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INTRODUCTION

The origin of the alkaline rock complexes and their associated
carbonatite bodies has been a source of continuing debate among
pétrologists. In the first part of this century, carbonatites were
thought to have a non-magmatic origin. Shand (1930) and ﬁaly {1933)
proposed that feldspathoidal rocks and carbonatites were the result
of desilication eof a parent subalkaline magma, ranging in composition
from basaltic to granitic, by reaction with partly dissociated carbonate.
This hypothesis, known as the limestone assimilation hypothesis, was

widely accepted by most petrologists.

| However, there were some who still advocated a magmatic source

for alkaline-carbonatite complexes. 1In 1960, through experimental
petrology, Wyllie and Tuttle first demonstrated in the system CaO-
COZ_HZO that simple carbonatite magmas can exist at moderate tempera-
tures through a wide pressure range. This evidence suggested a magmatic
origin for carbonatites.

Further investigations bj Watkinson and Wyllie (1964, 1969),

Wyllie and Watkinson (1970), and Wyllie (1974) provided more experimental
evidence contrédicting the limestone assimilation hypothesis. Wyllie
(1974) summarized the above arguments. He determined experimentally

that a thermal barrier exists at low pressure between 510, over-
saturated liquids and liquids capable of precipitating feldspatheids.
Consequently, Wyllie proved there is no way to generate alkaline magmas
by desilication processes involving crystal-liquid reactions in granitic

magmas in the crust.



Aside from the hypotheses of non-magmatic origin, two major
groups of ideas explain the origin of carbonatites.

1. Carbonatite magmas are primary and juvenile (Dawson, 1964,
1966; von Eckermann, 1948; Holmes, 1952; Koster van Groos, 1975).

" The priméry carbonatite magmas react with silicate assemblages in the
upper mantle or crust to form the alkaline rocks associated with
carbonatites. This is known as the sial-syntexis hypothesis.

2. Carbonatite magmas have a derived origin. The carbonatite
is formed as an immiscible liquid fraction from a parent melt such as
carbonated alkali peridotite (Wyllie and Huang, 1976), carbonated
nephelinite (Mitchell and Brunfelt, 1975), or ijolite (Koster van Groos
and Wyllie, 1966, 1968, 1973) or as a residual liquid resulting from
extensive fractiomal crystallization of an undersaturated ultrabasic
magma (Wyllie and Haas, 1965, 1966; King and Sutherland, 1960; Watkinson,
1970; Watkinson and Wyllie, 1971).

Little work has been done using the distribution of the REE
{(rare earth elements) between carbonatites and cogenetic silicate
rocks to clarify their origin and relationships. Only in the studies
of Eby (1975) of the Oka carbonatite complex, Mitchell and Brunfelt
(1975) of the Fen complex, and Cullers et al. (1976) of the Seabrook
Lake and Callander Bay, Ontario, complexes were the REE used as genetic
tracers.

This investigation determines the possible cogenetic relationships
between the carbonatites and associated alkaline rocks of the Gem Park

complex, Colorado. Thus, representative samples of carbonatite,



pyroxenite, gabbro, and nepheline syenite pegmatite from the Gem Park
complex have been analyzed for major elements, for the REE, and initial

Sr87/Sr86 ratios.



GEOLOGY

The Gem Park complex is about 11 miles northwest of Westcliffe,
Colorado, and 21 miles southwest of Canon City, Colorado, on the
border of Custer and Fremont counties (Fig. 1). It is a few miles
southwest of the McClure Mountain mafic-ultramafic complex described
by Christman et al. (1959). Heinrich and Anderson (1965) and Heinrich
and Dahlem (1966) discussed the carbonatites and alkalic rocks of
Fremont County, Colorado, including Gem Park briefly.

Parker et al. (1962) and Parker (1963) first presented more
detailed descriptions of Gem Park. Parker and Sharp (1970) produced
an extensive study of the complex upon which this investigation is
based.

Gem Park, as described by Parker and Sharp (1970), 1is approximately
two square miles in area. It is intruded into Precambrian gneiss and
overlain by Tertiary volcanics. Gabbro and pyroxenite, the two main
rock types, form units generally concentric with the circular outline
of the complex (Fig. 2). This suggests that Gem Park may be a funnel-
shaped layered body similar to the Iron Mtn.~McClure Mtn. complex
(Shawe and Parker, 1968). Planar structures in the gabbro are concentric
and dip consistently toward the center of the complex.

Both gabbro and pyroxenite are cut by dolomitic carbonatite dikes
and irregular bodies of carbonatite. These dip more steeply toward
the center of the complex than does the gabbro.

A large mass of fenite is in the central portion of the complex
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(Fig. 2). 1Its position and the arrangement of the carbonatite dikes
suggest that a large carbonétite body lies beneath the surface near
the center of the complex (Parker and Sharp, 1970). This central
location of the carbonatite mass is common in most carbonatite complexes
(Tuttle and Gittins, 1966; Heinrich, 1966). Minor dikes and bodies
of nepheline syenite pegmatite, lamprophyre and syenite porphyry occur
within the complex. |

R. F. Marvin of the U. 5. Geological Survey has determined a K-Ar
age of 551(+ 55) m. y. B. P. on crocidolite from fenitized pyroxenite
at the Vermiculite Mine in Gem Park (Parker and Sharp, 1970). This
gives it a Cambrian age close to the range 508(+ 15) to 532(+ 27) m. y.
B. P. determined by Marvin for McClure Mountain syenites (Parker and
Sharp, 1970). The proximity and similar age for the two complexes

suggest a genetic relationship between them.



EXPERIMENTAL METHODS

A Perkin-Elmer 305B atomic absorption spectrophctometer was used
in most of the major element determinations. Buckley and Cranston
(1970) described a procedure for multi-element atomic absorption
analysis from a single decomposition of aluminosilicate. Their basic
procedure including modifications made by Dr Sambhudas Chaudhuri was
used to determine A1203, Mg0, total Fe, NaEO, KQO, and TiO,.

G. K. Hoops of the University of Texas analyzed the samples
for 8i0p and total Fe according to the procedure of Shapirec and
Brannock (1962). He also helped in Ca0 and MgO determinations using
the methods described by Abbey (1968).

MnO and NaZO were determined by INAA (instrumentai neutron activa-
tion analysis) by Rich Koch of Kansas State University. The INAA Na,0
values served as a check on the atomic absorption determinations. C0sy
was determined by loss on ignition.

Standard solutions were prepared from Fisher Scientific stock
solutions. Exact concentrations and procedures are given in Appendix A.
Standard rocks, BCR-1 and AGV-1l, were analyzed with each group of
samples as an external standard. The results of these analyses are given
in Appendix A.

The REE were analyzed by radiochemical neutron activation using a
group separaticn of the REE and a high resolution Geli detector
(Denechaud et al., 1970; Cullers et al., 1974).

The results for BCR-1 obtained by Cullers et al. (1974) agree well

with other analysts. Appendix B contains a description of the analytical



procedure.

Chaudhuri (1966) and Chaudhuri and Brookins (1969) described the
mefhod used in determining the Sr87/Sr86 initial ratios for the Gem Park
samples. A hydrofluoric-perchloric acid mixture was used to dissolve
. samples of less than 100 mesh. They were brought into final solution
using hydrochloric acid. Rb and Sr were concentrated by ion exchange.

A six-inch radius, single filament, solid source mass spectrometer was
used for the isotopic measurements. |

The Rb and St contents were determined by isotope dilution.

These had been previously estimated by the x-ray fluorescence procedure
described by Lee (1972). The Sr87/Sr86 ratios were corrected for fractiona-
tion by normalizing the Sr86/Sr88 ratios to 0.1194., Appendix C gives

a description of the sample dissolutions used in the Rb-Sr analyses.
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PETROGRAPHY
General Descriptions

The following are brief petrographic descriptions of the major
rrock types in the Gem Park complex. Figure 2 is a general map of the
area that includes the locations from which samples for this study
were collected. Appendix D contains point counted modal analyses

of 1300 points, more detailed descriptions for the samples analyzed

and other representative samples from the complex.
Pyroxenites

Parker and Sharp (1970) described two principal varieties of
pyroxenite at Gem Park -- coarse and medium-grained. The coarse-
grained pyroxenite crops out along the periphery of the complex in
the north, east, and south sides and forms discontinuous masses within
the complex. On the west, the boundary of the complex is concealed
by Tertiary volcanic rocks.

Both varieties of pyroxenite occur also in the central part of
the complex in the area surrounding the Vermiculite Mine and in the
low hills to the south and east of the mine. The pyroxenite units
form a concentric ring-shaped map pattern, centered at the Vermicﬁlite
Mine,

Sample GP-3 is typical of the coarse-grained pyroxenites studied.
It is a holocrystalline, xenomorphic-granular, pyroxenite composed

of 73 per cent randomly-oriented, subhedral to anhedral augite grains



1l

with interstitial plagioclase. Approximately 2 per cent kaersutite
occurs as unreacted single grains which may be trapped intercumulus
primary melt.

GP-6 is a typical medium-grained pyroxenite that contains consider-
ably more plagioclase (23 per cent) than the medium-grained pyroxenites
analyzed by Parker and Sharp (1970). It is a holocrystailine; xenomorphic-
granular pyroxenite containing clumps of randomly-oriented, subhedral tol
anhedral augite grains showing reaction rims of brown and green amphibole
(kaersutite). About 2 per cent of the kaersutite may be primary. It
has some interstitial plagioclase as well as 23 per cent randomly-
oriented, heavily-sericitized, anhedral laths of labradorite (An59)
segregated into clumps by augite and amphibole grains.

Both GP-3 and GP-6 show cumulate textures and will be treated as

such in this investigation.
Gabbro

Gabbro and pyroxenite are mutually associated throughout the
complex and either may be enclosed in the other as layers, lenses,
or discordant bodies (Parker and Sharp, 1970). Gabbro crops out
predominantly in the southern part of the complex and at its center,
west of the Vermiculite Mine (Fig. 2).

Parker and Sharp (1970) described severzl varieties of gahbro
differing in their proportions of pyroxene, plagioclase, and olivine
and in their grain size.

GP-lg is a typical Gem Park gabbro containing 44 per cent
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subhedral to anhedral augite grains and 40 per cent anhedral labra-
dorite (Ang,) laths and minor amounts of pleochroic brown and green
amphibole (kaersutite). Texturally, it is a medium-grained, holo-

crystalline, xenomorphic-granular, gabbro.
Nepheline Syenite Pegmatite and Other Minor Intrusives

The nepheline syenite pegmatite at Gem Park is exposed in one
outcrop, a few feet in diameter, in a shallow pit about 1000 feet
northwest of the Vermiculite Mine. Syenite fragments can be found in
the soil for a few hundred feet to the north and west of the pit. The
pegmatite seems to intrude pyroxenite (Parker and Sharp, 1970).

Sample GP-4 is a holocrystalline, hypidiomorphic-granular,
coarse-grained, nepheline syenite pegmatite containing 35 per cent
anhedral nepheline grains, 60 per cent anhedral perthite grains and
minor amounts of aegirine, sphene, and iron ore.

Small lamprophyre and syenite porphyry dikes also intrude the
Gem Park rocks. The lamprophyre dikes, tentatively classed as
spessartite by Parker and Sharp (1970), are 500 feet southwest of the
Niles Mine at the southwest edge of the complex and in the Vermiculite
Mine in the center of the complex. A petrographic description of
a lamprophyre sample is in Appendix A.

Syenite porphyry dikes are in the extreme northwest corner of
Gem Park. They cross-cut gabbro and pyroxenite and extend into the
bordering gneissic granite. Parker and Sharp (1970) described them

as being similar to the other dikes that occur throughout the Wet
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Mountains region. These dikes and the lamprophyres were not included
in the other analyses because the purpose of this study was to examine
the possible genetic relationships among the rock types. Unfortunately,

there was not sufficient time to include these small intrusions.
Carbonatite Dikes

Gem Park carbonatite dikes are rauhaugites (Heinrich, 1966).

Parker and Sharp (1970) divided them into groups based on their trends
and mineralogy. In the southeast part of the complex, a group of dikes
trend roughly parallel to the contact of the complex and are tangential
to its concentric structure. They appear to be arranged concentrically
about a zone in the central part of the complex.

The group of dikes along the east side of the complex are
approximately perpendicular to the tangential dike set and are arranged
radially about the zone in the central part of the complex. Other
groups of radial and tangential dikes along the west side of the
complex appear to originate from the north-central part of the complex
near the Vermiculite Mine. A centrally-located unexposed carbonatite
mass is suggested by the concentric and radial carbonatite dikes (Parker
and Sharp, 1970). |

On the basis of mineralogy, Parker and Sharp (1970) distinguished
four varieties of carboﬁatite dikes: dolomite-apatite, dolomite-blue
amphibole-pyrochlore, dolomite-pyrochlore, and dolomite-barite-monazite.
Samples of carbonatite examined in this study included GP-6b and GP-8,
dolomite-apatite dikes; GP-7b, a dolomite—pyrochlore dike; GP-9a&b, a

dolomite-blue amphibole-pyrochlore dike.
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Fenite

The term fenite describes a rock which has been altered by alkali
metasomatism at the contact of a carbonatite intrusive complex
(Glossary of Geology, 1973). At Gem Park, fenite occurs in gabbro
and pyroxenite over a large area near the old Vermiculite Mine
and at the borders of some carbonatite dikes (Iig. 3a and b). Fenite
occurs in the surrounding gneissic granite enclosing carbonatite dikes
and bodies, in quartzite inclusions contained in gabbro and pyroxenite,
and in gneissic granite at the border of the complex.

Figure 2 shows the most extensive fenite in Gem Park. It occurs
in pyroxenite and gabbro which underlie an oval-shaped area about
450 m long in the north-central part of the complex.

In the old Vermiculite Mine and other pits and-prospects in Figure
2, the altered rocks are exposed. Parker and Sharp (1970) described
pyroxenite and gabbro as having been fenitized to a variable assemblage
of fibrous blue sodlc amphibole, aegirine, tremolite-actinolite, augite,
phlogopite, vermiculite, dolomite, calcite, barite, apatite, and magnetite.

Fenite was not included in this investigation.



Figure 3.
pyroxenite, Location G.
Inclusion of gabbro showing fenitized rim and unaltered

Fig. 3a:
core.
Fig. 3b:

core,.
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Fig. 3b

Carbonatite dike showing inclusions of gabbro and

Inclusion of pyroxenite showing fenitized rim and unaltered
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RESULTS
Major Elements

Major elements were analyzed in representative samples of the major
rock types in the Gem Park complex and the CIPW norms were calculated
(Table 1). They include the following: four samples of éarbonatite,
GP-6b, GP-7b, GP-8, GP-9a&b; one gabbro, GP-lg; two pyroxenites, GP-3
and GP-6; and one nepheline syenite pegmatite, GP-4.

The gabbro, GP~lg, and pyroxenites, GP-3 and.GP—6, are metaluminous

(Hyndman, 1972). The nepheline syeﬁite pegnatite, GP-4, is miaskitic,

p Na20+K20

i.e.s TA1703 is less than 1., (Sorensen, 1974), a variety often associated

with carbonatites.

The analyses determined in this study correspond closely with
those of Parker and Sharp (1970) on samples of Gem Park gabbro and
pyroxenite (Tables 1 and 2). Pyroxenite, GP-3, is similar in major
elements to pyroxenite, WM-64-875, analyzed by Parker and Sharp as is
gabbro, GP-lg, to their gabbro, WM-64-859.

Table 2 gives the chemical composition of a representative pyroxenite
{N35C) and nepheline syenite (N121) from Napak (King and Sutherland, 1966).
It also lists a range of compositions for pyroxenlites and nepheline syenites
from other alkaline complexes as compiled by Hyndman (1972). These
compare relatively closely with Gem Park analyses.

Gem Park carbonatites compare closely with the average carbonatite
composition given by Gold (1963; Table 2)., They are significantly

lower in 5i0y and Al04 than Gold's average carbonatite except that GP-7b
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Table 1. Major Element Contents and Mineral Norms for Gem Park
Whole Rocks in Per Cent by Weight

Gabbro Carbonatite Neph. Syen. Peg. Pyroxenite
GP-1g GP-8 GP-4 GP-3
S5109p%* 39.84 0.06 59.47 44 .50
Ti09y 2.14 2.92 3.25 : 2.97
Al203 11.33 ——— 20.53 6.01
FepO3** 19.68 4.18%(2.96) 2.86 8.87%(9.17)
MnO* 0.18 0.64 0.05 0.14
Mg0 9.62 18.21%* 0.15 12.23%
Ca0* 13.71 31.98 0.97 20.52
Nas0 1.47 - 0.30 8.11 1.83
K,0 0.14 0.14 8.97 0.18
COg ——— 45.17 - -
Total 98.11 103.59 104.36 97.25
q - o S e
or S - 52.99 e
ab —— —_— 19.93 _—
an 20.03 S — 7.79.
ne 6.82 - 19.32 8.24
ac - ——— — —_—
ns s e 3.00 -
di-di 10.83 - 0.87 45.26
di-hd 11.60 e L 13.15
wo i e 1.05 e
hy-en - -— -— -
hy-fs -— i S : -
ol-fo 13.37 ——— -— 6.61
ol-fa 17.93 - B ) 2.24
il 4.09 e 5.54 5.61
1lc 6.55 —_— s 0.87
cs 6.56 - - 6.56
pf —— - 0.56 ———

* §i02, Ca0, Fey03, and MgO - G. K. Hoops, analyst; MnO - Rich Koch, analyst
*¥*% Total Fe as Fe,0
( ) My AA values for Fe,03
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Table 1. Major Element Contents and Mineral Norms for Gem Park
Whole Rocks in Per Cent by Weight (continued)

Carbonatite Pyroxenite Carbonatite Carbonatite
GP-%aé&b GP-6 GP-7b GP-6b
5109* 0.68 37.31 32.24 - 0.82
Ti02 4,74 5.24 2.72 4.60
Aly05 S 11.73 i g
Fe,03%* 4,15 22,34 1.76 12.01
MnO* 0.53 0.17 0.27 0.40
Mg0 17.30 11.17 11.68 14.56
Ca0* 31.98 13.61 21.18 29.05
Naj0 0.19 , 1.10 0.06 0.32
K90 0.08 0.84 0.12 0.12
CO2 41.76 —— - 28.09 34.95
Total 101.41 103.51 98.12 96.83
q o — — P
or e e - —
ab —-— —— —— i
an -— 24.48 — ——
ne —— Hivld —-_— ——
ac —— - —— -
ns - —— - e
di-di _— 6.49 —-— ——
di-hd it 5.42 —_— —
wo —— - o o
hy-en —-—— — - ——
hy-fs - —— —— —-——
ol-fo —— 17.59 s B
ol-fa , = 19.77 —-— ' —
il —— 10.02 e -
1c ——— 3.93 —_— -
cs — 9.13 —_— -
pf —_ — — ——

* 8io,, Ca0, Fe,03 and MgO - G. K. Hoops, u#nalyst; MnO - Rich Koch, analyst
*% Total Fe as Fejp0j
( ) My AA values for Fe203
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contains 33 per cent secondary vein quartz. Their MgO content is
higher because they are deolomitic. They also contain a significantly
greater percentage of TiO; than the average carbonatite described by

Gold (1963).
Sr Isotopic Data

Initial Sr87/Sr86 ratios were determined for gabbro (GP-lg),
pyroxenite (GP-3), nepheline syenite pegmatite (GP-20), and carbonatites
(Gp-6b, GP-8, GP-9aéb, GP—22,.GP—23). The results are comparable to
those determined for similar rock types from other alkaline complexes
(Tables 3 and 4).

All the Gem Park samples, alkaline rocks and carbonatites, have low
similar Sr87/Sr86 initial ratios (0.7028-0.7038 + 0.001) with the exception
of GP-9a&b which has a high initial Sr ratio of 0.7056 (Table 3). This
is still within the range of carbonatite values cited by Faure and Powell
(1972), 0.7016-0.7075, but it is significantly higher than the initial
Sr ratios of gabbro, GP-lg, and pyroxenite, GP-3.

The nepheline syenite pegmatite has a higher initial Sr ratio
than the other alkaline rocks, 0.7038. It is similar to that determined

for a nepheline syenite from Magnet Cove, Arkansas (Table 4).
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Rare Earth Elements

Gabbro.--Gem Park gabbro, GP-24, shows a REE distribution in the
range for alkali-rich basalts (Fig. 4, Kay and Gast, 1973). It has a
moderate total REE abundance (ZREE = 116 ppm), and it has a La/Lu ratio
of 5.8 (Table 5, Fig. 4).

The other gabbro analyzed, GP-lg, had an unusual REE distribution
(Fig. 4). It is depleted in the light REE but similar to gabbro, GP~24,
in the middle to heavy REE. (GP-lg has a moderate REE abundance

(SREE = 86 ppm) and a La/Lu ratio of 2.7 (Table 5).

Pyroxenite.--The two Gem Park pyroxenites that were analyzed for
the REE have distinctly different REE abundances (Table 5, Fig. 5), but
they have similar La/Lu ratios to one another (Table 5). Pyroxenite,
GP-6, has a low total REE abundance (ZREE = 57 ppm), and a REE distribuéion
similar to alkali-rich basalts (Fig. 5; Kay and Gast, 1973). It contains
about 10 per cent cumulate plagioclase and about 13 per cent interstitial
plagioclase.

Pyroxenite, GP-3, contains only about one per cent interstitial
plagioclase. It has a higher total REE abundance than GP-6 (EREE = 291 ppm)
(Table 5; TFig. 5). On the chondrite-normalized curve, Ce is slightly

enriched over La.

Nepheline Syenite Pegmatite.--Nepheline syenite pegmatite, GP-4,

is strongly enriched in the light REE, but depleted in the middle and
heavy REE (Fig. 6). This nepheline syenite has a similar REE distribu-

tion to nepheline syenite from Magnet Cove, Arkansas (R. L. Cullers,
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Figure 4. RFE distributions for Gem Park =abbros, GP-24 (o) and GP-lg (1),
compared to allali basalts, 04 (&) and K12 (¢), (Kay and Gast, 1973).
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Figure 5. RFE distributions for the Gem Park pyroxenites, GP-6 (O)

and GP-3 (0), compared to alkali basalts, 04 (A) and K12 ), (Kay and Gast,
1973).
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Figure 6. REE distributions for Gem Park acspheline syenite pegmarite,
GP-4 (0), compared to a nepheline syenite (4) from the Fen complex, Norway
(Mitchell and Brunfelt, 1975).



personal communication), and from the Fen Complex, Norway (Mitchell and
Brunfelt, 1975; Fig. 6). GP-4 has a moderate REE concentration

(ZREE = 129 ppm), and a La/Lu ratio of 14.4 (Table 5).

Carbonatite.--Gem Park carbonatites have typical carbonatite REE
distributions with high absolute REE contents and high light to heavy
REE ratios (Fig. 7:; Table 5) similar to results obtained by Eby (1975),
Loubet et al, (1972), Mitchell and Brunfelt (1975) and Cullers et al.
(1976) (Table 6). The REE distributions in Figure 7 were determined
by dividing the concentration of each REE in each sample by a composite
chondritic concentration of the REE (Haskin et al., 1968). Ratios of
La)Lu were calculated from this chondrite-normalized value rather than
their actual concentration in the samples.

Both Cullers et al. (1976) and Eby (1975) determined REE for
carbonatites that are considerably higher than those obtained for Gem
Park (Table 6). Eby (1975) also obtained higher La/Lu ratios for Oka
sovites than those determined for Gem Park rauhaugites (Table 6).
Cullers et al. (1976) determined a La/Lu ratio for a Seabrook Lake

sovite that is comparable to those of the Gem Park samples (Table 6).

28

Mitchell and Brunfelt (1975) listed La/Yb ratios for Fen rauhaugites

which are comparable to those of the Gem Park samples (Table 6). 1In fact,

their sample 108 has a La/Yb ratio of 87.13, which is identical to the

La/Yb ratio for GP-7b. They also found a slight Ce anomaly on the

chondrite-normalized curve, i.e., Ce is higher than La, for their coarse-

grained sovites. Gem Park rauhaugites, GP-9aib, GP-6b, and GP-8, show a

similar anomaly (Fig. 7).
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Figure 7. REE distributions for the Gem Park carbonatites, GP-8 (&),
GP-9a&b (0), GP-6b (0), and GP-7b (), compared to a sovite (X) from
Seabrook Lake, Ontario (Cullers et al., 1976).
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DISCUSSION
Major Element Data

Major element analyses for the Gem Park samples suggest possible
.genetic relationships among the rock types. Samples GP-lg, gabbro,
GP-3 and GP-6, pyroxenites, and GP-4, nepheline syenite pegmatite were
plotted on an AFM diagram according to their N320+K20 (A), Mg0 (M),
and FeO (F) molecular percent (Fig. 8).

The pyroxenites and nepﬂeline syenite pegmatite fall on a curve
along the low MgQ portion of the diagram. Alkali content increases
along this trend from GP-6, the plagiocclase-rich pyroxenite, to GP-3,
pyroxenite, to GP-4, nepheline syenite pegmatite. In contrast, gabbro,
GP-lg, is at a point of high FeO, moderate MgO, and low alkali content.

Based on this major element data, it appears that Gem Park gabbros
and pyroxenites may not be the result of a single differentiation
sequence. The position of the curve commecting the compositions of tﬁe
pyfoxenites and nepheline syenite pegmatite suggests the possibility
of a genetic relationship among these rock types. However, the gabbro,

GP-1lg, appears to have a different source.
Sr Isotopes

Initial Sr87/5r86 ratios determined for samples of Gem Park
gabbro and pyroxenite suggest the possibility of a comagmatic origin
for these rock types (Table 3). Because the initial Sr ratios are low,

0.7027 and 0.7028, respectively, an upper mantle source is indicated.
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This is in agreement with Powell et al. (1966) who argued against the
hypothesis of metasomatism of crustal rocks, sial-syntexis, for the
origin of alkaline rocks associated with carbonatite complexes.

The carbonatites have higher Sr isotopic ratios (0.7036-0.7056,

Table 3) than most alkaline rocks, but these can still be considered
similar to those of the gabbro and pyroxenite within the iimits of
analytical precision. These initial Sr ratios are low encugh to suggest
an upper mantle source as hypothesized by Powell et al. (1966) who found
the average initial Sr ratio for 21 carbonatites was 0.7035+0.0003.

This is considerably lower than the range of initial Sr ratios for
most limestones, 0.707-0.711 (Powell et al., 1966). There is a small
amount of overlap between the ratios_for limestones and carbonatites
as a few limestones have initial Sr ratios as low as 0.7055, and a few
carbonatites have initial ratios as high as 0.7075 (Faure and Powell,
1972).

The Gem Park carbonatite, GP-%aé&b, has a higher initial Sr ratio
" than the other carbonatites and alkaline rocks (Table 3). Tt is comparable
to a carbonatite from nearby McClure Mountain, Colorado (Fenton and Faure,
1970) and to a carbonatite from Rocky Boy, Montana (Powell et al., 1966;
Table 4). There is no petrographic evidence of contamination in carbonatite,
GP-9a&b. However, its higher initial Sr ratio may indicate either
contamination with a Sr-rich crustal rock having a typical crustal Sr
isotopic ratio of 0.719 (Faure and Powell, 1972), or a slightly different
mantle source from that which produced the other Gem Park carbonatites.

The nepheline syenite pegmatite has an initial Sr ratio of 0.7038
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which is slightly higher than those of the Gem Park alkaline £ocks
(Table 3). It is comparable‘to the initial Sr ratio given for a
nepheline syenite from Magnet Cove, Arkansas (Powell et al., 1966).
Aséimilation of a Sr-rich crustal rock with a typical crustal Sr
isotopic ratio of 0.719 (Faure and Powell, 1972) could explain the
higher initial ratio of the nepheline syenite pegmatite assuming the
initial Sr ratio was originally similar to that of the gabbro and

pyroxenite.
Rare Earth Elements

Derivation of Models.—-In the Gem Park complex, there is a general

trend of enrichment in the light REE and increase in total REE abundance
from (GP-6) pyroxenite to the gabbros to the nepheline syenite pegmatite
to (GP-3) pyroxenite to the carbonatites.

The equations derived by Haskin et al. (1970) were used to generate
the REE models in this study. Haskin et al. (1970) have simplified the
" equations originally derived by Gast (1968) and Shaw (1969) that deal with
trace element fractionation during partial melting and fractiomal crystalli-
zation. They assumed that the mineral proportions remain the same and that
the distribution coefficient for the trace element in question remains
constant throughout the entire process.

The derived phase in fractional crystallization is the sclid phase
{crystals) and the average concentration for the system refers to the
REE concentration of the melt before ecrystallization starts. In partial

melting, the derived phase would be the liquid phase (melt), and the



35

average concentration for the system would be the REE concentration of
the initial source rock before it began to melt.
For fractional crystallization, equation (2), Cp,REE/CA,REE =
DREE ;

1-(1-x) /%, from Haskin et al. (1970) may be used to generate the
REE distribution of the crystallizing phase. The ratio, Cb,REE/CA,REE’
stands for the average concentration of the total amount of the derived
phase to the average concentration for the system for a particular REE.
In the equation, x is the fraction of completion of the process (per cent

REE refers to the distribution coefficient for a

solidified or melted) and D
particular REE.

A distribution coefficient is defined as the ratio of the equilibrium
concentration for a REE in the derived phasé to its equilibrium concen-
tration in the residual phase (Haskin et al., 1970). The distribution
coefficients used in this investigation are listed and referenced in
Table 7 and graphed in Figure 9.

The residual phase for a fractional crystallization process can
" be calculated using equation (1) from Haskin et al. (1970): CR,REE/CA,REE =
(l-x)DREEml. The ratio, CR,REE/CA,REE’ is the average concentration of
the residual phase for a certain REE divided by the average concentration
of the system for a certain REE. Again, x refers to the fraction of
completion of the process, and DREE js the distribution coefficient for
a particular REE.

In fractional crystallization, the concentration of the residual phase
is the concentration of the melt after a particular mineral (minerals)

crystallizes., For partial melting, the concentration of the residual phase
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is the solid concentration after it has undergone anatexis.

Formation of the Alkaline Rocks.—-—Rock (1976) discussed the

rarity of alkaline rock complexes containing both gabbroic rocks with
calcic plagioclase and magmatic carbonatites. He hypothesized that
‘an alkali basalt magma may be parental to both rock types. The gabbroic
rocks would be derived from normal differentiation under low COj
pressure and the carbonatitic rocks would be formed by suppression
of plagioclase crystallization under high pressures of CO, that produce
by pyroxene fractionation a "secondary parental" olivine-poor nephelinitic
magma.

He cited Gem Park as one of only two carbonatite complexes of the
320 described (Heinrich, 1966) where a real genetic association between
plutonic calcic plagioclase-bearing and carbonatitic rocks appears to
exist., However, Rock believes that whatever process normally controls the
antipathy of this association has been overcome here by abnormal amounts
of fluorine. This casts doubt upon the genetic relationships of feldspar-
bearing silicate rocks to carbonatite at Gem Park.

In the following discussion, it will be shown that the REE contents
of all the rock types in the Gem Park complex excluding the gabbros can
be derived as either cumulates or residual melts from a hypothetical
alkali basalt parent magma found by 0.8-1.7 per cent partial melting of
peridotite in the upper mantle.

The carbonatites could have formed either by partial fusion of the
same peridotite with CO, at a depth greater thgn 80 km (Wyllie and Huang,

1976), or as immiscible liquid fractions from a hypothetical ijolitic
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melt which formed as a residual liquid from the hypothetical alkali
basalt magma (Cullers et al., 1976).

The gabbros are not related as a cumulate or residuum to the liquid
line of descent from the hypothetical alkali basalt to the residual
nepheline gyenite liquid. However, the gabbros could have formed by
further melting (4-6 per cent) of the same peridotite thaf produced the
hypothetical alkali basalt magma. The following flow diagram summarizes

the hypothetical relations of all the rocks in the complex:

carbonatites carbonatites
partial fusion with CO, liquid
at a depth greater than immiscibility?
80 km? :
0.8-1.7 +
alkali per cent alkali 85-90 "ijolitic" 80 nepheline
peridotite = partial —=— basalt-= per cent =>—melt - per cent ->—syenite
melting magma cryst. cryst, pegmatite
4-6 per cent *
partial melting pyroxenite, pyroxenite,
(GP-6), (GP-3),
gabbros, GP-24, cumulate cunulate
GP-1g

Gabbros.--REE distributions for Gem Park gabbros, GP-lg and GP-24,
are in Figure 4. By using the trace element models derivéd by Gast (1968),
Kay and Gast (1973), and Haskin et al. (1970), for the generation of alkali
basalt magmas by a small degree of partial melting of upper mantle perido-
tite, a range of compositions encompassing that of the gabbro, GP-24, can
be calculated (Uig. 10).

The initial REE concentration of the alkali peridotite is assumed to

be 2.3 times the chondritic REE values (Haskin .et al., 1968). If the
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Figure 10. Model for the formation of the Gem Park gabbros by 4(X)-

6€+} per cent nartial melting of peridotite (55 per cent olivine, 25 per
cent orthopyroiene, 15.5 per cent clinopyroxene, 4.5 per cent garnet) in

Lu

the upper mantle having an initial REE content (&) of 2.3 times the chondri-

tic values to form gabbro, GP-24 (0).

Gabbro, GP-lg (0), was formed by the

same partial melting model () except its peridotite source was depleted in

the light REE, i.e., La = 1.3 and Ce

1.5 times the chondritic values ().
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mineralogy of the peridotite is 55 per cent olivine, 25 per cent
orthopyroxene, 15.5 per cent clinopyroxene, and 4.5 per cent garnet
as suggested by Kay and Gast (1973) in their model for the generation
of alkali basalts, a range of REE disttibutions similar to gabbro,
GP-24, is produced by 4-6 per cent partial melting of this peridotite
(Fig. 10).

However, gabbro, GP-lg, does not fit in this model because of its
anomalous depletion in the light REE (Fig. 10)}. It is dimpossible to
generate the light REE contents of gabbro, GP-lg, by the partial melting
model of mantle peridotite as described above for gabbro, GP-24. If
it assumed that the source peridotite for gabbro, GP-lg, had the same
mineralogic composition as thé source peridotite for gabbro, GP-24,
but was depleted in initial REE content for only the light REE, i.e.,
La is 1.3 and Ce is 1.5 times the chondritic values for the REE, then
a REE distribution similar to that of gabbro, GP-lg, is obtained
(Fig. 10). The initial REE concentration for the middle and heavy REE

“is 2.3 times the chondritic values.

Pyroxenites and Nepheline Syenite Pegmatite.--Because it contains
considerably mére plagioclase (23 per cent) than the other Gem Park
pyroxenites and shows cumulate textures, pyroxenite, GP-6, might be
a cumulate from the gabbroic magma represented by gabbros, GP-24 and GP-lg.
However, deriviug pyroxenite, GP-6, as a cumulate in this manner proved
to be impossible.

Therefore, the REE concentration of the melt that equilibrated with

pyroxenite, GP~6, was approximated by substifuting the REE concentrations
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of GP-6 into the equation, D.C. .. = Cs = CGP-6 , and solving for
Cl, the liquid concentration (Fig. 11). 1In this case, D.C.REE is the

average of the distribution coefficients for the cumulus phases in
equilibrium with the melt (D.C.ppp = D.C.o1 X 5 per cent olivine +
D.C.

x 10 per cent plagioclase + D.C.. x 85 per cent clinopyroxene).

plag. px

Petrographic examination shows that only 10 per cent of GP-6,
pyroxenite's modal plagioclase can be considered cumulate. The REE concen-
trations of pyroxenite, GP-6, support this. Plagioclase preferentially
incorporates Eu; therefore, significant plagioclase crystallization
(greater than 15 per cent) will produce a positive Eu anomaly in a cumulate.
However, the pyroxenite, GP-6, has no such positive Eu anomaly,

The remaining 13 per cent interstitial plagioclase in pyroxenite,
GP-6, plus about 2 per cent kaersutite probably results from crystalliza-
tion of intercumulus melt. A small per cent of contamination of the
cumulate pyroxenite, GP-6, with this trapped primary melt having a high
REE content will raise the REE content of the cumulate considerably.

The range of mélt REE concentrations estimated to be in equilibrium with
the whole rock pyroxenite would therefore be too high.

The REE contents of the cumulate and the hypothetical melt with
which it equilibrated can be adjusted for the 15 per cent trapped
intercumulus melt by using an equation which can be derived as follows.

The observed REE concentration for a particular REE in the cumulate,

C is equal to 85 per cent times the concentration of the solid plus

REE’

15 per cent times the concentration of the liquid, i.e., C B = 0.85(conc,) +

RE

O.IS(concl). If x = ppm contributed by the solid, then y-x = ppm contri-

buted by the liquid (y is the concentration for a particular REE). Therefore,
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Figure 11. REE distributions for pyroxenite, GP-6 (Q), and the hypo-
thetical melt with which it equilibrated (Q) before adjustment for 15
per cent trapped interstitial primary melt. The adjusted REE concentra-

tions for pyroxenite, GP-6 (®), and its hypothetical melt (@) are indicated
by dashed lines.
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X

" 0.85

(melt REE concentration).

(cumulate REE concentration) and

by algebraic substitution, conc

. Jy=x
conc; 9,15
Because the distribution coefficient for a particular REE (D.C.REE)

is defined as the equilibrium concentration of the solid/ the equilibrium

&
= Concg - _0_._:8_2 s
conc; gy
0.15
can be used to approximate the adjusted REE concentration of the cumulate

-concentration of the liquid, the formula, D.C.REE

and the hypothetical melt with which it equilibrated (Fig. 11).

The resulting REE distribution for the hypothetical melt with which
pyroxenite, GP-6 equilibrated falls close to the range of concentrations
for alkali basalts (Fig. 12; Kay and Gast, 1973). Thus, the pyroxenite,
GP-6, can be considered a cumulate from an alkali basalt magma.

In their trace element model for alkali basalt genesis, Kay and
Gast (1973) stated that the alkali basalts, U-Hill-1 and K-12, can be
generated by a small degree of partial melting (0.8-1.7 per cent) in an
upper mantle composed of alkali peridotite (55 per cent olivine, 25 per cent
orthopyroxene, 15.5 per cent clinopyroxene, and 4.5 per cent garnet) which
had an initial REE concentration 1.9 times the chondritic values, This
model is consistent with the generation of the REE contents for the
hypothetical alkali basalt melt at Gem Park.

If this hypothetical alkali basalt melt crystallized phases such
as olivine, plagioclase and clinopyroxene in the proportion 5:10:85,
respectively, when the alkali basalt melt is 85-90 per cent crystallized,
the residual liquid would have a REE concentration similar to natural

ijolites (Fig. 13).
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Figure 13. A comparison of the REE concentrations for the residual
liquid from the hypothetical alkali basalt welt after 85 () -~ 90 (0
per cent crystallization of olivine:plagioclase:clinopyroxene::5:10:85
with the REE distributions of natural ijolites from Oka (A-14~5,0)
{(Eby, 1975) and Seabrook Lake (A) (Cullers et al., 1976).
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The pyroxenite, GP-3, has a considerably higher REE abundance than
the pyroxenite, GP-6 (Fig. 5;. The REE concentrations could not be
derived as a cumulate from an alkali basalt melt because the REE concen-
trations are higher than those of most alkali basalts (Fig. 5).

Pyroxenite, GP-3, has a higher ﬁ%%ﬁ ,» 0.24, and gﬁg&, 18.88, than
does pyroxenite, GP-6 (0.12 and 0.29, respectively). Thié suggests that
pyroxenite, GP-3, could have equilibrated with a more "fractionated
alkali basalt" or an ijolitic melt than did GP-6. The presence of only
about one per cent interstitial plagioclase is also consistent with
crystallization from an ijolitic melt.

The melt, with which pyroxenite (GP-3) equilibrated, can be approx-

conc cone
S = GP-3 , as was done

imated by using the equation, D.C.ppp = A
ConCl CDnCl

for pyroxenite, GP-6. In this case, D.C.REE would be the distribution
coefficient for clinopyroxene because that is the only cumulus phase.
The resulting hypothetical melt REE distributions are higher than those
of natural ijolites (Fig. 14).

However, pyroxenite, GP-3, is petrographically very similar to
other Gem Park pyroxenites, i.e., sample GP-5 (Appendix D), except for
a slight difference in the per cent of plagioclase. If it is assumed that
up to 3 per cent interstitial plagioclase and about 2 per cent kaersutite
represents trapped intercumulus primary liquid in pyroxenite, GP-3, the
REE concentrations for cumulate pyroxenite, CP-3, and its hypothetical
ijolitic melt can be adjusted in the same mannér as described for pyroxenite,
GP-6, and its hypothetical alkali basalt melt (Fig. 14).

After adjustment for approximately 5 per cent trapped intercumulus
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Figure 14. A comparison of the hypothetical ijolitic melt with which
pyroxenite, GP-3 (), equilibrated with REE distributions for natural
ijolites from Oka (A-14-5,0) (Eby, 1975) and Seabrook Lake (A) (Cullers
et al., 1976) before (o) and after (®) adjustment for 5 per cent trapped
intercumulus melt, The adjusted REE concentration for pyroxenite, GP-3
@®) is also given.
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melt (3 per cent plagioclase + 2 per cent kaersutite), the REE distri-
bution for the hypothetical ijolitic melt with which pyroxenite, GP-3,
équilibrated is closer to those of natural ijolites (Fig. 14). This
hypothetical ijolitic melt is also within the range of residual liquid
REE concentrations calculated from the hypothetical alkali basalt with
which pyroxenite, GP-6, equilibrated (Fig. 15).

Therefore, the cumulate pyroxenite, GP-3, possibly equilibratea
with an ijolitic melt which was the residual liquid that resulted from
85-90 per cent crystallization of olivine, plagioclase, and clinopyroxene
from the hypothetical alkali basalt melt.

In comparison to known REE distributions for ijolites from such
complexes as Oka (Eby, 1975) and Seabrook Lake (Cullers et al., 1976),
the hypothetical ijolitic melt at Gem Park does not show as great a
depletion in the heavy REE (Fig. 14).

The lack of outcrop of ijelite at Gem Park can be explained in
two ways: 1) The ijolite mass may be located at depth with the unexposed
carbonatite plug in the central part of the complex as is suggested by
the structural evidence previously discussed, This is a common associ-
ation in most carbonatite complexes (Tuttle and Gittins, 1966; Heinrich,
1966). 2) Because the ijolite is the residual melt of the hypothetical
alkali basalt melt after 85-90 per cent crystallization it would have a
very small volume, It may be completely used up in the formation of
pyroxenite, GP-3, and the nepheline syenite pegmatite.

Because of its pegmatitic texture and very small outcrop area, the
nepheline syenite pegmatite is considered to be a late, small intrusive

in the Gem Park sequence, The ijolitic melt that crystallized pyroxenite,
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Figure 15. A comparison of the REE distributions for the hypotheti-
cal ijolitic melt that equilibrated with cumulate pyroxenite, GP-3 (@),
with the range of residual liquid REE concentrations from the alkali
basalt magma 85() - 90(X) per cent crystallization .
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GP-3, as a cumulate could also have produced the nepheline syenite
pegmatite as the residual melt. Experimental petrology supports such an
origin for nepheline syenite magmas.,

Bailey and Schrairer (1966) postulated that partial melting of
alkaline basalt in deep crust or upper mantle will produce alkalic
syenites and related magmas. They found that precipitation of calecic
plagioclase tends to leave alkali silicates in the residual liquid.

This means that any rocks with diopside in the norms, e.g., GP-6 and
GP-3, pyroxenites, would have compositions which would allow the
plagioclase effect to work,

Thus, equilibration of calcic plagioclase-rich pyroxenite, GP-6,
with an alkali basalt melt would enrich the residual 1liquid (the ijolitic
melt) in the alkalies. The subsequent equilibration of pyroxenite, GP-3,
Wi;h the ijolitic melt would create a residual liquid enriched in the
alkalies, i.e., the nepheline syenite pegmatite.

If the residual liquid after 80 per cent crystallization of phases
such as apatite and clinopyroxene in the proportion 10:90, respectively,
from the hypothetical ijolitic melt is calculated, its REE content is
similar to that of the nepheline syenite pegmatite, GP-4 (Fig. 16).

About 4 per cent apatite is common in Gem Park pyroxenites similar
mineralogically to GP-3 which equilibrated with the ijolitic melt

(Parker and Sharp, 1970). Therefore, it is jossible in the formation

of the nepheline syenite pegmatite as a residual liquid, pyroxenitic
phases containing about 10 per cent apatite may have crystallized from the

hypothetical ijolitic melt,
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Figure 16. VFodel for the formation of the nepheline syenite pegmatite,
GP-4 (A), as the residual liquid from the ijolitic melt after 80 per cent

crystallization of phases such as apatite and clinopyroxene in the proportion
of 10:90 ().
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Carbonatites.--Two main hypotheses explain the origin of carbona-

tites:

1. Carbonatite magmas are primary. Reaction of these primary
carbonatite magmas in the upper mantle or crust forms the associated
+alkaline rocks (Dawson, 1964, 1966, 1967; von Eckermann, 1948; Holmes,
1952; Koster van Groos, 1975).

2. Carbonatite magmas have a derived origin., They are formed
through the differentiation of an alkaline ultrabasic magma (carbonated
alkali peridotite, nephelinite, ijolite), either as a residual product
of fractional crystallization (Wyllie and Haas, 1965, 1966; King and
Sutherland, 1960; Watkinson, 1970; Watkinson and Wyllie, 1971) or as an
immiscible liquid fraction from the parent melt (Mitchell and Brunfelt,
1975; Koster van Groos and Wyllie, 1966, 1968, 1973; Wyllie and Huang,

1976; Cullers et al., 1976).

Primary Melt,--Low initial Sr87/Sr86 ratios for the Gem Park alkaline
rocks and carbonatites except for carbonatite, GP-%9a&b, suggest a source
in the uvpper mantle which eliminates the possibility of the first hypothesis
being true. The gimilarity of the initial Sr ratios indicates that the
rocks are probably consanguinous. Thus, there is no evidence at Gem Park
to support the formation of the alkaline rocks by the reaction of a
primary carbonatite magma with crustal rocks. However, it is possible
that carbonatite, GP-9a&b, may have assimilated a Sr rich crustal rock
which would result in its higher initial Sr ratio.

Cullers et al. (1976) have shown that it is impossible to generate

by direct partial melting of peridotites or eclogites the REE content of
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the carbonatite from Seabrook Lake. They used peridotites and eclogites
in their models with known distribution coefficients for the mineral
phases.

Using the trace element models described by Gast (1968) and Kay and
Gast (1973) for the formation of alkali-rich magmas by small degrees of
partial melting (less than 5 per cent} of upper mantle pe?idotite and
eclogite, Cullers et al. tried to generate REE distributions similar to
those of carbonatites. They assumed a constant proportion of phases
melted (Haskin et al., 1970) and the minimum distribution coefficients
for an upper mantle mineralogy (Schnetzler and Philpotts, 1970).

The maximum light REE content they could generate is in Figure 17.
It was calculated by assuming a 0.50 per cent melting of a source
containing 49.5 per cent olivine, 49.5 per cent orthopyroxene, and 1
per cent garnet and having a light REE content 8-9 times chondrites and
a heavy REE content 4 times chondrites. The resulting REE distribution
cloéely approximates the middle and heavy REE contents of Gem Park
carbonatites, GP-9a&b and GP-7b (Fig. 17). However, the content of
the light REE for GP-7b is 1.8 times higher than those of the calculated
model.,

The amount of La in GP-9a&b is close to that of the model, but Ce
is 1.3 times higher, that is, La is anomalously low for a carbonatite.
GP-6b contains 1.9 times the amount of light REE and 2.1 times the
amount of the middle REE than the model partial melt.

GP-8 is the only carbonatite that has a lower total REE abundance

than the model. This is unusually low for a carbonatite, It might-have
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Figure 17. REE distributions for the Gem Park carbonatites, GP-6b (O},
GP-7b (+), GP-%9a&b (O), GP-8 (&), compared to the hypothetical ijolitic
melt that equilibrated with pyroxenite, GP-3 (@), and the primary melt
derived by Cullers et al. (1976) (+) by 0.5 per cent partial melting of
a source containing 49.5 per cent olivine, 49.5 per cent orthopyroxene,
and 1 per cent garnet and having a light REE content 8-9 times chondrites
and a heavy REE content 4 times chondrites (7).
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formed by partial melting of mantle peridotite or eclogite and has
been further fractionated by CO3 crystallization. Distribution
coefficients for COB(S)—CO3(1) have not been experimentally determined
but carbonate melts crystallize rapidly resulting in possible internal
zoning and variations in REE content.

It can be concluded the light REE contents of Gem Park carbomnatites,
GP-6b, GP-7b, and GP-9a&b, cannot be produced directly by partial melting
of mantle peridotites or eclogites, but the REE contents of carbonatite,
GP-8, may have formed in this manner.

Koster van Groos (1975) proposed a different model for the primary
origin of carbonatite. He hypothesized that in the mantle, especially
under continental shields, carbonates may be partial or complete liquids
of complex composition, containing in addition to Ca0, MgO, FeO, and
alkalies, the REE and other incompatible elements (Green and Ringwood, 1967).
There must be a significant amount of H,0 dissolved in the carbonate also.
Under certain conditions over a long period of time, this liquid will
begin to concentrate.

The low viscosity and high pressure of the carbonate liquid may
cause it to move upward rapidly. Because its density is lower than
that of the surrounding silicate melt, the carbonatite magma may begin
its upward movement before a large amount is concentrated, resulting
in a magma of émall volume.

At a higher level in the mantle, partial melting of the silicates
to form a basaltic melt (Green, 1973) may be caused by the carbonatite

melt. Reaction of the carbonatite melt with the silicate solid-liquid
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assemblage would release CO2 into a vapor phase and initiate the explosive
activity commonly associated with carbonatite complexes. After the reaction,
a silicate solid-liquid assemblage enriﬁhed in Mg0, FeO, Ca0, and alkalies
would form. The magma would approach the composition of the urtite-ijolite-
. melteigite series of carbonatite complexes. The vapor phase, enriched
in alkalies, could form fenitizing solutions at low temperatures.
Koster van Groos (1975) pointed out that this model may not be valid

for all carbonatite occurences. He believed that the most important
.condition for the formation of a carbonatite liquid is the COy-rich
environment at pressures high enough to stabilize carbonates. For
carbonate liquids with high MgO contents; like those of Gem Park, he
believed that pressures greater than those in the crust are required if
the liqgid coexists with or descends from a silicate liquid.

In terms of the REE concentrations, this model could be consistent
with those of Cullers et al. (1976) and Wyllie and Huang (1976). This

will be discussed later under "liquid immiscibility".

Fractional Crystallization.--In the model already presented for the
formation of the Gem Park complex, the carbonatites cannot be residual
products of the differentiation trend that produced the ijolitic magma
if it is assumed that the nepheline syenite pegmatite is the residual
liquid. Mitchell and Brunfelt (1975) and Cullers et al. (1976) have
shown that for the Fen complex, Norway and the Seabrook Lake complex,
Ontario, extensive fractional crystallization of an ijolitic magma to
produce the high REE contents of residual carbpnatites is not reasonable

because significant amounts of sphene and apstite are in the ijolites.
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Both sphene and apatite tend to concentrate the REE and have distribution
coefficients much greater than one (Fig. 9; Table 5).

The REE concentration in the Gem Park ijolitic melt is within
the range of those of the carbonatite samples (Fig. 17). Because an
ijolitic melt is hypothetical and does not crop out, it is assumed to have
a mineralogic composition similar to other ijolites (Culiers et al., 1976;
Eby, 1975).

Because three of the Gem Park carbonatites have REE concentrations
close to that of the ijolitic melt, it is improbable based on the above
discussion that they are residual melts from the ijolite. TIn fact, the
carbonatite, GP-6b, with the highest REE concentration has the largest
percentage of apatite (about 4 per cent). If it were a residual product
of fractional crystallization of the ijolite, it should have the lowest
REE distribution of the four samples.

The high apatite content of these carbonatites may represent cumulate
apatite from internal fractionation. This is supported in thin section
because the apatite tends to be concentrated in lenses within the car-
bonatite. This would explain why the carbonatite with the greatest
percentage of apatite (GP-6b) has the highest REE content.

The other three carbonatites that are lower in REE content do not

contain significant amounts of apatite (less than one per cent).

Liquid Tmniscibility.--The formation of carbonatite magmas as
immiscible phases from their parent melt has been demonstrated experi-

mentally in different systems by Koster van Uroos and Wyllie (1964, 1966,
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1968, 1973). Koster van Groos (1975) has shown also that the dis-
tribution of Sr between coexisting silicate and carbonate liquids at
elevated pressures and temperatures supports the formation of alkaline-
carbonatite complexes by liquid immiscibility.

Sr fractionates strongly toward both liquid phases of a carbonate
liquid-silicate liquid-solid assemblage but the crystallizing phases are
depleted in Sr. Because the alkaline igneous rocks associated with
carbonatites are not significantly depleted in Sr compared with the
carbonatites, Koster van Groos concluded that alkaline-carbonatite complexes
are formed by a pair of immiscible liquids rather than a late stage frac-
tionation process.,

Mitchell and Brunfelt (1975) in their study of the Fen compléx,
Norway , suggested that a mantle-derived nephelinitic magma through liquid
imﬁiscibility produced a lamprophyric and a carbonatitic magma. By
fractional crystallization, the lamprophyric magma differentiated to
form the alkaline rocks of the complex.

Cullers et al. (1976) presented new evidence in support of liquid
immiscibility. They used their determinations of REE partitioning between
carbonate-rich ocelli and host lamprophyres from the Callander Bay,
Ontario, complex as models for the REE behavior in coexisting carbonate-
silicate liquids.

The REE céncentration in the carbonate ccelli from Callander Bay
is two to three times greater than in the lamprophyre. This is consistent
with the total REE content being greater in the carbonatites from complexes

such as Seabrook Lake and Oka than in the coexisting ijolites and ockaites,
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respectively (Eby, 1975). Carbonate liquids preferentially incorporate
the REE in all these cases;lthus, a comagmatic-immiscibility origin is
suggested for these carbonatite-alkaline rock associations.

Cullers et al. (1976) also étated that there is a discrepancy in
the La/Lu ratio for carbonatites that are separated physiéally from their
coexisting ijolitic melts and carbonatite melts coexisting with lamprophyric
magmas. The La/Lu ratios of the former carbonatites tend to be higher
than those of the ijolites, but the La/Lu ratios for the latter carbona-
tite melts are similar or lower than the La/Lu ratios of the lamprophyric
magma .

This was explained experimentally by Mineyev et al. (1966) as the
result of greater volatile transport of the heavy REE relative to the
light REE by volatile transport as 003_2 or F complexes out of the
carbonatite melts than from the separated silicate melts. Cullers et al.
(1970, 1973) have shown that the REE do not move very readily out of
silicate melts in which there is little complexing of CO3'_2 or F .

Wyllie and Huang (1976) have presented another model for carbonatite
formation based on experimentally determined co, solubilities in mantle
magmas. At depths to 80 km, the solubility of CO, in mantle magmas is
less than about 5 weight per cent, but it increases abruptly to about 40
weight per cent at 80 km and deeper. They suggested that fusion of

peridotite witt CO, at depths deeper than 80 km will produce basic magmas

2
that become more Si0j;-undersaturated with depth. The first liquid produced

deeper than 80 km is carbonatitic, changing with progressive fusion to

kimberlitic and basic magmas.
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Cullers et al. (1976) stated that the REE concentrations in inde-
pendent carbonatite and silicate magmas produced in the manner suggested
by Wyllie and Huang (1976) would be consistent with their model for
carbonatite genesis. The same méy be true for the primary melt model
.presented by Koster van Groos (1975) that was previously discussed.
Assuming equilibrium, if the carbonatite and silicate magmas remain in
contact with each other as they were intruded, the REE could be concen-
trated in the carbonatite melts relative to the silicate melts as demon-
strated by Cullers et al. (1976).

Any of the processes described by Cullers et al. (1976), Wyllie
and Huang (1976), or Koster wvan Groos (1975) could have formed the Gem
Park carbonatites. However, Wyllie and Huang's model seems the most
reasonable because the carbonatites could form first by partial fusion
of an alkali peridotite with 002 at depths greater than 80 km. Pro-
gressive fusion of the source peridotite could produce the alkali basalt
magma that was the presumed initial phase in Gem Park's differentiation
sequence. Further fusion (4-6 per cent) could have produced the gabbroic
magma.

The complementary carbonatite and alkali basalt magmas could have
maintained contact with each other during intrusion. The alkali basalt
differentiated to form the cumulate pyroxenites, the ijolitic melt, and
nepheline syenite pegmatite. The carbonatit: melt has a lower crystalli-
zation temperature (590—6000C). It remained liquid longer than the alkali
basalt melt because it was more fluid and was intruded more rapidly.

Therefore, the carbonatite melt did not begin to crystallize until it
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approached the surface., Thus, the carbonatite magma reached the surface
last as dikes cross-cutting the other rock types. Intrusion of the
carbonatite mass and its dikes was accompanied by fenitizing fluids that
formed the fenite body in the center of the complex,

The cross-cutting relations between the gabbros and pyroxenites at
Gem Park are not clear because either may be enclosed in the other
(Parker and Sharp, 1970). This suggests that the time of intrusion of
the two magmas must have been relatively close.

The Gem Park carbonatite magmas possibly formed as immiscible liquid
fractions from the ijolitic magma in the manner Cullers et al. (1976)
proposed for the Seabrook Lake complex. If only a small part of the
ijelitic melt moved to a shallow depth, it could differentiate at a
low 002 pressure and H20 pressure to form the nepheline syenite pegmatite
as the residual melt. The bulk of the ijolitic magma could remain at great
depth and crystallize slowly until the CO, pressure became high enough to
generate the carbonatites as an immiscible fraction,.

Koster van Groos' (1975) hypothesis for the primary formation of
carbonatite magmas may not be consistent with the REE concentrations.

It differs from the model presented by Wyllie and Buang (1976) because

it does not call for independent generation of the carbonatite and alkali
basalt magmas. The heat of the primary carbonatite magma, according to
Koster van Groos, partially melts the silicates to form a basaltic melt.
The carbonatite then reacts with the silicate solid-liquid assemblage to

form the alkaline rock series commonly associated with carbonatite complexes.
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This reaction does not agree with the differentiation sequence
presented in this study for Gem Park. Koster van Groos (1975) neglected
trace element data; therefore, it is difficult to estimate the initial
REE content of the carbonatite melt and to what extent it was affected by
. the reaction of the melt with the silicate solid-liquid assemblage. In
view of these problems, either the model consistent with that of Wyllie

and Huang (1976) or Cullers et al. (1976) seems the most reasoconable.
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SUMMARY

The REE distributions, Sr isotopic, and major element data are

consistent with the following model for the formation of the Gem Park

complex:

1

2)

3)

4)

5)

Partial fusion of peridotite with CO2 at depths greater than

80 km could have formed the carbonatite magmas as suggested

by Wyllie and Huang (1976). A small degree of progressive
partial fusion (0.8-1.7 per cent) of the source peridotite
formed a primary alkali basalt magma which differentiated to
form the pyroxenites and nepheline syenite pegmatite as will

be described below. Further fusion of the source peridotite
(4~6 per cent) produced the gabbros.

Cumulate pyroxenite, GP-6, crystallized from the primary alkali
basalt magma.

After extensive crystallization (85-90 per cent) of phases

such as olivine, plagioclase, and clinopyroxene in the pro-

portion, 5:10:85, the alkali basalt magma produced a residual
liquid with a REE distribution similar to those of natural
ijolites.

Cumulate pyroxenite, GP-3, equilibrated with this ijolitic melt.
The nepheline syenite pegmatite was formed as a residual liquid
after extensive crystallization (80 per cent) of apatite and
clinopyroxene in the proportion of 10:90 from the ijolitic

melt,



6)

7)
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If the bulk of the ijolitic intrusion remained at depth and

only a smali part fractionated in the above sequence near the
surface, the carbonatites could have formed also as an immiscible
liquid fraction from the ijolitic mass at great depth.

Gabbro, GP-lg, because of its unusual REE distribution may have
formed by partial melting of a source peridotite that was depleted
in the light REE, i.e., La and Ce. The degree of partial ﬁelting
(4-6 per cent) and the initial REE content of the middle and heavy
REE (2.3 times the chondritic values) would be the same as those

used to generate the REE content of gabbro, GP-24.
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Appendix A - Major Element Techniques

Preparation of Samples

Fach sample was ground to less than 100 mesh and 0.10 g of this
sample was placed in a Teflon-lined bomb along with 1 ml aqua regia,
and 6 ml HF. The bomb was tightly sealed, and was heated at 110°¢ in
a drying oven for approximately 45 minutes. After cooling the sample
to room temperature, the sample solution was transferred by washing
with water into a Teflon beaker containing 4 g of HBBOB' The H3BO3
was dissolved in a volume of about 75 ml of solution by using a Teflon
stirring rod. The solution was then transferred to a 100 ml volumetric
flask, 1 ml of La stock solution/100 ml was added and the volume was
brought to 100 ml. The resultant solution contained 6 ml HF acid,

4 g H3B03, 1 ml aqua regia, and 1 ml La stock solution/100 ml.

Preparation of Standard Solutions

Standard solutions were prepared from Fisher Scientific stock
solutions of 1000 #g/ml for Al, Si, Ca, Fe, K, Mg, Na. Stock solutions
for Ni (10 gg/ml), Co (10 mg/ml) and Cr (20 #g/ml) were prepared by
Dr. Chaudhuri from the original Fisher stock solutions. He also made
the Ti stock solution by weighing 0.2 g of spec pure Ti metal into a
Teflon beaker along with 20 ml of 6N vycor-distilled HC1l and 1 ml of HF.
The solution was warmed for 5-10 minutes until the metal dissolved.

Then the solution was transferred into a 1000 ml volumetric flask

with demineralized water (concentration = 200 Ag/ml).
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The Ba stock solution was prepared by weighing out 0.12 g of
BaC12-2H20 into a Teflon beaker, It was dissclved in 10 ml of
demineralized water and 1 ml of 2N HNOq. The volume was brought to
1000 ml in a volumetric flask, and the resulting concentration of the
solution was 70 g#g/ml of Ba. The La stock solution was prepared so as
to produce a concentration of 4986 #g/ml La.

The standard solutions were prepared by taking appropriate
qQuantities of stock solutions and adding to each stock scolution a
mixture of 4 g of boric acid, 1 ml of aqua regia, 6 ml of HF, and
1 ml of La stock solution for each 100 ml of solution.

Table Aj lists the concentrations of the elements in the Standards
Aj, Ay, and the Na standards which I prepared. Dr. Chaudhuri prepared
his own Si stock solution and I used the Fisher Scientific Si stock
solution. Thus, our Si concentrations differ., In Standard Ay, I used
the undiluted stock solutions (1000 #g/ml) for Co, Ni, and Cr. This
error resulted in the extremely high concentrations of these trace
elements. Table Ap lists Dr. Chaudhuri's standard concentrations.

The Na standards were made by taking 4 ml and 2 ml of Na stock
solution (lOOOJpg/ml), 10 ml of blank solution and diluting each
standard to 100 ml. The two Na standards contained 40 #g/ml and
20 pg/ml respectively. |

The blank solution contained 6 ml of HF, 4 g of boric acid,

1 ml of LaClS, and 1 ml of aqua regia. This mixture was diluted to

100 ml in a volumetric flask.
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A solution of RbCl (greater than 1000 fg/ml) was added to the
samples and standards for the analyses of Na and K in a ratio of 5
parts sample (standard) to 1 part of Rb. This counteracted the tendency
of these elements to ionize. La has a similar effect on Ca and Mg.

It was added to the samples and standards during dissolution.

Optimum Settings

Table Ay shows the optimum instrumental settings for each element
determined on a Perkin-Elmer 305B atomic absorption spectrophotometer.
When the samples and standards were used in undiluted concentratiomns,
the results were less accurate than when the concentrations were diluted
in half with demineralized water. The strong concentrations of HF,'
aqua regia and boric acid formed deposits on the burner and corroded

the nebullzer which added to the analytical error.

Results

Table A, compares my analyses with the accepted values cited in the
literature (Flanagan, 1969)., The best results were obtained for K, Mg,
and Al; Ca, Na, Ti, and Fe were not as accurate. The percentage of error

from the accepted value is also given.

Other Analytical Procedures

The CO; content of the carbonatites was determined by loss on
ignition. The samples were dried at 110°C for one hour. They were
then weighed accurately into portions of about 0.5 g, into covered

platinum crucibles that had been previously ignited and weighed. They
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were ignited at 1000°C for one hour, cooled and weighed. The accuracy
of these determinations was tested by analyzing standard carbonate, 400,
a dolomite. According to Ingamells and Suhr (1967), there was only

1.4 per cent error between the value I obtained (46.67 per cent COZ)

and the accepted one (47.36 per cent COj).

MnO and Na,0 were determined by instrumental neutroﬁ activation
analysis by Dr. Robert L. Cullers and Rich Koch of Kansas State Universigy,
Manhattan, Kansas. The peak areas were calculated in the same manner as
described for the REE peaks. The weight per cent of MnO and Na,0 in the
sample were calculated by the following formula:

wt, per cent Standard I cpm sample w Wt. per cent _ wt. per cent
wt. per cent sample cpm Standard I Mn0O Std. I sample

The Na,0 values determined by INAA are identical to those determined by

atomic absorption.
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Appendix B -~ Radiochemical Neutron Activation Analysis

Preparation of Samples

The samples were ground in a steel mortar and pestle to a size
léss than 100 mesh. About 0.3 g (+ 0.0002 g) for the alkaline rock
samples and 0.2 g (+ 0.0002 g) for the carbonatite samples and liquid
irradiation standard were heat sealed in polyethylene irradiation vials.
Iron wire flux monitors were wrapped spirally around that portion of
the capsule that contained the sample. The samples were placed in the
core of the Kansas State Triga Mark Il reactor at an estimated flux of
1013 neutrons/cmzfsec for one to two hours. Four samples and two standards

were irradiated in each batch.

Chemical Separation of the REE Group

The following procedure was developed by Denechaud et al. (1970).
A crucible containing a REE carrier solution was prepared for each of
the irradiated samples. About 50 mg of reagent grade NaCl, 2.00 ml of
the REE carrier solution, and 1.00 ml of a solution containing Y
tracer was placed in a clean, 40 ml zirconium crucible. The Y & was
made commercially (Nuclear Science and Engineering Corp.) and was used
in the determination of the chemical yield. After the NaCl was
dissolved, the solution was evaporated to dryness in the crucible under
a heating lamp, then warmed to about 150°C in an oven to insure removal
of most of the water. The NaCl aids the mechanical mixing of the

irradiated sample and carrier prior to fusion. The same quantities
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of carrier and Y88 tracer as used for each sample were pipetted into
a 50 ml Erlenmeyer flask to receive the irradiation standard.

Each irradiated sample was carefully poured into its zirconium
crucible, covered with about 12 g of Nazoz, and mixed with the carrier
- and Na50, by stirring with a nickel steel spatula. The mixture was
then fused at red heat over a Meeker burner and kept completely molten
for about 45 seconds.

Each crucible was allowed to cool in air nearly to room tempera-
ture, then was placed on its side in a 400 ml beaker containing about
80 ml of distilled water to digest the fusion cake. The spatula was
also placed in the beaker so that any of the material adhering to it
will be mixed with the rest.

When the fusion cake was digested completely, the surface of
the watch glass was rinsed with a stream of concentrated HCl into a
beaker. Additional HCl was added to the beaker, while stirring, until
the precipitate was dissolved.

About 25 g of solid NH4Cl were dissolved in the solution.
Concentrated aqueous ammonia was added to a pH of 9 or greater to
precipitate the REE, Fe, and Al, as hydroxides. The precipitate was
centrifuged and the supernate discarded into the radiocactive waste.
This process was repeated after the beaker had been rinsed with
distilled water and the washings added to the centrifuge tube.

The next step was the first in the removal of silica. The

hydroxide precipitate was dissolved in concentrated HCl., The volume was



77

estimated and concentrated HCl1 was added to increase the volume by
25 per cent. The solution was transferred to a beaker and boiled
over a hot plate for 10 minutes. Tt was then cooled in an ice bath
to 60°C. An additional 3 ml of concentrated HC1 and 1.5 ml of a freshly
prepared 1.5 per cent gelatin solution were added, dropwise, with
constant stirring. The silica precipitated was centrifuged out and the
supernate was poured into a 250 ml separatory funnel. The silica was
rinsed with 15 mi of 8M HCl, centrifuged out, and the rinse was added
to the separatory funnel. The rinsing step was repeated until the
silica residue was colorless, or a maximum of four times, whichever came
first. Removal of silica facilitates the extraction of Fe, which improves
the chemical yields of the REE.

About 100 ml of isopropyl ether were added to the separatory
funnel, then equilibrated with the HCl solution by shaking. The
aquecus layer was drained into a 400 ml beaker. The ether phase,
which contains most of the Fe, was discarded into a special radioactive
waste beaker containing a few grams of Nap304 (to inhibit the formation
of peroxides) and allowed to evaporate. The extraction was repeated
with 50 ml of isopropyl ether to remove the last traces of Fe,

The HC1 solution in the 400 ml beaker was warmed on a hot plate
to remove traces of ether. The solution was then cooled to about GOOC
in an ice bath and made basic to pH 10-12 by the slow addition, with
constant stirring, of 16M NaOH, The REE were quantitatively precipitated
as hydroxides while Al remained in solution. The precipitate was

centrifuged out and the supernate discarded.
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The hydroxide precipitate was rinsed with 15 ml of distilled water,
centrifuged, and the rinse discarded. This step was repeated. The
hydroxides were then dissolved in the minimum quantity of 6M HCl required.
To minimize selective loss of the lightest and heaviest REE, the resulting
solution should have as small a volume as possible, be free of Na+, NH4+,
and Fe3+, and not be excessively acidic. The solution was heated nearly
to boiling in a water bath, then 1.3 ml of saturated oxalic acid solution
was added with intensive stirring. If large amounts of Zr are present
(as a result of excessive attack of the crucible during fusidn), the
hydroxide precipitate will have a dark blue-green color. In this case,
the amount of oxalic acid added must be doubled or tripled to keep the
Zr in solution.

The REE oxalates will form a cloudy, white precipitate on addition
of the oxalic acid. The oxalate precipitate should become more coarsely
crystalline within a few minutes. The centrifuge cone containing the
solution was then removed from the water bath and allowed to cool and
digest for about an hour at room temperature.

The REE oxalates were filtered under suction through a chimney
with an inside diameter of 1.5 cm onto a circle of Whatman No. 50
paper. The sides of the chimney were rinsed with ethanol, then diethyl
ether, to dry the precipitate. After the chimney was removed, the
sample was moﬁnted for radioassay by being centered exactly on a
counting card, covered with a thin plastic film, and fastened into
place with transparent, gummed tape.

The last step in this process was to ready the irradiation
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standard for radioassay. It was opened and rinsed with distilled
water into the Erlenmeyer flask containing its carrier and v88
chemical yield tracer. The volume at this point was about 15 ml.

The solution was warmed nearly to boiling on a hot plate and 1.3 ml
of saturated oxalic acid were stirred in. The REE oxalates were left
to digest on the hot plate for a few minutes, then set aéide to cool

for 1 hour at room temperature. They were mounted for radioassay in

the same manner as were the samples.

Gamma Ray Spectrometry

A 25 cm3 Ge(Li) detector with either a Northern Scientific or a
Teﬁhnical Measurement Corporation 4096 channel analyzer and associated
electronics were used for all samples. A resolution of 4.0 keV for
the 1331 keV peak of 0060 can be obtained by using these systems.
Cullers et al. (1974) summarized the results they obtained for the
USGS standard rock BCR~1 using this technique. Their results agree
well with those of Denechaud et al. (1970).

Because of the variety of half-lives among the REE, four count
sets are necessary to obtain the REE most important in REE distributions.
Denechaud et al. (1970) gave a detailed description of the REE isotope
and gamma lines. The first couqt set was done on the same day as the
chemical separation. The samples were counted for approximately 20
minutes each. 5m!%3 and Eul®? are the most important nuclides counted
in this count set.

The second count set was made 3 days after the end of irradiation.
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3
In this set, the samples were counted for one hour and Lal40, Sm15 3

166

and Ho were obtained. The third count set was done at 10 days

after the end of irradiation. In this set, the counting period was

175
extended to approximately 6 hours and Lalao, Lul77, Tbléo, and Yb

were obtained. The fourth count set was done at 40 days after the end

2
of irradiation. This was another 6 hour count set and Celal, Eu15 s

153 160 175 )
Gd s, Tb , and Yb were obtained. The geometry of the samples

and standard was kept constant for each count set and below 8 per cent

dead time.

Peak Integration

Before peak areas were calculated, each peak was graphed with
the background extended at least 10-20 channels on either side of
the center channel. A smooth curve was drawn through the background
and the baseline was drawn through this curve. 1f the peaks did not
show any drift, then the sum of 7 channels was used te calculate the
peak area. If drift did appear, then the sum of 11 or more channels
was used, i.e., the whole peak:was summed,

After the baseline was drawn, the center channel was marked on
it. The counts per channel obtained for the center channel on the
baseline was considered the average background. This was then
multiplied by the number of channels summed to produce the base
correction. The sum peak minus the base corvection gives the net
peak.

The net peak is the total area of the peak. The total area

was divided by the number of minutes it was counted to get the



counts per minute., This was done for the gtandard first and then
for all the REE obtained in that count set. Next, the median time
for the standard and all the samples was determined. The difference
between the standard and each sample was calculated. This was used
to determine the decay factor for each REE in each sample.

NE

The decay factor was calculated by the formula, e" -, where

£ = the difference between the standard and sample median times

g.693

and N = =

The counts per minute for each REE was multiplied
by the decay factor to get the corrected peak. This was then divided

by the counts per minute of the standard to produce the ratio to the

standard for each REE.

Determination of the Chemical Yields

In the 3-day, 10-day, and 40-day count sets, the area for the
1.836 MeV peak of Y88 was calculated for the standard and each sample.
The ratios of the sample to the standard for each count set were
averaged and used in the determination of the chemical vields.

Because complete recovery of the carrier originally added to
the samples was not possible and losses for the individual REE were
not uniform, it was necessary to determine the percentage recovered
for every REE. The chemical yield for each REE was determined by
reirradiation of a part of the recovered carriers of the samples
and standard af:er the 40-day count set.

The following procedure is taken from Denechaud et al. (1970).
The mounted sample of REE oxalate was cut open -and about 1/8 of the

precipitate was removed with a spatula and spread evenly onto a

81
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3/4 cm diameter circle of Whatman No. 50 filter paper. Two drops of

a 2 per cent solution of polystyrene in ethyl acetate were placed on
the precipitate, then the solvent was evaporated away under a heating
lamp. A thin coating of lacquer (Krylon No.1302 coating) was sprayed

- on to‘hold the precipitate in place. The filter circle and precipitate
were heat-sealed between two sheets of polyethylene film. The packets
prepared from the samples and the standard were bound tightly together

12

with tape and irradiated for two hours at a neutron flux of 5.10 n.cm_z.
sec”L,

The irradiated carriers were left to decay in the reactor pool
for several days. On the eighth day after irradiation, each was
mounted on a card and counted for about 50 minutes on one of the
Ge(Li) detectors. Relative chemical yields were obtained for La,
Sm, Eu, Tb, Yb, and Lu by comparing peak ratios for the REE in the
samples to those of the standard. The relative yields for Ce, Gd,
Dy, and Ho were obtained from a graph of relative yield wvs. REE atomic
number by interpolatiocn.

The relative yield for Dy was converted into an absolute chemical
yield for that element by multiplying it by the average ratio of the
Y88 tracer activity of the sample to that of the standard which was
already calculated. An absolute chemical yield for each of the other
REE was then obtained by multiplying the ratio of the relative chemical

yvield for the element to that for Dy by the absolute chemical yield for

Dy.
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The last correction factor in the REE analysis was for the flux
of the reactor. This was done by calculating the specific activity
of the Fe wires which were wrapped around the standard and samples
when they were first irradiated. The Fe wires were mounted on a
counting card and counted after the 40-day count set. The peak areas
were calculated in the same way as they were for the REE; Once the
counts per minute have been determined, the specific activity
(counts/min/mg) was calculated and the ratio of the standard Fe

specific activity to the sample Fe gpecific activity was also calculated.

REE Concentrations
| The final ppm of each REE for each sample was determined by

averaging the sample/standard ratios for that REE in all count sets.
This ratio was then multiplied by the chemical yield determined for that
REE, the ratio of standard/sample Fe specific activity, and the ratio
of the standard.weight/sample weight. The result was the final ppm
for that REE for that sample.

Two runs of four samples each were made for the Gem Park rocks.
Run GP-1 included GP-1g, gabbro, GP-3, pyroxenite, GP-4, nepheline
syenite pegmatite, and GP-6b, carbonatite. 1In this run, it was impossible
to do the l-day count set and the 10-day count set could not be used
because the peaks showed considerable drift. The chemical yield for
just the 3 and 40-day count sets was excellent for all samples. It
ranged from 93 per cent for the carbonatite to 99 per cent for the

gabbro,



Run GP-2 included GP~6,lpyroxenite, GP-7b, carbonatite, GP-9aéb,
carbonatite, and GP-8, carbonatite. All the ~ount sets were used for
this run. However, the results were not as good as for the first run.
The chemical yield ranges from 43 per cent for GP-8 to 83 per cent for
GP-9aé&b.

Gabbro, GP-24, was analyzed by Dr. Robert L. Cullers at Kansas -

State University by the same processes as listed above.

84
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Appendix C - Rb=Sr Analytical Techniques

Dissclution of Samples

After the Rb and Sr contents had been estimated by x-ray spec-
tfography, the sample weights for dissolution could be calculated
to yield a minimum of 15 micrograms of rubidium or strontium in
solution. This procedure gave sufficient rubidium or strontium
salt for repeat analyses if a recovery of at least 50 per cent
was assumed. The dissolution procedures are those of Chaudhu;i (1966},
Chaudhuri and Brookins (1969), and Methot (1973).

The Gem Park samples were non-refractory so they were dissolved
in clean 100 ml Teflon dishes. For unspiked runs, the samples were
roughly weighed and wetted with a few ml of water before the acids
were added. This helped to prevent scattering and loss of the sample
on addition of the acids. In the spiked runs, a few ml of water were
added to the dish first and then the weighed sample and spike solution
were added.

A mixture of approximatelﬁ 20 ml of hydrofluoric acid and 2 ml
perchloric acid per gram of sample was added to the wetted samples to
digest them. The dishes were heated on a hot plate for several hours
to drive off the HF, first, and then the perchloric acid. This
evaporated the solutions to a perchlorate mush. The perchlorate
residues for rubidium analysis were cooled ard stored for separation.
Those residues for strontium analysis were redissolved in approximately

20 ml of 1N hydrochloric acid and evaporated to about 15 ml. After
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several hours of cooling, the residues were removed from the HC1

solutions by filtration.

Ion-Exchange Separations

Cation-exchange techniques were used to recover strontium and
'rubidium from sample solutions. In the strontium columns, a cross-
linked resin in bead form (Dowex 50W-X8) was used. 'The rubidium
separations were done in columns of granular zirconium phosphate.

Strontium--About 300 ml of 6N hydrochloric acid was useq first
to clean the ion exchange columns used for strontium separations.
This washing was followed by a second wash with 600 to 700 ml of 2N
hydrochloric acid. Afterwards, the surface of the beds were leveled.

Several drops of Sr85 tracer solution were added to each sample
solution to track the position of strontium in the column. The
solutions were poured carefully into the columns and allowed to
settle into the resin beds.

Each of the columns was washed with 2N hydrochloric acid. The
radioactive portion of the acid volume was collected in four 10 to 20
ml aliquants. The aliquants were evaporated to volumes of a few ml.
The acid volumes with the highest activity were transferred to a single
beaker. After they had been evaporated to dryness, the residues
were redissolved in 3 to 4 ml of 3N nitric acid. The solutions
were evaporatec to about 1 ml and transferred to 2 ml Vycor glass
beakers for final evaporation to dryness. The nitrates were heated

over a burner to oxidize organic residues and stored for analysis.
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Rubidium--The mushy perchlorate residues were washed in a few
ml of methanol until all yellow color had disappeared. The precipi-
tate that was left was collected and transferred to centrifuge tubes.
The methanol containing the residues was stirred, centrifuged, and the
- supernate discarded.

After several methanol washings, the precipitate from the centrifuge
tubes was transferred to a clean crucible by rinsing with several
drops of water. The solutions were evaporated to dryness. Making a
solution of the dry material in a 3 to 5 ml of 0.5N nitric aéid was
the final step before the solutions went into the Rb columns.

300 to 400 ml of 6N nitric acid were used first to clean the
exchange columns of granular zirconium phosphate. This was followed
by a wash with about 100 ml of 0.5N nitric acid. Between the addition
of sample solutions, the columns were cleaned with 200 ml of 6N nitric
acid followed by 100 ml of 0.5 nitric acid.

After the sclutions had passed through the columns, potassium
and sodium were removed by washing each column with 100 ml of 0.5X
nitric acid. Further washing with 40 ml of 6N nitric acid brought
out rubidium. The acid solutions were collected in single beakers
and evaporated to about 1 ml. This was transferred to 2 ml Vycor

glass beakers for evaporation to dryness and storage for analysis.
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Appendix D - Thin-Section Descriptions

Alkaline Rocks

GP-4-Nepheline Syenite Pegmatite--holocrystalline, coarse-grained,

-hypidiomorphic—grauulér, nepheline syenite pegmatite, It contains

60.1 per cent subhedral to euhedral prismatic perthite grains

(4-6 mm wide) meshed together. They are heavily altered to illite,

which is crystallographically controlled, and they contain water-filled
vacuoles, which cause the perthite to have a brownish, turbid'appearance.

Nepheline is also a major component (35.4 per cent). Lt occurs as
interstitial, anhedral grains varying in size from 0.72 mm to 6.0 mm
in width. The grains have a turbid appearance due to the presence of
water—-filled vacuoles.

Aegirine-augite (1.9 per cent) 1s present in euhedral to subhedral
cross sections (0.54 mm to 1.80 mm in diameter) and subhedral to anhedral
prismatic grains (2.5 mm in diameter). It is dark green in thin section
and strongly pleochroic (z = yellow, y = yellowish green, x = dark green).
Some crystals show zoning from bright green in the center to deep green
on the edges in the x direction and from yellow-brown on the edge to
yellow in the center in the z direction. They give an extinction angle
(cAx) of -31°,

Minor amounts of iron ore (1.5 per cent) in anhedral grains {l.44 mm
in diameter), sphene (0.8 per cent) in euhedral crystals (1.52 mm in
diameter), and natrolite (0.4 per cent) in fibrous aggregates (1 mm in

diameter) that vim grains of iron ore, are also present.
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GP-lg-Gabbro—-holocrystalline, medium-grained, xenomorphic-granular

gabbro. It contains 43.5 pér cent colorless, anhedral, augite prismatic
grains (2.2 mm in diameter) and anhedral to subhedral cross sections
(0.9 mm in diameter}. Some sections show schiller structure produced

by small mineral inclusions, mainly iron ore, oriented parallel to
crystallographic directions. The augite grains show an extinction angle
(zAc) of 45°, They show the beginnings of replacement by kaersutite

and iron ore.

Plagioclase (39.6 per cent) occurs as anhedral laths var&ing in
size from 0.6 mm to 2.4 mm in length. In composition, the plagioclase
is labradorite (An5&—62)' It does show alteration to water-filled
vacuoles. Texturally, the plagiocclase grains are arranged in a
jackstraw pattern generally surrounded by clinopyroxene.

Ti-rich kaersutite is present (6.6 per cent). It is strongly
pleochroic (z = dark red-brown, y = reddish-brown, x = light yellow-
brown) and has an extinction angle (zAc) of 20. It occurs as anhedral
grains (0.36 mm to 0.90 mm in length) which have altered rims of green
pleochroic (z = dark green, y = medium green, x = light green) amphibole,
probably Na-rich kaersutite.

Anhedral grains of iron ore (10.2 per cent) averaging 1.08 mm
in diameter are also present. They tend to replace the augite and
kaersutite grains. A trace of apatite (less than 1 per cent) can be

found.
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GP-2b-Lamprophyre--holocrystalline, porphyritic, subophitic, pandiomorphic-

granular, lamprophyre. It contains about 60 per cent plagioclase (Anjg-
Oligoclase) as euhedral phenocrysts (0.90 mm in length) and as subhedral
to anhedral laths in the groundmass (0.72 mm 1n length). The plagioclase
" shows both Carlsbad and Albite twinning and alteration to water-filled
vacuoles.

Kaersutite (about 38 per cent) is present in euhedral phenocrysts
(1.08 mm in length) and in subhedral to anhedral laths in the groundmass
(0.54 mm in length). It has the same optical properties as &escribed
under gabbro, GP-lg. Anhedral green amphibole grains (0.18 mm in length)
occur as alteration products of the kaersutite. These also have the
same optical properties as described under GP-lg. Minor iron ore
(about 2 per cent) is present as anhedral grains (0.36 mm in diameter).

GP-3-Pyroxenite--holocrystalline, coarse—grained, hypidiomorphic-

granular, pyroxenite. Augite is the major component (73.2 per cent).

It occurs as euhedral cross-sections (0.5 mm in diameter) and as

subhedral to anhedral grains (2.16 mm In diameter). Opaque minerals,
probably iron ore, are oriented along crystallographic directions

producing the schiller structure. It shows strong oscillatory and
concentric zoning and an extinction angle (zAc) of 56°. 1t is colorless

in thin section and shows no pleochroism. The alteration products for
augite include chlorite, sphene and magnetite (iron ore). Kaersutite

(19.6 per cent) occurs as a reaction product of the melt with the pyroxene
grains. Anhedral grains of kaersutite (0.36 mm in diameter), which comprise

about 2 per cent of the total kaersutite, appear to be cumulus. The
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kaersutite grains have the same optical properties as described under
gabbro, GP-lg. The kaersutite grains are altered to the green
pleochroic amphibole that was present in gabbro, GP-lg, and lamprophyre,
GP-2b.

Sphene (4.4 per cent) is present as anhedral and fibrous-radial
aggregates (0.55 mm in diameter). Plagioclase (0.8 per éent) can be
found as interstitial, anhedral grains (0.2 mm in diameter). It was
impossible to measure the An content because of the size of the grains
and the scarcity of sections showing albite twinning.

This pyroxenite is texturally a cumulate because it contains a
mesh of randomly-oriented euhedral, subhedral and anhedral pyroxene
grains with interstitial plagioclase trapped in between them.

GP-5-Pyroxenite--holocrystalline, coarse-grained, xXenomorphic-granular,

pyroxenite. It contains 76.5 per cent subhedral to anhedral augite
graing (1.62 mm in width) and 16.4 per cent anhedral kaersutite grains
(0.68 mm in width), which replace the augite. The pleochroic green
amphibole grains (0.72 mm in width) which form as an alteratiom
product of the kaersutite grains are also present. All of these
minerals have the same optical properties as these given under GP-lg,
gabbro.

Plagioclase (3.1 per cent) occurs as interstitial grains (0.68 mm
in width) with labradorite composition (Ansal. This plagioclase is
fairly fresh. It contains some water-filled vacuoles and minor amounts
of illite.

Anhedral grains of iron ore (0.5 mm in diameter) are present
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(2.9 per cent). About 0.7 per cent of a sulfide, probably pyrite,
which is mostly altered to iimonite, occurs as anhedral granular
aggregates 1.5 mm in width. There is also a trace of granular sphene.
This pyroxenite also shows cumulate textures in its mesh of
randomly-oriented augite grains as does pyroxenite, GP-3.

GP-6-Pyroxenite~-holocrystalline, medium-grained, xenomorphic-granular,

pyroxenite. Tt contains 38.4 per cent augite as subhedral to anhedral
grains (0.72 mm in diameter). These show an extinction angle (zhc) of
490 and concentric zoning. They are colorless in thin sectiﬁn and
contain opaque mineral inclusions that produce the schiller structure.
Kaersutite and iron ore are the alteration products of the augite
grains.

Plagioclase (An59—Labradorite) is present in a much greater per-
centage than in the other pyroxenites (23.3 per cent). It occurs
mainly as interstitial anhedral grains (0.36 mm in diameter) but it
also 1s present as larger subhedral to anhedral laths (1.08 mm in
diameter). The plagioclase is highly altered to illite.

This pyroxenite contains kaersutite (21.9 per cent) as do the
others. It occurs as anhedral grains (1.62 mm in diameter) which have
reaction rims of anhedral green amphibole grains (0.72 mm in width).
About 2 per cent of the kaersutite appears to be cumulus as in GP-3,
pyroxenite. ﬁoth of these minerals have the same optical properties
as were described under GP-1lg, gabbro. Kaersutite alsc shows alteration
to granular sphene.

This pyroxenite also shows cumulate textures 1n its clumps of
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randomly-oriented pyroxene grains. The plagioclase is mostly inter-
stitial and the larger grains are segregated together by the surrounding

cumulate pyroxene grains.
Carbonatites

GP-la-Carbonatite--holocrystalline, coarse-grained, xenomorphic-

granular, rauvhaugite. It contains 98 per cent dolomite which occurs
as anhedral grains (0.82 mm in diameter). Iron ore is present in
.minor amounts (1 per cent) as anhedral grains (0.2 mm in diameter).
Phlogopite (0.7 per cent) is also present as elongate, bladed, anhedral
grains (0.28 mm in length). They are yellow in thin section and are
pleochroic (z = yellow-green, y = yellow-green, x = yellow).

Pyrochlore i1g present in minor amounts (0.2 per cent) as anhedral
granular aggregates (0.3 mm in diameter). Optically, it is isotropic
and brown-black in color. A trace of apatite (0.1 per cent) can also
be found as anhedral grains (0.3 mm in diameter).

This rauhaugite is an example of what Parker and Sharp (1970)
considered a dolomite-pyrochlore carbonatite.

GP-6b-Carbonatite--holocrystalline, coarse-grained, xenomorphic-

granular, aplitic, rauvhaugite. 1t contains 87.9 per cent equigranular,
anhedral, dolomite grains (1.26 mm in width). Apatite occurs as lens-
like masses of elongate subhedral to anhedra. grains (0.54 mm in width).
They compose 4.7 per cent of the rock.

Anhedral grains of iron ore (0.9 mm in width) are also a minor

constituent (4.2 per cent). Pyrochlore is present (1.8 per cent) as



94

anhedral grains (2.16 mm in diameter) and as minute granular masses
concentrated with the apatite masses and along fractures in the rock.
| A fibrous bluelamphibole (probably crocidolite) occurs as an

accessory mineral (1.9 per cent). It forms fibrous aggregates and
anhedral elongate grains (0.11 mm in width) which are concentrated
along apatite-pyrochlore lenses.

This rauhaugite is a dolomite-apatite-pyrochlore-blue amphibole
carbonatite.

GP-7b-Carbonatite~-holocrystalline, fine-grained, xenomorphiéugranular,

ravhaugite., It contains 66.5 per cent dolomite in anhedral grains
(0.22 mm in diameter). Secondary vein quartz (32.7 per cent) is present
in the cavities. It occurs as anhedral grains (0.90 mm in diameter) which
show straight to slightly unduleose extinction and abundant water-filled
vacuoles.
Accessory minerals include pyrochlore (0.7 per cent), which forms
anhedral granular aggreagtes (0,90 mm in diameter), and a trace of apatite.
This rauhaugite is a dolomite-pyrochlore carbonatite.

GP-8-Carbonatite—-holocrystalline, medium-grained, xenomorphic-granular,

aplitic, rauvhaugite. It contains 99.5 per cent dolomite as interlocking
anhedral grains (0.18 mm to 0.73 mm in diameter). They contain minor
inclusions of iron ore. Apatite is the only minor constituent (0.5 per
cent). It occurs as anhedral elongate grains and aggregates which vary
from 0.1 - 0.2 mm in length . |

This is a dolomite-apatite rauhaugite.
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GP-9a&b-Carbonatite--holocrystalline, fine-grained, xzenomorphic-

granular, rauhaugite. It contains 98 per cent delomite as anhedral
grains (1.08 mm in diameter). Pyrochlore occurs as anhedral granular
aggregates (0.2 mm in diameter) and fibrous blue amphibole (crocidolite)
is also present as anhedral elongate grains (0.1 mm in length) which
are concentrated in the fracture fillings. Both of thesé minerals

have estimated concentrations of about 1 per cent. This slide could
not be included in the modal analysis.

This rauvhaugite is a dolomite-blue amphibole-pyrochlore carbonatite.
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ABSTRACT

Major element analyses and initial Sr87/8¥85 ratios determined
for the ultramafic-mafic rocks and carbonatites from the Gem Park
complex, Colorado sugéest the possibility of a comagmatic origin for
these rock types. Tnitial Sr isotopic ratios for the gabbro and
pyroxenite (0.7027 and 0.7028, respectively) are lower than those
of the carbonatites (0.7036-0.7056) and the nepheline syenite pegmatite
(0.7038), but they can still be considered similar within the limits of
analytic precision (+ 0.001) with one exception. Carbonatite, GP-9aé&b,
has a significantly higher initial Sr ratio (0.7056) than the other
alkaline rocks and carbonatites. This probably indicates a slight
difference in the isotopic composition of the source.

Based on the REE (rare earth element) concentrations which were
determined by radiochemical neutron activation analysis, it can be
shown that all the rock types in the Gem Park complex excluding the
gabbros can be derived as either cumulates or residual melts from a
hypothetical alkali basalt parent magma formed by 0.8-1.7 per cent
partial melting of peridotite in the upper mantle.

Cumulate pyroxenite, GP-6, crystallized from the primary alkali
basalt magma. After extensive crystallization (85~90 per cent) of
phases such as olivine, plagioclase, and clinopyroxene in the pro-
portion, 5:10:85, the alkali basalt produced a residual liquid with
a REE distribution similar to those of natural‘ijolites.

The hypothetical ijolitic melt crystallized cumulate pyroxenite,

GP-3, and after extensive crystallization (80 per cent) of apatite and



clinopyroxene in the proportion cf 10:90 formed the nepheline syenite
pegmatite as a residual liquid.

The carbonatites could have formed either by partial fusion of
the same peridotite that produced the alkaline rocks with CO, at a
depth greater than 80 km (Wyllie and Huang, 1976) or as immiscible
liquid fractions from the hypothetical ijolitic melt af great depth
(Cullers et al,, 1976).

The gabbros are not related as a cumulate or residuum to the
liquid line of descent from the hypethetical alkali basalt to the
residual nepheline syenite liquid. However, the gabbros could haﬁe
formed by further melting (4~6 per cent) of the same peridotite that

produced the hypothetical alkali basalt magma.



