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ABSTRACT
The Elmer's Rock Greenstone Belt is located in the Lar

amie Range of southeastern Wyoming, north of the Cheyenne 
Belt, in the Archean Wyoming Province. This small belt, 
approximately ten square miles (15 sq. km.), is dominated 
by metamorphosed mafic and ultramafic volcanic rocks with 
tholei itic and komati itic affinities. Pillow lavas are 

preserved in the tholei itic layers but all primary mineral
ogy and textures have been destroyed by amphibolite grade 
metamorphism. Also present within the belt are metamor
phosed gabbros and several sedimentary rock types. There 
are few intermediate or felsic volcanics preserved.

Chemical compositions of amphibolites collected in the 
northwestern portion of the belt suggest four distinct 
meta-igneous rock types in that area; komat i ites, koma- 
t i it ic basalts, tholei ites and gabbros. Rocks with koma- 
ti itic affinities are high in MgO (14-31%) and have hyper- 
sthene in the norm. All but two, which are quartz norma
tive, also have normative olivine. Mg numbers range from 70 

to 85. They are unlike most Archean ultramafic magmas in 

that they are slightly higher in Si02 and are strongly 
enriched in incompatible elements (IE) such as Ti, Zr and 

light rare earth elements (LREE). Those interpreted to be 
komat i it ic basalts are LREE enriched (up to 100 xCHON) and

i i i
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have highly fractionated chondrite normalized patterns. An 
ultramafic komati ite is also LREE enriched (2-4 xCHON). 

Other ultramafic rocks have chondrite normalized REE pat
terns suggestive of cumulates. The tholei itic rocks have 
typical basaltic compositions, Mg numbers of approximately 
50 and chondrite normalized REE patterns (5-20 xCHON) which 
are flat to slightly LREE depleted and flat to heavy REE 
(HREE) depleted. Most have normative hypersthene and 
quartz. Two are olivine and hypersthene normative. The 
gabbroic rocks are much coarser grained than the tholei ites 
and have higher AI 2O 3 and CaO with Mg numbers between 65 
and 70 . All are hypersthene normative with either olivine 

or quartz. The REE patterns of two gabbros are flat to 
slightly HREE depleted (5-10 xCHON) with comp 1e entary Eu 
anomalies. An unusual garnet iferous amphibolite is high in 
SiOz, contains almost no MgO and is enriched in iron (Mg 
number = 1 5 ) .  It has a flat REE pattern (SOxCHON) with 

small negative Ce and Eu anomalies. It is enriched in Zr 
and Nb and contains no C r .

The petrogenetic interpretations for these rocks are 
based on the assumption that the rock compositions are pri
mary and have not been significantly altered by subsequent 

metamorphism. The komati ite rocks with LREE enriched pat
terns can be related to each other by different degrees of

i v
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pseudo-eutectic partial melting of the same LREE enriched 
chondritic source. Fractional crystallization of this 
liquid can account for one of the komati itic basalts. All 

but one of the tholei itic rocks can be related by different 
degrees of partial melting of a depleted chondritic source 
in the stability field of garnet with subsequent fractional 
crystallization prior to eruption as suggested by the Mg 
numbers which are evolved from a primitive source. One 
tholei ite, which is higher in MgO and is slightly LREE 
enriched, may be a mixture of komati itic and tholei itic 
liquids. The gabbros probably represent both orthocumul ate 
and residual liquid from an original liquid in a shallow 
level magma chamber. The garnet iferous amphibolite may be 

the result of volcanogenic exhalatives or reworking of 
adjacent volcanic rocks in an aqueous environment, or may 
be a less mafic type of metaigneous rock.

The differences between tholeiites and komat i ites are
one of incompatible element enrichment and degree of melt
ing. The komatiites may have originated from 1) a pre

viously metasomatized portion of the mantle at a depth 
where garnet is a stable phase or 2 ) where eclogite is 
formed or 3) the melt may have been contaminated by crus 
tal material during ascent. The source of the tholei ites
began melting in a depleted portion of the mantle at a

v
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depth where garnet begins to become unstable. The depths at 
which the two sources began to melt may be similar.

A reasonable tectonic environment for the formation of 
these rocks is one in which rising diapirs and near surface 
magma chambers exist. Such features would be expected where 
the crust was thin, such as divergent environments, or in a 
melting zone above subducted lithosphere in a zone of con
vergence. The lack of an extensive alkali basalt suite and 
the inter layering of clastic sediments with the volcanics 
suggests a primitive zone of convergence, such as the 
Archean equivalent of an island arc or continental margin.

vi
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INTRODUCTION
Petrogenetic studies of Archean greenstone belts pro

vide keys to discovering the early evolution of the earth. 
Archean greenstone belts are elongated, synformal aggre

gates of supracrustal volcanics and sediments surrounded 
by older gneissic basement. Greenstone belt stratigraphy 
is dominated by basal mafic volcanics, including komati i- 
tes, komati itic basalts, tholeiites and pillow lavas, 
which are overlain by and interbedded with sedimentary 
rocks such as greywacke, conglomerate containing granitic 

clasts in a greywacke matrix, pelite, marble, banded iron 
formation and minor quartz ite. Structural features 
include steep regional dip, bedding parallel schistosity, 
curve 1 inear axial fold traces, branching synclines, highly 

strained boundaries with the surrounding granitic-gneiss 
terrain and strike faults along the sync lines. Other fea
tures common to greenstone belts include mafic schlieren 
and mafic and ultramafic dikes in the bordering gneisses, 
sulfides present in the metavolcanics and often a metamor
phic grade higher at the edges than in the center of the 
belt (Anhauesser, et al, 1969).

Petrogenetic studies of greenstone belt rocks have 
focused mainly on the genetic relationship between the 
komati itic and tholei itic rocks. Komatiites are consid-
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ered to be generated at great depths ( > 1 0 0 km) by up to 60 
percent batch melting or by lower percentages of melting 
by continuous or sequential melting of the mantle (Arndt, 
1977; Cox, 197 8 ; Sun & Nesbitt, 1978; Nesbitt, et al,
1979; Jaques & Green, 1980; Huppert & Sparks, 1980;
Ohtani, 1 984). Komati itic basalts may be the result of 

differentiation of komati itic magmas or lower percentages 
of melting at greater depths (Jaques & Green, 1980; Han
son, 1981; Nisbet & Chinner, 1981). Tholeiites may have 
formed from different sources than the komat i ites, at 

lower percentages of melting at shallower depths, or by 
differentiation of komatiitic liquids at crustal levels 
(Jaques & Green, 1980; Sun & Nesbitt, 1978).

Geochemical data have been used to set limits on the 
tectonic setting of these rocks. Most models are devel
oped by comparing the trace element chemistry of the 
greenstone rocks to volcanic rocks found in modern ero
genic settings (Hart, et al, 1970; Jahn, et al, 1974; 

Condie, 1976a, 1986). Caution must be exercised when 
using these comparisons as the conditions of formation and 
tectonic framework of post-Archean rocks may not be equi
valent to those of Archean rocks.

Opinions on the chemical variations in rocks derived 
from melting of the upper mantle composition during
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Archean time vary from a heterogeneous mantle to contami
nation of magma by older sialic crust. Subtle differences 
between element ratios of different greenstone belts are 
often interpreted to represent differences in source com
positions (Gast, 1968; Glikson, 1971; Nesbitt, et al,
1979; Sun, et al, 1979; Smith & Erlank, 1982; Sun, 1984). 
However, as more evidence is gathered, some of these vari
ations have been attributed to crustal contamination (Hup
pert & Sparks, 1985a, 1985b; Barley, 1986). Isotopes may 
be the most useful tool in distinguishing these two phe

nomena (Barley, 1986; Sun, 1984).
Mafic and ultramafic Archean rocks of the Wyoming 

Province have not been studied in great detail (Condie, 

1976b). The Wyoming Province is the westernmost extent of 
the Archean North American craton. Most of the studies of 
this craton have concentrated on Canadian greenstone 

belts. Our study of the ERGB should provide information 
on the magma generation processes which occurred during 
the formation of the belt and allow us to compare the for
mation of this belt with that of greenstone belts within 

other cratons.
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GENERAL GEOLOGY
The Elmer's Rock Greenstone Belt is one of several 

small greenstone belts which occur within the Archean 
Wyoming Province of North America (Condie, 1976b). Unfor
tunately, only fragments of these belts are exposed within 
the province because of post-depositional tectonics and 
erosion, which makes correlation between the belts and 
interpretation of the Archean tectonic history of the 
province difficult. The ERGB is located in the Laramie 
Range, approximately twenty miles to the north of the 
Cheyenne Belt which separates the Archean Wyoming Province 
from the Proterozoic eugeoc1inal terrain to the south 
(Fig.1 ) . Details of the geology of this belt are reported 

in Graff et al, 1982 and Snyder, 1984.
The ERGB possesses the necessary stratigraphie and 

structural features of a greenstone belt as described in 
the section above. Figure 2 shows a simplified geologic 
map of the belt. The dominant structure of the belt is an 

east-west trending synform (Graff, et al, 1982). Metamor
phosed mafic volcanic rocks with ultramafic pods and sedi

mentary layers dominate the belt, which overlies a grani- 
tic-gneiss basement. The belt has been intruded to the 

east by granite with gneissic inclusions and to the south 
by syenite. Metamorphosed ultramafic pods and sedimentary
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Figure 1.— Location of the Elmer's Rock Greenstone Belt in 
relation to Precambrian rocks of the Laramie Range, south
eastern Wyoming (adapted from Graff, et al, 198 2).
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Figure 2.— Simplified geologic map of the Elmer's Rock 
Greenstone Belt indicating study area (adapted from Graff, 
et al, 1982).
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rocks occur within the mafic volcanics. The age of the 
belt is not well known. The granitic-gneiss complex is 
dated between 2.9 and 3.2 Ga (Peterman and Hildreth, 1977) 
and the younger intrusives which contain gneissic inclu
sions are dated at 2.5-2 . 6 Ga (Hills and Armstrong, 1974).

The focus of this study is the metavolcanic rocks in 
the northwestern portion of the ERGB. The synform is most 

evident in this part of the belt where the most extensive 
exposure of metavolcanic rocks can be found. The geology 
and sample locations are shown in Fig. 3. The major rock 
types in this portion of the belt are (1 ) fine-grained 
mafic amphibolite, (2) fibrous ultramafic amphibolite, (3) 
coarse-grained mafic amphibolite, (4) garnet-bearing 
amphibolite and (5) metamorphosed sediments. Felsic vol
canics and banded iron formation do not occur within this 
portion of the belt.

The mineral assemblages found in all of these rocks 
suggest metamorphism to amphibolite grade. When rocks of 
basaltic composition, that is, a rock containing plagio

clase, augite and olivine or hypersthene, are subjected to 
high pressure and temperatures under slightly hydrous (< 5% 

HzO) conditions, the result is usually an amphibolite 
consisting of plagioclase and hornblende +. garnet. Ultra
mafic igneous rocks composed of olivine and pyroxene
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Figure 3.— Detailed geologic map of the study area in the 
northwestern portion of the Elmer's Rock Greenstone Belt. 
Sample locations are indicated by circles; numbers corre
spond to those in the text minus their prefix (ER ) .
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become actinolite/chlorite schists under hydrous high 
pressure and temperature conditions (Winkler, 1979).
These mineral assemblages are found in the ERGB rocks. 
Detailed petrography of the rocks collected for this study 
is given in Appendix II.

The fine-grained mafic amphibolite is the dominant 
rock type in the belt. It occurs in discreet layers which 

have a strong foliation, the dip of which increases from 
south to north through the belt. Pillow structures are 
locally preserved within this unit near the southern edge 
of the synform, although many have been deformed beyond 
recognition. These rocks are composed of approximately 
equal portions of amphibole and plagioclase with accessory 
sphene and in some, quartz. The amphibole in these rocks 
is either green hornblende, anthophyl1ite or both. The 
composition of the plagioclase is andesine. Accessory 
minerals such as apatite, hematite and opaques are common. 
One sample also has accessory biotite.

The fibrous ultramafic amphibolite is the least abun
dant rock type in the belt. It occurs as lenticular pods 
and folded layers within the fine-grained mafic amphibo
lite layers. The fibrous ultramafic amphibolites consist 
mainly of tremolite/actinolite and chlorite with accessory 
opaques. A few samples also contain anthophyl1ite or cum-
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mingtonite and one contains accessory plagioclase and 
biotite.

The coarse-grained mafic amphibolite has previously 
been mapped in the same unit as the fine-grained mafic 
amphibolite (Graff et al, 1982; Snyder, 1984) but this 
study distinguishes it as a separate unit because of its 
texture and field relationships. It consists of amphibole, 

plagioclase and accessory opaques. The amphiboles are 
green hornblende and cummingtonite. The plagioclase is 
andesine. One sample contains quartz and one has acces
sory sphene. The contact between this unit and the fine
grained unit is gradational. The coarse-grained unit does 

not posess distinct layers and cross cuts layers in the 
fine-grained unit. It occurs mainly in the northern por
tion of the synform but pods can be found within the fine

grained amphibolite layers in other parts of the belt.
Throughout the main body of the belt, occurrences of 

fine-grained disseminated garnet can be found. They occur 
within what appeared to be layers of fine-grained mafic 

amphibolite but can be traced for only short distances. 
This garnet bearing amphibolite was originally mapped with 
the fine-grained amphibolite unit, but its chemical compo

sition and mineralogy suggest that it may be an entirely 
different unit and that it may be of volcanogenic-
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sedimentary origin. This garnet amphibolite consists of 
blue-green hornblende, quartz, almandine garnet, andesine 
and iron oxides.

The metamorphosed sediments, mainly greywacke in com
position, occur as folded beds within the other units.
The metasediments are composed mainly of quartz and pla- 
gioclase with biotite and hornblende or chlorite and 

sericite. Garnet, zircon and/or apatite appear as acces
sory minerals in some rocks. The metaconglomerate con
tains sizable clasts of granitic material in a greywacke 
matrix.

An attempt was made to map individual flows within the 
mafic amphibolite. The post-depositional tectonics and 
metamorphism have made this very difficult. The sample 
locations were chosen stratigraphically across and along 
the belt so that any chemical variation in these two 
directions could be noted. Although the main focus of 
this study is the metavolcanic rocks of the belt, several 
metasediments were also collected to give some clue as to 
the tectonic environment in which the volcanic rocks were 
erupted.
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ANALYTICAL METHODS 
The data presented in this thesis are from two sets of 

samples collected in the area. Those with labels ER-XX 
were collected by G. Holden in 198 3 and those with labels 

ER1XX were collected by G. Holden and S. Smaglik in 1984.
The ER1XX suite was prepared and analyzed by S. Sma

glik. Homogenized splits of these samples in the ER1XX set 
were pulverized to - 2 0 0  mesh grain size and analyzed for 
major and trace elements. Detailed descriptions of the 
analytical procedures used can be found in Appendix I.

Major elements were determined by x-ray fluorescence 
(X R F ) spectrometry using fused glasses on a Rigaku 3080E 
XRF spectrometer at the Colorado School of Mines, Golden, 

CO. Analytical uncertainties were determined using dupli
cates and standards and range between 1 and 5 percent for 
these elements. Total iron was reported as FezOs. The 
iron as FeO was determined using the wet chemical method 
of Goldich, 1984.

The trace elements Rb, Sr, Y, Nb and Zr were deter

mined using loose powder and mylar film (Spex Industries) 
on a Kevex 5100 X-ray energy spectrometer at the U.S. Geo

logical Survey, Branch of Isotope Geology (USGS,B I G ) Den
ver, CO. The trace elements Co, Cr and V were determined 
using fused glasses on a Rigaku 307 0 XRF spectrometer at
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The Colorado College, Department of Geology, Colorado 
Springs, CO. The analytical uncertainties for all of the 
trace elements were estimated at less than 10 percent.

Loss on ignition (LOI) was determined by gravimetric 
difference, taking into account the change in weight due 
to the oxidation of iron. Analytical uncertainty was 
estimated at less than 2 percent.

Eight rare earth elements (REE) were determined by 
isotope dilution at the USGS, BIG, using a 12" radius NBS 
Shields-type mass spectrometer. The chemical separation 
procedure used was a modified version of that described by 
Lambert (1982) The separations were performed at the Col
orado School of Mines. The analytical uncertainty for the 

REE analyzed is less than 2 percent.
The ER-XX set of samples were analyzed for major and 

trace elements by chemists at the Pennsylvania State Uni

versity, by atomic absorption methods. The analytical 
uncertainty was estimated at less than 5 percent. The 

iron as FeO was determined using the method of Goldich, 
1984.
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ANALYTICAL RESULTS 
The analytical results of major and trace element ana

lyses and calculated norms of the samples collected in 
this belt are presented in Table 1. The REE abundances of 
selected samples are given in Table 2.

It is assumed that the major elements in these rocks, 
except for sodium and potassium, were not significantly 
mobilized during metamorphism subsequent to eruption. 
Beswick (1982) has shown this to be true for rocks of 
komatiitic composition. Ernst (1987) used oxygen isotope 

studies to conclude that the major elements and mineralogy 
of Permo-Triassic mafic and ultramafic metavolcanics from 
the Klamath Mountains were not significantly affected by
interaction of seawater during regional metamorphism. The
consistency of the major elements, except Na and K, in 
rocks collected from the ERGB, especially between the two 
different collection suites, supports our assumption that 
the analytical results represent the original composi

tions. Sodium, K and P are in such low abundances in
these rocks that they are near the detection limit for the

analytical method, which may explain some of the scatter 
for these elements. Therefore they will not be used in our 

petrogenetic interpretations.
Most petrogenetic interpretations of metamorphosed
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TABLE 1.

Major and trace element analyses and CIPW norms for 
rocks from the Elmer's Rock Greenstone Belt.

Komati it ic rocks
Sample # 
%

ERlOlb ER1 2 2

SiOz 51 .71 51.17
Ti0 2 0 . 2 1 0.78
AI 2O 3 4.80 4. 57
Fe 2O 3 0 . 80 0.70
FeO 6.92 8.17
MnO 0.09 0 . 1 1
MgO 20. 56 20.75
CaO 11.15 10.61
N a 2 0 0.13 0.17
K 2O 0.06 0.06
P 2O s 0 . 0 2 0.09
LOI 2.97 2.76
TOTAL 99.41 99.93
Mg # 84.12 81 .91
F e Ot 7.64 8.80
Cr (ppm) 3120 1024
Co 72 47
V 110 161
Rb 3 0
Sr 8 4
Y 3 11
Zr 11 69
Nb 0 6

Q 0.06 —  —

C — —  —

or 0. 35 0. 36
ab 1.14 1 .45
an 12.80 1 1 . 8 8
di 35. 36 33.19
by 48.71 48. 37
01 : f 0 —  — 1 . 53
ol : fa —  — 0.43
mt 1 . 20 1 .05
il 0. 33 1 . 52
ap 0.04 0 . 2 2

ER1 1 3 ER11 2 ER1 19 ERlOla
45.16 51 . 57 48.01 51 . 04
1 . 77 0 . 2 1 0.41 0 . 1 0
7.75 5.72 9.36 5. 17
2.45 0.72 1.19 1 . 47

12.69 9.40 8 . 6 8 7.34
0 . 2 2 0 . 2 0 0 . 2 0 0 . 1 1

16.39 20. 79 16.76 23.20
8.74 7.45 11.48 8.36
0.76 0.17 0.37 0 . 0 0
0.14 0.06 0 . 1 1 0.04
0.24 0 . 0 1 0.03 0 . 0 2
2 . 80 2. 38 2 . 2 0 3.01

99.11 98.66 98.80 99.95
69.71 79.77 77.49 84.93
14.89 10.05 9.75 8 . 6 6

1157 2 1 0 2 1169 3395
85 69 62 77

267 153 169 101
6 3 4 3

21 7 27 6
16 2 14 3

171 8 46 14
31 1 1 0

— 0.65 -- —

0.87 0.34 0.65 0.23
6.65 1 .48 3.22 --

17.99 15.25 24.42 14.44
20.52 18.49 27. 54 22.36
31.22 62.27 32.10 57.33
9.95 -- 6.78 2 .44
5.04 -- 2.62 0.56
3.69 1 . 08 1 . 79 2.19
3.50 0.41 0 . 80 0.38
0. 58 0 . 0 2 0.08 0.05
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TABLE

Komati it ic rocks
Sample # ER1 21 ER-14
%
Si02 50.22 48. 80
Ti0 2 0.29 0.78
A 1 2 0 3 6.72 1 0 . 1 0
Fe 20 3 0.78 1 . 34
FeO 8.18 10.28
MnO 0.18 0 . 2 0
MgO 20.42 13.70
CaO 8.38 10.30
Na20 0 . 1 2 1 . 36
K 20 0.07 0.19
P 2 0 s 0 . 0 2 0.05
LOI 0.95 1.93
TOTAL 96. 33 99.03
Mg # 81 .65 72.66
FeO? 8 . 8 8 11.48
Cr (ppm) 1762 1250
Co 65 70
V 156 255
Rb 0 7
Sr 8 76
Y 4 19
Zr 20 43
Nb 0 --

Q — —  —

C - - --
or 0.42 1.15
ab 1 . 05 11.84
an 18.47 21.49
di 19.94 24. 74
hy 57.29 29.88
ol : f 0 0.78 3.76
ol : fa 0. 24 1 .63
mt 1.19 3.81
il 0.58 1 . 52
ap 0.06 0 . 1 2

(con't ).

ER-1 5 ER-1 7 ER-1 9 ER107
45.70 45. 30 43.00 49. 56
0.42 0. 38 0.29 0 . 8 8
8.30 8 . 50 7. 20 11.96
1 . 37 0. 41 3.21 1 . 87

13.05 9.22 6 . 2 1 9.31
0.18 0.18 0.19 0.18

2 0 . 0 0 22.70 28.40 1 1 . 2 0
5.78 7.02 3.13 10.41
0. 33 0.26 0.03 1.65
0.05 0.03 0 . 0 1 0.30
0 . 06 0 . 04 0 . 06 0.08
4.01 4.92 7. 36 1 . 86

99.25 98.96 99.09 99.25
75. 73 84.06 89.07 68.19
14.28 9.59 9.10 10.99
2050 850 4900 713

55 84 106 54
205 130 1 2 0 282

4 3 4 6
1 3 14 32 93
24 16 12 10
29 40 45 48
-- -- — — 1

-- -- 1 .74 --
0. 31 0.19 0.06 1 . 84
2.93 2.34 0.28 14.30

22.03 23.28 16.50 24.86
6 . 1 1 10.65 -- 24.06

49.18 38.67 49.06 27.43
9.76 16.79 23.39 2 . 0 1
3.88 3.94 3.14 1.15
4.82 3.28 5.07 2.78
0.84 0.77 0.60 1 . 70
0.15 0 . 1 0 0.15 0.18
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TABLE

Tholei it i es__________________
Sample # 
%

ER117 ER102
Si02 50. 83 50.14
Ti02 1 . 92 1 . 6 8
A 1 2 0 3 14.68 14.24
Fe 20 3 2. 52 2.13
FeO 10.47 10.13
MnO 0.19 0.19
MgO 5.64 6.47
CaO 10.40 10.50
N a 2 0 2.19 2.54
K 20 0.19 0.25
p 2 0 s 0.16 0.14
LOI 1.17 1 . 51
TOTAL 100.36 99.92
Mg # 48.98 53.23
F e Ot 12.74 12.05
Cr (ppm) 94 179
Co 48 49
V 372 356
Rb 7 13
Sr 143 142
Y 22 20
Zr 93 79
Nb 3 2

Q 5.14 1 . 44
C — —

or 1 . 1 1 1 . 47
ab 18.72 21.81
an 29.89 27.19
di 16.95 21.23
hy 19.96 20.94
ol : fo — —  —

ol : fa —  — —  —

mt 3.69 3.14
il 3.67 3.24
ap . 38 0. 33

(con't ).

ER110 ER106 ER1 05 ER103
50. 29 50.03 49.75 50.98
1 . 31 1 . 0 1 0.92 0.91

13.72 13.54 14.09 13.89
3.22 1 . 78 1 .95 1 . 34
9.76 10.70 10.53 9.75
0 . 2 0 0 . 2 1 0.17 0.19
6.76 6 . 99 7.48 7.65

10.78 10.45 10. 70 11.62
2.13 1 .70 1 . 70 1 . 42
0.28 0.25 0.26 0.26
0 . 1 2 0.09 0 . 08 0.08
1.17 2.17 2.06 1.14

99.74 98.90 99.69 99.20
55.23 53.79 55.88 58. 31
1 2 . 6 6 12.30 12.28 10.96

254 192 245 110
45 52 50 46

305 308 290 282
8 4 8 11

1 39 101 94 117
15 150 16 14
56 49 50 45

1 1 3 2

3.46 4.00 2.42 4. 33
1 . 68 1 . 50 1 . 57 1 . 57

18.26 24.84 14.72 1 2 . 2 1
27.44 29. 56 30.80 31 . 39
21.36 19.34 18.97 22.05
20.24 25.89 26.65 24. 53

4.74 2 . 6 6 2.89 1 . 98
2. 52 1 . 98 1 . 79 1 .75
0.28 0 . 2 2 0.19 0.19
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TABLE 1 (con't).

Tholei ites
Sample #<y ER108 ER1 09 ER1 1 1 ER-1 ER-2 ER - 6
/o
Si02 50. 10 50. 27 52.10 50.20 50.70 50.30
TiOz 1 . 46 0.62 0.78 0.76 0.75 1 . 1 2
AI 2O 3 13.28 15.51 12.13 14.20 14.60 14.80
Fe 2 0 3 2.33 1 . 72 1 . 70 1 . 35 1 . 38 1 .61
FeO 11.44 7.82 8.94 9.49 9.15 10.34
MnO 0 . 2 0 0.17 0.18 0 . 2 2 0.19 0 . 2 0
MqO 6.11 7. 27 9.11 7.63 7.97 7.00
CaO 11.15 10.78 10.96 12.70 11.10 10.80
Na20 2.03 2.64 1 .47 1 . 72 2.25 2.42
K 2O 0. 31 0.25 0.47 0.15 0.31 0.18
P 2O s 0.13 0 . 06 0.07 0.09 0.07 0.12
LOI 1 . 27 2.07 1 . 00 1.18 1.13 1.13
TOTAL 99.82 99.18 98.90 99.69 99.60 100.02
Mg # 48.78 62.37 64. 49 58.90 60.83 54.69
F e Ot 13.54 9. 37 10.47 10.70 10.39 11.79
Cr (ppm) 1 39 36 454 400 330 280
Co 62 54 50 50 50 52
V 344 249 263 270 255 310
Rb 9 5 8 11 7 8
Sr 107 126 116 88 105 127
Y 21 9 11 17 21 22
Zr 67 28 45 43 40 61
Nb 4 1 3 -- -- —

QÇ 3.65 -- 4.84 1.14 -- 0.07
or 1 . 89 1 . 50 2.81 0.90 1 . 86 1 . 08
ab 17.85 22.95 12.68 14.77 19.33 20.17
an 26.78 30.49 25.68 31.04 29. 27 29. 31
di 20.93 21.15 23.94 26. 55 21.45 19.86
hy 22.60 17.93 25.56 21.92 23.88 24.71
ol : f 0 —  — 1 . 20 —  — -- 0. 31 —  —

ol : fa -- 0.89 -- —  — 0.25 —  —

mt 3.46 2. 56 2.52 1. 99 2.03 2.36
11 2.83 1 . 20 1 . 51 1 . 47 1 .45 2.15
ap 0.30 0.14 0.17 0.21 0.16 0. 28
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TABLE 1 (con't).

Tholei ites Gabbros
Sample # 
%

ER-1 3 ER114 ER116 ER-7 ER-11
Si02 49.80 52.05 46. 49 50. 50 49. 30
Ti0 2 0 . 86 0.77 0.58 0. 57 0. 58
A 1 20 3 14. 50 12.14 15.55 17.00 17.20
Fe 2 0 3 1 . 54 3.63 0 . 8 6 1 . 62 1 . 00
FeO 10.46 7.42 9.48 7.12 6.97
MnO 0 . 2 0 0.18 0.19 0.16 0.15
MgO 6.97 9.06 11.76 7.86 7.63
CaO 11.30 10.94 1 0 . 1 0 1 1 . 1 0 12.50
Na20 2. 35 1 . 48 1 .61 2.15 2 . 2 0
K 2O 0.18 0.46 0.19 0.14 0. 47
P 2O 5 0. 08 0.07 0.05 0.07 0.05
LOI 1.18 1 . 40 1.73 1 . 09 1.68
TOTAL 99. 42 99.60 98.57 99.38 99.73
Mg # 54.29 68. 53 68.85 66.31 66.12
FeO? 11.84 10.69 10.25 8.58 7.87
Cr (ppm) 220 639 157 640 740
Co 54 48 68 43 40
V 285 142 213 230 215
Rb 5 6 8 5 19
Sr 128 141 119 156 152
Y 21 14 9 15 14
Zr 50 47 31 29 32
Nb -- 2 1 -- --

Q -- 6.85 — 1 . 07 — —
C —- — — —- — — — --
or 1 . 08 2.76 1.13 0.84 2.83
ab 20.24 12.75 14.04 18.51 18.99
an 28.99 25.59 35.81 36.95 36. 38
di 22.76 23.52 12.68 15.12 21.59
hy 20.57 21 . 50 15.56 23.85 9.77
ol : f 0 1.07 — 11.37 — — 4.67
ol : fa 1.15 -- 6.88 -- 3.06
mt 2.27 5.36 1. 29 2. 39 1 . 48
il 1 . 66 1 . 49 1.13 1.10 1.12
ap 0.19 0.17 0.11 0.17 0.12
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TABLE 1 (con't). 
Metasediments____________________________

Sample # 
%

ER118* ER104 ER1 20
Si02 59. 21 67.63 65.99
Ti0 2 1 . 46 0.94 0. 52
Al 20 3 1 0 . 1 2 14.53 16.62
Fe 20 3 6 . 50 0.28 0.47
FeO 11.15 4.43 3.42
MnO 0.26 0.08 0.04
MgO 1 . 36 3.30 2 . 2 1
CaO 5. 52 2.78 1 . 68
Na 2 0 2.55 2.92 5.91
K 2O 0.30 2. 34 0. 33
P 2O s 0.45 0.12 0 . 1 0
LOI 1 . 54 1 . 52 2.03
TOTAL 100.42 100.87 99. 32

Mg # 15.18 57.07 31 . 87
F e Ot 16.99 4.68 3.84

Cr (ppm) 0 24 23
Co 22 21 15
V 94 101 118
Rb 12 62 8
Sr 69 1 58 103
Y 66 1 7 7
Zr 262 146 110
Nb 13 6 2

Q 23.87 28. 37 16.86
C —  — 2.43 3.64
or 1 . 80 13.89 1.92
ab 21 .91 24.88 48.86
an 15.47 13.13 7. 53
di 8.14 -- —  —

hy 19.41 14.83 19.35
ol : f 0 —  — -- --
ol : fa -- —  — --
mt 5. 55 0.40 0.67
il 2.81 1 .79 0.96
ap 1 . 06 0.27 0.22

* protolith of this rock is uncertain
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TABLE 2.

Rare earth element contents in samples from the Elmer's
Rock Greenstone belt.

Sample # ERlOlb ER122 ER11 3 ER112 ER11 9 ER107
ppm
Ce 2.88 25.52 86.26 1 . 77 14.51 10.26
Nd 1 . 51 14.74 42. 38 1 .71 7. 50 6.99
5m 0.40 3.19 7.32 0. 53 1 . 86 2.06
Eu 0.12 1 .09 1 .94 0. 34 1 . 40 0.77
Gd 0. 54 2.85 5.32 0.65 2.16 2.53
Dy 0.60 2.43 3.92 0.76 2.48 2.66
Er 0.39 1 . 26 1 .78 0. 54 1 . 58 1.45
Yb 0. 38 1.13 1 . 50 0.56 1.63 1 . 28
REEt 6.25 52.22 149.43 6.85 33.13 28.02
(Ce/Yblw 1.93 5.77 14.74 0.81 2.28 2.05
Eu/Eu* 0.83 1.10 0.92 1 . 80 2.16 1 . 04

Sample # ER117 ER102 ER1 1 0 ER106 ER105
ppm
Ce 17.75 16.21 10.12 8.97 8.17
Nd 12.99 11.86 7.64 7.12 6.30
Sm 3.98 3.65 2. 38 2.32 2.03
Eu 1 . 42 1 . 34 0.90 0.87 0.77
Gd 4.68 4.60 2.98 3.13 2. 56
Dy 5.08 5.09 3.28 3. 70 3.18
Er 3.12 2.96 1 . 87 2.35 2.02
Yb 2.47 2.77 1.18 2.37 2.02
REEt 51 .48 48. 49 30.89 30. 83 27.03
(Ce/Y b )n 1 .84 1 . 50 1 . 51 0.97 1 . 04
Eu/Eu* 1 . 00 1 .01 1 .05 1 . 00 1 . 00
Sample # ER11 4 ER116 ER118 ER104 ER120
ppm
Ce 8. 38 4.20 38.18 52.85 46.15
Nd 5.97 2.02 31.03 17.27 15.56
Sm 1 . 84 0.98 9.96 3.15 2.71
Eu 0.54 0.42 3.24 0.79 0.84
Gd 2.48 1 . 27 13.10 2.85 2.09
Dy 2.76 1 . 52 15. 32 2.52 1 .72
Er 1 . 70 0.99 9.73 1 . 39 0.96
Yb 1.65 1 .01 9.80 1 . 38 0.94
REEt 25. 32 13.40 130.37 82.22 70.96
( Ce/Y b )n 1 . 30 1 . 07 0.99 9.33 12.53
Eu/Eu* 0.78 1.18 0.88 0. 80 1 . 04
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igneous rocks assume that transition metals and REE are 
essentially immobile during metamorphism. This assumption 
is not valid for metasomatic changes which occur in the 
source prior to melting. As more studies are conducted on 

the effect of metamorphism on the trace element contents 
of rocks, it is clear that there is no simple relationship 

between the degree of mobility or immobility and the grade 
of metamorphism or original rock type (Humphris, 1984; 
Ludden, et al, 1982; Ludden & Thompson, 1978, 1979; 
Humphris & Thompson, 1978a, 1978b; Ludden & Humphris,
1978; Condie, et al, 1977).

The REE are thought to be among the most immobile com
ponents of rocks and their behavior in the geologic envi
ronment, which is governed by the similarity in their size 
and ionic charge (+3), make them an excellent tool in 
interpreting the origin of a rock. If the REE are 

affected by weathering or alteration, the change in compo
sition will be a function of the original abundance in the 
rock and distribution within the phases, the concentration 
of REE in the interacting fluid and partitioning between 
the mineral phases and the fluid, and the ability of the 

REE released from the original minerals to be accommodated 

by the secondary minerals which are formed by the alter
ation processes (Humphris, 1984).
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For igneous rocks, the crystallization history and 
distribution of trace elements among the minerals phases 
is one of the main controls on the mobility of the REE, 
and other trace elements, during metamorphism. Each min
eral has a typical range for the distribution coefficients 
(Kd's) of these elements (Henderson, 1984; Hanson, 1980; 

Allegre & Minster, 1978; Irving, 1978). Many accessory 
minerals, such as apatite, zircon and sphene, concentrate 

the REE, and if these minerals are more susceptible to 
weathering and alteration than the major components of a 

rock, they will significantly affect the whole rock dis
tribution of the REE (Humphris, et al, 1978).

One exception to this immobility is Eu. Europium 
occurs in the +2 and +3 ionic states. Europium anomalies 
are caused by plagioclase accumulation, source character
istics or alteration effects (Sun & Nesbitt, 1978a).
Both Eu 2+ and 3+ behave incompatibly during melting (Han
son, 1980). Major mantle minerals have low mineral-melt 
Kd's for REE, making it unlikely that they would produce a 
Eu anomaly in the rock (Henderson, 1984; Sun & Nesbitt,
1 978a). Cerium can also be affected by alteration, as it 

occurs in both the 3+ and 4+ states. Oxidation of Ce can 
produce an anomaly in the rock (Henderson, 1984). Cerium 
anomalies are not as common as Eu anomalies, however.
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Since none of the trace elements in the ERGB rocks 
show any anomalous variation larger than the analytical 
uncertainty, we consider them to be of primary igneous 
origin.
Major Element Chemistry

The most significant component which distinguishes the 
rock types is MgO. For the mafic and ultramafic volcanic 
rocks, the MgO content varies from 5 to 31 w t . percent 
with a gap between 11 and 16 w t . percent. The mafic vol- 
canics have less than 11 w t . percent MgO and generally 

have normative quartz and hypersthene, although a few are 
olivine normative. Their Mg numbers are less than 69.
The high-Mg ultramafic amphibolites, which have between 16 

and 31 w t . percent M g O , are hypersthene and/or olivine 
normative and have Mg numbers greater than 70. They are 

slightly higher in Si02 than most Archean ultramafic rocks 
(Basaltic Volcanism Study Project, 1981). The high-Mg 
rocks are generally lower in Al 2O 3 , CaO and Ti02 than 
those with lower MgO contents. With three exceptions, the 

CaO/Al20 3 ratios of the Mg-rich rocks are greater than 
one, while those of the mafic volcanic rocks are less than 
one. The w t . percent FeO is similar in both rock types. 

The abundances of alkali elements in these rocks are quite 
variable and unsystematic, but all are low. The coarse
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grained amphibolites h ave Mg numbers intermediate to those 
of the fine-grained amphibolite and the ultramafic amphi
bol ite.

The metagreywackes contain less than 4 w t . percent 
MgO, higher in Si02 and are easily distinguished from the 
metavolcanic rocks. The garnet amphibolite has a Si02 
content 10 wt. percent higher than the other amphibolites. 
Its MgO content is extremely low (1.4 wt. percent), as is 
its CaO content. The Fe20 3/Fe0 ratio is higher than for 
any of the other rocks.

Trace Element Chemistry
Trace elements Rb and Sr have unsystematic variations, 

probably caused by alteration. The mafic volcanic rocks 
have much higher abundances of these elements than the 

high-Mg rocks. Yttrium, Zr and Nb abundances are about 
the same for both rock types, although a few from each 
type have exceptionally high abundances. The metasedi
ments have significantly higher Zr and Nb abundances than 
the mafic and ultramafic rocks and the garnet amphibolite 
has the highest values of all.

In the mafic and ultramafic rocks the transition met
als V and Cr show a large variation with Mg content, 
whereas Co shows only limited variation (Fig. 4a-c ) . The 
V content in these rocks decreases with increasing Mg num-
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Figure 4.— Variation diagrams showing transition metals 
versus Mg number for rocks of igneous origin from the 
Elmer's Rock Greenstone Belt;(a) vanadium, (b ) cobalt
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b er. The decrease of V in the fine-grained mafic amphibo- 

lites is somewhat sharp but has a greater spread at higher 
Mg numbers. The range of V in these rocks is higher than 
in the other rock types; between 240 and 375 ppm. The 
ultramafic amphibolites show a sharp to moderate decrease 
in V as Mg number increases with a spread at higher Mg 
numbers. The V contents in the ultramafic amphibolites 
vary from 100 to 270 ppm. The coarse-grained amphibolite 
shows a dramatic decrease in V as Mg number increases.
The range of V is from 140 to 230 ppm. This trend is dif
ferent than the other two rock types.

The amount of Co in the fine-grained mafic amphiboli
tes shows very little change as Mg number increases. All 

have approximately 50 ppm Co. The ultramafic amphibolites 
show no consistent variation of Co with Mg number. The 
range of Co in these rocks is from 40 to 70 ppm.

The fine-grained mafic amphibolites show a strong pos
itive correlation between Cr content and Mg number. These 
rocks have a lower Cr content than the ultramafic amphibo
lites; less than 800 ppm. The ultramafic amphibolites 

have a steep positive correlation between Cr and Mg number 
with a Cr range between 800 and 5000 ppm. At the lower 
end of Cr contents there is less variation of Cr with Mg 

number. There is a break in slope between the ultramafic
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and mafic amphibolite compositions. All but one of the 
coarse-grained amphibolites fit into the fine-grained 

amphibolite trend. If this sample is taken into account, 
the coarse-grained amphibolites show a somewhat negative 
correlation between Cr and Mg number.
Rare Earth Elements

The natural abundances of all elements vary in rela
tion to one another and cause irregularities in their 
patterns when abundance is plotted versus atomic number. 
This is known as the Oddo-Harkens effect. The analyzed 
REE values were normalized to chondrite values (Hanson, 

1980; Table IC.) for the purpose of interpretation, to 
eliminate irregularities in the patterns. All high-Mg 
rocks are light rare earth element (LREE) enriched 
(Fig.5). The (Ce/Nd)N for the non-cumulate rocks, those 

without positive Eu anomalies, is around 1.4. Ce abun
dances range from 2 to 100 times chondr ite (xCHON ) .
Samples ER122 and ER113 also have heavy rare earth element 

(HR E E ) depletion. Ytterbium abundances are 1 to 10 xCHON. 
Samples ER112 and ER119 have positive Eu anomalies 
(Eu/Eu* = 1.98 + .25).

The fine-grained mafic amphibolites (Fig. 6) have pat
terns with abundances of all REE from 6 to 20 xCHON.
The (Ce/Nd)* ratio of the mafic amphibolites (~ 1 ) is very
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Figure 5.— Chondrite normalized REE patterns for high-Mg
(komatiitic) rocks from the Elmer's Rock Greenstone Belt.
Mg numbers are listed on the right of the diagram.
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Figure 6 .— Chondr ite normalized REE patterns for fine
grained amphibolites (tholeiites) from the Elmer's Rock 
Greenstone Belt. Mg numbers are listed on the right of 
the diagram.
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Figure 7.— Chondr ite normalized REE patterns for coarse
grained amphibolites (gabbros ) from the Elmer's Rock 
Greenstone Belt. Mg numbers are listed on the right of 
the diagram.
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Figure 8.— Chondrite normalized REE patterns for a garnet
amphibolite from the Elmer's Rock Greenstone Belt. Mg
number is listed on the right of the diagram.
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different from that of the ultramafic rocks. One of these 
amphibolites has a slightly LREE enriched, fractionated 
pattern. The others have flat to slightly depleted LREE 
and flat to depleted HREE. None show any significant Eu 
anomaly. Mg numbers show a slight decrease as total REE 

content increases.
The REE patterns for the coarse-grained mafic amphibo

lites are shown in Fig 7. They are relatively flat pat
terns with REE abundances between 5 and 10 xCHON and have 
complimentary Eu anomalies (+.2).

The garnet amphibolite REE pattern is shown in F i g .
8 . It has a relatively flat pattern with a small negative 
Eu anomaly and a slight depletion of Ce. This pattern is 
enriched relative to the fine-grained amphibolites (50 
xCHON) and has a Mg number of 15, which is significantly 

different from the other rocks.
The two metagreywacke samples (Fig. 9) are severely 

LREE enriched [(Ce/Sm)N=16.9+.2D and somewhat depleted 
in HREE C (Gd/Yb)N=2.14+.11 but (Er/Yb)N=l (Fig. 10).
Both have small Eu anomalies.
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Figure 9.— Chondrite normalized REE patterns for metase-
dimentary rocks from Elmer's Rock Greenstone Belt. Mg
numbers are listed on the right of the diagram.
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CLASSIFICATION OF AMPHIBOLITES
The classification of rocks in Archean greenstone 

belts has been based on field, textural and chemical char
acteristics (Viljoen & Viljoen, 1969; Naldrett & Arth, 
1976; Condie, 1976; Jensen, 1976; Arndt, 1977; Nesbit, et 

al, 1979). Since original igneous textures are often 
obliterated when mafic and ultramafic rocks are subjected 
to high grades of metamorphism, the classification of 
these rocks must be based primarily on the geochemical 
characteristics. The primary minerals and textures of the 
rocks in the ERGB have been eliminated by subsequent 
metamorphism to conditions of the amphibolite facies.
Mafic and ultramafic rocks in Archean greenstone belts are 

generally tholeiitic and komatiitic. It is assumed, in 
our interpretation of the geochemical data, that the mafic 
and ultramafic rocks represent magmas at the time of their 
emplacement. It is possible that some of these rocks may 

represent cumulates, especially those with high MgO, as 
the chemical characteristics of some of these rocks sug
gest.

The first attempt at classifying the original rock 
type of the amphibolites from the ERGB was based on major 

elements. The classification scheme of Jensen (1976) was 
coupled with that of Arndt & Nesbitt (1982b) and Arndt
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(1977). Figure 10 shows the composition of these rocks 

plotted on a Jensen cation diagram. Arndt & Nesbitt 
(1982b) consider ultramafic volcanics with greater than 18 
percent MgO on an anhydrous basis to be komati ites and 

associated volcanics with between 18 and 9 percent MgO to 
be komati itic basalts. The fine-grained amphibolites 

plot in the tholeiitic field on the Jensen cation diagram. 
One sample, ER107, falls into the border region between 
komati it ic and tholeiitic basalt. The coarse-grained 
amphibolites (ER114, ER116, ER-7, and ER-11) have a trend 
from tholeiitic compositions toward calc-alkaline composi
tions. Because of the coarse-grained nature of their tex

ture and their occurrence as intrusive bodies (Snyder, 
1984), they are considered to be gabbros. These classifi
cations are supported by the use of a CaO-MgO-Al2O 3 

ternary diagram such as that of Condie, 1981 (Fig. 11).
Trace elements were used to further support the rock 

classifications. As Fig. 4a-c shows, there are distinct 
differences in the ratios of transition metals to Mg num

ber for each rock type.
REE were also helpful in classifying the protoliths of 

these amphibolites. According to the above classifica
tion, samples ERlOla, ERlOlb and ER-19 are ultramafic 
komati ites. Most komatiitic rocks described in the 1 itera-
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Figure 10.— Jensen cation plot for igneous rocks of the 
Elmer's Rock Greenstone Belt ; used to discriminate 
between komatiite and tholeiite compositions (Jensen, 
1976).
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Figure 11.— CaO-MgO-Al2O 3 diagram for the mafic and 
ultramafic rocks of the Elmer's Rock Greenstone Belt.
These rocks form a continuous spectrum from the komati itic 
trend through the tholeiitic trend (Condie, 1981).



T-3323 40

ture have flat to LREE depleted patterns (Arndt & Nisbet,
1 982a; Basaltic Volcanism Study Project, 1981). The REE 
pattern for ERlOlb (Fig. 5) is typical of that for rocks 
with komati itic compositions in that the total abundance 
of REE is low (2-3 xCHON). It does, however, have 

slightly enriched LREE which is unusual, but not unheard 
of, in komat i it ic rocks (Arndt & Nisbet, 19 8 2a). Samples 
ER112, ER121 and ER-14 are classified as basaltic komat i i- 

tes. The low abundance pattern of ER112 supports its koma
ti it ic affinity, but the positive Eu anomaly suggests that 
it may be at least partially cumulate.

Samples classified as komat i itic basalts are ER113, 
ER119, ER122, ER-15 and ER-17. The REE pattern for ER119 
is typical (Hanson, 1980) for that of a cumulate rock 
(Fig. 5). Samples ER113 and ER122 are unusual in that they 

have LREE enriched, sloping patterns with slight HREE 
depletion. Sample ER107 is intermediate in composition 
between komat i it ic and tholeiitic basalt. Its transition 
metal contents are similar to those of the other tholeii
tes although they are very close to those of the koma
ti it ic rocks. The REE pattern of this sample (Fig.6) is 
slightly LREE enriched and fractionated and has a higher 
Mg number than any of the tholei ites in the suite. Its 

present mineralogy is similar to the tholeiites. Based
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upon this information ER107 has been classified as a Mg- 
tholei ite for the purpose of this study.

The tholeiitic rocks in this suite range in composi

tion from Mg-tholei ite to Fe-thole iite. They have flat 
REE patterns (Fig.6) similar to those of other Archean 
tholeiites (Basaltic Volcani sm Study Project, 1981) with 

the exception of being slightly HREE depleted.
The geochemical characteristics of the tholeiitic and 

komati itic rocks of the ERGB are similar to those of other 
greenstone belts. The exception to this is the highly 
fractionated patterns of the komatiitic basalts. The 
unique characteristic of these rocks will be emphasized in 

the discussion of the petrogenesis of these rocks.
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TABLE 3.

Comparison of Greenstone belts.
Komati ites: ( 1 ) (2) (3) (4)
Si02 % 44-50 46-52 4 4-4 6 44-51
MgO 24-39 12-20 29-33 8 — 34
TiOz . 2 — . 5 .5-.9 .24-.3 .2— .8
A 1 2 0 3 2-5 10-14 5-7 3-15
CaO 3.5-10 8-11 5-6 4-12
Na,K,P tr tr tr tr
Cr ppm 3000-6000 1000-3000 2800-3200 200-6000
Ni 1100-2700 200-800 1500-1700 50-2000
Zr 10-30 22-30 13-17 150-1600
Y 3-10 12-30 6-7 9-40
Nb <1-2.5 . 1-3 .2-1.3 ---
V 70-125 175-230 114-124 20-400
REE LREE LREE

flat dpi dpi & enr flat
(x CHON) 1 0-5 0-10 1-10
Tholeiites: ( 1 ) (2) ( 3 ) ( 4 )

SiOz % 48-52 50-52 49-53 50-51
MgO 6-13 8-13 6-1 3 6-7
TiOz .5-1.5 . 4-. 9 .5-1.7 2
A 1 2  0  3 6-16 8-14 10-14 1 3
CaO 8-12 8-1 3 --- 9
Na,K,P tr-4 tr-4 tr tr-3

Cr ppm —  —  — 200-2000 120-1400 20-600
Ni --- 75-600 55-310 25-500
Zr —  —  — 20-70 85-105 4-10
Y -------- 11-25 14-30 10-20
Nb -------- 160-300 215-300 200-1600

REE LREE LREE
-------- f1at-enr -------- enr

(x CHON) 1-10 10-100

(1 ) Barberton ; pC (Viljoen & Vi 1joen, 1969a&b; Smith &
Erlank, 1982); (2) Abitibi/Munro Twnsp; pC (Arndt & Nis
bet, 1982; Ludden & Gelinas; 1982); (3) Yilgarn, W. Aus
tralia; pC (Binns, et al, 1982; Anhaeusser, 1969, Nesbitt 
& Sun, 1976); (4) Finland; pC (Jahn, et al, 1981).
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TABLE 3. (con't )

Comparison of greenstone belts.
Komati ites: (5) (6) (7) (8)

SiOz % 45-48 46-52 44-47 46-53
MgO 14-21 12-16 15-21 14-31
Ti02 .75-1.5 .5-2.5 .4-.7 .18-1.8
Al zO3 6-12 10-12 10-1 3 4-11
CaO 8-1 2 7-14 9-11 3-12
Na,K,P tr-1 tr-4 tr-1.5 tr
Cr ppm 1300-3500 400-100 — — 850-5000
Ni 700-1150 130-400 --- ---
Zr 30-80 85-300 --- 8-180
Y 1 3-20 --— —-- 2-25
Nb <1-8 — — — --— 0-31
V 200-300 --- --- 100-360
REE MREE LREE LREE LREE

enr enr dpi enr
( X  CHON) 10-100 1-100 1-10 1-100
Tholeiites: (5) (6) (7) (8)

SiOz % 50-56 50-56 47-53 50-53
MgO 6-9 9-11 5-11 6-11
TiOz .6-1.5 .75-1.25 .7-1.9 . 5-2
A 1 2 0 3 13-17 11-16 1 3-14 12-16
CaO 7-14 7.5-12 8-13 10-12
Na,K,P tr-3 tr-3 tr-3 tr-3
Cr pp 100-1000 110-325 —  — 35-715
Ni 80-200 40-400 --- ---
Zr 50-100 50-140 --- 25-100
Y 13-30 — — — --- 9-150
Nb <2-14 — — — ---— 0-5
V 200-315 --- --- 250-360

REE LREE HREE
flat enr & dpi flat dpi & flat

( X  CHON) 5-10 1-10 10-20 1-10
(5) Kolar Schist Belt, India; pC (Rajamani, et al, 1985);
(6) Klamath Mtns.; P-Tr(Ernst, 1987); (7) Gorgona 
Islands, Columbia; T(Echeverria, 1982; Aitken & Echever- 
ria, 1 984 ); (8) Elmer's Rock belt ; pC (this study).
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PETROGENESIS
The source type and conditions of melting and differ

entiation for the rocks described above will be evaluated 
in this section. The most effective evaluation of the 
petrogenesis of a rock is based on a total analysis of 
both major and trace elements. Our interpretation of 
these rocks was based on the approach used by Langmiur & 
Hanson, 1981 and Hanson & Langmuir, 1980 for major ele
ments and, Hanson, 1980 for trace elements. Sixteen 
samples which have the most complete analyses, including 

REE, were used in our evaluation. Other samples are 
referred to when necessary.

There is a broad spectrum of processes which form 
igneous rocks. We have evaluated the ERGB rocks using 
the simplest models possible: partial melting and frac
tional crystallization (Hanson, 1980) . The equations 
which represent these processes are:

Cl = 1_______  (1)
Co ( D (1-F )+ F )

for batch melting (Schilling, 1966) and
Cl = F<o-i)
Co

(2 )

for fractional crystallization (Neumann, 1954). In these



T-3323 45

equations Co represents the initial concentration of the 
element in the system, CL is the concentration of the 
element in the melt, F is the amount of melt or residual 
liquid and D0 is the bulk solid-melt distribution coeffe- 
cient at the time of removal of the melt (Hanson, 1980). 

The bulk distribution coefficient is defined by:

Do — Z X i K<a = C s / C l. (3)

where X± is the fraction of each mineral in the solid 
residue, Kd is the single element distribution coeffi
cient and Cs is the concentration of the element in the 
solid residual phases (Hanson, 1980). For an incompa

tible element, D0 approaches zero and for both processes.

F  ~  C o / C t .  ( 4 )

Incompatible trace elements in basic igneous rocks, such 
as LREE and Zr, are not fractionated from each other by 

melting or fractional crystallization.
In order to make a quantitative evaluation of the 

nature of the processes which formed a rock, the most 
precise and accurate data available should be used. For 
the ERGB rocks, the REE fit this criterion since they 
were analyzed by the isotope dilution method.

Since Ce has the lowest Kd for most minerals (Arth, 
1976), it is chosen as the most incompatible element to
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be used for these calculations. Setting D° ~ 0 , the 
amount of melting or crystallization required to produce 
these rocks was calculated using equation (4). It is not 
important what the value for D° actually is, as long as 
it is smal1 (< 0.1 ) .

Once the amount of melting or fraction of residual 

liquid was calculated, the Do's for other trace elements 
were calculated using equations (1) or (2). Mass balance
calculations of major elements were done to obtain the
total composition of the resulting residual phases using 
the equation

Cs = Co - (F) CL
1 - F (5).

Using the proportions of the phases calculated by 
mass balance and K d 's for individual minerals, bulk dis
tribution coefficients for the residual assemblage were 
calculated. The Do's calculated for these two methods 
were then compared to each other to evaluate which model
best fit the given rocks.

A number of Kd's have been determined experimentally 
for many igneous minerals in various rock types (eg. 
Schnetz1er & PhiIpotts, 1970; Arth, 19 7 6). The best 

possible choice of Kd's for use in quantitative inter
pretations would be those determined from the original
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minerals which compose the rock. Unfortunately, this is 

not possible for the ERGB rocks due to total recrystal 1i- 

cation during metamorphism. Hence, we have used the next 
best choice by comparing the chemical properties of the 
ERGB rocks with those reported for rocks from which the 
Kd's have been determined and using those Kd's.

For all cases in which we assumed that the rocks 
represented liquid compositions (ie. those without sig
nificant Eu anomalies) a partial melting model best fit 
the data. A source of pyrolite composition (Ringwood, 

1975) was used for all of the partial melting model cal
culations .

Hanson & Langmuir, 1978, used a trace element 

approach, such as that described above, to model mantle- 
melt systems with the major elements MgO and FeO. Using 
the olivine saturation surface of Roeder & Emslie (1970), 

they calculated melt and residue fields, using a FeO-MgO 
exchange reaction Kd of 0.3 between olivine and basaltic 

melts for batch melting of a pyrolite mantle source. Tem
peratures were calculated at one atmosphere. Higher tem
peratures would shift the melt field to the left by about 
5°C per kb (Langmuir & Hanson, 1980). Figure 12 shows 
the melt and residue fields for these calculations 
as well as liquid lines of descent for the fractionation
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Figure 12.— Olivine saturation diagram for Elmer's Rock 
Greenstone Belt rocks (after Hanson & Langmuir, 1978). 
The 'sail' represents the field of liquid compositions 
derived by melting a pyrolite source. Horizontal lines 
are isotherms, diagonal lines represent degrees of melt
ing and curves with tick marks are liquid "lines of 
descent for olivine (each tick represents 5% fractiona
tion from the last tick mark). Komati itic rocks plot 
mainly in the melt field while tholeiitic rocks fall 
below the field.



T-3323 49

of olivine alone. Mantle derived melts fall within or 

below the melt field, depending upon the nature and 
extents of fractionation and temperature and degree of 
melting. When pyroxene or plagioclase crystallize along 
with olivine, the resulting melt becomes more enriched in 
FeO than if olivine were crystallizing alone.

The majority of the ultramafic rocks plot in the pri
mary melt field of the olivine saturation diagram Fig. 
12). The most primitive rock, ERlOlb, plots just to the 
left of the melt field in the region known as the "for

bidden zone" (Hanson & Langmuir, 1978). Rocks which plot 
in this zone would exceed the maximum amount of partial 
melting allowable under these conditions. This diagram 
represents conditions of melting of a pyrolite source at 
1 atm., which is an unlikely pressure for deep mantle 
rocks. If the melt field is adjusted for higher pressures 

(Hanson & Langmuir, 1978) it would be shifted to the left 
enough to include ERlOlb in the melt field. A shift in 
the position of this field can also be a function of Kd's 
or starting composition (Langmuir & Hanson, 1980). ER113
lies below the melt field suggesting fractionation of 
olivine and possibly other minerals during its formation.

All of the tholeiites fall well below the primary 
melt field on the olivine saturation diagram (Fig. 12).
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This implies fractionation of olivine from a primary 

mantle-derived melt. The trend of the tholeiites to 
spread out along the FeO axis at approximately constant 
MgO may be explained by the fractionation of pyroxene 
and/or plagioclase along with olivine. ER107 is closer 
to the melt field than the other tholeiites and does not 
fall into this trend.

The regions in which these two rock types plot on the 
olivine saturation diagram suggests they were derived 
by sources with similar major element composition but by 
somewhat different mechanisms. The differences in Mg 
number and LREE fractionation are significant. The dif
ferences between the komat i itic and tholeiitic rocks are 
best represented when (Ce/Nd)N is plotted against w t . 
percent MgO (Fig. 13). This diagram also shows that 
ER107 lies between the two fields and appears to be a 
mixture of komati itic and tholeiitic liquids. The gab- 

broic rocks do not fit into either field.

Komat i it ic rocks
The ultramafic rocks of the ERGB have major element 

compositions of komat i itic affinity. The trace elements 
of these rocks, particularly the REE are unlike most 
Archean komati itic magmas. The regularity of the REE pat-



T-3323 51

2

013 ,101b

106
1

0 10 20
wt% MgO

Figure 13.— (Ce/Nd)N versus w t .% MgO diagram for komati- 
ites and tholeiites from the Elmer's Rock Greenstone Belt 
which best distinguishes features between these rock 
types. Sample ER107 falls between the two fields and may 
represent mixing of the two melts.
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terns suggests that they represent original igneous pat

terns. Two of the five ultramafic samples which were 
analyzed for REE (Fig. 5) two, ER112 and ER119, have sig
nificant positive Eu anomalies which suggest accumulation 
of plagioclase. They will be discussed later in this 
section. Three rocks, ERlOlb, ER113 and ER122, have sim
ilar LREE enrichment ((Ce/Nd)N=1 .3-1.5). Of these, ER113 
and ER122 have strongly fractionated chondrite normalized 
patterns with LREE abundances greater than most reported 
Archean ultramafic lavas (Table 3). Sun & Nesbitt,
1978a, observed LREE enriched patterns in spinifex- 

textured basalts of the Negri volcanics from Australia as 
did Rajamani, et al, 1984, from amphibolites in the Kolar 
Schist Belt of India. None of these rocks is as enriched 
as ER113 (Ce~l0OxCHON). Volcanic rocks of Permo-Triassic 
age with komatiitic affinities and similar trace elements 
have recently been reported by Ernst, 1987 and may have 
significance for the ERGB rocks. Sample ERlOlb has lower 
abundances, comparable with other Archean komatiites, 
with flat HREE and a slight negative Eu anomaly. It is 
likely that the Eu anomaly in this rock is due to alter

ation effects and not plagioclase accumulation since pla
gioclase is not a residual mineral after the extraction 
of high MgO melts (Green, et al, 1975; Green & Ringwood,



T-3323 53

1967; Arndt, 1976) nor is early plagioclase saturation in 

a per idotitic komatiite likely (Green, et al, 1 975;
Arndt, Arndt, 1976).

Since the (Ce/Nd)* ratios of these rocks are so 
similar one might conelude that they were derived from 
the same LREE enriched source. It is also possible that 
the magma was contaminated by crustal material on its 
ascent to the surface (Arndt & Jenner, 1986; Barley,
1986; Compston, et a l , 1986; Groves, et al , 1986;
Sparks, 1986; Huppert & Sparks, 1985a, 1985b ). If this 
were the case, differences in the fractionation of trace 
elements, depending upon the amount of contamination, 
would be expected. This is not observed in the ERGB 

rocks. Assimilation of crustal material may also change 
the bulk composition of the melt (Barley, 1986) although 
Huppert & Sparks, 1985a, have shown that up to 30 percent 
contamination of komat i ite liquid by crustal material can 
occur without significant change in some rocks. The con
sistent compositions of these rocks, particularly the 
constant (Ce/Nd)* ratio, which is not a function of the 
abundance of the LREE, suggest that crustal contamination 
probably did not occur on any significant level but it 
cannot be totally ruled out with the evidence at hand. 
Contamination may however, explain the slightly higher
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silica content of the komati itic rocks. Isotope studies 
may help determine if contamination was involved in the 
evolution of these rocks (Barley, 1986; Sparks, 1986).

It is probable that the source may have been enriched 
sometime prior to the melting which produced magmas 
parental to these rocks and that the LREE enrichment of 
these rocks represents an original source characteristic. 
Sun & Nesbitt, 1978a, argued that the LREE patterns of 
peridotitic liquids will not be much different than their 
source and that HREE patterns may be affected by residual 
garnet or c 1inopyroxene. Our interpretations are based 
on this premise.

Mantle metasomatism by C02-rich fluids can enrich or 
deplete a source in incompatible elements such as REE,
T i , Zr, Nb, and Y (Schneider & Eggler, 1986; Wass et al,
1 980; Wend 1 ant & Harrison, 1 979; Wyllie, 1 979 ; Lloyd & 
Bailey, 1975). If the fluids pass through the source and 
extract these elements, the source becomes depleted in 
these elements. If, however, fluids rich in IE elements 

penetrate and crystallize in the source, an enrichment of 

these elements occurs in the source. The REE usually do 
not exist as ionic species, rather they precipitate in 
minerals such as carbonate and phlogopite (Spera, 1981). 
Most research on mantle metasomatism has been used to
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explain the generation of alkaline magmas from peridotite 
beneath continental crust (Schneider & Eggler, 1986; Wass 
& Rodgers, 1980; Wyllie, 1979; Lloyd & Bailey, 1975).
The REE patterns of the komatiitic basalts are similar to 

those of alkali basalts but their major element composi
tion is quite different (Basaltic Volcanism Study Pro
ject, 1981; Carmicheal, Turner and Verhoogen, 1974). 
Because the major elements are decoupled from the trace 
elements for the case of the komatiitic rocks, an intro
duction and equilibration of IE-enriched fluids into the 

original melt from another region may be a better expla
nation for the trace element enrichment in these rocks 
than a total metasomatism of the source. In this case 
metasomatism would have affected only the trace elements 
but not the major element composition of the source.

Another possible explanation for the IE enrichment 

of these rocks is the mixing of a strongly enriched melt 
of unknown origin with a melt derived from the mantle.
The enriched melt would have to have had a similar major 
element composition as that of the mantle melt. In a 

modern tectonic setting, melting of eclogite from a sub
ducting slab at great depth could produce such a melt 

(Apted, 1981; Ringwood, 1975). Whether this type of mech
anism is valid for the Archean is uncertain. A choice as
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to which of the above explanations is best for these 
rocks can not be based on the evidence we now have.

A petrogenetic relationship between the ultramafic 
komati ite and the komatiitic basalts based on fractional 
crystallization is unlikely. Over 9 7% fractional crys
tallization of a liquid the composition of ERlOlb would 
be required to produce that of ER122 (Table IIIA). This 
large amount of fractional crystallization is improbable 
(Hanson, 1980) under most conditions. ER122 and ER113 
can be related by 70% fractional crystallization of ER122 
to produce ER113, leaving a residue of plagioclase and 
hypersthene. This would however, require extremely large 
mineral-melt Kd's for these minerals (see Appendix III). 
Distribution coefficients of this size have been reported 
(Green & Pearson, 1985; Fujimaki, et al, 1984; Schnetz1er 
& PhiIpotts, 1970) but may not be appropriate to this 

rock type. The process which produced the higher silica 
content of these rocks may have influenced the partition 

coefficients of the major and trace elements in the min
erals (Green & Pearson, 1985; Ford, et al, 1983; Kushiro, 
1975). Unfortunately the primary mineralogy of these 

rocks has been obliterated and the Kd's for the original 
minerals can not be determined.

ER122 and ER113 can also be related by very small
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degrees of partial melting of the same LREE enriched 
source. If these rocks represent products of partial 
melting then ER113 would represent 1% melting and ER122 
would represent 4% melting, leaving almost identical 
residues composed of up to 20% garnet with plagioclase 
and pyroxenes. Evaluation of the komatiitic basalts sep
arate from ERlOlb can not distinguish which model best 
explains the formation of these rocks.

ERlOlb and ER122 have almost identical major element 
compositions but have compositions which differ by fac
tors of between 3 and 30. Based on the REE data, it is 
possible to relate ERlOlb and ER122 by different degrees 
of partial melting of a LREE enriched chondritic garneti- 
ferous source. The major element chemistry and normative 
mineralogy of these two rocks are very similar. They 
also plot along the same isotherm on the olivine satura

tion diagram (Fig. 12). The decoupling of major and 
trace elements in these two rocks can be explained by 
pseudo-eutectic melting along the boundary where garnet 
is not a stable phase of the residue. This accounts for 
the HREE fractionation in the rock produced by the lowest 
degree of melting (10%) and for the unfractionated HREE 

in the more extensively melted (40%) rock. Eutectic 
melting would hold the major element composition of the
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melt roughly constant while greater percentages of melt
ing would affect the trace element compositions. The Mg 
number of ERlOlb (84) is slightly larger than that of 
ER122 (81) which supports some amount of fractionation.

If a partial melting relationship is accepted for the 
formation of ERlOlb and ER122 then the favored explana
tion for the production of ER113 from the same source is 
that of 7 0% fractional crystallization of a liquid with 
the composition of ER122. This model is supported by the 
more fractionated REE pattern and enrichment of other 

trace elements in ER113. The Mg number of ER113 (70) 
has evolved slightly from that of a melt in direct 
equilibrium with the mantle and is lower than the other 
ultramafic rocks.

The content of trace elements other than REE, such as 
Ti, Zr, Nb, and V are greater in ER122 than ERlOlb. The 
incompatible behavior of these elements during the melt
ing process contributes to the depletion of later melts. 
Chromium acts as a compatible element (Fig. 4c) in these 
two rocks and cannot be explained by partial melting 
alone. Therefore, a phase such as Cr-spinel was probably 
present as a solid phase during early melting of the 
source (ER122) and was incorporated into the magma at 

higher degrees of melting (ERlOlb). The enrichment of Cr
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in ER113 relative to ER122 can be explained by fractional 
crystallization. Cobalt also behaves as a compatible 
element in ERlOlb and ER122 but has fractionated away 
from a partial melting trend in ER113. The variation of 
Ti and Zr with MgO (Figs. 14 a & b ) also supports the pos
sible derivation of ER113 from fractional crystallization 
of the other komatiitic liquid.

Any relationship of ER113 and ERlOlb by different 
degrees of partial melting of a LREE enriched pyrolitic 
source is not supported by mass balance calculations of 

major and trace elements. Nor can all of these rocks be 
related by sequential melting of such a source, which 
places unreasonable constraints on trace element mineral- 
melt Kd's.

In summary, the most consistent explanation for the 
origin of these rocks is that ERlOlb and ER122 were pro
duced by various degrees of partial melting, under close 
to eutectic conditions, of a LREE enriched garnetiferous 
pyrolite (garnet Iherzolite) source and ER113 is frac
tionally crystallized from a liquid like ER122.

The other two ultramafic rocks (ER112 and ER119) 
which were analyzed for REE may be cumulates from either 
the komatiitic series or the tholeiitic series. The field 
locations of both of these samples occur in close proxim-
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Figure 14.— Variation diagrams for selected samples from 
the Elmer's Rock Greenstone Belt. Partial melting (pm) 
and fractional crystallization (fc ) trends (solid lines) 
are shown for each series. The filled symbols represent 
those samples which were used for interpretation. Sample 
ER107 falls between the two trends and may represent mix
ing (dashed line) of the melts. Other samples fall 
within these trends but were not included for clarity.
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ity to other ultramafic schist units which may suggest 
that they are related to the komatiitic series. Mass 
balance calculations for ER119 (Table H I D )  show that it 
could have been a mixture of plagioclase and pyroxene 
crystals plus a LREE enriched ferromagnesian liquid such 
as that of the komatiitic series, (Fig. 15a). It has a 
normative mineralogy of 10% olivine, 32% orthpyroxene, 
28% c 1inopyroxene and 28% plagioclase. Thus, ER119 was 
probably a cumulate from the komatiitic series. ER112 
may also be a cumulate from these rocks. Its normative 
mineralogy is 6 2% orthopyroxene, 18.5% c 1inopyroxene and 

17% plagioclase. The calculated bulk distribution coef
ficient pattern of REE for this assemblage closely paral 

leis the REE pattern of ER112 normalized to the liquid 
composition of ER122 (Fig 15b). This suggests that ER11 
may be an adcumulate of the komatiitic series.

From the above discussion it can be seen that all of 
these ultramafic rocks are probably related to the same 
IE-enriched source by very different processes.

Tholei itic rocks
The tholei itic rocks are very different from the 

komatiitic rocks. Except for the high-Mg tholeiite 
(ER107), they all have flat to slightly depleted LREE
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ratios and evolved Mg numbers (~50 ) suggesting that some 
fractionation from a primary mantle-derived melt must 
have occurred. Most have HREE depleted chondrite normal
ized patterns (Fig. 6). As REE content decreases in this 

series the amount of LREE depletion increases and HREE 
fractionation decreases. Both Zr and Ti decrease with 
decreasing REE content and the Mg number increases 
slightly with decreasing REE content.

Fractional crystallization alone can not produce 
these rocks but small degrees of partial melting of a 
slightly depleted chondritic garnet iferous source can 
explain the relationship between these rocks (Appendix 
III). If partial melting is the mechanism which controls 
the compositional variation in this suite, it must have 

occurred over a range of temperature and pressure condi
tions. The primary liquids frrom which ER117, ER102 and 

ER110 were derived , were in equilibrium with garnet 
while the primary liquids from which ER105 and ER106 
were derived, do not show evidence for the involvement of 
garnet. It can be suggested that ER117 was the earliest 

of these liquids to form while still in equilibrium with 
garnet, by small amounts of melting, and that ER106 was 

formed later than the rest by larger, but still small, 
amounts of melting after garnet was no longer stable.
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This is consistent with the decreasing ratio of (Ce/Nd )N 
in the sequence from ER117 to ER106. Subsequent low 
pressure fractionation of these primary liquids did not 

affect the IE ratios.
This sequence of melting is also supported by the 

variation of other incompatible elements, such as Ti and 
Zr, with the change in w t . percent of MgO (Figs. 14 a & b ). 
The earlier liquids produced were more enriched in these 
elements than later liquids. Thus, a Ti and Zr enriched 
phase must have been one of the first to enter the melt. 
As melting progressed, the content of these elements 
became diluted in the melt while the MgO content 
increased.

ER107 is intermediate in major and trace element com
position between the tholeiite series and the komatiite 
series. Mass balance calculations (Appendix III) were 

done using an average tholeiite composition and an aver
age composition of the ultramafic rocks produced by par
tial melting. The proportions of liquids were determined 
by using the trace element variation diagrams. For all 
elements, these calculations reveal that a rock with the 
composition of ER107 can be produced by mixing 25-30% of 
the komatiitic liquid with 7 0-7 5% of the tholei itic liq
uid. This mechanism could explain why ER107 lies above
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the field of tholei ites on the olivine saturation diagram 
(Fig. 12) and why it has a slightly enriched ((Ce/Nd)>1) 
fractionated pattern (Fig. 6).

In summary the tholei itic rocks can be related by 
small (<10% ) degrees of partial melting of a depleted 
chondritic pyrolite (garnet Iherzolite) source with frac
tional crystallization super imposed on the melting pro
cess. The high-Mg tholeiite may be a mixture of tho- 
leiitic and komatiitic liquids.

Gabbroic rocks

The gabbroic rocks have major element compositions 
similar to those of the tholeiites except that they are 
slightly higher in A I 2 O 3  and significantly higher in CaO. 
Their Mg numbers (65-69) are close to those for mantle 
derived rocks. Two gabbros which were analyzed for REE 
have chondrite normalized patterns (Fig.7) which are flat 
to slightly HREE depleted and have complementary Eu anom
alies. The Eu anomalies suggest a model in which ER116 

represents a plagioclase cumulate and ER114 its residual 
liquid.

The normative mineralogy of these two rocks is con
sistent with the proposed model. ER116 has 50% normative
plagioclase plus pyroxene and olivine whereas ER114 has
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only 30% normative plagioclase plus pyroxene and quartz. 
The other gabbros which were not analyzed for REE have 
more than 50% normative plagioclase and have slightly 
lower Mg numbers.

The chemistry can be used to demonstrate the consis
tency of this model (see Appendix III). To estimate the 
amount of liquid (XL ) trapped with the cumulate crystals, 

an element (C r ) was chosen which is the least mobile and 

most depleted in ER116 with respect to ER114 (ie. that 
which exists almost exclusively in the liquid). After 

calculating XL (=0.25), a mass balance approach was used 
to estimate the composition of the cumulate assemblage. 
The normative mineralogy of this composition is: 54.2% 
plagioclase, 9.0% c 1inopyroxene, 5.1% orthopyroxene and 
30.5% olivine. The chondrite normalized REE abundances 
of this assemblage were also calculated using mass bal
ance (Fig. 16). Using the calculated normative mineral
ogy and published Kd's (Arth, 1976), bulk distribution 
coefficients for the REE were calculated. These Do 
values are consistent with the normalized REE abundances 

calculated by mass balance (see Appendix III).
If this model is valid, the REE composition of the 

original liquid (C0 ) would be flat to slightly LREE 

enriched with abundances of 6-8xCHON. This is different
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Figure 16.— Calculated model for the possible cumulate and 
liquid which formed the gabbros.
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from both of the other series. The trace element varia

tions (Figs. 4, 14 a&b) also show that these rocks do not 
correspond to either of the other two series. Mass bal
ance calculations do not support a mixing model for the 

origin of these rocks. The REE abundances are lower than 
the tholei ites and the Mg numbers are higher. It is pos
sible that they could have fractionated from similar 
melts. If this is the case, a difference in conditions 
must have existed so that the gabbros fractionated pla
gioclase and the tholeiites were erupted as liquids with 
no plagioclase accumulation.

Thus, the origin of the gabbros cannot be easily 

related to the other rocks in the volcanic pile. What 
they do suggest is that one or more differentiating magma 
chambers did exist at fairly shallow levels within the 
sequence.

Metasedimentary rocks 
Several types of metamorphosed sedimentary rocks 

occur within the greenstone belt. Original rock types 

range from greywacke to marble and banded iron formation. 
In the portion of the belt under study, three rock types 
occur which are interpreted to be of sedimentary origin. 

One rock type, represented by ER118, was originally
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included in the volcanic tholeiite series because of its 
appearance and spatial association with the tholeiitic 
amphibolites in the field. However, its chemical compo
sition does not support a volcanic protolith. The high 
silica and iron may suggest is partially of an exhalative 
origin. The enrichment of Zr and Mb may be related to 

crustal sources. The low MgO content and lack of Cr do 
not support the possibility that this rock may represent 
an alteration product of the adjacent volcanics. The REE 
pattern of ER118 is flat and 50 xCHON with small Ce and 
Eu anomalies (Fig. 8). Anomalies of these elements may 
be indicative of exposure to alteration processes (Ben
der son, 1984; Sun & Nesbitt, 1978). The total enrichment 
of all the REE, compared to other rocks in the vicinity 
can not be explained at this time. There is too little 
evidence on which to base any conclusions as to the pro

tolith of this rock.
The other metasedimentary rocks in the belt are typi

cal of greywacke and greywacke conglomerates around the 
world (Taylor & McLennan, 1981a). The metaconglomerate 
sample which was not chemically analyzed, has a greywacke 
matrix and granitic clasts. Greywacke material suggests 

exposure of both felsic and mafic provinces at the time 
of deposition (McLennan & Taylor, 1984). The granitic



clasts in the conglomerate are evidence that a granitic 

(or granitic-gneiss ) source was exposed during the forma
tion of the belt. Greywackes and conglomerates in other 
Archean provinces have been related to deposition by tur
bidity currents or other mechanisms in relatively deep 
water on or near subaqueous fans. Some Archean sediments 
may have formed on land in alluvial fans or braided 
streams (Ojakangas, 1985). It is difficult to say what 

the origin of the exposed granitic source w a s .
ER104 occurs between two tholei itic units while ER120 

is in close proximity to two komatiitic units. The con
glomerate, ER115, is in contact with gabbro, tholeiite 
and komatiitic rocks. The chemistry of these two grey- 

wackes is slightly different. ER104 has slightly more 
Si02 , MgO and less A I 2 O 3  than ER120. The alkali content 
of these two rocks is quite different. ER120 is slightly 

enriched in Na20 . The R b , Sr, Y and Nb contents of ER104 
are much higher than ER120. These chemical differences 
may be due to a change in source region for the deposi
tion of these rocks. The REE contents of these rocks are 
remarkably similar however. With the exception of small 
Eu anomalies, their REE patterns (Fig. 9) are similar to 
each other and to those of most Archean greywackes 
(McLennan & Taylor, 1984). The Eu anomalies probably
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developed during weathering 
may reflect an original char 
rocks. REE patterns of this 
source which is a mixture of 
(McLennan & Taylor, 1984).

or sedimentation processes or 
acteristic of the source 
type are consistent with a 
mafic and felsic rocks

Petrogenetic Relationships 
The above discussion has shown that the major rock 

types in the belt, tholei ites and komat i ites, have no 
apparent genetic relationship to each other. The behav

ior of the transition metals in these two rock types 
shows that the tholei ites are compos it ionally distinct 
from the komat i ites. The gabbros, for the most part, do 
not relate to either of the other rock types. The break 
in slope of Co and Cr versus Mg number (Fig. 4) may rep
resent a change in the major fractionating phase within 
the melts. Cobalt and Cr are more incompatible in oli
vine, a main crystallizing during formation of the phase 
which formed the komatiitic rocks, than pyroxene, a main 
crystallizing phase which formed the tholei itic rocks 
(Irving, 1978). Vanadium is incompatible in both the 
tholei itic and komatiitic rocks and decreases with the 

amount of partial melting involved. Vanadium is somewhat 
incompatible in the gabbros. The spectrum of elements
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between the komat i ites and tholei ites suggests that the 
mineralogy of each source may have been similar.

All rocks within a single series can be related to 
each other by various magmatic processes from a common 
source. The tholeiites were probably derived by small 
amounts of partial melting and subsequent fractional 
crystal 1ization of slightly depleted source while rocks 

of the komatiitic series were probably derived from an 
enriched source by various amounts of partial melting and 
fractional crystallization. The enrichment of this 
source may be related to a prior metasomatic event, the 
addition of an enriched liquid to the melt or crustal 
contamination. Both these magma types were generated at 
or close to a depth where garnet is stable (>80km). The 
cumulates of the ultramafic series are probably related 
to the komatiitic rocks and represent shallow level magma 
chambers within the volcanic pile of tholeiitic and koma

tiitic rocks.
The gabbros represent stratified magma chambers which 

also occured at shallow levels within the pile. They can 
not be related to the other magmatic rocks in the belt 
based on the data available at this time. It can be 
shown that they are texturally and chemically different 
from these other two rock types. It is possible that they
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were derived from a parental liquid similar to the tho
le i ites , but which fractionated under different conditions 
which caused plagioclase accumulation in the gabbros, but 
not the tholei ites.

Not enough is known about the garnetiferous amphibo- 

1ite to relate it to the other rocks of the suite but, 
because of its intimate field relationship with the tho
leiitic rocks, it may be somehow genetically related to 
the volcanic activity which produced these rocks.

The metagreywackes and metaconglomerate rocks are 
sediments derived from a province of both mafic and fel
sic rocks. Their genetic relationship to the volcanics 
is uncertain, but their intimate spatial relationships 
with the volcanic rocks may provide a clue as to the tec
tonic environment in which the greenstones were formed.
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TECTONIC IMPLICATIONS
An interesting task for most geologists who study 

ancient rocks is to develop a tectonic model which is 
consistent with the chemical and physical properties of 
the rocks under study. Debate continues as to whether 
plate tectonics* as understood today, operated during 
Archean time. There is controversy as to whether there 
was a thinner crust or a higher geothermal gradient in 
the Archean than there is today (Green, 1984; Nisbet, 
1984; Burke & Kidd, 1978; Green, 1975) and whether the 

movement which controlled the geologic environment during 
the Archean was mostly vertical or more horizontal as is 

the cases today (Sleep & Wind ley, 1982 ; Wind ley, 1981; 
Gorman, et al, 1978; Groves, et al, 1978; Anhaeusser, et 
al, 1969) Caution must be exercised when relating 
ancient volcanic rocks to those formed in modern environ

ments.
A model for the tectonic environment in which the 

mafic and ultramafic volcanic pile in the ERGB formed is 
discussed below. It is based on analogs to modern plate 
tectonics, keeping in mind that they may or may not be 
valid for Archean rocks.

The chemical evidence we have suggests an environment 
which allowed rising mafic and ultramafic diapirs and
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near surface magma chambers to exist. Such features 
would be expected where the crust was thin, such as div

ergent environments, or in a melting zone above subducted 
lithosphere in a zone of convergence. The evidence for 
garnet in equilibrium with both the komati ites and tho
lei ites suggests that they were generated at significant 

depths.
Discrimination diagrams for the classification of 

volcanic environments have been developed by several 
workers (Meschede, 198 6; Briqueu, et al, 1984; Pearce & 
Norry, 1979; Pearce, et al, 1977; Ewart, 1976; Pearce, 
1976; Smith & Smith, 1976; Pearce & Cann, 1973; Jakes & 
White, 1972; Glikson, 1971; Hart, et al, 1970). Although 
it may not be proper to compare ancient rocks with those 
in modern environments these diagrams do identify inter
esting variations. Those diagrams which may be useful 

for the classification of ancient environments employ the 
immobile trace elements Ti, Zr and Cr (Garcia, 1978).
When these are applied to ERGB rocks it is not surprising 
that many of the mafic and ultramafic rocks can be clas
sified as ocean floor basalts (OFB). Using the Ti vs. Cr 
discrimination diagram (Fig. 17a) only a few samples fall 
into the island arc tholeiite (IAT) field. On the Ti vs. 
Zr diagram (Fig. 17b) there is a distinction between the
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ultramafic rocks, which fall mostly in the IAT field and 
the mafic rocks, which fall mostly in the OFB field. If 
these classifications are valid, implications for the 
tectonic environment of these rocks are that it contains 
both ocean floor and island arc rocks. Since IAT are the 
first to form in a new island arc (Ringwood, 1974), it is 
probable that these rocks formed in the Archean equiva
lent of a primitive continental margin or near continent 
island arc. The large clasts in the metaconglomerate 
suggest a near continent environment.

The criteria for the Elmer's Rock Greenstone Belt 
which support this type of tectonic setting are : (1) the

dominance of maf ic-ultramaf ic rocks in the suite and the 
transition of the intrusive(?) gabbros toward calc- 
alkaline compositions argue for an island arc setting 
(Hawkins, et al, 1984; Basaltic Volcanism Study Project, 
1981; Jakes & White, 1972); (2) although calc-alkaline
rocks do exist in what is interpreted as the upper por
tion of the belt (Graff, et al, 1982) , the lack of large 
quantities of alkali basalts argues against a rift set
ting (Dupuy & Postal, 1984; Basaltic Volcanism Study Pro
ject, 1981); (3) the occurrence of clastic metasediments
within the lower volcanic sequence argues for a conver

gent environment (Ojakangas, 1985; Sigurdsson, 1982a,
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1982b; Dickinson, 1974); (4) major and trace elements of 
the tholei ites are similar to modern island arc and ocean 
floor lavas while the komatiitic rocks have chemistry 
similar to ophiolites and boninites (Cameron, et al,
1979; (Basaltic Volcanism Study Project, 1981; Sun, et 
al, 1979; Sun & Nesbitt, 1978b) ; (5) the LREE enrichment
of the ultramafic magmas argues for the interaction of 
C02-rich fluids with the mantle which can be caused by 
the melting of subducted lithosphere (Schneider & Eggler, 

1986; Lloyd & Bailey, 1975); (6) the temperature and
pressure conditions required to produce high-Mg rocks 
(Herzberg, et al, 1986; Cox, 1978; Arndt, 1977; Arndt,
19 7 6; 1976; Green, 1975) are not characteristic of diver
gent settings (Basaltic Volcanism Study Project, 1981) ; 

and, (7) the REE patterns of many of these rocks supports
equilibrium with garnet which implies significant depths 
of generation (Jaques & Green, 1980; Ringwood, 1975).

The pressure and temperature conditions necessary to 
produce these rocks are possible in a convergent tectonic 
setting. High Mg (komatiitic) rocks are believed to form 
from high degrees of partial melting at moderate mantle 
depths at high temperatures (Green, 1975, 1981) or by 
small degrees of partial melting at greater depths 
(Herzberg, et al, 1986; Ohtani, 1984; Takahashi, 1981).
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Subduct ion of a 1ithospher ic plate may initiate melting 
in the mantle at depths near 200 km (Ernst, 1987). Small 
amounts of melting of an IE-enriched garnetiferous source 
at such depths would produce ultramafic magmas (Ohtani, 
1984) such as those found in the ERGB. Melting of the 
same source at depths between 80 and 100 km would produce 

tholeiitic magmas (Takahashi & Kushiro, 1983; Ringwood, 
1974). Melting may be aided by the subduction of a 
spreading center or mantle plume which would increase 
heat flow in the subduction zone. Such phenomena may 
have been common in the Archean.

Our interpretations suggest that the magmas which 

produced the volcanic rocks of the ERGB resulted from low 
to moderate degrees of melting. While the tholeiitic and 
komatiitic liquids were probably produced from two dis
tinct sources, both series have some rocks which were in 

equilibrium with garnet and some which were not. Rising 
mantle diapirs may be the most consistent explanation for 
the generation mechanism of these rocks. Rising diapirs 

are thought to occur in both divergent environments and 
in a melting zone above a subducting 1ithospheric slab.
If the diapirs are large, the magmas from the lower part 
of the diapir would be in equilibrium with garnet while 
those in the upper part would not. An environment which
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allows rising diapirs may also allow for the mixing of 
liquids, such as those which produced ER107. The tec
tonic environment which is most consistent with our model 
is that of a primitive island arc or continental margin 
setting.
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SUMMARY
Evaluation of the data obtained from the Elmer's Rock 

Greenstone Belt rocks has produced a simple and consistent 
model for the petrogenesis of the magmas which formed this 
volcanic suite and set some limits on the tectonic envi
ronment in which they formed :

1) The mafic and ultramafic rocks from ERGB represent 
a volcanic pile of tholei ites, komatiites and komatiitic 
basalts interbedded with intrusive (?) gabbros and sedi
ments, which compare with many other greenstone belts, 
both Archean and younger (Table 3).

2) Some of the ultramafic rocks in the suite represent 
cumulates from the komatiitic series.

3) The magmas which formed the komatiitic and tho
lei itic rocks were derived from sources which have had 
significantly different histories ; the source for the 
komatiitic rocks was enriched in LREE and other IE while 
the source for the tholei ites was slightly depleted in 
LREE with no significant variation in other trace ele
ments.

4) The LREE enrichment of the komatiitic source may be 
related to metasomatic alteration of the source before 

melting ; mixture of strongly IE enriched fluids with the 
melt; or contamination by crustal material during ascent.

5) The formation of the komatiitic rocks can be
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related to direct partial melting of a garnet i ferous 
source, in moderate degrees (10-40%), to form komatiites 
and komatiitic basalt along with fractional crystalliza
tion of the komatiite liquid to produce komatiitic basalt ; 
The tholei ites were probably formed by low degrees of 
partial melting of a garnet i ferous pyrolite source and 
subsequent fractional crystallization of the melt.

6) The interpretation that some of these melts were in 
equilibrium with garnet while others were not can be best 
explained by the existence of large rising diapirs under 
which different pressure and temperature conditions 
existed (ie, melts generated at greater depths by smaller 
amounts of melting would be in equilibrium with garnet 
while melts generated by larger amounts of melting or at 
shallower depths would not).

7) Sedimentary rocks in the belt may represent both 
clastic and exhalative environments ; the greywackes and 
conglomerate are consistent with the exposure of mafic and 
felsic rocks in the area of deposition.

8) Tectonic implications suggest that the Elmer's Rock 
Greenstone Belt probably formed during the early stages of 
formation of an island arc or continental margin.
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APPENDIX I —  ANALYTICAL PROCEDURES 
Sample Collection and Preparation

The ER1XX set of samples was collected and prepared so 
as to be the most representative samples possible. Five 
to ten kilograms of the freshest possible hand-sized spe
cimens were collected in the field. Each sample was bro
ken into approximately 1 cm pieces and visually weathered 

pieces were discarded. The samples were split using a 
large aluminum splitter which could accommodate the 1 cm 
pieces. The samples were split and mixed twice. They 
were then split until 500g portions of the samples 
remained. These portions were crushed by hand with a 
stainless steel mortar and pestle to a grain size of -35 
mesh. The samples were then split with an aluminum micro
splitter. They were split and mixed four times and then 

split until 100g portions remained. These portions were 
divided into three parts and mechanically pulverized to 
- 2 0 0  mesh grain size in a ceramic ball mill for 15-2 0 min
utes. The samples were placed in 6 dram glass bottles and 
homogenized by rotation on a mechanical wheel for 8 - 1 0  

hours. Finally, the samples were dried in a 110°C oven 

for 12 hours to release any adsorbed water and then stored 

in a desiccator.
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Preparation of fused glasses for XRF analysis

The fused glass disks for major and trace element ana
lyses on the ER1XX samples were prepared using powdered 
sample and 1ithium-tetraborate flux. The flux was dried 
at 12 5° for 24 hours. Drying of the sample and flux is 
necessary to assure an exact flux:sample ratio, which is 
used to account for matrix corrections during the analy
sis. A ratio of 9:1 was chosen for optimum sensitivity 
and detection limits for the chosen elements.

Exactly 0.5000g of sample powder and exactly 4.5000g 
of flux were weighed into a glass vial. This mixture was 
then homogenized on a mechanical wheel for ten minutes. 
Longer mixing times created size fraction gradients along 
the sides of the vial. This changed the exact ratio of 
the mixture because the smaller particles of flux and 
sample tended to stick to the sides of the vial because of 
static.

The mixture was emptied into a 95% Pt-5% Au crucible 
and melted over a natural gas-air flame for 15-20 minutes 
until totally fluid and homogeneous in appearance. The 
melt was then poured into a 95% Pt-5% Au 3.25 cm pan which 
was heated to red hot by a natural gas-air flame. Heating 

the pan decreased the amount of air bubbles in the disk 
and allowed the melt to flow into the pan more easily.
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The flame w a s removed immediately so as not to set up com
position gradients within the disk.

The pan and disk were allowed to cool to room tempera
ture and the disk was released from the pan by gently tap

ping it on its side. In this way nothing touched the ana
lytical surface leaving a disk with no streaks and as few 
air bubbles as possible.

Care of the pan and crucible include handling only by 
Pt-tipped tongs when hot. The crucible was cleaned in a 
warm (80°) 6N HC1 bath and rinsed in triple dis
tilled water (3XH20). The pan was rinsed with 2N HC1 and 

3XH20. The analytical surface of the pan was never 
touched by tongs or any other materials. As the pans were 
used they developed a bowed surface and since the analyti
cal surface must be as flat as possible, the pans needed 

to be pressed in their original molds often.

Analysis of major and trace elements and loss on ignition
The major elements in the samples were analyzed using 

fused glass disks on a 3080E Rigaku XRF spectrometer at 
the Colorado School of Mines. Automated data reduction by 
regression analysis was obtained using the program S-MAX 
(Eriksson, 1986). Precision was determined by replicate 
analyses of all samples and is generally less than a range



T-3323 103

of 2 percent except for K 20 and Na20 ((10%) and P 20 5 

(< 5% ) . Accuracy was determined to be greater than 99 per
cent by performing regression analysis for each oxide on 
34 geochemical reference standards (Snyder, 1986; Eriks
son, 1986).

The total iron in the samples was reported as Fe 20 3 

from the XRF analysis. The actual ratio of Fe2+ to Fe3"' 
is significant in determining the freshness of the sample 
and is useful in the modelling of mantle processes. 

Therefore, the iron as FeO was determined using a slightly 
modified wet chemical method of Goldich (1 984).

Goldich chose to use pure quartz flasks to prevent 
contamination by elements contained in other types of 

glassware. Because of the expense and ultimate deteriora
tion of quartz flasks by constant exposure to HF, we chose 
to use translucent F.E.P. Teflon flasks with screw on 
lids. Care must be taken not to overheat this type of 
flask because the bottom can begin to melt and make it 
difficult to determine if the sample has been totally dis
solved. Also, screwing the cap on too tightly will cause 
a pressure build up during heating and may cause severe 

distortion of the flask. We had few problems producing a 
sufficient amount of heat to dissolve the samples without 
overheating the flasks.
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Briefly, 0.5g of sample powder was weighed into a 
flask. The powder was dissolved by gently boiling in 5 ml 
of HF and 10 ml of H 2 S O 4 .  After the sample was completely 
dissolved (~10 minutes), 50 ml of boric acid was added and 

the flask was cooled in a cold water bath. The mixture 
was then diluted to 125 ml with distilled water. The 
amount of Fe2"" in the sample was determined by titration 
with a standardized KMnCu solution. The amount of Fe 2 03  

reported was calculated by converting the total iron as 
F e z O s to total iron as FeO and subtracting the titrametri- 
cally determined FeO. The remaining value was then con
verted back to Fe 2 0 3 .

The trace elements Rb, S r , Y, Nb and Zr were analyzed 

using loose powder in a 2 cm diameter plastic container 
covered with Mylar (Spex Industries) on a Kevex 5100 X-ray 
energy spectrometer at the USGS, BIG, in Denver. The pre

cision and accuracy were determined to be less than 10 

percent (Zel Peterman, personal communication).
The trace elements Co, Cr and V were determined using 

the same glass disks as for the major elements. The ana
lyses were performed on a Rigaku 3070 XRF spectrometer at 

The Colorado College, Department of Geology, in Colorado 
Springs. The precision and accuracy of this method on a 
similar machine were estimated at less than 10 percent RSD
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(Bower & Valentine, 1986; Bower, 1985).
Loss on ignition (LOI) was determined by gravimetric 

difference. Approximately Ig of powdered sample was 
weighed into a porcelain crucible and heated in a 1000°C 
muffle oven for 45 minutes. After heating, the crucible 
was placed in a desiccator and allowed to cool to room 
temperature. The difference in weights before and after 
heating gave the initial LOI. This value was converted to 
weight percent by dividing the initial LOI by the weight 
of the sample before heating and multiplying by 100. A 
loss of weight was reported as a positive LOI, but a 
weight gain was reported as a negative LOI. Because the 
heating did not take place in a vacuum, the oxidation of 
iron needed to be taken into account. During heating the 
Fe2"1" is changed to Fe3^ and 0 2 is added to the sample.

This additional oxygen causes a significant change in the 
actual weight of the sample. To account for this oxida
tion, the weight of FeO in the sample, determined by 
titration, is multiplied by 0.111348. This number, added 

to the weight percent LOI, gave the actual LOI value of 
the sample.

Analysis of the rare earth elements
Analysis of the rare earth elements (REE) in the rock
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Figure IA.— Flow chart showing dissolution and separation 
procedures of rare earth elements.
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samples was accomplished using isotope dilution mass spec
trometry. This method was chosen so that the predicted 
low abundances of these elements in most samples could be 
determined with the greatest possible precision and accu
racy. Figure IA is a flow diagram showing the dissolution 
and chemical separation procedures used to prepare these 
samples for analysis by mass spectrometry.
I . Sample Dissolution

Depending upon the estimated abundance of REE in the 
samples, from 100 to 500 mg of sample powder were weighed 
into acid-washed Savi1lex (brand) Teflon bombs. The pow
der was then wetted with 1 ml of 3XH20. From 100 to 500 
mg of LREE and HREE spikes for isotope dilution were then 
added to the bombs. Rocks of komat i it ic affinity are 
known to have low abundances of REE. Therefore, the 
sample:spike ratio was much larger for those rocks than 

for the other rocks of the suite.
One to 2 ml of HNO 3 was added to react with any 

organic material. Five ml of HF and two drops of HC104 

were also added to the bombs. The bombs were left open 

and placed on a 1 0 0 °C hot plate until they reached dry
ness. This allowed any initially dissolved silicon to be 
fumed off as SiF4 gas.

Ten ml of HF and four drops of HC104 were added to the
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bombs which were sealed and left on the hotplate for 2-3 
days, depending upon the size and composition of the 
sample. When the samples were completely dissolved the 
bombs were opened and allowed to be heated to complete 
dryness (usually one day).

White residues are left after this point. They are 
brought into solution by the addition of 10-15 ml of 6N 
HCI. The bombs were sealed and placed on a 60°C hotplate. 
The isotope spike is allowed to come to total equilibrium 
with the entire dissolved sample. When this has been 

accomplished ! ~1 hour) the sample is again taken to dry
ness.

Because the chemical separation process begins with 
HNO 3 » the sample residues were converted to nitrates by 
adding 2N HN0 3 and taking to dryness several times. This 
assures that no HCI is left in the residues which may 

change the elution rate. It is also important that no HF 
remain in the residue as it will etch the glassware used 

in the separation.
The samples are now ready to be loaded onto the elu

tion columns for chemical separation of the REE. The 
residues are dissolved in 6 ml of IN HN03 and transferred 

to Teflon test tubes. The mixtures are centrifuged to 
assure that all residue which does not dissolve remains
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behind when the samples are loaded onto the columns. If 
residues are allowed in the columns they may slowly dis
solve during the elution and destroy any separation of the 
elements and possibly cause contamination of other 
samples.

11. Separation chemistry for the REE
The separation scheme for the REE is a modification of 

that described by Lambert (1982). The initial separation 
began on a 1 x 20 cm glass column filled with AG-50WX8 

(100-200 mesh) cation exchange resin equilibrated in IN 
HNO 3 . This resin is a different size than that originally 
used by Lambert (200-400 mesh) and affords a cleaner sepa
ration than the larger resin. This size column gives a 
clean separation and avoids overloading due to the large 
sample sizes used in this study (>100 mg). The separation 
of REE from the larger cations in the rock is greatly 
enhanced by a switch from HN0 3 to HCI. Adding a stronger 
concentration of HCI (6N) for the last part of the elution 
provides a clean separation of Ce and La from the rest of 
the REE. The elution curve for this procedure is shown in 
F ig. IB. The initial separation of the REE takes approxi
mately 14 hours. Each of the subsequent separations (done 
as per Lambert, 1982) take 4-5 hours with 3 hours in 
between to clean the columns.
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Figure IB.— Elution curve for the REE separation proce
dure .
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III. Mass spectrometry

Isotope dilution analyses of the REE were performed on 

a 12" radius NBS Shields-type mass spectrometer at the 
USGS, BIG. The LREE and HREE were loaded as chlorides on 
Re-triple filaments and analyzed as ions. Gadolinium was 
loaded as a chloride on a Re-single filament and analyzed 
as an oxide.

Standard samples BCR-1 and BHVO-1 were analyzed and 
the results are listed in Table IA. A blank was also ana
lyzed and negligible amounts of REE were found (Table IB).

For data interpretation, the analytical results were 
normalized to chondrite values (Table IC ) in order to 
elminate irregularities in the patterns when the abundance 
was plotted against the element.
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TABLE IA.

REE (ppm) in Standard samples BCR-1 and BHVO-1 
BCR-11 BCR-12 BHVO-13 BHVO-14

Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb

53.5 
28.9 
6.65 
1 . 97
6. 40 
3.40 
3. 40

53.9
28.8
6. 57 
1 . 97 
6.64

34
60
42

39
24

6
2
6
5
2
1

7 
5
09
08 
26 
14 
45 
98

36
23
5 
2
6 
4 
2

7
4
79
00
01
95
39

1 . 89
1 Snyder (1986) 
2Hanson (1980) 
3this study 
4Sun et al (1980)

TABLE IB.
REE (ug) in blank analysis 

(this study)
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb

. 0006 

. 0008 

.0002 

. 0001 

.0008 

. 0003

. 0001

TABLE IC.
Chondrite values used for normalization. 

(Hanson, 1980)
Ce .813
Nd . 597
Sm . 192
Eu . 0722
Gd .259
Dy . 325
Er .213
Yb . 208
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APPENDIX II —  PETROGRAPHIC DESCRIPTIONS 
Fine-grained mafic amphibolites (tholeiites) :
(ER102, ER103, ER105, ER106, ER107, ER108, ER109, ER110, 
ER111, ER117)

These dark gray foliated rocks have segregation layer
ing and schistosity which are apparent in both hand speci
men and thin-section. All samples have a subidioblastic 
texture with grain sizes ranging from .05mm to 1 mm for the 
major minerals. They are composed of approximately equal 
portions of amphibole and plagioclase with accessory 
sphene. Many also contain quartz. The amphiboles occur 
as prisms with ragged terminations and are either green 
hornblende, anthophy11ite or both. Most amphibole grains 

have inclusions of quartz, plagioclase or opaques and many 
are twinned. The plagioclase composition ranges from A n 3s 
to An6 0 and occurs in equant xenoblastic grains, most of 

which are twinned. The sphene occurs as wedge-shaped 
crystals or drop-like granules less than .2mm in size. It 
often occurs in layers with the plagioclase and horn

blende. Most samples also have accessory apatite.
Opaques occur throughout the rocks but they have not been 

positively identified. Relative percentages and pétro
graphie parameters of the minerals for each sample are 
listed in Table IIA. Significant deviation from or addi
tions to the above description are listed below.
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ER10 3 : has opaques which occur in concentrated groups of 
euhedral crystals, often in a "star” pattern.
ER106 : contains pyrite which is visible in hand specimen; 
opaques occur in layers with sphene.
ER107 : contains ~1 percent biotite, .1mm to .2mm in 
length.
ER109 : is an altered sample which contains epidote, seric- 
ite, chlorite and carbonate in quantities up to 3 percent ; 
ser ic ite and epidote have replaced some minerals along 
fractures and edges and along the twin planes in the pla
gioclase.
ER110 : has a plagioclase content which is the most calcic 
of the suite, An60 .
ER111: has some of the plagioclase replaced by sericite 
and at least 50 percent is untwinned.
ER117 : contains 1-2 percent euhedral hematite.

Coarse-grained mafic amphibolites (gabbros):

(ER114, ER116)
These rocks are similar in minéralogie composition to 

the fine-grained mafic rocks, although the texture of 
these rocks is extremely different. They are dark grey in 
color and do not have an obvious foliation. Segregation 
layering and schistosity are not apparent in hand specimen 

but there is a preferred orientation of amphibole prisms
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in thin-section. The abundance of amphibole is much 
greater than that of plagioclase. The amphiboles (.05mm 
to 3mm in size) are green hornblende and cummingtonite.

The plagioclase is andesine (Anss-ss). Sample ER114 
contains more plagioclase than ER116 which contains more 
cummingtonite. The amphiboles occur as compact clots, 
euhedral crystals or laths with ragged terminations which 
are surrounded by smaller grains of plagioclase and amphi

bole. There is a preferred orientation of the smaller 
grains around the larger grains. These larger amphibole 

grains contain euhedral inclusions of quartz or plagio
clase. Sample ER114 also contains small (.05mm) subidio

blast ic quartz grains and a trace of hematite. Sample 
ER116 contains sphene and opaques in addition to the 
amphibole and plagioclase. Detailed pétrographie parame
ters and mineral percentages are presented in Table IIA.

Fibrous ultramafic amphibolites (komatiites and komatiitic 
basalts):
(ERlOla, ERlOlb, ER112, ER113, ER119, ER121, ER122)

These light to medium green fibrous rocks are composed 
mainly of tremolite/actinolite and chlorite. Most out
crops of these rocks are weathered black or rusty brown 
and most show some foliation. A few samples contain other 
types of amphibole. The amphiboles, which are .5mm to 2mm



T-3323 116

in size, have only a slightly preferred orientation and 

many are twinned. The feathery textured chlorite does 
show a preferred orientation which is not necessarily the 
same as that of the amphiboles. All samples contain
opaque minerals and iron oxide. Significant additions to
or deviations from the above descriptions are listed 
below. Relative percentages and pétrographie parameters 
are listed in Table IIA.
ERlOla and ERlOlb: have tremolite grains which have darker 
pleochroic rims of act inolite.
ER112 : contains only 2 percent chlorite but has Mg- 
anthophy11ite, biotite and untwinned plagioclase; epidote 

alteration occurs along the boundaries between grains.
ER113 : has a large percentage of opaque minerals (7-10 
percent ) ; most occur as shards which are concentrated in 
the cores of amphibole grains, most of which occur as 
prisms with ragged terminations.
ER119 : is almost entirely composed of subidioblastic 
act inolite with only a trace of opaques and chlorite with 

no apparent alteration.
ER121 : is an extremely altered sample which is severely 
fractured. These fractures are filled with epidote and 
some sericite.
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Metasedimentarv rocks:
ER104 : is a fine- to medium-grained light grey rock with 
grain sizes ranging from .1mm to 1mm. It has a subid io
bl ast ic texture and is composed of 50 percent quartz, 30 
percent labradorite plagioclase, 10 percent brown spotted 
biotite and 5 percent green hornblende with zircon and 
apatite as accessory minerals. The hornblende occurs 
intersertally with visible cleavage. The zircon and apa
tite are restricted to certain layers.

ER115 : is a metaconglomerate having a fine-grained grey 
matrix with granophyric clasts up to 10 cm in length. The 
matrix is composed of fine-grained (.1mm to 1.5mm) quartz 
(50 percent), plagioclase (30 percent ) and biotite (20 
percent ) . The quartz has an idioblastic texture. The 
spotted biotite occurs as elongated prisms with olive 
green to light brown pleochroism and pleochroic halos 
around inclusions. The subidioblastic clasts are composed 
of larger (2-5mm) quartz grains (50 percent), orthoclase 
(30 percent ) and mostly untwinned plagioclase. The 

plagioclase has a composition of An6s .

ER118 : is a dark grey finely layered rock with no distinct 
schistosity or foliation. It has a subidioblastic texture 
with grain sizes ranging from .2mm to .5mm. There is a
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faint 1ineation of the minerals in thin-sect ion. It is 
composed of 35 percent dark blue-green hornblende, 25 per
cent quartz, 20 percent plagioclase (Anss), 10 percent 
almandine garnet and 7 percent black opaques with apatite 
and hematite as accessory minerals. The garnets are poik- 
i1 itic with quartz inclusions elongated perpendicular to 
the 1ineation of the other minerals.

ER120 : is a fine-grained (.1mm to .5mm) light grey rock 
with a wavy foliation. It is composed of 5 5 percent pla

gioclase (Ansa), 25 percent quartz, 10 percent chlorite, 5 
percent garnet, 5 percent sericite and 1-2 percent black 

opaques. The chlorite occurs as clots and are dispersed 
throughout the rock in a random manner. It has an abnormal 
purple interference color. The garnets have quartz inclu
sions and most are replaced by chlorite. Some patches are 

quite altered with sericite while the other areas are 
fairly fresh.
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TABLE IIA.

Relative mineral percentages and pétrographie 
parameters in mafic and ultramafic volcanic 
rocks from the Elmer's Rock Greenstone Belt.

Thole i ites
# %Plag Anx 2 V %hb 2 V ext< %anth 2V %qtz %sph
ER1 02 35 49 -55 45 -55 16 15 + 85 4 2
ER103 35 41 -55 35 -45 16 10 + 80 15 -

ER105 25 42 + 75 47 -85 17 7 -85 20 < 1
ER106 45 3 8 + 75 45 -60 17 —  — ----- <5 4
ER1 07 20 55 -6 0 50 + 75 17 10 -85 15 tr
ER108 30 59 + 60 45 -80 9 10 + 83 10 3
ER1 09 30 58 + 83 50 + 75 17 — ----- < 5 6
ER11 0 25 60 + 50 30 -65 27 25 -85 10 4
ER1 1 1 25 58 + 60 30 -47 9 25 -90 1 5 2
ER117 45 45 -6 0 30 -85 22 15 + 85 — 5

Gabbros

# %Plag An x 2 V %hb 2 V ext< %cum 2 V ext< Other
ER114 35 55 -40 30 -85 20 25 + 75 19 10%qtz
ER116 15 56 + 50 20 + 60 16 60 + 70 7 2%sph

Komatiitic rocks

# %Trm/Act 2V ext< %Chl %Opaq Other

ERlOla 60 -77 1 5 40 tr
ERlOlb 95 -80 14 4 tr
ER112 80 -87 23 2 -- 5%plag 5%anth 2%bio
ER11 3 45 -77 1 5 10 10 35%cum
ER119 >99 -90 15 tr tr
ER121 15 -90 1 5 -- -- 7 0%anth
ER122 >95 -85 14 4 tr

Explanation:
plag = plagioclase sph = sphene
An x — anorthite content hb =hornblende
anth = anthophy11ite cum = cummintonite
qtz = quartz trm/act = tremolite/actinolite
chi = chlorite opaq = opaque minerals
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APPENDIX III —  MODEL CALCULATIONS*

TABLE IIIA. 
Komatiitic rocks

ERlOlb ER122 ER11 3

(1 ) (1 ) (2) (1 ) (2) (2)
Co chon® chon® 101b chon* 122 101b
F=C o /Cl, . 39 .04 .11 .01 . 30 .03

Do
Ce .01 . 001 0 . 001 0 0

Nd . 15 .006 -.044 .006 . 1 5 .03
Sm . 15 . 018 . 051 . 014 . 32 . 1 4
Eu — .024 — .025 . 53 .19
Gd . 16 .049 .23 .037 . 49 . 32

Dy . 25 .094 . 36 . 071 . 78 .45
Er . 27 . 130 . 46 .110 . 72 . 55
Yb .26 .150 . 50 .130 . 77 . 60

(1 ) for partial melting CL/Co =1/D(1 -F)+F
(2) for fractional crystallization Cl /c 0=f <d- 1 >

( a ) chondrite values (Hanson, 1980 ) except Ce= 1.4XCHON,
Nd = 1.2xCHON

* The calulated values in these tables are used as 
examples of how model calulat ions work with these rocks. 
Specific models are discussed in the body of the thesis.
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TABLE IIIB.

Tholei itic rocks 
Fractional crystallization: CL/Co=F(0-1’

ER105 ER1 1 0 ER102 ER117 ER107
C0 = (ER10 5)

oX0oII .91 .81 . 50 . 46 . 79

Cl/Co

Ce 1 . 098 1 .239 1 . 985 2.173 1 .256
Nd 1.130 1.212 1 . 884 2.063 1.111

Sm 1.145 1.174 1 . 801 1 . 962 1.017

Eu 1.137 1.181 1 .744 1 .856 1 .007
Gd 1.224 1.165 1 . 796 1 . 829 .990

Dy 1.166 1.033 1 . 603 1 . 598 .836

Er 1.163 .926 1 . 469 1 . 548 .721
Yb 1.171 .851 1.370 1 . 222 .636

Do

Ce 0 0 0 0 0

Nd -. 311 .104 .083 . 067 . 539
Sm -.450 . 251 . 149 .131 . 927

Eu -. 369 .223 .195 . 203 . 970
Gd -1.16 . 287 .152 .222 1 . 044

Dy -.638 .850 . 317 . 396 1 . 784

Er -.612 1 . 356 . 442 . 437 2.430
Yb -.687 3.508 . 544 .742 2.987
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TABLE IIIB. (con't)

Partial melting: C*./C0=l/D( 1-F )+F Co =2xCH0N

ER105 ER106
F=Co/Cl 
Do

.19 .17

Ce . 01 .01
Nd . 003 .049
Sm .003 .046
Eu — .047
Gd .019 .046

Dy .022 .061
Er . 029 .070

Yb .023 . 061

ER110 ER102 ER117 ER107
.15 .09 . 08 .15

.01 .01 .01 .01

.005 .010 .010 .024

.011 .015 .015 . 043
-- .019 .021 . 044

. 025 . 024 .031 .064

.054 . 040 .050 .111

. 089 .058 .059 . 168

.106 .065 .094 . 205
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TABLE m e .

Mixing Model For ER107
Proportions of mixed liquids : 1 26% komatiitic liquid

74% tholei itic liquid

Element komati it ic2 
composition

tholei itic3 
composition

model4 
mixture

ER10 7

SiOz % 53.15 51 . 34 51 .81 50.69
TiOz . 49 . 99 . 86 . 89
AlzOa 4.84 14.22 11.78 12.30
Fe zO 3 . 78 1.92 1.63 1 .92
FeO 7.79 10.92 1 0 . 1 1 9.52
MnO . 10 . 20 .17 .19
MgO 21 . 34 7.44 11.05 11.45
CaO 11.24 1 0 . 8 8 10.97 1 1 . 0 2
NazO . 15 1 .75 1 .33 1 . 69
KzO . 06 . 26 . 21 . 31
P 2 O 5 .06 . 09 . 08 .08

Cr ppm 2072 218 663 713
Zr 40 50 48 49
V 1 36 299 260 282

Ratio
(Ce/Yb ) n 1.33 1 . 00 1 . 04 1.08
(Dy/Yb ) n 1 . 38 1.18 1.23 1 . 32

1 determined using lever rule on Fig. 13.
2 average of ERlOlb & ER122
3 average of ER105 & ER106
4 X = .26(kom. liq.) + .74(thol. liq)

123
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TABLE HID.

Models For Cumulate Rocks. 
Komatiitic rocks :

ER112
Model : adcumul ate from komatiitic liquid
Normative mineralogy:

16.7% plag, 18.5% cpx, 62.3% opx1
Do = £ X i Kd 2 

Element____________ Do__________112/1223
Ce . 151 . 069
Nd .179 .116
Sm .257 . 167
Eu .421 . 314

Gd . 367 .227

Dy . 462 . 310
Er . 540 .431
Yb . 664 . 493

1 assuming all plag is cumulate and there is no trapped 
1iquid

2 Kd's from Arth, 1976
3 assuming ER122 may be parental liquid



T-3323 125

TABLE HID. (con't)

ER119
Model : orthocumulate from komatiitic liquid
Normative mineralogy:

27.6% plag, 27.5% cpx, 32.1% opx, 9.4% ol 
cumulate assemblage:

27.6% plag, 21.4% opx 
intercumulus liquid:

10.7% opx, 27.5% cpx, 9.4% ol

Xs = 48.5 Xr, = 51.5 Do = X i K
for XL = 57% plag + 

Ce = C*

43% opx

X r_ + Do ( 1-X L )
Element Do Cl (CL)
Ce .132 25.1 30.8

Nd .105 13.3 22.2
Sm .104 3.29 17.1
Eu 1 .45 1.15 15.9

Gd .111 3.80 14.7

Dy . 157 4.21 13.0

Er .222 2. 54 11.9
Yb . 307 2.45 11.8

1 assuming all plag is cumulate & cotectic proportions of 
plag and opx

2 Kd's from Schnetz1er & PhiIpotts, 1970
3 CR = measured concentration of i in the rock
4 chondrite normalized
5 interpolated between Sm & Gd

TABLE H I D .  (con't)
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Gabbros:
ER114. ER116

Model : ER114 (R2) residual liquid derived by fractional
crystal 1ization of some original liquid (Co) 

ER116 (RI) orthocumul ate mixture of an adcumulate 
assemblage (C « ) & residual liquid (ER114)

XL = 0.251 c, = (R2)
1

- Xl (R1)
— X L

D0 = XiKd

Major Elements Ç» REE ( C e ) N 2 Do
Si02 46. 35 Ce 3.45 .082

Ti0 2 . 53 Nd 3.41 .076
A 1 2 0 3 17.29 Sm 3.52 . 086
FeO 10.53 Eu 5.26 .239
F e 2 0 3 -.05 Gd 3.33 .096
MnO .24 Dy 3.41 . 1 0 2

MgO 13.11 Er 3. 53 . 108
CaO 1 0 . 2 0 Yb 3.83 .114
Na20 1 .71 Cs = 54.2% plag, 9.0% cpx
KzO . 10 5.1% opx, 30.5% ol
P zO s . 04 Mg number = 68.9

1 using Cr as the most depleted element (ie. all resides 
in liquid)

2 chondrite normalized
3 calculated for mass balance assemblage using Kd's from 

Arth, 19 7 6


