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Abstract

The ultrapotassic rocks of the Leucite Hills, Wyoming consist of silica-undersaturated
madupites; silica-saturated to oversaturated wyomingites, orendites and olivine orendites:
and "mixed" rocks rvith characteristics of both wyomingites and madupites. Based on text-
ural relations and on major and trace element analyses of the rocks and their major minerals,
phlogopite-rimmed olivines, some of the spinel group minerals and the salites are considered
to be xenocrysts. Although consistent trends in the major elements suggest a genetic relation-
ship among the rock types, the high Cr, Ni and 100 Mg/(Mg+Fe) raiios preclude fractional
crystallization as a major mechanism in their genesis. Comparison of the compositions of the
rocks with high pressure phase relations in the systems Mgrsioo-KAlSioo-gig, and KAI
SiOo-MgO-SiOr-HrO-CO2 indicates that madupite liquid can be generated at pressures be-
tween about 24-34kbar (94-l2O km) depending on conditions of melting from a K-enriched
peridotitic mantle source. The wyomingite and orendite magmas may be produced from the
same source at pressures between approximately 14 and 19.5 kbar (49-6g km) depending on
conditions of melting. By fractionation of olivine, diopside and phlogopite, an olivine oren-
dite cumulate may be produced from an orendite liquid.

Introduction

The petrogenesis of ultrabasic to intermediate
rocks with KrO > NarO has attracted the attention of
many petrologists. Such rocks are distinguished by
KrO ranging from 2-19 wt.Vo, KrO/NarO often
greater than 3, high concentrations of LIL elements
(K, Rb, Ba, Zr, etc.), and high molecular Mgl
(Mg+Fe) and weight percent FerOr/FeO ratios.
Rocks with exceptionally high KrO values are com-
monly referred to as ultrapotassic; the best known ex-
amples being those of the Leucite Hills, Wyoming;
Jumilla, Spain; the West Kimberley region, Western
Australia; the Toro-Ankole region, southwest
Uganda; and Gaussberg, Antarctica. Although the
majority of ultrapotassic rocks are silica-under_
saturated, Q-normative rocks occur in the Leucite
Hills and some other localities. Ultrapotassic rocks
are generally peralkaline and some have KrO >
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AlrOr. In contrast to most other localities, the ul-
trapotassic rocks of the Leucite Hills have no associ-
ated volcanic rocks of less extreme compositions.

A perplexing problem is that of reconciling the en-
richments of K and other LIL elements in the ul-
trapotassic rocks, such enrichments being com-
parable to, or greater than, the values normally
found in more siliceous and highly differentiated
rocks with much lower Mgl(Mg+Fe) ratios. Bell and
Powell (1969) and Sahama (1974) summarize the hy-
potheses for the genesis ofthese rocks. On both geo-
logical and chemical grounds, hypotheses of assimi-
lation and fractionation at sub-crustal depths seem
unliksly inasrruch as basalts and other rocks, such as
eclogites, inherent in these hypotheses, are absent
from most ultrapotassic rock localities. Recent geo-
chemical and experimental studies (Edgar et al.,
1976; Turi and Taylor, 1976; Ryabchikov and Green,
1978; Hawkesworth aad \rsllmsr, 1979; Wendlandt
and Eggler, l980a,b) favor a partial melting hypothe-
sis for these rocks, with the source being enriched in
K.

Cross (1897), Kemp (1897), and Kemp and Knight
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(1903) first described, named, and analyzed the rocks
of the Leucite Hills. Yagi and Matsumoto (1966) sug-
gested that these rocks were derived by partial melt-
ing of a mica peridotite with no assimilation of sialic
material. Based on an extensive geochemical study of
the rocks and their minerals, Carmichael (1967) con-
cluded that sialic contamination played little part in
the genesis of the saturated to oversaturated wyo-
6ingite-orendite rocks and that the undersaturated
madupite could be derived by high pressure fraction-
ation of an eclogitic assemblage from a fiquid pro-
duced by partial fusion of a garnet peridotitic mantle.
Carmichael was unable to distinguish any genetic
relationshiF between the silica-rich wyomingites and
orendites and the sitca-poor madupites. Kay and
Gast (1973), using REE data, suggested that the
madupite could be derived by very small degrees of
partial melting of a garnet lherzolite and the wyo-
mingites and orendites by very slightly higher
amounts of partial melting of the same source mate-
rial.

Experimental studies up to 30 kbar and with about
3 wt.Vo H,O (Barton and Hamilton, 1979) indicate
that madupite may be a product of partial ashing of
a metasomatized upper mantle with phlogopite being
fractionated prior to segregation of the magma.
Based on experiments up to 5 kbar, Barton and
Hamilton (1978) concluded that wyoningite and
orendite could not be related to madupite by low
pressure fractional crystallization.

The close spatial association of the madupites, wy-
omingites, orendites, otvine orendites, and a series of
rocks that appear to be intermediate between the wy-
omingites and madupites, as well as the lack of other
volcanic rocks, has prompted us to reexamine the
Leucite Hills ultrapotassic rocks in an attenpt to find
a genetic relationship between these rock types. Our
model is based on detailed petrographic and geo-
chemical studies of these rocks and on published
phase relations in appropriate systems. The nomen-
clature and classification of the rocks used in this
study are those ofprevious workers and have no ge-
netic connotations.

Geology and petrograPhY

Regional geology of the Wyoming Basin, in which
the Leucite Hills are located, has recently been dis-
cussed by Prodehl (1976), Matthews and Work
(1978), Stearns (1978), Stewart (1978), and Smithson
et al. (1979\. The Leucite Hills rocks are l.l m.y. in
age (MacDowell, 1966) and are probably the young-
est potassium-rich rocks in the Western U'S.A.

The petrography of the Leucite Hills volcanics has
been described elsewhere (Cross, 1897; Kemp,1897;
Schultze and Cross, l9l2; Carmichael, 1967; Kueh-
ner, 1980). A synopsis ofour observations ofthe thin
sections of the main rock types is given in Table 1,
together with two rocks with petrographic character-
istics similar to both the madupite and wyomingite.
The latter rocks contain analcine and other zeolites
indicative of extensive secondary alteration. These
rocks, referred to as transitional rocks for the remain-
der of this paper, are similar to the rocks described
by Kemp and Knight (1903).

Geochemistry

X-ray fluorescence methods were used for the ma-
jor and trace element analyses of the rocks and for
trace element analyses of minerals which could be
separated in sufficient quantities and with a high de-
gree of purity (>95 percent). Ferrous-ferric ratios
were determined titrimetrically, F and CO' by ion-
sensitive electrode and gravimetric methods respec-
tively. An automated MAC-400 microprobe was
used for the major element analyses of the minerals.
Details of analytical procedures are given by Kueh-
ner (1980).

Mineral analyses

Olivines (Table 2/. As shown in Table l, olivines
occur as both phenocryst and groundmass phases in
the olivine orendites and in the groundmass of the
orendites. Using the distribution coefficient of cal-
cium between olivine and liquid (D3y) determined
by Watson (1979) at I atm, the groundmass olivines
could have crystallized from a liquid whose composi-
tion is comparable to the rocks in which they occur.
4 similar calculation for the phlogopite-rimned oli-
vine phenocrysts (Table 1) indicate they could be in
equilibrium only with a liquid containing <l%o CaO.
Therefore these olivines may not have crystallized
from a liquid represented by the rock in which they
are now found as this rock contains 4.21 wt.Vo CaO
(Table 8). Similarily, using the Mg and Fe2* partition
coefficients (KB**") determined at atmospheric pres-
sure (Roeder and Emslie, 1970), the groundmass oli-
vines could have crystallized from a liquid corre-
sponding to the rocks in which they occur, whereas
the phlogopite-rimmed olivines (Table l) could not.
The efects of pressure on the D3'!' and the Kf,*'e 6"-
tween olivine and liquid have not been determined
experimentally. However, Stormer (1973) has calcu-
lated that the DZY'should decrease with increasing
pressure, and Mysen (1975) has shown that the K[*-"
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Table l. Mineralogy and paragenesis of rock types

O l i v i n e  O r e n d i t e O r e n d  i t e t{yoming i te T r a n s  i t i o n a  I Madupite

( c h r o m i t e s )  * *
-resorbed, r imed

by phlogopite

(  a p a t i t e  )
- r e s o r b e d  g r a i n s

( d a r k  p h l o g o p i t e  c o l e s )
- r e s o r b e d  g r a i n s

( o l i v i n e )  P
-r imed by phlogo-

p t t e

PHLOGOPITEIT MP
-microphenocrysts

st!on91y resorbed

o l i v i n e t  c
-may forn react ion r im

around phlogopite

D I O P S I D B  M P
- t w i n n i n g  r a r e

apat i te

SANIDIND G

pr ider i  te
-amber color

( w a d e i t e )

L E U C I T E  G

RTCHTERITE G

(  a p a t i t e  )
-resorbed grains

( d a r k  p h l o g o p i t e  c o r e s )
- r e s o r b e d  g r a i n s

PII IOGOPITE MP
-microphenocrysts

strongly resorbed

o l i v i n e  c
-may form react ion r im

around phlogopite

D I O P S I D E  M P
-twinning rare

a p a t r t e

SANIDINE G

p r i d e r i  t e
-amber color

( w a d e i t e )

L E U C I T E  G

RICHTERITE G

-resorbeal grains

: n i + i  + a  M D

- s u b h e d r a l  g r a i n s

(  h e r c y n i t e  )
- r e s o r b e d  g r a i n s

APATITE I.lP
- m i c r o p h e n o c r y s t s ,

euhedral
( d a r k  p h l o g o p i t e  c o r e s )

- r e s o r b e d  g r a i n s  ( d a r k  p h l o g o p i t e  c o r e s )
- F A c ^ . h a d  d r : i h c

( p a l e  g r e e n  d i o p s i d e
c o r e  s  )

- r e s o r b e d  g r a i n s

PHLOGOPITE MP
- m i c r o p h e n o c r y s  t s

D I O P S I D E  M P
- t w r n n i n g  n o t  r a r e

a p a  ! 1 ! e

( prider i te )
-dark brown in color phlogopite c

( p a l e  g r e e n  d i o p s i d e
c o r e s )

- r e s o r b e a l  g r a i n s

PHLOGOPITE MP
- m  i  - r ^ h h a h ^ ^ ? v  c i  c

D I O P S I D E  M P
-twinning very common

( l e u c i t e )

perovski te c

D I O P S I D E  M P - G
-twinning vety

comon

a p a t i t e

(  I e u c i t e  )

h a , ^ ! r c L  i  + 6  c

wadelte c

^ h l ^ d ^ ^ i + a  .

- r a g g e d  p o i k i l i t i c
m a s  s e s

( e u h e d r a l  o p a q u e s )
- F ^ r r n i  ^ n l t '  i n

n h l  ^ d ^ n i  + 6

( s k e l e t a l  o p a q u e s )

- d i r t y  g r e e n  c o l o r

- r a g g e d  p o i k i l i t i c
(  p h l o g o p i t e  )

-narrow r ims on the
phlogopite pheno- euhedral  opaques
c r y s t s  - o n l y  f o u n d  i n

p h l o g o p i t e
r i c h t e r i t e  c

( s a n i d i n e )

g l a s s

GLASS
-di l ty green color

*  M i n e r a l s  l i s t e d  i n  o r d e r  o f  c r y s t a l l i z a t i o n  s e s u e n c e s* *  R a r e  m i n e r a l s  i n  b r a c k e t s
+ Comon minerals unbracketed

l l  M a j o r  n i n e r a l s  i n  c a p i t a l s

P

MP -  nicrophenocryst
-  - , ^ r l h d m r e c

for olivine and fiquid may be dependent on pressure
temperature , fO.. and composition. Calculations of
DZY' and, K$*I'a' values for the phlogopite-rimmed
olivines with those of the liquids from which they
supposedly crystallized vary by about 5 times. This
suggests that these olivines may be xenocrysts rather
than phenocrysts. If the phlogopite-rimned olivines
are xenocrysts they may have been derived from an
ultramafic mantle. The chromite inclusions in such
olivines (Table l) would therefore also be xenocrysts.

Pyroxenes (Table 3/. The pyroxenes are pre-
dominantly diopside, although those from some wyo-
mingites have cores of salite sharply bounded by
diopside rins. This is a fairly common feature of pot-
ash-rich rocks, e.g., the pyroxenes in the minettes
from the Navajo field, Arizona (Roden and Smith,
1979) and those from the mafurites of southwest
Uganda (Holnes, 1942). Based on high pressure ex-
perimental studies on one of the latter rocks (Edgar
et al.,1976) it seems unlikely that the reverse zoning
involving salite and diopside is indicative of a differ-
ence in the depths of crystallization. Calculations,
based on the Fe-Mg distribution coefficients
(Thompson, 1974) between Ca-rich pyroxenes and

Table 2. Representative olivine analyses

s i o ^

FeO* \

Mgo

C a O

NaO

MnO

t

F E

Mg

N i

Mn

4 r . 4 4

7 . t 4

5 0  . 8 2

0 . 0 3

0 . 0 8

9 9 . 9 r

9 3

4 0 .  4 1

9 . 7 3

4 8 . 7 7

0 . 1 5

0 . 1 8

0 .  3 3

9 9  . 5 ' 7

9 0

40. '7  r

9 . 8 5

4 9 . 1 8

0  . 1 r
d  ) 1

0 . 3 8

1 0 0 . 4 4

9 0

1 2 . 2 1

4 7  . 5 6

0  . 6 2

o  . 2 5

0 . 6 1

9 9 . 8 5

a 7

Numlcer of Cat ions on the basis of 4 Oxyqens

t .  0 0 r

0 . 1 4 5

1 . 8 3 0

0 . 0 0 2

0 . 9 8 1

0 . 2 0 1

1 . 7 8 9

0 .  0 0 4

0 . 9 6 5

0 .  2 5 8

L . 7 7 7

0 . 0 r 6

0  . 0 0 4

0 .  0 r 2

0 .  9 9 4

0 .  2 0 1

r . 7 9 3

0 . 0 0 2

0 . 0 0 4  0 . 0 0 2
-  0 . 0 0 8 0 .  0 0 4

Tota l  i ron  de tern lded as  peo.

I  F r o m  o l i v i n e  o r e n d i t e  ( S K  3 5 ) ,  S o u t h  T a b t e  1 4 t . ,  o l i v i n e
r i m e d  b y  p h l o g o p i t e ,  a v e r a g e  o f  4  a n a l y s e s .

2  F r o m  o r e n d i t e  ( S K  3 5 )  ,  N o r t h  T a b l e  t ' , l t . ,  g r o u n d M s s  o l i v i n e ,
a v e r a g e  o f  2  a n a l y s e s .

3  F r o m  o l i v i n e  o r e n d i t e  ( S K  3 6 ) ,  g r o u n a l m s s  o l i v i n e ,  a v e r a g e
o f  2  a n a l y s e s .

4  F r o m  o r e n d i t e  ( S K  3 7 )  ,  s p r i n g  B u t t e ,  s i n g l e  a n a l y s i s  o f
g r o u b d m a s s  o l i v i n e .
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Table 3. Representative pyroxene analyses

2aLa

Major  E lements

2 b

s i o 2  s 4 .  1 1

T i O 2  0 . 6 3

A 1 2 O 3  0 . 2 5

C r 2 O 3  0 . O 2

F e o  3 , 1 5

M n o  0 . 0 8

C a o  2 5 . 1 9

I , r s o  1 6 . 4 3

N a 2 O  O . 2 0

K z O  0 . 0 1

r  r 0 0 .  0 7

5 3  . 5 2

0 . 8 4

0 . 3 7

0 . 0 0

3 . 0 4

0 . L 2

2 4  . 5 I

1 6 . 4 5

o , 3 2

0 . 0 1

9 9 . 1 8

1 . 9 6 5

0 . 0 1 6

0 . 0 5 3

0 . 0 2 3

0 . 0 0 0

0 . 9 0 0

0 . 0 4 0

0 . 0 0 4

0 . 9 6 4

0 .  0 2 3

0 . 0 0 0

5 4 . L 7

o  . 9 2

0 . 4 8

0 . 0 0

2  . 5 6

0 . 1 3

2 5 . 0 6

1 7 . 0 5

0 . 1 8

0 . 0 2

1 0 0 . 5 7

5 4 . 5 5

0 . 7 9

0 . 3 8

0 . 0 1

2  . 3 1

0 . 1 4

2 5 . 4 5

1 6 . 6 1

0 . r 6

0 . 0 9

1 0 0 . 4 9

5 3 . 6 3

r  . 2 4

0 . 8 3

0 ,  1 I

2 . 6 3

0 . 0 9

2 5 . 0 0

1 6 .  r 7

0 .  3 8

0  . 2 I

1 0 0 . 2 9

5 3 . 8 1

0 . 7 0

0 . 1 7

0 . 0 2

2  . 4 8

0 .  r 4

2 3  . 2 0

1 8 .  2 8

0  . 2 2

0 . 0 5

9 9 . 0 ' 7

5 3 . 8 8

0 . 5 2

o . r 2
0 . 0 0

3 . 3 1

0 . 2 1

2 2 . 9 0

t 7  - 7 2

o . 2 0

0 . 0 7

9 8 , 9 3

5 4 . 2 0

0 . 5 r

0 . 0 5

0 . 0 0

2  . 0 8

0 . 0 0

2 4 . 9 6

r ' 7  . 9 2

o  . 2 0

0 . 0 1

9 9 . 9 3

1 . 9 6 7

0 . 0 0 2

0 . 0 5 0

0 . 0 1 4

0 . 0 0 0

0 . 9 6 9

0 . 0 1 3

0 .  0 0 0

0 . 9 7 0

0 . 0 1 4

0 , 0 0 0

s 4 . 1 9

0 . 8 2

0 . 1 9

0 . 0 0

2 . a r
0 . 0 8

2 4 . 8 5

I 7 . 3 4

0 . 3 0

0 . 0 5

1 0 0 . 6 3

5 r .  8 4

0 . 1 9

1 . 5 9

0 . 0 3

1 0 . 8 9

o  . 4 2

2 2  . 5 0

1 2  . 0 5

o . 4 7

0 . 0 2

t 0 0 . 0 0

Number  o f  Cat ions  on  the  Bas is  o f  6  Oxygens

S a
, . I V

- - v I

n e

T i

C T

Mg
) +

! e

Mn

NA

1 . 9 7  3

0 . 0 1 1

0 . 0 3 8

0 . 0 1 7

0 . 0 0 1

0 . 8 9 3

0 . 0 5 8

o  . 0 0 2

0 . 9 8 4

0 . 0 1 4

0 . 0 0 0

1 . 9 6 0

0 . 0 2 0

0 . 0 4 2

0 . 0 3 5

0 . 0 0 0

0 . 9 1 9

0 . 0 3 5

0 . 0 0 4

0 . 9 7 r

0 . 0 1 3

0 . 0 0 0

r . 9 ' 7  3

0 . 0 1 5

0 . o 4 2

o  . 0 2 2

0 . 0 0 0

0 . 8 9 6

0 . 0 2 8

0 . 0 0 4

o . 9 8 ' 7

0 . 0 1 1

0 . 0 0 4

I . 9 4 ' 7

0 . 0 3 6

0 . 0 6 6

0 , 0 3 4

0 . 0 0 3

0 . 8 7 5

0 . 0 1 4

0 . 0 0 3

o . 9 7 2

0 . o 2 ' 7

0 . 0 1 0

1 . 9 6 6

0 . 0 0 7

0 . 0 4 9

0 . 0 1 9

0 . 0 0 1

0 . 9 9 5

o . 0 2 ' 7

0 . 0 0 4

0 . 9 0 8

0 . 0 r 6

0 . 0 0 3

r . 9 7 8

0 . 0 0 5

0 . 0 4 r

0 . 0 1 4

0 .  0 0 0

0 . 9 7 0

0 .  0 6 r

0 . 0 0 7

0 . 9 0 1

0 . 0 r 4

0 . 0 0 3

1 . 9 5 9 '  1 . 9 5 0

0 . 0 0 8  0 . 0 5 0

-  0 . 0 2 0

0 . 0 6 0  0 . 0 5 s

0 . 0 2 2  0 . 0 0 5

0 . 0 0 0  0 . 0 0 1

o . 9 3 4  0 . 6 ' 7 6

0 . 0 2 5  0 . 2 8 8

0 . 0 0 2  0 . 0 1 3

o . 9 6 2  0 . 9 0 6

0 . 0 2 1  0 , 0 3 4

0 . 0 0 2  0 . 0 0 1

Trace E lenents  (PPm)

8 9 1 0 1 1 1 2 L 4I 3

4 8 1

3 8 8 4

2 2 0

6

I 2

2429

3 9
)

3 5

3 3 6

r 8 5 5

I57
q

5 3 6

1 5

2 5 3 1

3 1

2 L

4 0

8 8

2 2 5 6

l I 4

8

5 8 1

1 0

2 0 6 8

3 0

2 4

4 0

2 4 1

r 5 6 3

5 3 0

2 0

2r96

1 5

3 3

9 0 8

284'7

1 0 6

2 5

6 2 4

7

28-15

3 1

1 1

3 0

1 8 5 6

1 3 5

).4

4 1 0

I

20L3

2 4

I 2

2 2

1 1 8  8

t 4  5 4

L23

4 0

6 8 9

7

26r2

3 0

2 6

7 1
C t

N i

Nb

Z r

Y

S r

R b

P b

C o

I  F ron  t rans i t iona l  rock  (sK 32) ,  Twin  Rocks ,  (a )  core  o f  pyroxene qra in ,  (b )  in te rmed ia te  be tween core  and r in

o f  pyroxene gra in ,  (c )  r im o f  pyroxene gra i -n .

2  From orend i te  (SK 35) ,  Nor th  Tab le  Mtn . ,  (a )  core  o f  pyroxene gra in ,  (b )  r - i -m o f  pyroxene gra in '

3  From o l i v ine  orend i te  (SK 36) ,  South  Tab le  Mtn .

4  From o l i v ine  orend i te  (SK 36) ,  sou th  Tab le  Mtn .

5  Fron  wyoming i te  (SK 9)  ,  z i rke l  Mesa '

6  Fron  wyoming i te  (sK 9) ,  z i rke l  Mesa.

7  From wyoming j . te  (SK 41) ,  Spr ing  But te .

8  Fron  wyoming i te  (sK 9) ,  z i rke l  Mesa (d i f fe ren t  sanp le  f rom 5  and 6)  '

9  F r o m  w y o m i n g i t e ( S K  1 0 ) ,  E m o n s ' M e s a .

1o  From wyoming i te  (sK 41)  ,  spr ing  But te  (d i f fe ren t  sample  f ron  7)

11  From o l i v ine  orend i te  (SK 36) ,  sou th  Tab le  Mtn . ,  (d i f fe ren t  sample  f ron  3  and 4) '

12  From t rans i t iona l  rock  (SK 32)  ,  Twin  Rocks  (d i f fe ren !  sanp le  f rom l )  '

13  From madup i te  (SK 28)  ,  P i lo t  But te .

14  From madup i te  (sK 22 \  |  P i lo t  But te .

* -  
" "3*  " " t .u tu t .a  

by  assumi -ng  a  coup led  subs t i tu t ion  o f  the  type  
Vt t i -2 tv .n1 ,  v rT i -2 rv r "3* ,  

" td  
v rN. -v1r "3+.
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liquids, suggest that the salites crystallized from a
much more Fe-rich liquid than did the diopsides.
Texturally, the diopsides in the wyomingites appear
to have crystallized with, or after, the phlogopite
(Table l), suggesting that prior to phlogopite crystal-
lization the liquid may have had a low FeO/MgO ra-
tio and therefore could not have crystallized salite.
Whether the salites represent accidental xenocrysts,
as suggested by Roden and Smith (1979) for the
Navajo rocks, or are the result of magma mixing (cf.
Brooks and Printzlau, 1978) could not be deter-
mined.

The trace element analyses of the pyroxenes
(Table 3), although variable, indicate concentrations
of Cr and Nb are high and those of Y and Co are low
in the pyroxenes of the madupites and transitional
rock relative to those in the wyomingites.

Phlogopites (Table 4,). Figure I illustrates the varia-
tions in phlogopite compositions in the madupites
and transitional rock relative to those in the wyo-
mingites and olivine orendites. Phlogopites from wy-
omingites, olivine orendites, and phlogopite cores in
the transitional rock are generally richer in AlrO. and
poorer in TiO, than those from the madupites and
rims and groundmass phlogopites in the transitional
rock (Fig. 1a). Phlogopites from the wyomingites
have higher CrrO, contents than the phlogopites
from madupites and olivine orendites. The dark col-
ored cores, often found in phlogopites from the oli-
vine orendites, are enriched in Ti, Ba, Al, and Fe and
depleted in Me and Si relative to the phlogopite mi-
crophenocrysts in the same rocks.

Concentrations of Co, Pb, Y, Zr,R.b, Nb, and Ni
in the phlogopites from the wyomingites, orendites,
and olivine orendites are similar (Table 4) indicating
that the liquids from which these phlogopites crystal-
hzed may also have had similar concentrations of
these elements. No trace element analyses of the
phlogopites rimming olivines in the olivine orendites
were obtained. Assuming that Dffl/L is greater than
Df,|/' and that the same relationship applies to Co;
crystallization of olivine directly from a liquid of oli-
vine orendite composition should preferentially par-
tition Ni and Co into the olivine, thus depleting the
later crystallizing microphenocryst phlogopites in
these elements. However the similarities in the Ni
and Co contents of the microphenocrysts of phlogo-
pite in the olivine orendites with those in the
wyomingites support the concept of the phlogopite-
rimmed olivines in the olivine orendites lsing xeno-
crysts.

The lower Cr contents of phlogopites from the oli-
vine orendites and orendites than those from phlogo-
pites in the wyomingites (Table 4\ may be a result of
early crystallization of chromite from the orendite
liquids. Chromite is rimmed by phlogopite in the
orendites and olivine orendites but not in the wyo-
mingites. The lower Cr in the rims of the phlogopites
in the wyomingites relative to their cores may mark
the onset of crystallization of diopside in the wyo-
ningites. Petrographically diopside appears to have
crystallized along with, or after, phlogopite (Table l).
Since DB!" > I (Gast, 1968), the drop in Cr concen-
tration between core and rim in the phlogopites may
reflect the preferential incorporation of Cr into the
diopsides.

Leucites (Table 5/. Leucites in the Leucite Hills
rocks have high Fe and low Al contents relative to
most leucites (cf. Cross, 1897; Carmichael, 1967).
Sufficient leucite for trace element analyses could
only be separated from three of the wyomingites. Im-
poverishment in Rb and enrichment in Sr and Ba rel-
ative to the whole rocks (Table 8) support the pet-
rographic conclusions (Table l) that the leucites are
late-crystallizing minerals (cf. Henderson, 1965).

Sanidines. Analyses of sanidines are very similar to
those given by Carmichael (1967), being rich in Fe
and poor in Na. No compositional differences were
detected in the sanidine microphenocrysts occurring
in the orendites and olivine orendites from the very
minor amounts of sanidines in the wyomingites. The
latter sanidines are believed to be products of reac-
tion between leucite and liquid as sanidines are ab-
sent in glassy varieties of wyomingite which contain
more abundant leucite.

Richterites. Richterites from the orendites, olivine
orendites and wyomingites have similar composi-
tions, comparable to those given by Carmichael
(re67).

Apatites and Perovskites (Table 6/. Inclusions of
apatite in the phlogopite from the wyomingite have
the same composition as the anhedral micro-
phenocrysts of apatite in the same rock, and both are
similar to the euhedral apatite in the transitional
rock. Apatites in the madupite, however, hays higher
NdrO, and lower PrO, contents.

Perovskite in the transitional rock (Table 6) has
the same REE chemistry as perovskite in the madu-
pite (Carmichael, 1967, Table I l).

Oxides (Table 7). Five tlrpes of spinels (two varie-
ties of magnesiochromite, two types of titanomagne-
tite, and an Fe-rich spinel close to pleonaste) occur in
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Table 4. Representative phlogopite analyses

3a

M a j o r  E l e m e n t s

3 b 4

s  io^

T iO-

A t . o -

FeO

MnO

Mgo

BaO

N a . O

K ^ O

I

I e

T i

Mn
) +

! e

Mg

B a

N a

K

4 2 . 1 " 4

2  . 0 6

1 1 . 3 8

0 . 0 8

3 . 0 0

0 . 0 0

2 5 . 8 4

0 . 3 3

0 . 0 0

1 0 . 4 1

9 5  . 2 4

5 . 9 4 4

r . 4 9 2

0 .  t 6 4

o  . 2 I 9

0 . 0 0 9

0 . 0 0 0

0 . 1 9 0

5  . 4 3 4

0 . 0 1 6

0 . 0 0 0

1 . 8 7 3

I

4 3 . 0 6

1 . 8 6

1 1 . 3 0

0 . 3 4

2 . 7 6

0 . 0 0

2 5  . 4 7

0  . 2 7

0 . 0 0

1 0 . 6 9

9 5 . 7 5

6 . 0 4 2

1 . 8 6 9

0 . 0 8 9

0 . 1 9 6

0 . 0 3 8

0 . 0 0 0

0 . 2 3 4

5  . 3 2 ' 1

0 . 0 1 3

0 . 0 0 0

1 . 9 1 4

9

4 I  . 2 8

2 . 1 5

1 1 . 8 9

0 , 8 9

2 . 9 6

0 . 0 ?

2 4 . 8 5

0  . 5 2

0 ;  1 3

1 0 . 6 1

9 5 . 3 5

4 1  . 8 I

2  . 2 0

r t  . 5 2

0 . 6 6

3 . 1 8

0 . 0 0

2 5 . 4 4

0 . 4 8

0 . 2 2

1 0 . 5 3

9 6  . 0 4

4 2  . 4 6

3 . 7 0
- 1 . 1 2

0 . 0 0

5 . 6 4

0 . 0 2

2 3  . 5 6

I  . 4 ' 1

0  . 6 2

1 0 . 1 6

9 5 . 3 5

4 I  . 6 6

2 . 1 4

1 2  . 2 9

1 . 4 0

2  . 9 4

0 . 0 6

2 3  . 9 ' 7

0  . 4 5

0 . 0 9

1 0 . 7 1

9 5 . ' 7  5

4 L  . 2 9

4  . 6 6

9 . 3 1

0 . 0 7

5 . 9 1

0 . 1 0

2 3 . 3 5

2 . 1  4

0  . 2 7

9 . 7 6

9 ' 1  . 4 6

5 . 8 3 9

1 . 5 5 1

0 . 6 1 0

0 . 4 9 5

0 . 0 0 8

0 . 0 1 2

0 . 0 8 9

4 . 9 2 2

0 . 1 3 8

0 . 0 7 4

I . 7 6 7

N u m b e r  o f  C a t i o n s  o n  t h e  B a s i s  o f  2 2  O x y g e n f

4 1 . 1 8  3 9  . 2 3

4 . 8 8  s . 1 4

9 . 2 t  1 3 . 9 r

0 . 0 6  0 . 0 4

5 . 6 9  6 . 8 6

0 . 1 6  0 . 0 5

2 2 . 8 7  2 0 . 2 3

2 . 4 2  1 . 0 1

0 . 2 6  0 . 0 4

9 . 7 5  1 0 . 5 0

9 6 . 4 8  9 1 . 0 r

5 . 8  6 7  5 . 6 0 2

r  . 5 4 ' 7  2  . 3 4 1

0 . 5 8 6  0 . 0 5 7

0 .  s 2 3  0 . 5 5 2

0 . 0 0 7  0 . 0 0 4

0 . 0 2 0  0 . 0 0 6

0  . 0 9 2  0  . ' 1  6 2

4 . 8 5 7  4  . 3 0 6

0 . 1 2 2  0 . 0 5 1

0 . 0 7 4  0 . 0 1 1
r  o t  t

5 .  8 5 6

1 . 9 8 8

0 . 1 5 7

0  . 2 2 9

0 . 1 0 0

0 . 0 0 9

0 . 1 9 4

5  . 2 5 6

0 . 0 2 6

0 . 0 3 6

r  . 9 2 0

5 . 8 7 5

1 . 9 0 9

0 . 2 1 5

0 . 2 3 2

0 . 0 7 3

0 . 0 0 0

0 . 1 5 9

s . 3 3 0

o , 0 2 4

0 . 0 6 0

1 . 8 8 8

6 . 0 7 5

r .  3 0 1

o  . 6 2 3

0 . 3 9 8

0 . 0 0 0

0 . 0 0 3

0 . 0 5 2

5 . 0 2 5

0 . 0 7 5

0  . l ' 7  2

1 . 8 5 4

5 . 8 2 1

2 . O 2 3

0 . 1 5 6

0 . 4 5 0

0 . 1 5 4

0 . 0 0 7

4 . 9 9 2

0 . 0 2 3

0 . 0 2 5

1 . 9 0 9

T r a c e  E l e m e n t s  ( p p m )

1 0 l 1 I 2

Cr

Ba

Ni

Nb

Z r

Y

S r

Rb

Pb

Co

5255

4 8 8 4

2 2 5 5

1 8

1 6 4

5

207

28'7

2

5 4

5 5 5 5

3 1  8 4

2435

1 5

I22

1

L28

250

4

5 4

4965

3 7 8 5

2083

2 4

1 3 1

5

r62

2 7 0

8

5 7

3 9 3 6

30r2

24 '7  r

L'1

1 7 t

9

1 3 s

2 7 5

3

5 4

3 3 5 4

3 ) " 6 4

2 2 2 1

2 6

I 4 7

4

2 '7  3

2 7 4

6

5 4

1  F r o n  o l i v i n e  o r e n d i t e  ( S K  3 6 ) ,  S o u t h  T a b l e  M t n .

2  F r o m  o f i v i n e  o r e n d i t e  ( S X  3 6 )  ,  S o u t h  T a b l e  M t n .

3  F r o m  w y o m i n g i t e  ( S K  9 ) ,  z l r k e l  M e s a ,  ( a )  c o r e  o f  p h l o g o p l t e  g r a i n ,  ( b )  r i m  o f  p h l o g o p i t e  g r a i n

4  F r o n  m a d u p i t e  ( S K  2 8 )  ,  P i l o t  B u t t e

5  F r o m  t r a n s i t i o n a l  r o c k  ( S K  3 2 ) ,  T w i n  R o c k s ,  ( a )  c o r e  o f  p h l o g o p i t e  g r a i n ,  ( b )  r i n  o f  p h l o g o p i t e  g r a i n

6  F r o m  t r a n s i t i o n a l  r o c k  ( S K  3 2 ) ,  T w i n  R o c k s .  P h f o g o p i t e  i n  g r o u n d n a s s

7  F r o m  o l i v i n e  o r e n d i t e  ( S K  3 6 ) ,  S o u t h  T a b l e  M t n . ,  a v e r a g e  a n a l y s i s  o f  d a r k  p h l o g o p i t e  c o r e

I  F r o m  w y o n i n g i t e  ( S K  9 ) ,  z i r k e l  M e s a  ( d i f f e r e n t  s a m p l e  f r o m  3 )

9  F r o m  w y o m i n g i t e  ( S K  1 0 ) ,  E m o n s  M e s a

I 0  F r o m  w y o m i n g i t e  ( S K  4 1 )  ,  S p r i n g  B u t t e

l l  F r o m  o r e n d i t e  ( S K  3 5 ) ,  N o r t h  T a b l e  M t n .

1 2  F r o m  o l i v i n e  o r e n d i t e  ( S K  3 6 ) ,  s o u t h  T a b l e  l . l t n .  ( d i f f e r e n t  s a m p l e  f r o n  7 )

t  F e " '  c a f c u f a t e d  t o  f i l l  t h e  t e t r a h e d r a l  s i t e s  t o  8 . 0 0 0

the Leucite Hills rocks. Both opaque and deep-red
colored magnesiochromites occur in the olivine oren-
dites. Red magnesiochromites have been reported
from nodules in kimberlites (MacGregor, 1979) and
in basanite (Frey and Prinz, 1978) of upper mantle

origin. These are type I xenocrysts using the nomen-
clature of Frey and Prinz (1978). Mitchell and Clark
(1976) have interpreted red magnesiochromites
found in the Peuyrk kimberlite as having crystallized
under relatively reducing conditions in the mantle.
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under highly oxidizing conditions similar to those in-
ferred for the liquids from which the Leucite Hills
lavas formed (CarmichaeI, 1967). The chemistry of
this magnesiochronite suggests it was an early crys-
tallrz;ng mineral from an orendite liquid and is not a
xenocryst.

The fine grain sizes of the skeletal titanomagnetite
in the madupite and euhedral grains in the rims of
the phlogopite microphenocrysts in the transitional
rock were too small to analyze quantitatively but
based on semiquantitative analyses appear to be Cr-
Ti rich magnetites and pseudobrookites. The origin
of these minerals is unknown.

The Fe-rich spinel (pleonaste) was found only in
the wyomingites. Minerals of similar composition
have been reported from granulite and clinopyroxe-
nite nodules in basanites (Baldridge, 1979).and from
mafic to ultramafic nodules in analcimitites (Wilkin-

Table 5. Representative leucite analyses

Major Elenents

I D

O l
6 9 r O i l t 2 t 3 t 4 t 5

Ua igh t  parcant  ATAOE
6

7

9 6

E

a

t n 4

'
l

S a O -

A I  ^ O .

-  - 2 - 3

B a O

N a 2 O

I ( - o

:

S a

A 1

-  3 +

K

5 6 . 8 8

2 0 . 3 2
I  C l

0 . 0 3

0 . 0 8

2 l -  . 2 I

r 0 0 . 3 3

1 8 . 3 8

2  . 9 0

0 . 0 4

0  . 0 4

2 1 . 1 3

1 0 0 . 4 5

5 9 . 5 4

r a  . 2 7

0 . 0 0

0 . 1 8

1 9 . 6 0

L O O . 2 6

5 7  . ' 7 I

2 . 0 3

0 . 0 9

0 . 0 5

2 0 . 7 7

r 0 0  . 2 7

2 . L 4 5

0 . 8 3 7

0 . 0 5 5

0 .  0 0 4

0 .  9 5 9

0 .  0 0 r

Number of Cat ions on the Basis of 6 Oxvqens

o r
3838 59 40 4t 42 43 14

wrighi 9!rc!nt Si02

Fig. l. Variations in (a) TiO2 vs. AlrO, (top) and (b) TiO2 vs.
SiO2 for phlogopites from the Leucite Hills rocks (bottom). X-
madupites; A-transitional rocks; O-wyomingites; tr---orendites;
f-olivine orendites; A-dark phlogopite cores in olivine
orendites. Arrows indicate c,ore + rim analvses.

As the red magnesiochromites in the olivine oren-
dites have similar FerO./FeO to those found in kim-
berlites (Mitchell and Clark, 1976; Mitchell, 1979),
these chromites may also have formed under rela-
tively reducing conditions. Reducing conditions seem
to be inconsistent with the FerOr/FeO values for the
Leucite Hills rocks (Table 8); thus the red magne-
siochromites in the olivine orendites are considered
to be xenocrysts.

The opaque magnesiochromite has high FeO,
FerOr/FeO and low TiO, relative to other chromites
(Deer et al., 1962). This chemistry suggests it may
have crystallized from a liquid with low AlrO, and

I  F r o m  w y o m i n g i t e  ( S K  9 ) ,  Z i r k e l  M e s a ,  ( a )  c o r e  o f  l e u c i t e
q r a i n ,  ( b )  r i m  o f  l e u c i t e  g r a i n

2  F r o m  o l i v i n e  o r e n d i t e  ( S K  3 6 ) ,  S o u t h  T a b l e  M t n .

3  F r o n  o r e n d l i t e  ( S K  3 4 ) ,  N o r t h  T a b l e  M t n .

4  F r o m  w y o m i n g i t e  ( S K  9 ) ,  Z i r k e l  M e s a  ( d i f f e r e n t  s a m p l e  f r o m  1 )

5  F r o n  w y o m i n g i t e  ( S K  1 0 ) ,  E m o n s  M e s a

6  F r o m  w y o n i n g i t e  ( S K  4 l ) ,  S p r i n g  B u t t e

* Iron determined as feo anal recalculated to Ferol

nal not determined

2 . 0 6 4

0 . 8 6 9

0 . 0 4 9

0 . 0 0 6

0 . 9 8 2

0 . 0 0 0

2 . L 0 5  2 . 1 3 8

0 . 7 8 6  0 . ' 1 7 3

0 . 0 7 9  0 . 0 7 2

0 . 0 0 3  0 . 0 1 3

0 . 9 ' 1 9  0 . 8 4 8

0 . 0 0 1  0 . 0 0 0

T r i - 6  F l a m 6 h + c  / h ^ m \

5 6

BA

N i

Nb

Z r

Y

S r

Rb

C o

1 5 4 9

7

3 0 6

5

323

1 3

1 0

t994

4

2 5

439

5

3 0 9

5 5 5

1 9

T 2

2990

Dd

3 7 8

I I

4 1 8

4 8 3

1 I

1 0
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Table 6. Partial analyses of apatites and perovskites

M9o

K20

CaO

BaO

Feo *

D r )
z )

La2O3

Ce2O3

Pt  
203

Nd2o3

I

0 . 2 3

0 . 0 6

5 2 . 6 8

0 . 1 9

0 . 1 3

J b .  b f ,

0  . 2 7

0 . 6 5

0 . 0 9

0 . 4 1

9 1 . 3 6

u .  ) z

0 . 0 5

5 3  - 0 ' 7

0 . 1 2

0 . 0 4

4 0 . 1 8

0 . 1 7

0  - 4 2

0 . 0 7

u . z b

9 4 . 9 0

0 . 4 0

0 . 0 7

3 5 . U 2

0 . 0 9

0 .  r 1

3 9 . 7 9

o . 1 2

0 . 4 1

0 .  0 0

u . z 4

9 4 . 2 5

0  . 3 2

0 . 0 2

5 4 . 1 0

o . L 2

0 . 0 5

3 8 . 9 6

0 . 2 5

0 .  5 7

0 . 0 7

0 . 3 1

9 4 . 7 7

2  - 0 3

4 . 4 5

r . ' 7  3

9  - 6 8

2 . 0 5

4 . 8 7

r . 6 4

l .  9 1

L O . 4 7

*  To ta l  i r on  de te rm ined  as  FeO.
I  Apa t i t e  f r om madup i t e  (SK  23 ) ,  P i l o t  Bu t t e ,  ave rage  o f  5  ana l yses

2  Apa t i t e  f r om wyom ing i t e  (SK  41 ) ,  Sp r i ng  Bu t t e ,  ( a )  i nc l us i on  i n  ph logop i t e ,  ( b )  g roundmass

3  Apa t i t e  f r om t r ans i t i ona l  r ock  (SK  32 ) ,  Tw in  Rocks ,  ave rage  o f  6  ana l yses

4  Pe rovsk i t e  f r om t r ans i t i ona l  r ock  (SK  32 ) ,  Tw in  Rocks

5  Pe rovsk i t e  f r om madup i t e  (SK  23 ) ,  P i l o t  Bu t t e

son, 1975). In both cases these nodules are believed
to be xenoliths of type II (Frey and Prinz, 1978). A1-
though similar nodules do not occur in the wyoming-
ite, the chemistry of the pleonaste (Table 7), relative
to that of the wyomingite, suggests it could be a
xenocryst from a disaggregated (clinopyroxenite?)
nodule. This hypothesis is supported by the common
association in wyomingites of pleonaste with salite-
cored diopsides, also believed to be xenocrysts.

Whole rock geochemistry

The high KrO, low NarO and AlrO, as well as the
high values of Zr, Rb, .Ba etc. (Table 8) indicate the
highly potassic nature of Leucite Hills rocks. The

Table 7. Spinel analyses

orendites, olivine orendites, and wyomingites are
chemically similsr, except that the orendites tend to
be richer in SiO, and poorer in CaO relative to the
wyomingites. The olivine orendites are richer in
MgO than either the orendites or wyomingites. The
madupites are distinct from the other rocks in having
lower SiOr, Al2O3, and KrO and higher FerOr, MgO,
and CaO. The perpotassic-peralkaline nature of the
olivine orendites, oiendites, and wyomingites is in-
dicated by their normative ks. In contrast only one
madupite is perpotassic. All the rocks contain large
normative pyroxene contents and the slight SiO'-
oversaturation in some rocks is indicated by norma-
tive Q. Based on their norms, the orendites and wyo-
mingites are indistinguishable. The olivine orendites
however can be distinguished from the other rock
types by their higher modal and normative olivine.
Modally, variations in the amounts of leucite and
sanidine distinguish the orendites and olivine oren-
dites from the wyomingites which have very minor
sanidine and high leucite contents.

The analysis of the transitional rock (SK 32) is
quite dissimilar from that of the other rocks of the
Leucite Hills. The much higher HrO and CO, con-
tents of this rock are probably due to subsolidus al-
teration as indicated by vesicular carbonates, anal-
cime, and other zeolites. Similarly, the madupite (SK
22) is also an altered rock as it has uncharacteristi-
cally high volatile and low alkalies. The other oxides,

I b

T a O 2

A 1 2 O 3

- - 2 - 3

F e o *

Mso
MnO

Z^O

T

0  . 1 1

1 r . 9 3

1 3  . 1 7

1 5 . 3 3

0 .  9 3

nd

9 9  . 5 9

0 . 6 8

6 . 7 L

4 4  . 0 ' 1

3 2 . 8 1

r 0 .79
o . ' 7 9
nd

9 5 . 8 5

0 . 0 2

0 .  1 0

t 4  . 3 2

2 0  . 3 2

0 . 0 6

0  . 3 2

9 9  . 6 ' 7

I

2

Total  i ron determined as FeO

M a g n e s i o c h r o m i t e  f r o m  o l i v i n e  o r e n d i t e  ( s K  3 6 )  ,  s o u t h
T a b l e  M t n . ,  ( a )  r e d  v a r i e t y ,  ( b )  o p a q u e  v a r i e t y

P l e o n a s t e  f r o m  w y o m i n g i t e  ( s K  1 9 ) ,  D e e r  B u t t e
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Table 8. Wholc rock analyses
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sio2
TiO^

Z rO2

AI 203
ct  203
F"2o3

FeO

MnO

M9o

SrO

BaO

Na2O

K 2 o

P ^ O _
z )

so3
c l
F

co2
H20t

LOI

T

1 0 0  M g

N a + K
A1

5 1 . 0 3

0 ,  r 7

9 . 8 r

0 . 0 7

0 . 6 5

0 . 0 7

7  . 2 4

5 . 3 7

0  . 3 2

0 . 7 8

1 . 0 3

1 0 . 6 r

1 . 7 1

1 . 0 0

0  . 0 2

0 . 6 9

0  . 5 2
,  o l

0 . 2 9

r 0 0 . 0 s

7 4

1 . 2 1

5 2 . 9 8

0 . 1 7

1 0 . 4 9

0 . 0 6

2 , 6 4

r . 9 4

0 . 0 7

7  . 2 3

4 .  3 l

0 . 2 2

0 . 6 0

I . 2 9

1 I . I 5

1 . 3 7

5 1 . 5 7

2 . 4 2

0 . 1 7

1 0 . I 0

0 . 0 8
t  c E

r . 6 3
0 . 0 8

7 . 7 A

5 . 0 3

0  . 2 6

0 . 7 3

1 . 3 1

I L . 3 2

t .  6 1

2 . 7  9

9 9 . 7  4

'77

L .  Z >

5 4 . 8 6

2 . 5 2

0 . 1 8

1 0 . 8 0

0 .  0 6

3 . 0 0

0 . 9 6

0 . 0 5

6  . 5 6

3  . 5 7

0 . 2 0

0  . 5 2

r  . 2 4

1 0 . 7 0

r  . 3 2

0 . 3 7

L  . 2 5
4 . 5 5

L 4  . 2 6

6 . 9 3

r . 9 8

0 . 6 4

0 . 2 2

3 . 7  2

0 . 7 1
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Table 8. (continued)

Cr

Ba

N i

Nb

Z t

Y

S r

Rb

Pb

Co

s 0 6

7  064

2 7 0

4 2

t266

l 7

2 6 1  7

2 7 4

2 9

2 2

4t7

5 4 0 8

2 7 4

r 2 5 0

t 6

1 8 4 0

249

2 4

5 8

5 6 5

6 5 6 r

5 3

L256

L 7

2 I 7  9

2 4 6

2'l

5 7 7

8 1 8  0

1 6 3

L20

t233

I 7

4904

r 5 6

8 8

3 3

607

43L9

I62

r3't

1232

2 1

3 1 9  6

f v )

4 8

3 4

4 2 7

1 2 3 5 5

L49

9 0

LL52

1 4

4 7  8 1

1 8 9

3 6

5'1

Trace E lements  (ppm)

4 0 2  s 6 5

4 6 2 L  3 0 6 5

3 0 9  4 2 8

4 8  4 5

L 2 9 8  1 2 8 3

1 6  1 4

L652 L674

2 5 9  2 4 6

2 7  3 t

6 1  2 6

I

3

w y o m i n g i t e  ( S K  9 ) ,  z i r k e l  M e s a

Wyoming i te  (SK 10) ,  Emons Mesa

Wyoming i te  (SK 4 I ) ,  Spr inq  But te

O r e n d i t e  ( S K  3 5 ) ,  N o r t h  T a b l e  M t n .

5  o l i v ine  orend i te  (SK 36) ,  sou th  Tab le  Mtn .

6 I '{adupite (SK 22) . Pilot Butte

7  M a d u p i t e  ( s K  2 8 ) .  P i l o t  B u t t e

8  T r a n s i t i o n a l  r o c k  ( S K  3 2 ) ,  T w i n  R o c k s

however, are comparable to those of other madupites
analyzed in this study and reported in the literature.

In Figure 2 aD.l. plot of the major oxides given in
Table 8, along with those from the literature, in-
dicates two distinct groupings; the madupites, and
the wyomingite-orendite-olivine orendite series. Ex-
cepting one analysis with a D.I. of 79 (Yagi and Mat-
sumoto, 1966), the latter rocks plst within a narrow
range of D.I. values (61-72). This indicates that crys-
tal fractionation has probably not played a major
role in their genesis, although the orendites and oli-
vine orendites appear to be related by fractionation.
Similarly, for the madupites, all analyses except SK
22 with D.I. : 17, which is altered, fall in the range
of D.I. values between 3346, indicating these rocks
are probably only related to one another by minor
fractionation. This variation could be produced by a
maximum of l47o diopside fractionation, possibly as
a result of'flow differentiation. When SK 22 is re-
calculated on a volatile free basis and compared to
the other madupites, u5ing a molecular ratio diagram
(Pearce, 1968), it has a D.I. of 39, well within the
range of the other madupites. Although there is a
compositional gap between the madupite and yyo-
mingite-orendite-olivine orendite series (Fig. 2), ttle
reasonably continuous trend on the D.I. plot implies
a corlmon genetic relationshiF between the rock
types. Crystal fractionation based on the mineral
analyses (Tables 2-7) cnnnot be the cause of this
relationshiF as such fractionation requires removal or
addition of excessive amounts of certain minerals
which cannot be supported by the petrography and
inferred paragenesis (Table l).

Within wyomingites, orendites and olivine oren-
dites the values of Nb, Zr,Y, Rb, and Pb are similar,

Co and Cr are variable, and Ni is progressively de-
pleted from the olivine orendites to the wyomingites
to the madupites (Table 8). Madupites are depleted
in Ni, Rb, and possibly'Zr and enriched in Nb, Sr,
and possibly Cr relative to the other rocks. The con-
sistency in trace elements in the wyomingite-oren-
dite-olivine orendite group supports the concept of
these rocks being derived from a common source but
unrelated by extensive crystal fractionation. The
relationship of this group to the madupites is not
clear on the basis of the trace element data.

Petrogenetic models

Small degrees of partial melting of a peridotitic
mantle with 100 Mgl(Mg+Fe) of 92 produce a liquid
with 100 Mgl(Mg+Fe) of 68-74 (Ringwood, 1975;
Bence et al., 1980). With increasing pressure, such a
liquid will be more Mg-rich. Partial melting of the
same source with 2000 ppm Ni and 3000 ppm Cr
yields a primary liquid with 30H00 ppm Ni and
400-500 ppm Cr (Ringwood, 1975; Green, 1980).
Deviations from these values may be caused by
larger degrees of partial melting, by partial melting
of an anomalous mantle source, by crystal fractiona-
tion, or possibly by changes in pressure and fO'
which may alter Ko values of material lsing fraction-
ated (cf. Mysen, 1975).

For the Leucite Hills rocks, the molecular 100 Mgl
(Mg+Fe) values (where iron mol. ratios have been
calculated from FeO + 0.8998 (FerO') and shown as
Fer) are generally greater than72. The Ni values for
the orendites, olivine orendites, and wyomingites are
within the range predicted for small degrees of par-
tial melting of peridotite while the Ni values for the
madupites are lower. The Cr contents of all rocks are
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within, or slightly greater thano the predicted values
for such partial melting.

The lower Ni values in the madupite cannot be ex-
plained by fractional crystallization of diopside and/
or phlogopite as such fractionation would also lower
the Cr contents of the madupite. Based on the DRI/L
(cf. Ringwood, 1975) and the equilibrium fractional
crystallization equation (Greenland, 1970), the
amount of olivine fractionation to derive the madu-
pite can be calculated. Assuming an initial approxi-
mation of 350 ppm Ni in the parental madupite liq-
uid, using the DRI/' values of Ringwood (1975),
fractionation of 87o olivine (100 Mg/(MB+Fe) : 99;
from such a liquid would be necessary to lower the
Ni content to the 160 ppm observed in the madupite
(Table 8). However, if the madupite (100 Me/
(Mg+Fe') : 78) is the product of 87o olivine frac-
tionation, the parental madupite liquid must have
had a 100 Mg/(Mg+Fe,) value of 85. For a 'normal'

mantle source, very high degrees of partial melting
would be required to produce a derivative liquid with
such a hieh 100 Mg/(Mg+Fe,) ratio or the KS*4
value for olivine must be greater than 0.33 as given
by Roeder and Emslie (1970) for atmospheric pres-
sure. The absence of olivine in the madupites also
seems to preclude olivine fractionation as a viable
model.

A mantle source for all of the rocks seems likely
based on their consistently high 100 Mg/(Mg*Fer)
ratios and their Ni and Cr contents. The possibility
of large degrees of partial melting of a normal perid-
otite mantle are unlikely as such a mechanism fails to
explain the high concentrations of LIL elements in
the Leucite Hills rocks. High concentrations of
LREE led Kay and Gast (1973) to propose that the
madupites, wyomingites and orendites were derived
by'very small degrees of partial rrelting of an ex-
tremely enriched REE mantle source.

The genesis of the rocks of the Leucite Hills can be
modeled on the basis of phase relations in the sys-
tems KAlSiOo-MgrSiO4-SiOr-CO, and KAlSiOu-
MgO-SiO,-COr-HrO which have been determined
under upper mantle conditions (Wendlandt and Egg-
ler, 1980a, b). Although diopside, an inportant con-
stituent of the Leucite Hills rocks, is not included in
this system, Wendlandt and Eggler (1980a, p. ala)
state that the absence of CaO in this system ". . . is
not expected to have a major effect on phase rela-
tions defining the minimum pressure of generation of
aftali basalts". Figures 3a, b show phase relations in
the 28-34 and 18.5-19.5 kbar sections respectively
of the anhydrous KAlSiO4(Ks)-Mg,SiOo(Fo)-

K s  L c  S o  Q t z

Fig. 3 Schematic liquidus projections for the system KAlSiO4
(Ks)-Mg2SiOa @o)-SiO2 (Qtz) (after Wendlandt and Eggler'
1980a) with recalculated normative compositions of Leucite Hills
rocks. (a) projection at 28-34 kbar under volatile-absent
conditions; @) projection at 18.5-19.5 kbar under volatile-absent
conditions. Data sources and symbols as in Figures I and 2.

SiOr(Qtz) system, together with recalculated norma-
tive compositions of the Leucite Hills rocks. As
shown by Wendlandt and Eggler (1980a, Fig. 6), the
primary phase fields of enstatite and sanidine expand
with increasing pressure producing inffsasingly sil-
ica-undersaturated liquids on partial melting at in-
creasing depths. Figure 3a, representing the 28-34
kbar section under volatile-absent conditions, shows
that the madupite compositions plot near the in-
variant point (P) involving enstatite, forsterite, and
sanidine. This suggests that partial melting of a
source material, whose composition can be repre-
sented within the Fo-En-Sa subsystem, may produce
a liquid comparable to that of the madupite.

If the same source material from which the liquids
of composition comparable to the madupite were
produced, rises diapirically to a depth corresponding
to 18.5-19.5 kbar (55-59 km) under volatile-absent
conditions, melting will recur. This situation is mod-
eled by the phase relations in Figure 3b and in Fig-
ure 4. In Figure 3b members of the recalculated wyo-
mingite-orendite series plot near the enstatite-
forsterite-sanidine eutectic for pressures between
18.5-19.5 kbar, suggesting that liquids corresponding
to the wyomingite-orendite compositions are gener-
ated at this point.

The path of the rising solid material and the gener-
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Fig. 4 P-T diagram (modified from Wendlandt and Eggler,
1980a, Fig. 1) showing path (thick line) of diapiric uprise of
material producing Leucite Hills lavas. Madupite liquids are
produced around 34 kbar (Iq5) and wyomingite-orendite liquids
between 18.5-19.5 kbar (Sa-S5).

ation of the madupite and wyomingite-orendite liq-
uids is shown schematically in Figure 4 (modified
from Wendlandt and Eggler, 1980a, Fig. l) which
represents the P-T section of the phase relationships
shown in Figure 3. In Figure 4 the first liquid, corre-
sponding to madupite composition, appears at some
pressure and temperature above I,u (-34 kbar,
1350'C). With decreasing pressure and a very slight
decrease in temperature, liquid of madupite compo-
sition will continue to be produced until the diapir
reaches a depth corresponding to a pressurejust less
than I,. (corresponding to Figure 3a). The path of the
diapir then enters the Sa + Fo field by crossing the
Sa + Fo A En + L reaction curve which has a nega-
tive slope. From just below I,., the solid will rise,
without generating a melt, until it again passes from
the Sa + Fo field into the En + L field defined by the
Sa * Fo ? En + L reaction curve between S, and S,
at 18.5-19.5 kbar (corresponding to Figure 3b). At
this stage a liquid corresponding in composition to
wyomingite and orendite will be produced.

The relationships described above are modeled on
the volatile-absent system. If the MgrSiO4-KAlSiO4-
SiOr-CO, system is used, under COr-saturated con-

ditions, the corresponding pressures for production
of madupite will be 24-27 kbat (8+94 km) and the
production of the wyomingite-orendite liquids will
occur at 14.5-15.5 kbar (51-54 km). These relation-
ships can be illustrated by referring to Wendlandt
and Eggler (1980a, Figs. 6 and 3). In Figure 3 of
Wendlandt and Eggler (1980a) the production of
madupite liquids will occur at pressures just above I,o
to just below I,, and that of wyomingite-orendite liq-
uids between S,o and S,,.

If the madupite and wyomingite-orendite liquids
have been generated under conditions of COr-satura-
tion and HrO-present, but buffered at low an,o, tft:e
phase relations in the KAlSiOo-MgO-SiOr-H,O-
CO, system (Wendlandt and Eggler, 1980b) can be
used as a model. Under these conditions, the madu-
pite liquid would form around 24 kbar (see Wend-
landt and Eggler, 1980b, Fig. 10, point I,r), corre-
sponding to 84 kn depth, whereas the wyomingite-
orendite liquids would form between 14 and l7 kbar
(see Wendlandt and Eggler, 1980b, Fig. 10, points
S,o-S,r) corresponding to 49-60 km depth.

The mechanism postulated to explain the genera-
tion of the two chemically distinct primitive fiquids
of the Leucite Hills suite is caused by the negative
dP/dT slopes of the high pressure solidus curves and
the positive slopes of the same curves at lower pres-
sures in the systems used to model this suite. This
model also implies that the Leucite Hills rocks have
been generated by partial melting of a single K-en-
riched peridotitic mantle source. '?Sr,/'uSr data for
'madupite and orendite (Ogden and Vollmer, 1980)
support a single source model.

The Ni, Co, Cr, and Zr contents of the Leucite
Hills rocks do not correlate with the concept of very
small but increasing degrees of partial melting model
proposed by Kay and Gast (1973) based on REE
data. Whether these trace elements fit a two-stage
melting process from a single parental K-enriched
peridotite source, as we propose, is dfficult to assess.
Trace element behavior in such a process is not well
known, nor is the behavior of such elements based on
bulk distribution coefficients of an anomalous, rather
than a normal, mantle source. The mineralogy of
such an anomalous mantle is speculative but, based
on experimental studies, may contain phlogopite and
apatite (Barton and Hamilton, 1978) or even wadeite
(Arima and Edgar, 1980) for which bulk distribution
coefficients are unlnown. The distribution of Ba and
Rb in these rocks suggests that phlogopite fusion
may have been involved in their genesis.

Chemically the wyomingites and orendites are
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similar (Table 8) and are only distinguishable on the
basis of their minglalogy (Table l). Ditrerences in
their mineralogy are likely due to crystallization in
the orendites having taken place at greater depths
ihan in the wyomingites. Experiments on both the
wyomingite and orendite (Barton and Hamilton,
1978) show that leucite is not stable above I kbar
P.",o (Pr,o: P.) and that sanidine is stable at higher
pressures than leucite. In the orendites, sanidine
tends to be more abundant than leucite and appears
to have formed prior to leucite (Table l), suggesting
crystallization of both minerals may have occurred
around I kbar Pr,o : P,"*i. In contrast, the wyoming-
ites contain very little sanidine but have appreciable
glass, with leucite increasing as glass increases, in-
dicating more rapid crystallization at shallower
depths.

The olivine orendites are the only rocks in the
Leucite Hills suite which have been produced by ma-
jor fractionation processes. As shown in Figure 3 the
olivine orendites are more Fo-rich than the orendites.
This suggests that fractionation of olivine from the
orendites may have taken place. Using the method of
Reid el al. (1973) the fractionation of a total of less
than 2OVo (consisting of 4Vo olline, 4Vo diopside and
ll%o phlogopite) from the orendite would produce
the olivine orendite.

Paucity of data and the altered nature of the tran-
sitional rocks do not permit us to determine their
genesis. Preliminary results suggest a magma mixing
model may explain these rocks. This problem is un-
der investigation.
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