estimates have been made using the data for the 

simple MAS system. Because v a r ia b ili ty  in the AlgOg content of 

enstatite  was observed in some grains in the garnet+spinel p erid o tites , 

only analyses obtained from the margins o f adjacent orthopyroxene and 

garnet grains were used in the geobarometry calculations.

Estimates of Equilibrium Pressures 
and Temperatures .

The simultaneous solution of pressure and temperature expres

sions for the garnet-containing assemblages was made using the Perkins 

and others (1981) geobarometer and the various Fe-Mg p artitio n in g  

geothermometers. Results are given in Table 3. The good agreement 

among the d iffe re n t clinopyroxene thermometers is apparent, and the 

estimates obtained from the expression of E llis  and Green (1979) are, 

with one exception, w ithin ±55° of the temperature conditions c a l

culated using the Lee (1986) garnet-orthopyroxene geothermometer.

Estimates made using the O 'N eill and Wood (1979) garnet- 

o liv in e  thermometer are sharply lower (-120-255°) with the largest 

discrepancy at the lower temperature range. Increased inconsistency 

of estimates a t lower temperatures has previously been indicated for 

th is  thermometer in the study of Carswell and Gibb (1980, Figure 1 - j ) .
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Table 3. Pressure and temperature estimates for the Sloan xenoliths

SL2-55P-2

SL2-59P-1

SL2-59P-2

SL2-27X-55

SL2-4C-98A

SL2-55P-4

SL2-4C-530

SL2-4C-124

SL2-4C-98B

SL2-46-464

SL1-1C-770

S12-55P-4

S12-59P-3

I . a

922 C
30.9 kb

887
29.0

897
30.2

917
29.5

957
34.4

947
33.7

902
30.5

868
29.9

1041
43.6

787
28.5

932
34.5

982 C
33.0 kb

942
30.9

957
32.2

977
31.5

1002
36.0

997
35.5

957
52.5

927
32.1

1112
46.1

837
30.5

942
34.9

3 .c

917 C
30.7 kb

914
30.0

917
30.8

929
29.9

914
31.9

892
31.5

885
29.8

920
31.9

986
41.2

962
34.2

975
36.0

1199
50.6

1177
50.4

^Temperature from method of E ll is  and Green (1979).

^Temperature from method of. Rhaheim and Green (1974), as modified by 
Ganguly and Bhattacharya (1986).

^ T e m p e ra tu re f r o m  m e th o d  o f  Lee ( 1 9 8 6 ) .
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These temperature estimates disagree so widely with results of the 

other Fe-Mg p artitio n in g  thermometers involving garnet that they are 

considered to be of doubtful v a lid ity . A s im ilar conclusion was also 

reached by Ganguly and Bhattacharya (1986).

At present, no reaction with a suitably large AV has been 

calibrated for calculation of pressure estimates from spinel Iherzo- 

l i t e s ,  and temperature estimates only can be retrieved from these 

assemblages. This has been done by using the A1 s o lu b ility  in 

orthopyroxene coexisting with spinel and o liv in e , as determined by 

Gasparik and Newton (1984). They studied the e q u ilib ria  in the MAS 

system over a range of 1030 to 1600° C and 10 to 28 khar and formulated 

an expression for temperature assuming ideal mixing in pyroxene. 

Application of this geothermometer can only be defended for the spinel 

Ih e rz o lite  samples with established equilibrium  p artitio n in g  of Or 

and A !. Approximation of the garnet+spinel Ih e rzo lite  temperatures 

by th is method requires the assumption that the core composition of 

spinels re flec ts  the equilibrium  p artitio n in g  of A1 with reactant 

grains of orthopyroxene, even though the spinel and orthopyroxene 

grains are now separated by the in tergranular garnet. However, as 

indicated in Figure 15, equilibrium  cannot be simply assumed for 

spinel rims and orthopyroxene and therefore estimates are of dubious 

significance. I t  is possible to approximate the equilibrium  pressures 

of the spinel Ih erzo lites  by projecting temperature along the appro

pria te  alumina isopleth determined by Gasparik and Newton (1984) to 

the regressed geothermal gradient obtained from P-T estimates of



58

garnet Ih e rzo lite s . Estimated temperatures for the spinel Ih erzo lites  

obtained by the method of Gasparik and Newton range between 785 and 

920° C and correspond to pressures of 22 to 31 kbar along the

geotherm.
2+The Mg-Fe exchange between o liv in e  and spinel has been used 

to calculate temperatures from peridotites by a number of workers 

(Jackson, 1969; Evans and Frost, 1975; Fabries, 1979). who developed 

empirical calibrations of the d is trib u tio n  co e ffic ien t

3+as a function of temperature and the Cr content of s p in e l. The 

thermodynamic basis of the dependence of Kd on the concentration of 

tr iv a le n t cations in spinel has been discussed by Irv in g  (1965) and 

Wood and Nicholls (1978). The correlation  between the methods of 

Evans and Frost (1975) and Fabries (1979) is reported to be very good 

in the range 700-1200° C (Ozawa, 1983). The temperatures estimated 

by the method of Fabries are lower by about 15 to 150° C (but general

ly  within 50° C) than the estimates based on the AlgO^ s o lu b ility  in 

enstatite  for the spinel Ih e rz o lite s . Figure 17 shows the p a rtit io n 

ing behavior of Mg and Fe between o liv in e  and sp inel, compared to 

the 700° C isotherm. In the garnet+spinel samples. In Kd values seem 

to p ara lle l the isotherm over a small spread of Xcr(sp), except for 

the rim composition of the zoned grains, which would appear to be 

shifted in the d irection of higher temperatures. However, when the
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core

Figure 17. Mg-Fe partitio n in g : Kd (o liv in e /s p in e l) vs. the mole
fraction  of Cr in spinel. — The 700° C and 1200° C 
isotherms are from Fabrics (1979). The zoning trend 
for spinel is indicated.
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correction for Cr-content is applied, the indicated thermal trend is 

actua lly  a decrease in temperature estimates from core to rim.

The accuracy o f the thermobarometric estimates and the ca l

culated geothermal gradient is indicated by a number o f separate lines  

of evidence. Two garnet p erid o tite  xenoliths reported from northern 

Lesotho, PHN 1596 and BD 2125, contain graphite and diamond, respec

t iv e ly  (Boyd and Finger, 1975; Dawson and Smith, 1975). As shown in 

Figure 18, the combined Lee (1986) thermometer and Perkins and others 

(1981) barometer provide P-T estimates fo r each of these samples which 

plot in the correct s ta b ili ty  f ie ld s , verify ing  the accuracy of the 

thermobarometry at higher conditions, at leas t.

Following Ganguly and Bhattachayra (1986), an independent 

estimation o f the equilibrium  pressure of the 1herzo lite  nodules with 

coexisting garnet and spinel can be arrived at by combining the 

experimentally determined pressure fo r the tran s itio n  in the simple 

MAS system with a correction for the e ffe c t of the non-ternary com

ponents present in the natural samples. The boundary between the two 

phase assemblages is defined by the reaction:

MgAl204 + 2 Mg2Si206 = Mg2Si04 + Mg3Al 2S130i2

spinel opx ol garnet

for which

v,
AG° (P,T) = -RT In  E A. = -R T 'ln  K (P,T)

i

where AG° is the free energy change of the reaction fo r pure components 

at P and T of in te re s t. In s o lid -so lid  reactions such as th is  i t  is
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Figure 18. Evaluation of thermobarometry methods. — Symbols for the 
Sloan assemblages are the same as before. The spinel- 
to garnet p erid o tite  tran s itio n  in the MAS system is from 
Gasparik and Newton (1984). The graphite-diamond s ta b il
i ty  boundary is from Kennedy and Kennedy (1964). Graphite
bearing p erid o tite  sample PHN 1596 from Boyd and Finger 
(1975), diamond-bearing p erid o tite  sample BD 2125 from 
Dawson and Smith (1975).
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reasonable to assume that the volume change of reaction is  nearly 

constant over a range of P and T. That is ,

AV° (P,T) = AV° (1 ,T ) .

The standard state free energy change is related to the reference 

state of an experimentally determined system by

P
AG° (P,T) = AG° (P *,T ) + /  AV dp

P*

Thus, for pure endmembers the free energy change of reaction is 

AG° (P *,T ) = (P - P°) AV° (1 ,T )

where P* is the pressure of the equilibrium  boundary in the HAS system, 

and in the natural assemblages

AG° (P *,T ) "= -RT In K (P,T) + (P - P*) AV° (1 ,T )

where P is  the pressure of the equilibrium  boundary in the multicom

ponent systems. This provides an expression for the e ffe c t of composi

tion on the equilibrium  pressure in the simple system:

v.
P - P* = -RT In n A 

i

i
i /  AVC

Activity-composition relationships may be expressed according to an 

ionic solution model, in th is  case.

IT v.A. 
i 1 1

• 3 2
XMg V

gar

C
Q

o.l gar ol
•YMg3A l2S i3012 YMg2Si04

x 4 1l Mgj
opx

.XMg XAl_
sp X Y opx sp

YMg2S i206 YMgAl204

Evaluation o f the in teraction  term follows from consideration of the 

mixing properties of each phase. On the basis of the ava ilab ile  mix

ing data for o liv in e  (Wood and Kleppa, 1981) and orthopyroxene (Saxena
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and Ghose, 1971; Sack, 1980), i t  is reasonable to set the a c tiv ity  

co e ffic ien t for MggSigOg in opx and the a c t iv ity  co e ffic ien t of

in o liv in e  approximately equal to 1 for the temperature and 

compositional range of the present study. Positive deviation from 

id e a lity  is recognized for solution of additional components in both 

garnet and spinel so that these may be considered approximately s e lf 

cancelling. This permits a quantita tive  calculation of the s h ift  of 

the phase tran s itio n  for the d ivarian t assemblages from the equilibrium  

determined in the MAS system by setting the equilibrium  constant 

approximately equal to the product term of the molar frac tio n s . For 

the Ih e rz o lite  sample with coexisting garnet and zoned spinel shown to 

have achieved equilibrium  p a rtitio n in g , and using the composition of 

the equilibrated grain rims, the pressure of the tran s itio n  is moved 

to a pressure 13 kbar greater than fo r the MAS system (Figure 18). . 

Combining the two pressures yields an estimate of about 32 kbar for 

the multicomponent tra n s itio n , which agrees very well with the 30 to 

31 kbar estimates from the previous geothermometry.

The temperature of the tran s itio n  assemblages obtained by 

garnet-pyroxene thermometers is corroborated by the equilibrium  

temperature of coexisting ilm enite and spinel in the samples. The 

e a r lie r  iron -titan ium  oxide geothermometer of Buddington and Lindsley 

(1964) has been improved by Spencer and Lindsley (1981) who developed 

a model for the solution of iron and titanium  oxide components in 

ulvospinel and ilm enite solid solutions. Stormer (1983) advocated 

using an ionic solution model, consistent with the Spencer and
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Lindsley solution model, to calculate fo r the e ffec t of additional

components. Following th is  procedure, a temperature of between 850
-12 -11and 900° C and an oxygen fugacity of between 10 and 10 bars was 

calculated for ilm enite-spinel equilibrium . The uncertainty of these 

numbers'is greater than for thermometry among s ilic a te  phases because 

of the inherent imprecision involved with obtaining compositional data 

from grain boundaries in zoned spinels and the assumption of p artia l 

equilibrium . S t i l l ,  the temperature results are fu l ly  consistent with 

the results derived from Fe-Mg p artitio n in g  between garnet and 

pyroxenes.

Western North American Geothermal Gradient 

The foregoing analysis indicates that the Sloan xenoliths con

s titu te  appropriate mineral assemblages for the reconstruction of the 

geothermal gradient in the lithosphere beneath the State Line D is tr ic t  

in the early  Paleozoic. With the exception of the assemblages con

ta in ing both spinel and garnet, minerals are homogenous and spinel 

Ih e rz o lite , garnet Ih e rz o lite , garnet harzburgite and megacryst nodules 

appear to be in equilibrium  with th e ir  ambient conditions of c rys ta l

liz a t io n . They comprise a w e ll-ca lib ra ted  suite o f upper mantle sam

ples whose estimated equilibrium  P and T span a re la t iv e ly  broad 

range. The presence of a metamorphic facies tran s itio n  between spinel 

and garnet s ta b il i ty  f ie ld s  among a set of nodules with re la tiv e ly  

uniform bulk composition constrains the low pressure l im it  of 

garnetiferous samples.
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On the basis of the reduced uncertainty due to any Fe^+ e ffects  for 

these samples, the garnet-orthopyroxene thermometer of Lee (1986) is 

considered to be the most precise of a ll used. P-T estimates of the 

garnet peridotites using th is  geothermometer and the geobarometer of 

Perkins and others (1981) are plotted in Figure 19. These are seen to 

l i e  along a lin e a r trend from almost 900° C and 30 kbar to 1200° C and 

50 kbar. Precision is estimated to be ±55° C and 1.1 kbar. A le as t- 

square f i t  of th is  data, with a correlation  c o e ffic ien t o f .965, 

yields the e ffec tive  geothermal gradient in the upper mantle at the 

time of the kim berlite in trusion.

The form of the geothermal gradient is lin e a r , without any s ig 

n ific an t in fle c tio n  of slope. The position of this geotherm roughly 

coincides with estimates based on heat flow data fo r the uppermost 

mantle beneath continental crust (Clark and Ringwood, 1964; Sclater 

and others, 1980). The slope o f the petrological geotherm, shown in 

Figure 20,, coincides very well with that defined by granular perido- 

t i t e  nodules from northern Lesotho described in Boyd (1973), and from 

Proterozoic Indian xenoliths (Ganguly and Bhattacharya, 1986). The 

Lesotho nodules have been recalculated using the same thermobarometric 

method as for the Sloan nodules to fa c i l i ta te  comparison. (The e ffec t  

has been to s h if t  pressure estimates for the Lesotho samples 3 to 5 

kbar higher along the slope of the non-inf!ected portion of the 

orig inal geotherm,) Comparison of the pressure and temperature e s t i

mates also emphasizes that fragments of the uppermost mantle beneath
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Figure 19. Pressure and temperature estimates for the Sloan
nodules. - -  Symbols fo r the Sloan assemblages are the 
same as shown in previous diagrams, except for the 
spinel 1herzo lites , for which a range of temperatures 
is indicated. Comparative P-T estimates of Group 1 
Sloan nodules (McCallum and Eggler, 1976; Eggler and 
McCall urn, 1976; K irk ley, 1980) are shown by small 
f i l le d  c irc les .
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the Colorado- Wyoming crust were more prone to accidental inclusion, 

thereby providing an exceptionally detailed record of conditions in 

the cooler, shallow mantle.

As a means of evaluating the significance of petrologic ev i

dence of geothermal gradients, Harte and Freer (1982) u t iliz e d  d if fu 

sion data to calculate e ffec tive  cation m obilities  at fixed  

temperatures, and from th is  postulated the minimum temperatures for 

chemical equilibrium  in minerals common to Ih e rzo lite  assemblages.

They have suggested that for coarse perid o tite  mineral assemblages 

Ca-Mg diffusion in clinopyroxene would require temperatures of 950 to 

1050° C and time of up to 100 Ma to achieve diffusional equilibrium  

across 1 mm. At temperatures o f 900° C or less, they estimated that 

"major aspects" of chemical equilibrium  among ultram afic assemblages 

might not be achieved even in time periods of several hundred m illion  

years, and thus temperature estimates from peridotites from the upper

most mantle would l ik e ly  only indicate conditions of the la s t major 

thermal event.

I f  th is were the case, then the temperatures estimated from 

partitio n in g  data from the Sloan Ih e rz o lite  samples might represent 

closure ternpeartures for cation d is trib u tio n  rather than ambient condi

tions in the mantle. But i f  d iffusion rates pertinent to ion 

exchange are such that the rate of eq u ilib ra tio n  does not keep pace 

with the cooling rate in a system, compositional zoning w ill l ik e ly  be 

produced (see discussion in Lasaga, 1983). Aside from zoning found on 

spinel rims in garnet+spinel assemblages (the resu lt of reaction
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k in e tic s ), none of the minerals in Sloan xenoliths shows detectable 

compositional zonation. Wilson and Smith (1985) conducted numerical 

simulations of Fe-Mg exchange and determined that Fe-Mg exchange d is

equilibrium  between garnet and o liv in e  in a cooling environment w ill 

indeed resu lt in detectable zoning in garnet. Using the same diffusion  

coeffic ients  as reported in Harte and Freer (1982) and a lin e a r cooling 

rate of 10° C per m illio n  years, they found that at 900° C garnet w ill 

reeq u ilib ra te  with o liv in e  and that cooling to below 800° C is required 

to achieve zoning. Absence of any Fe-Mg zoning in the Sloan garnet 

1herzo lite  assemblages is consistent with th e ir  eq u ilib ra tio n  to the 

minimum calculated temperature of 885° C.

Perhaps the c learest indication that the uppermost mantle 

xenolith compositions do.in fact re fle c t  ambient conditions immediately 

prior to th e ir  quenching during the kim berlite eruption is  shown by 

th e ir  P-T positions (Figure 19). These a ll plot along a lin e a r exten

sion o f the paleogeotherm as defined by the higher temperature xeno

lith s  rather than preserve any record of anomolously high temperatures 

at these re la t iv e ly  shallow mantle depths.

I t  has been pointed out by Chatterjee and Terhart (1985) that 

neglecting the nonideal effects  of Cr in orthopyroxene and spinel can 

resu lt in overestimation of equilibrium  temperatures based on the 

s o lu b ility  of A1 in ensta tite  by up to 50° C for compositions com

parable to Sloan assemblages. I t  therefore seems l ik e ly  that the 

discrepancy between the two methods of thermometry applied to  the 

spinel Ih erzo lites  is more a resu lt of the e x p lic it  correction for
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compositional nonideality in the Fabries form ulation, while the 

estimates based on A1 s o lu b ility  in ensta tite  (Gasparik and Newton, 

1984) are taken d ire c tly  from results in the simple MAS system.

The P-T estimates in Figure 19 plot along a smooth trend but 

th e ir  d is trib u tio n  is non-uniform. The spinel and garnet Ih e rzo lite  

(Group 5) nodules represent a lim ited  range of P-T conditions, but 

are an abundant varie ty  seen in the Sloan k im berlite , suggesting some 

form of a se lective  process of entrainment. Excluding the single 

harzburgite and the garnet-bearing orthopyroxene megacryst, a ll  

perido tite  samples examined in th is  study have equilibrated at tempera

tures less than 1000° C, Completely absent are peridotites  recording 

the very high grade conditions seen in the sheared va rie ty  of northern 

Lesotho xenoliths.

I t  is possible to a rrive  at a more complete assessment of 

mantle conditions traversed by the Sloan kim berlite by including pub

lished data fo r previously collected perid o tite  nodules (McCallurn and 

Eggler, 1976; Eggler and MeCall urn, 1976; K irk ley, 1980). P and T 

estimates for twelve Group 1 nodules have been recalculated according 

to the preferred thermobarometric method of th is study and the results  

are lis te d  in Table 4. These include somewhat altered to fresh 

perido tite  nodules ty p ic a lly  with coarse equant to granuloblastic 

textures, as defined by Harte (1977), though a few contain porphyro- 

c las tic  o liv in e  present in a matrix of fine-grained o liv in e  neoblasts 

and pyroxene. K irkley (1980) reported that none show the severely 

sheared textures (e .g . , flu id a l mosaic) recognized in Lesotho nodules.
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Table 4. Recalculated pressure and temperatures for Group 1 nodules

Samp! e Temperature Pressure

SD2-L75 1077

SD2-L102 1125

SD2-L100 1155

S02-L101 1172

SD2-D25 1183

SD2-L69 1187

SD2-H13 1200

SD2-L76 1202

SD2-L98 1229

SD2-L133 1247

SD2-L4 1302

SD2-L120 1344

C 43.8 kbar

44.0

47.5

48.5 

47.8

47.6

51.2 

52.5

50.7

49.2

54.8

56.6
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Figure 19 shows, that these Group 1 xenoliths have equilib rated  at P-T 

conditions which closely p ara lle l the trend already noted. The major

i ty  of the samples represent eq u ilib ra tio n  at temperatures less than 

1200° C. Two moderately altered samples with porphyroclastic textures 

plot at temperatures above 1300° C, (1302 and 1344° C) and i t  is  

noteworthy that both appear to fa l l  along the same geotherm as defined 

by the samples in th is  work.



CHAPTER 5

DISCUSSION OF UPPER MANTLE CONDITIONS

I t  is c lear that the nodules examined in th is  study represent 

major lith o lo g ic a l divisions of the upper mantle from beneath the 

present Colorado-Wyoming crust. The broad features of the petro- 

stratigraphy of the lithosphere in th is  region were f i r s t  described by 

Eggler and McCall urn (1974), and while subsequently refined by them 

and other workers, th e ir  prelim inary model remains a perceptive de

scription of the litho logy of the lower crust and upper mantle. The 

Sloan nodules examined here include mineral assemblages which provide 

sensitive P -t estimates as well as precise compositional data to 

depths extending to the estimated base of the lithosphere. I t  is  

possible, therefore, to characterize the physical state of the mantle 

at the time of the kim berlite  eruption and explore the relationships  

between magmatic processes and the p erid o tite  rock.

The Mantle-Crust Boundary

In th e ir  seminal work, Eggler and McCall urn (1974) postulated a 

th ick crust in Devonian time, in ferred from seismic ve loc ity  studies 

of the present Colorado-Wyoming crust (Pakiser and Z e itz , 1965; 

Allmendinger and others, 1982). The base of the crust to the south of 

the Archean-Proterozoic boundary, as determined from a discontinuous 

increase in compressional wave v e lo c it ie s ,is  currently a t about 50

73
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kilometers depth. A recent study of the granulite  xenoliths from 

Colorado and Wyoming kim berlites (Bradley and McCall urn, 1984) supports 

a model of a thick crust at the time of the kim berlite emplacement. 

Petrological evidence comes from a number of the xenoliths which are 

garnet-bearing mafic granulites. These nodules include igneous and 

metaigneous xenoliths whose compositions are approximately equivalent 

to quartz th o le iite  and o liv in e  th o le lite  compositions, and which are 

considered to have c rys ta llized  a t pressures up to 15 kbar. The 

region of the seismic d iscontinuity is therefore coincidental with 

the boundary between a mafic lower crust and ultram afic mantle 

m ateria l.

Compositional Constraints in the Upper Mantle 

Figure 21 shows the probable depth zones of dominant rock 

types in the upper mantle. Judging from th e ir  re la tiv e  abundance in 

the Sloan k im berlite , aluminous Ih erzo lite s  are the predominant 

lith o lo g ic a l varie ty  in the outermost portion of the mantle. Composi- 

t io n a lly  homogeneous spinel-bearing Ih erzo lites  with less abundant 

pockets of garnet w ebsterite , pyroxenite and eclogite  form a zone 

50 km thick extending beneath the curst. Spinel Ih erzo lite s  associ

ated with garnet p erid o tite  xenoliths have also been reported from 

Lesotho (Carswell and others, 1984) and are estimated to have formed 

at shallow mantle depths. But whereas the Lesotho spinel Ih e rzo lite  

suite is re la tiv e ly  depleted in those components which p re fe re n tia lly  

fractionate  into the liq u id  phase during conditions of p a rtia l m elting.



75

\

Z

0

L
a s
1 |

i i

z
o»

1
N

«
TO

z
o

5.

r

z
o .

Kbar

Continental Crust
10

20

30

40

50

60

Km

\ -  100

H  150

1—  200

Figure 21. Model lith o lo g ic a l layering in the upper mantle. - -  
Estimated crustal conditions a fte r  Bradley (1984). 
Ecologite pressure range estimated by projecting temper
atures reported in Ater and others(1984) onto the 
paleogeotherm.



76

the Sloan 1herzolites are only moderately depleted in them. In 

p a rtic u la r, the abundance of clinopyroxene, the low Cr/Cr+Al ra tio  

(less than 0 .1 ) ,  and the moderately high Fe/Mg+Fe ra tio  (-1 6 .5 ) point 

out the lim ited  extent of p a rtia l m elting. This compositional range 

is very s im ilar to that Observed in the sheared p e rid o tite  nodules 

from northern Lesotho (Boyd, 1973; Boyd and Nixon, 1975), but corres

ponds to much shallower depths in the North American samples.

S im ilar mineral and bulk chemistry is found in the g arn e tife r- 

ous spinel-bearing 1herzolites and a number of sp in e l-free  garnet 

1herzo lites . Garnet appears to have formed in these rocks under 

isochemical and probably isothermal conditions. Temperatures must 

have been close to stable long enough fo r Fe-Mg exchange to achieve 

homogeneity throughout a ll phases. The overall s lig h tly  higher pres

sures calculated fo r the sp in el-free  assemblages is consistent with a 

prograde sense of the tra n s itio n , and i t  can reasonably be in ferred  

that the spinel-consuming reaction proceeded due to an increase in 

pressure conditions. Unfortunately, estimates of the reaction time, 

which might provide chronological co rre la tio n , are too imprecise to 

constrain geological h istory beyond the general in terp re ta tio n  that 

increased pressure conditions fo r these mantle rocks ce rta in ly  pre

dated kim berlite intrusion and possibly occured in the Proterozoic,

Because of the uniform ity of bulk composition in these rocks, 

the perid o tite  facies tran s itio n  zone lik e ly  forms only a very narrow 

region (-5  km) at a depth around 100 km, corresponding to pressures of 

30 to 32 kbar. This is  about the depth of the tran s itio n  f i r s t
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postulated by Eggler and McCall urn (1974), though in subsequent works 

th is  zone was located a t higher levels (McCallum and Eggler, 1976; 

Kirkley and others, 1984). These la te r  in terpretations used a number 

, of d iffe re n t geothermometry methods, some of which appear to have 

given anomolously low temperature estim ates, resu lting in a s ig n if i

cant pressure decrease in geobarometric estimates.

The occurrence o f coexisting Fe-Ti oxides in the garnet+spinel 

assemblages provides the means of characterizing the oxidation state  

of the shallow mantle. The estimated oxygen fugacity of about 10 

bars corresponds to m ild ly reducing conditions, very s im ila r to the 

conditions experimentally determined fo r graphite-magnesite buffered 

peridotites  (Eggler and others, 19.80). Under such m ild ly reducing 

conditions expected vapor species a t 30 kbar, 915° C are COg and HgO 

(Eggler and Baker, 1982), and trace amounts of a vapor phase may be 

present in the mantle. Under conditions of somewhat increased 

abundance, the carbonate magnesite could be expected to e x is t stably.

There is  also evidence of other lith o lo g ies  in the shallow 

mantle. One chemically s im ilar o liv ine-bearing pyroxenite was ob

served in th is  study, and while its  phase chemistry and absence of 

garnet preclude sensitive geothermometry, the high Ca/Ca+Mg ra tio  in 

clinopyroxene (0.509) and high Mg/Mg+Ca ra tio  fo r orthopyroxene 

(0.994) indicate low equilibrium  temperatures. A d d itiona lly , Eggler 

and McCallum (1974) describe a suite o f o liv in e -fre e  websterites and 

clinopyroxenites recovered from the Sloan kim berlite  with s im ilar  

compositional characteristics to the o liv ine-bearing pyroxenite here.



78

including abundant Ca and Na in clinopyroxene and low C^Og in 

clinopyroxene and orthopyroxene. As expected from o liv in e -fre e , 

clinopyroxene-rich rocks, whole rock FeO and Al^Og values are high 

(approximately 6.5 to 8.0% and 0.5 to 2.5%, resp ective ly ). Samples of 

these o liv in e -fre e  pyroxenites which contain coexisting garnet and 

spinel have been described which formed by subsolidus reaction a t condi

tions corresponding to the spinel pyroxenite to garnet pyroxenite 

tran s itio n  (K irkley and others, 1984). This has been estimated to l ie  

at about 5 kbar less than the spinel Ih e rz o lite  to garnet Ih e rzo lite  

tran s itio n  (Herzberg, 1978). Combination of mineral data fo r these 

samples with the thermobarometry method adopted here y ie lds estimated 

temperatures and pressures of 875-890° C and 27-28 kbar, respectively , 

in accord with a re la tiv e  estimate of the pyroxenite tran s itio n  loca

tio n . The consistently greater number of p erid o tite  nodules reported 

in Colorado-Wyoming kim berlites suggests that pyroxenites probably 

account fo r a re la t iv e ly  smaller volume of the upper mantle.

Further evidence of compositional heterogeneity in both the 

shallow and the deeper mantle comes from the eclogite nodules present 

in the State Line D is tr ic t  k im berlites. Ater and others (1984) have 

made a comprehensive study of eclogites recovered from th is  region 

and found that the xenoliths had equilib rated  over the range 700 to 

1300° C fo r an assumed pressure of 30 k ilo bars , implying nearly com

plete overlap with the ambient conditions of the p e rid o tite  nodules.

I f ,  indeed, the lowest temperature ec logite  nodules and spinel



Ih erzo lites  were derived from s im ilar mantle conditions, then the 

lower temperatures indicated by the Fabrics (1979) geothermometer are 

probably the more correct estimates fo r the spinel Ih e rzo lite  nodules. 

Equilibration temperatures fo r the m ajority of the eclogites l ie  

between 850 and 950° C, suggesting that e ith e r pockets of eclogite are 

most abundant at depths corresponding to these temperatures, or, as 

can be assumed by the non-random d is trib u tio n  of P-T estimates fo r the 

p erid o tite  nodules, the entrainment process was more e ffec tive  at these 

depths. A few eclogites record higher temperatures, but s ig n ific a n tly , 

only one sample appears to contain the mineral chemistry corresponding 

to a thermal state in excess of 1300° C, the maximum temperature 

estimated fo r the Sloan p erid o tite  su ite .

The mineral and bulk chemistry of the remaining garnet 

p erid o tite  and garnet harzburgite xenoliths show tha t these rocks are 

enriched in the refractory  elements. Mg and Or, and depleted in AlgOg, 

NagO, CaO, FeO and TiOg compared to the aluminous Ih e rz o lite s . Com

positions of these nodules are s im ilar to peridotites from South Africa  

and Lesotho (Boyd, 1973; Boyd and Nixon, 1975) as well as having coarse 

equant to  coarse tabular textures s im ila r to the granular nodules from 

A frica . In contrast to the aluminous Ih e rzo lite  group these rocks 

have a d is tin c tly  lower modal volume o f clinopyroxene. Consequently, 

these nodules l ik e ly  represent the depleted residuum of one or perhaps 

m ultiple episodes of melting.

A ll of the more refractory  garnet p erid o tite  samples are 

derived from depths greater than 100 km. The three garnet peridotites

79
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with only lim ited  clinopyroxene equ ilib rated  a t conditions about 

50 to 100° C.greater than the aluminous garnet peridotites and at 

depths of up to 130 km. The garnet harzburgite and the Cr-rich  

orthopyroxene megacryst with coexisting Cr-rich pyrope equilib rated  at 

between 1170 and 1200° C and about 160 km. The previously reported 

Group 1 garnet perido tites  (McCallurn and Eggler, 1976; K irk le y , 1980) 

are described as compositionally depleted and containing low to absent 

model clinopyroxene. These p lot along the same non-inflected geotherm 

as derived in th is  study at temperatures generally between 1000 and 

1250° C. S ig n ific a n tly , the two samples which provide the highest 

estimated temperatures (SD2-L4 and SD2-L120) are both depleted garnet 

harzburgite. The mineralogy and chemistry of these rocks are con

s is ten t with a ll other evidence from State Line nodules showing a 

progressive increase in the degree of p a rtia l melting fo r the deeper 

mantle extending to 175 km.

Origin of the Discrete Nodules

As indicated by th e ir  mineral chemistry, the discrete garnet 

megacryst and the orthopyroxene megacryst with coexisting garnet are 

both Cr and Mg enriched and show sm iila r low values of A1, Ca, Fe and 

Ti as the garnet harzburgite. This s im ila r ity  suggests tha t these 

megacrysts may represent disaggregated garnet harzburgite, though th e ir  

grain sizes are widely disparate. Another hypothesis was suggested by 

Eggler and others (1979) who f e l t  that the Cr-rich megacrysts could 

have c rys ta llized  from a localized melting of a hybridized, upwelling
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asthenospheric d iap ir containing a s ig n ifican t lithospheric component. 

However, i t  seems unlikely, that contamination (mixing) of f e r t i le  

mantle m ateria l, capable of y ie ld ing  a kim berlite m elt, with depleted 

lithospheric rock would produce the C r-rich , magnesian megacrysts, 

since th is  would seem to require a s ig n ific a n t p a rtia l fusion of the 

lim ited amount of clinopyroxene and garnet in the lithospheric material 

to produce a compositional s h ift  in the.m elt derived from the d iap ir  

phases. Solely on the basis of s im ilar mineral chemistry, the C r-rich , 

magnesian megacrysts are herein considered to be genetica lly  related  

to lithospheric rocks, though no hypothesis is offered fo r th e ir  

exceptional s ize .

The chrome-rich pyrope megacryst therefore serves as a useful 

ind icator of the minimum duration of the thermal conditions reflected  

in Mg/Fe e q u ilib r ia . I t  is a well-rounded, nearly spherical grain of 

isotropic material, about 14 mm in diameter. I t  is reasonable to 

assume that i t  achieved its  compositional homogeneity a t about the same 

temperature as the orthopyroxene megacryst with a coexisting garnet 

of s im ilar composition, that is ,  approximately 1200° C. The in te r -  

diffusion co e ffic ie n t fo r Fe-Mg exchange in pyrope may be extrapolated  

from the work of El phick and others (1985) by u t i l iz in g  the Arrhenius 

plo t of th e ir  d iffusion data (th e ir  Figure 8) and projecting the 

1440° C, 40 kbar data fo r Mg-rich compositions to 1200° C along a 

lin ea r slope p a ra lle l to tha t fo r Fe-Mn in terd iffu s io n  (thereby tre a t

ing th e ir  re la tiv e  differences as constant). One thus obtains
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D1200° “ 9 ' 2 x 10"16 cm^/s.

The appropriate expression fo r d iffusion in a sphere, representing a 

95% relaxation of compositional zoning (Crank, 1975), is given by

D t/x2 -  0.4

The solution fo r t  provides an estimate of 6.65 Ma as the time neces

sary fo r eradication of a zoning p ro file  in the garnet brought on by 

the change in Kd.due to a temperature increase. This may be treated  

as the minimum time that the megacrysts, and by inference the lower 

lithosphere xenoliths, were a t the temperatures represented by p a r t i

tioning e q u ilib r ia .

The magnesian o liv in e  discrete nodule (Mg/Mg+Fe = 0.914) might 

have c rys ta llized  from a lit t le - f ra c t io n a te d  k im b erlitic  liq u id , or 

might represent a captured fragment of an extremely coarse ultram afic  

cumulate, formed prio r to the k im berlite  in trusion.

Implications fo r Diatreme Emplacement 

As currently  envisaged, the solidus fo r a carbonated 

p erid o tite  coexisting with a vapor phase is l ik e ly  less than 1150° C 

at a depth of 175 km (see: W y llie , 1980 fo r a review of experimental

work and models) and th is  suggests that some p erid o tite  nodules could 

be inclusions from the source of the k im berlite . But chemical analysis 

demonstrates that none of the p erid o tite  samples from the deeper mantle 

examined here or previously reported from the Sloan diatreme have major 

oxide compositions suitable fo r the generation of a lk a li basalt or
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kim berlite magmas, and there is no clear evidence that v o la tile  

components remained in these rocks as a vapor phase a t the time of 

the kim berlite in trusion. I t  is therefore improbable tha t these 

peridotites are the parental material of the Colorado-Wyoming kimber

l i t e s .  I f  ris ing  v o la tile s  from a deeper mantle source ascended along 

a reasonable projection of the geotherm established fo r the upper 

mantle, they could in i t ia te  p a rtia l melting of a more prim itive  

perid o tite  from perhaps as deep as 300 km. The. composition of the 

source area of the kim berlite  is not recognized in the xenolith su ite , 

but chemically richer mantle material must underlie the depleted 

region fo r k im b erlitic  magmas to have formed.

The mantle xenolith assemblages appear to have had a minimum 

residence time on the order of m illions of years a t ambient tempera

ture conditions. I f  any transient thermal perturbation accompanied 

the ris ing  volatile.components as p a rtia l melting was in it ia te d , i t  

was not e ffe c tiv e ly  communicated to the garnet harzburgites in the 

depleted zone. The lin e a r paleogeotherm defined by the peridotites  

appears consistent with a conductive thermal model in the upper mantle 

fo r the early  Paleozoic, a period of re la tiv e  tectonic s ta b il i ty  in 

the western region of the eraton. This in turn implies tha t to a 

depth of a t least 160 km the movement o f mantle m aterial coincided 

with the motion o f large scale crustal p lates. The coarse granular 

texture of the nodules also suggests that s tra in  rates were below that 

required fo r p las tic  flow. Therefore, the base of the lithosphere can 

be postulated to extend to the l im it  of the harzburgite sampling.
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The Sloan diatreme is a diamondiferous k im b erlite , and must 

have been emplaced rapid ly  above 150 km, the approximate depth at which 

the geotherm intersects the diamond-graphite s ta b ili ty  boundary, for  

metastable diamond to be preserved. Various emplacement models have 

been proposed, but generally support the rapid movement of v o la t ile -  

rich magma along an adiabatic path. The rapid transport of the magma 

requires that a deep-seated fracture serve as a conduit to the upper 

crust. The rock beneath the State Line D is tr ic t  was re la t iv e ly  r ig id  

to the depth of the diamond s ta b ili ty  f ie ld ,  suggesting i t  could have 

supported rapid crack propogation by b r i t t le  fa ilu re . Low viscosity  

v o la tile  components presumably were provided by the ascending kimber

l i t e  magma and f lu id  pressure a t the t ip  of the upward moving crack 

would have been close to the lith o s ta t ic  pressure. Thus, even at the 

pressures of the lower lithosphere the e ffec tive  stress would have been 

small enough to allow b r i t t le  frac tu rin g . The crustal expression of 

emplacement of the Colorado-Wyoming kim berlites roughly para lle ls  the 

trend of Proterozoic mafic dikes, and preexisting structural weak

nesses may also have been a pervasive control extending to the base 

of the lithosphere.
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T a b le  A 1 . E s t im a t e d  M odal M in e r a lo g y

SL2-28X-58 S12-55P-1 SL2-55P

oliv ine 64.10 63.67 42.10

opx 27.80 28.20 24.45

cpx 6.60 6.59 13.06

garnet 0.00 0.00 19.10

spinel 1.42 1.30 1.29

kelyphite

grain
boundary
a lteration  0.24

SL2-55P-4 SL2-4C-530 SL1-1C-770 SL2-4C-464

57.70 59.88 80.24 90.08

24.35 23.38 15.11 5.03

10.18 9.84 2.28 1.51

7.82 6.90 2.04 1.87

0.00 0.00

o n

0.38 1.40
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T a b le  B l .  M in e r a l  C h e m is t r y

SL2-28X-58 SL2-55P-1

cpx opx spinel olivine cpx opx spinel olivine

Si02 51.26 54.89 .09 40.69 5 2 .0 7 56.14 .05 39.78 .
Ti02 .32 .09 .08 .02 .34 .05 .08 .02
a i203 7.08 4 .0 0 57.19 .02 6.60 3.19 57.57 .00
C r20 3 .80 : .27 9.35 .00 .78 .19 9.99 .00
r e 2 o3

FeO 2.24 6.59
2.57

1 0 .2 9 10.05 2.39 6.49
1.33

10.38 9.89
CaO 21.70 .35 .01 .01 20.74 .2 6 .00 .00
MgO 14.39 33.39 19,88 49.29 15.08 33.97 19.80 49.40
NiO .07 .11 .40 .40 .03 .11 .32 .41
MnO .10 .19 .11 .16 .09 .20 .19 .16
Na20 1.97 .02 .02 .01 1.69 .0 3 .00 .00
K20 .01 .00 .00 .01 .00 .00 .00 .00

P2°5. .00 .00 .01 .01 .00 .00 .01 .02

99.84 99.90 100.00 100.67 99.81 100.63 99.72 . 99.68

Si 1.8481 1.8959 .0 0 2 2 .9913 1.8802 1.9228 .0014 .9762
Ti .0062 .0023 .0016 .0003 .0093 .0021 .0016 .0002 .
A1 .3011 .1629 1.7463 .0005 .2761 .1 2 8 6 1.7608 .0001
Cr .0 2 2 8 ■ .0072 .1916 .0000 .0 2 2 2 .0053 - .2 0 5 0 .0001
Fe3+
Fe2+ .0675 • .1 9 0 2

.0556

.2 2 3 0 .2046 .0 6 4 3 .1859
.0288
.2252 .2030

Ca .8 3 8 2 .0 1 2 8 .0002 .0003 .8456 .0093 .0000 .0 0 0 9

Mg .7735 1.7195 .7679 1.7907 .7764 1.7342 .7660 1.8075
Ni .0019 .0031 .0084 .0078 .0021 .0032 .0 0 6 7 .0082
Mn .0031 .0054 .0024 .0034 .0035 .0063 .0041 .0033
Na .1369 .0004 .0005 .0006 .1202 .0020 .0001 .0001
K .0006 .0001 .0000 .0003 .0001 .0003 .0001 .0000
P .0000 .0001 .0000 .0002 .0000 .0000 .0000 .0005

0000



T a b le  B l . — C o n t in u e d

Si-2-27X(44) SL2-55P(3)

cpx opx spinel olivine cpx opx spinel olivine

Si02 52.10 • 54.85 .04 40.79 51.27 54.89 .08 40.19
Ti02 . 55 • . .14 .05 .01 .65 .10 .01 .00
A12°3 6.55 4.18 56.22 .00 5.87 3.67 55.72 .00

Cr2°3 1.00 .37 12.09 .00 .81 .32 11.65 .01
FegO, 1.35 1.24
FeO 1.89 5.76 10.31 8.88 2.03 6.57 11.91 10.06
CaO 20.79 .60 .00 .02 21.70 .34 .01 .01
MgO 14.45 33.83 19.91 50.01 14.45 33.10 18.56 48.82
NiO .01 .05 .30 .48 .03 .12 .36 .46
MnO .06 .16 .08 .07 .15 .12 .16 .14
Na20 2.13 .08 .00 .01 1.60 .04 .01 .01
K20 .00 .00 .00 .00 .01 .01 .01 .01

P2°5 .00 .00 .00 .00 .00 .00 .00 .01

99.55 100.02 100.35 100.27 98.57 99.28 99.72 99.72

Si 1.8846 1.8853 .0011 .9927 1.8841 1.9085 .0020 .9888
Ti .0148 .0036 .0009 .0002 .0119 .0027 . 0003 .0000
A1 .2794 .1692 1.7189 ■. .0000 .2542 .1503 1.7264 .0001
Cr .0286 .0099 .2479 .0001 .0235 .0089 .2420 .0002
Fe3+ .0293 .0273
Fe2+ .0573 .1654 .2236 .1807 .0622 .1909 .2621 .2070
Ca .8049 .0220 .0001 '.0006 ,8542 .0126 .0005 .0002
Mg .7789 1.7336 .7700 1.8144 .7915 1.7154 .7276 1.7906
Ni .0005 .0012 .0063 .0094 .0009 .0036 .0077 ,0091
Mn .0023 .0045 .0018 .0015 .0035 .0035 .0036 .0030
Na .1490 .0053 .0000 .0003 .1138 .0032 .0005 .0008
K .0002 .0001 .0001 .0000 .0003 .0005 .0002 .0003
P .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0001

00ID



T a b le  B l .  M in e r a l  C h e m i s t r y . - - C o n t i n u e d

S12-4C(96) S12-55P(2)

cpx opx spinel olivine cpx opx gar spinel olivine

Si02 52.39 55.55 .03 41.51 53.34 55.79 42.26 .10 40.44
Ti02 .33 .13 .07 .00 .32 .09 .07 .19 .00
a i203 6.55 .3.34 55.54 .00 3.44 1.42 23.52 43.93 .00

Cr2°3 1.10 .22 13.76 .00 .95 .18 .99 22.07 .01

Fe2°3
FeO 1.99 5.91 11.86 9.00 2.37 6.09 9.72 12.15 9.40
CaO 21,22 .33 .03 .06 20.69 .24 4.44 .08 .03
MgO 14.73 34.12 18.71 49.26 15.53 35.64 19.43 17.28 49.73
NiO .00 .01 .03 .04 .06 .02 .01 .28 .42
MnO .10 .15 .13 .19 .09 , . 16 .48 .09 .07
Na20 1.77 .03 .00 .00 1.95 .04 .02 .00 .00
k2o .00 .02 .00 .01 .04 .01 .00 .01 .00

P2°5 .00 .00 .00 .01 .00 .02 .00 .02 .01

100.18 99.81 100.22 100.08 98.78 99.71 100.94 99.28 100.01

Si 1,8856 1.9132 .0006 1.0146 1.9447 1.9198 2.9731 .0027 .9869
Ti .0091 .0032 .0014 .0000 .0092 .0022 .0035 .0039 .0000
A1 .2780 .1355 1.7304 .0000 .1480 .0562 1.9614 1.4330 .0000
Cr
Fe3+

.0314 .0061 ,2825 .0000 .0274 .0060 .0488 .4829
.0715

.0003

Fe2+ .0601 .1701 .2574. .1839 • .0723 .1702 ,5877 .2811 .1919
Ca ’ .8183 .0122 .0000 .0015 .8089 .0089 .3359 .0023 .0008
Mg .7903 1.7520 .7244 1.7950 .8445 1.8282 . 2.0552 .7131 1.8093
Ni .0000 .0002 ,0005 .0008 .0020 .0004 .0006 .0062 .0092
Mn .0031 .0045 .0029 .0039 .0029 .0045 .0306 .0021 .0014
Na .1240 .0020 .0000 .0000 .1382 .0025 .0026 .0000 .0000
K .0000 • .0011 .0000 .0003 .0020 .0003 .0007 .0003 .0001
P .0000 .0000 .0000 .0003 .0000 .0003 .0003 .0003 .0002

LOO



T a b le  B l . - - C o n t i n u e d

SL2-59P(2) SL2-27X(55)

cpx opx gar spinel olivine cpx opx . gar spinel olivine

Si02 53.26 56.71 42.04 .06 40,96 53.78 56.53 41.90 .05 40.84
Ti02 .37 .09 .07 .20 .01 .30 .06 .14 .19 .03 '

A12°3 4.68 1.39 23.40 41.06 .00 4.05 1.60 23.91 42.04 .00

Cr2°3 1.11 .31 1.37 27.23 .01 .82 .27 1.05 25.36 .03

Fe2°3
FeO 2.12 5.80 10.13

1.87 
14.55. 9.35 2.37 6.08 10.05

2.11
13.95 9.49

Cad 21.33 .29 4.96 .02 .00 20.71 .25 4.73 .00 .01 •
MgO 14.61 34.12 19.25 15.97 48.73 15.15 34.61 18.95 16.13 49.51
NiO .13 .17 •02 . .19 .47 .04 .13 .06 .29 .38
MnO .04 .16 .46 .03 .06 .08 .17 .56 .06 .10
Na20 2.25 .07 .01 .00 .02 1.91 .02 ,04 .00 .01
k2o .01 .02 .00 .00 .01 .02 .01 .00 .00 .00
P .00 .00 .00 .00 .03 .00 .00 .00 .00 .00

99.91 99.13 101.70 101.19 99.65 99.23 99.73 101.39 100.18 100.4

Si 1.9220 1.9658 2.9590 .0016 1.0078 1.9542 1.9507 2.9575 .0007 .9947
Ti .0100 .0022 .0036 .0042 .0001 .0084 .0015 ...0073 .0039 .0003
AT .1990 .0564 1.9404 1.3460 ' .0000 .1733 .0652 1.9891 1.3824 .0000
Cr .0316 .0086 .0765 .5987 .0001 .0234 ,0072 .0584 .5593 .0008
Fe3+ • 
Fe2+ .0637 .1685 .5959

.0435

.3385 . 1922 .0720 .1754 . .5930
.0493
.3254 .1935

Ca .8246 .0104 .3739 .0006 .0000 .8066 .0092 ,3580 .0001 .0004
Mg .7860 1.7734 2.0194 .6622 1.7877 .8213 1,7801 1.9939 .6709 1.8001
Ni .0035 .0047 .0015 .0041 .0093 .0012 .0037 .0035 .0064 .0074
Mn .0014 .0047 .0276 .0007 .0012 .0026 .0050 .0334 .0015 .0021
Na .1573 .0047 .0023 .0000 .0008 .1349 .0016 .0060 .0000 .0004
K .0008 .0011 .0003 .0000 ' .0002 .0011 .0003 .0000 .0000 .0002
P .0000 .0000 .0000 .0000 .0006 .0000 .0000 .0000 .0000 .0003



T a b le  B l .  M in e r a l  C h e m i s t r y . - - C o n t i n u e d

SL2-59P(1) SL2-4C(98A) .

cpx opx gar spinel olivine cpx opx gar olivine

Si02 52.96 56.85 41.92 :07 40.05 53.71 57.02 41.64 41.05
Ti02 .26 .08 - .10 .49 .02 .30 .08 .10 .00
AV2°3 4.16 1.52 22.77 27.18 .00 3.62 1.18 22.79 .03

Cr203 1.17 .33 1.78 35.26 .01 1.17 .25 1.65 .00
F6*
FeO 2.38 6.40 10.76

8.54
12.04 9.76 2.67 6.55 10.79 9,55

CaO 21.27 .32 5.04 .03 .05 21.01 .22 5,03 .00
MgO 15.12 34.23 18.47 16:05 49.01 14.94 35.10 18.45 48.81
NiO 52.96 56.85 41.92 .07 40.45 .04 .08 .05 .41
MnO .03 .11 .04 .23 .40 .07 .12 .47 .10
Na20 2.03 .05 .02 .00 .01 2.14 .03 .02 .01
k2o .01 .00 .01 .00 .01 .00 .02 . .00 .02

P2°5 .00 .00 .00 .00 ' .00 .00 .00 .00 .01

99.48 100,01 101.49 .100.03 99.79 99,67 .100.65 100.99 99.98

Si 1.9084 1.9612 2.9749 .0016 .9935 1.9463 1.9529 2.9919 1.0076
Ti .0072 .0022 .0051 .0109 .0003 .0082 .0022 .0042 .0001
A1 .1776 ,0616 T .9050 .9450 .0000 .1546 .0460 1.9102 • 9008
Cr
Fe3+

.0334 .0091 .0987 .8225
.2082

.0001 .0336 .0068 .0922 .0000

Fe2+ .0719 .1846 .6384 .2969 . .2005 .0808 .1862 .6427 .1960
Ca .8261 .0116 .3830 .0009 .0014 .8158 .0084 .4192 .0000
Mg .8287 1.7605 1 ,9542 .7055 1.7943 . .8077 1.7898 1.8997 1.7850
Ni .0008 .0028 .0022 .0016 .0078 .0012 .0022 .0052 .0081
Mn . .0028 .0036 .0349 ..0054 .0014 .0021 .0036 .0310 ,0020
Na .1429 .0031 .0026 .0002 ,0005 .1498 .0020. .0023 .0004
K .0002 .0000 .0006 .0005 .0002 .0003 . .0009 .0004 .0003
P .0002 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0001

LO
IX )



T a b le  B L — C o n t in u e d

SL2-55P(4) SL2-4C(530)

cpx opx gar olivine cpx opx gar olivine

Si02 53.13 56.57 41.85 40.61 54.34 56.77 41.81 40.62
Ti02 .45 .13 .13 .00 .35 .14 .08 ■ .02
A l ^ 4.04 . 1.18 22.60 .00 4.15 1.39 21.91 .00

Cr2°3
Fe2°3

.99 .24 1 .4 f .00 .82 .25 . 1.27 .00

FeO 2.59 6.04 10.76 9.43 2.15 5.97 10.74 9.47
CaO 20.82 .29 5.01 .03 20.85 .23 4.93 .01
MgO 14.92 34.83 18.79 49.40 15.65 34.51 19.02 49.75
NiO ‘ .07 .05 .07 .40 .06 .11 .02 ;34
MnO .05 .13 .54 .09 .06 .13 .56 .10
Na20 2.30 .04 .03 .01 2.20 .04 .03 .01
k2o .02 . .00 .00 .00 .00 .00 .00 .00

P2°5 .00 .00 .00 .01 .00 .00 .00 .00

99.38 99.50 101.32 99.98 100.63 99.54 100.37 100.32

Si 1.9266 1.9540 2.9720 .9938 1.9405 1.9552 2.9877 .9928
Ti .0121 .0046 .0072 .0000 .0093 .0036 .0041 . .0002
Al .1726 .0479 1.8915 .0000 .1757 .0557 1.8651 .0000
Cr
Fe3+

.0284 .0064 .0794 .0000 .0230 .0059 .0686 .0000

Fe2+ .0784 .1745 .6389 .1930 .0651 .1713 .6416 .1901
Ca .8090 .0109 .3809 .0008 .8108 .0231 .3737 .0002
Mg .8066 1.7943 1.9891 1.8021 .8230 1.7725 2.0262 1.8079
Ni .0022 .0014 .0040 .0078 .0006 .0022 .0011 .0063
Mn .0016 " .0037 .0326 .0018 .0023 ,0037 .0280 .0018
Na .1616 .0024 .0044 .0005 .1500 .0068 .0039 .0005
K .0012 .0002 .0000 .0000 .0002 .0000 .0000 .0001
P .0000 .0000 .0000 .0002 .0000 .0000 .0000 .0000



T a b le  B l . - - C o n t i n u e d

SL2-4C (464) SL1-1C (770)

cpx opx gar olivine cpx opx gar olivine

Si02 54.10 ' 57.50 41.55 41.52 54.26 57.39 , 42.00 41.50
Ti02 .01 .01 .01 .01 .02 .01 .00 .01
a i2o3 1.62 1.10 20.94 .00 2.30 1.04 21.91 .00

Cr203
Fe2°3

1.00 .33 3.42 .02 1.51 .32 3.02 .00

FeO 1.43 5.22 8.76 8.38 1.60 4.91 8.34 ' 7.64
CaO 22.65 .36 5.91 .03 20.92 .21 5.49 .01
MgO 16.87 35.00 18.35 49.88 16.42 35.36 19.38 50.57
NiO .05 .05 .05 .36 .04 . ‘ .07 .03 .36
MnO ; .08 .09 .52 .11 .03 .11 .42 .12
Na20 1.01 .04 .00 .02 1.57 .03 .00 .01
k2o .00 .03 .00 .01 .01 .01 .00 .00

P2°5 .00 .00 .00 .00 ..00 .01 .00 .00

98.82 99.74 99.51 100.36 98.73 99.47 100.59 100.22

Si 1.9740 1.9787 3.0125 1.0095 1.9992 1.9769 2.9869 1.0064
Ti .0001 .0001 .0004 .0002 .0005 .0003 .0001 .0002
AT .0706 .0444 1.7840 .0000 .0993 ,0420 1.8423 .0000
Cr
Fe3+

.0292 .0091 .1957 .0004 .0436 .0086 '.1734 .0000

Fe2+ .0443 .1502 .5308 '.1704 .0495 .1413 .4955 .1549
Ca .8934. .0131 .4589 .0007 .8203 .0076 .4216 .0002
Mg .9121 1.7957 1.9831 1.8080 .8790 1.8160 2.0529 1.8281
Ni .0015 .0015 .0026 .0071 .0011 .0017 .0020 .0072
Mn .0024 .0027 .0317 .0023 .0008 .0034 .0251 .0024
Na .0721 .0028 .0000 .0008' .1060 .0019 .0000 .0005
K .0002 .0016 .0003 .0003 .0005 .0001 .0001 .0000
P .0000 .0000 .0000 .0002 .0000 .0001 .0000 .0001

lO
CJ1



T a b le  B l . - - C o n t i n u e d

SL2-4C (464) SL1-1C (770)

cpx opx gar olivine cpx opx gar olivine

Si02 54.10 57.50 41.55 41.52 54.26 57.39 42.00 41.50
tio2 .01 .01 .01 .01 .02 .01 .00 .01
a i203 1.62 1.10 20.94 .00 2.30 1.04* 21.91 .00

Cr2°3 1.00 .33 3.42 .02 1.51 .32 3.02 .00

Fe2°3
FeO 1.43 5.22 8.76 8.38 1.60 4.91 8.34 7.64 .
CaO 22.65 .36 5.91 .03 20.92 .21 5.49 .01
MgO 16.87 35.00 18.35 49.88 16.42 35.36 19.38 50.57
NiO .05 .05 ,05 .36 .04 .07 .03 .36
MnO .08 .09 . 52 .11 .03 . 11 .42 .12
Na20 1.01 .04 .00 .02 1.57 .03 .00 .01
k2o ‘ .00 .03 .00 .01 .01 .01 .00 . .00

P2°5 .00 .00 .00 .00 . .00 .01 .00 .00

98.82 99.74 99.51 100.36 98,73 ,99.47 100.59 100.22

Si 1.9740 1.9787 3.0125 1.0095 1.9992 1.9769 2.9869 1.0064
Ti .0001 .0001 .0004 .0002 .0005 .0003 .0001 .0002
A1 .0706 .0444 1.7840 .0000 .0993 .0420 1.8423 .0000
Cr
Fe3+

.0292 .0091 .1957 .0004 .0436 .0086 .1734 .0000

Fe2+ .0443 .1502 . 5308 '.1704 .0495 .1413 .4955 .1549
Ca .8934 .0131 .4589 .0007 .8203 .0076 .4216 .0002
Mg .9121 1.7957 1.9831 1.8080 .8790 1.8160 2.0529 1.8281
Ni .0015 .0015 .0026 .0071 ..0011 .0017 .0020 .0072
Mn .0024 .0027 .0317 .0023 .0008 .0034 .0251 .0024
Na .0721 .0028 .0000 .0008 .1060 .0019 ' .0000 .0005
K .0002 .0016 .0003 .0003 .0005 .0001 .0001 .0000
P .0000 .0000 .0000 .0002 .0000 .0001 .0000 .0001

VO
in



T a b le  B l .  M in e r a l  C h e m i s t r y . — C o n t in u e d

SL2-59P(3) SL2-4C(98C) SL2-59P(4)

opx gar olivine cpx opx olivine olivine

Si02 57.82 . 41.61 40.90 53.93 56.23 41.07 41.35
Ti02 .10 .29 .02 .10 .03 .00 .00
a i2o3 .61 18.18 .00 3.66 3.07 .00 .03

Cr2°3 .30 5.38 .01 0.65 .34 .10 .05
Fe203
FeO 4.71 7.15 7.27 1.51 5.80 9.35 8.31
CaO .58 7.03 .02 22.67 .30 .02 .05
MgO 36.05 20.82 51.51 15.73 33.64 48.47 49.71
NiO .09 .00 .38 .09 , .13 .32 .36
MnO .15 .41 .09 .07 .17 .00 .14
Na20 .15 .03 .02 1.22 .03 .03 .03
k2o .01 .00 .00 .01 .01 .01 .00

P2°5 . .00 .00 .00 .00 .00 .00 .02

100.55 99.80 100.23 99.66 99.75 99.37 100.07

Si 1.9658 2.9016 .9948 1.9558 1.9431 1.0134 1.0082
Ti .0032 .0160 .0008 .0025 .0006 .0000 .0000
A1 .0245 1.5472 .0001 .1565 .1249 .0000 .0010
Fe3+
Fe2+ .1340 .4078 .1476 .0458 .1675 .1930 .1695
Ca .0208 . 5536 .0007 .8805 .0109 .0006 .0012
Mg 1.8263 2.2353 1.8453 ,8500 1.7328 1.7831 1.8071
Ni .0029 .0000 .0073 .0024 .0036 .0063 .0071
Mn .0043 .0245 .0021 .0021 .0049 .0000 .0031
Na .0101 .0044 .0008 .0853 .001.9 .0014 .0016
K .0003 .0000 .0000 .0005 .0004 .0003 .0000
P .0000 .0000 .0002 .0000 .0000 .0000 .0004

LOor



T a b le  B l . - - C o n t i n u e d

SL2-55P(4) ■512-40(110)

opx gar gar

Si02 58.30 40.75 41.34
Ti02 .07 .62 .48

A12°3 .66 14.00 17.73

Cr2°3 .55 11.69 6.42

Fe203
FeO 4.94 6.69 7.45
CaO .96 8.32 7.42
MgO 34.82 18.20 18.68
NiO .11 .00 .00
MnO .13 .28 .39
Na20 .13 .03 .04
k2o .00 .00 .00

P2°5 .01 .00 .00

100.68 100.58 99.95

Si 1.9913 2.9939 3.0037
Ti .0018 .0343 .0260
AT .0268 1.2119 1.5181
Cr
Fe3+

.0147 .6788 .3690

Fe2+ .1411 .4109 .4527
Ca .0351 .6545 .5776
Mg 1.7726 1.9939 2.0238
Ni .0030 .0000 .0000
Mn .0039 .0178 .0238
Na .0089 .0037 .0049
K .0004 .0002 .0003
P .0003 .0000 .0000

<£>
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T a b le  C l .  W ho le  Rock C h e m is t r y

SL2-28X-58

Na20 0.14
k2o 0.01

Si02 ' 44.83
T i02 0.06

A12°3 2.35
Cr203 0.25
MgO 42.19
CaO 1.49
FeO 8.61
MnO 0.30
NiO 0.30

P2°5 0.01

SL2-55P-1 SL2-55P-2

0.12 0.27

0.00 0.01

44.86 45.70
0.05 0.08

1.86 5.86
0.20 0.65

42.50 35.63
1.44 3.61
8.45 7.81
0.17 0.17

0.30 0.22

0.01 0.01

SL2-55P-4 SL2-4C-530

0.25 0.12

0.00 0.00

45.81 45.98

0.09 0.09
2.46 2.47
0.27 0.24

39.94 40.16

2.58 2.55
8.01 7.97
0.13 0.14
0.32 0.23

0.01 0.00

SL1-1C-770 SL2-4C-464

0.06 0.05
0.00 0.01

44.24 42.63

0.01 0.01

0.60 0.51
0.14 0.13

46.70 47.68
0.74 0.73
7.06 8.06
0.12 0.12

0.30 0.33
0.00 0.01

VO



APPENDIX D

"SIMPLE MIXTURE" MODEL OF TERNARY SOLID SOLUTION 
IN SPINEL-ORTHOPYROXENE EQUILIBRIA

The expression for the compositional dependence of Kp for Cr-Al 
exchange between spinel and drthopyroxene can be developed for ternary 
solid solution of t r iv a le n t  Cations in each phase following the deri
vation of multicomponent mixing presented in Ganguly and Kennedy 
(1974). The solid solutions are described by a "simple mixture" model 
in which i t  is assumed that the ternary constant and a l l  higher order 
terms may be neglected. Then,

Introducing the stoichiometric constraint that (X^ + X ^  + Xpe3+

RT In ( ^-)a = W“ cr (XCr - XA1)a + Xpe3+ (WA1Fe3+ - w“rFe3+)
• (D-2)

For the exchange of Cr and A1 expressed as

MgCrAlSiOg + MgAl20-4 = MgAlgSiO^ + MgCrAlO^

we have at equilibrium

RT'ln K = RT In Kd + RT In K
Y

(D-3)

where

1/ = (A l/C r)opx 

D (A l/C r)sp

and

100
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RT In K = RT In ( M ) ° PX _ RT ln ( M ) sp (D-4)
Y YCr YCr

combining (D - l)  and (D -4 ) ,

RT In \  = WA?C-r^XCr '  XA ^ ° PX + J-XFe3+ ŴAlFe3+ " WCrFe3+^ ° PX

'  WAlCr (XCr '  XA1^SP '  ^XFe3+ ŴAlFe3+ “ WCrFe3+^ SP

(D-5)

I t  is possible to obtain an estimation of the energetic term » 
employed in this activity-composition re la tion . The mole 
fraction of Fe3+ in spinels considered here is f a i r ly  uniform and can 
be set approximately equal to 0.10. Consequently the second term on 
the right, hand side of the last expression can be treated as constant. 
The mole fraction of Fe3+ in opx is so small that the la s t  two terms 
may be neglected in th is  simple treatment. The nonideal mixing be
havior of Cr and A1 in this system can therefore be simply approxi
mated by the following linear re la tion :

RT m  KD = c + W ^ c r  ( X c r - xA 1 ) s P ( 0 - 6 )

The data in Figure 15 represents Cr-Al equ ilib r ia  between coexisting 
spinel and orthopyroxene in a number of natural peridotite  samples.
A linear regression of this data yields a value for the slope of the 
b e s t - f i t  line  of 1.2330. Thus,

WAlCr = 10.2515 x T (Joules)

Some uncertainty is introduced into this estimation because the 
natural samples have equilibrated over a moderate range of temperature 
and pressure, but scatter is re la t iv e ly  small, and the correlation  
coeffic ien t is 0.940 for the regression.

I t  is interesting to compare the interaction parameter for  
spinel solid solution in the CrMAS system used in. the calculations of 
Chatterjee and Terhart (1985). They derived Margules parameters for  
the mixing of the p ico tite  (MgCr^O.) and spinel (MgAlpO.) components 
as functions of both T and P,

Wsp = 19686 + 0.0182 P + 0.463 T (Joules, bars, K)
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.and

WpC = 23894 + 0.0504 P +1 .964 T

A weighted average of these ought to give a value in reasonable agree
ment with the term derived from the natural samples. Selecting e q u i l i 
brium molar proportions fo r  900° C and 30 kbaf (Xfll =• 0 .45, Xr 
= 0 . 5 5 ) ,  ai  t r

(WspXAl + WpcXGr) = w" = 24600 *  720 0

for the exchange of two moles of t r iv a le n t  cations. The value for the 
interaction parameter obtained from natural data is for exchange of a 
single mole. For the exchange of two moles of t r iv a le n t  cations

2 WAlCr = 24050

in excellent agreement with the calculated thermodynamic value.
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