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Geochemistry and Petrogenesis of the Badwater Greenstones
from Crystal Falls Terrane in Northeastern Wisconsin, U.S.A.

Soo-Meen Wee*

ABSTRACT : Samples of Badwater greenstones from the Crystal Falls terrane in northeastern Wisconsin have been analyz-
ed for major, trace and rare earth elements. Geochemical characteristics of the rocks provide clues to the petrologic character
and paleotectonic environment of basaltic magma generation. They have chemical composition typical of continental tho-
leiites. The low Mg values and abundances of Ni and Cr indicate that the lavas were extensively fractionated prior to ex-
trusion. The variations of incompatible clements suggest that the rocks were affected by interaction with crustal rocks. The
samples least affected by contamination have trace element compositions similar to those of T-type mid-ocean ridge basalts.
The parent was modified by crustal contamination process and this process shifted the rock compositions to that of con-
tinental tholeiites as the rock evolved. Interpretations of the chemical characteristics of the rocks, based on modem analogs,

favor their emplacement in an extensional tectonic regime.

INTRODUCTION

Two major early Proterozoic tectonic provinces in
the southern Lake Superior region (Figure 1), the
northern passive margin terrane, and the southern
magmatic arc terrane, have given rise to controversial
interpretations of their tectonic evolution such as
plate margin model (Van Schmus, 1976) and arc-
continent collision model (Cambray, 1978;
Greenberg and Brown, 1983; Larue and Ueng, 1985).
The arc-continent collision model proposes that the
nothern passive margin terrane was subducted below
and accreted to the southern magmatic arc terrane
during the Penokean Orogeny (1.85~1.9 Ga).
However, Van Schmus (1976) proposed that the
northern terrane represents a back-arc or foreland
basin assemblage and that the southern magmatic arc
terrane is a remnant of a Proterozoic Andean-type
continental margin.

It has been recognized that volcanic rocks erupted
within specific tectonic settings possess distinctive
trace element and, in some cases, major element
signatures. The early Proterozoic dikes, Hemlock
volcanics, which are part of passive margin terrane,
and the Badwater greenstones of Crystal Falls terrane,
which lying between the passive margin terrane and
magmatic arc terrane, represent a volcanic and
intrusive stage in the formation of this geologically
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complex area. The geochemical study of the dikes
and the Hemlock volcanics have been carried out by
many workers (Fox, 1983; Ueng et al., 1988; Wee,
1991, 1993). However, previous studies of the
Badwater greenstones in Crystal Falls terrane are few
and could not be used to evaluate petrogenesis and
tectonic environment of magma generation. The
significance of the petrogenetic origin of the
Badwater greenstones is as profound as that of the
dikes and the Hemlock volcanics in order to
understand paleotectonic environment of the southern
part of the Lake Superior region.

Thus, this investigation is focused on the
geochemistry of the early Proterozoic Badwater
greenstones of Crystal Falls terrane in the northeastern
Wisconsin. The combination of these geochemical
results with the available geological information
provides additional clues for unravelling the
development of the past local tectonic framework, and
this paper served as a part of the study for the
reconstruction of the paleotectonic environment of
southern Lake Superior region in North America craton.

REGIONAL GEOLOGY
Geological Setting
The Precambrian geology of the northern
Michigan and northeastern Wisconsin is very

complex and is related to several tectonic events. The
area has been involved in two major orogenic
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Fig. 1. General geology and the early Proterozoic tectonostratigraphic terranes in the southern Lake Superior region(After

Ueng et al., 1988).

episodes, the Algoman Orogeny (2.7 Ga) and the
Penokean Orogeny, which occured about 1.85~1.9
Ga ago and included deformation, metamorphism,
and extrusive and intrusive igneous activities
(Cannon, 1973; Van Schmus, 1976). The area was
divided into four tectonostratigraphic terranes by
Larue (1983), such as the passive margin terrane, the
Crystal Falls terrane, the Florence-Niagara terrane,
and the magmatic arc terrane.

The passive margin terrane is composed of three
transgressive metasedimentary sequences deposited
unconformably on Archean sialic crust. The
metasedimentary sequence, from the oldest to
youngest, are the Chocolay, the Menominee and the
Baraga group. The Crystal Falls terrane is composed
of the Paint River group and underlying Badwater
greenstones, a thick units of pillow basalts and
greenstones. The contact of the Paint River group
with the underlying Badwater greenstones has been
inferred to be a fault along the northern border of the
Crystal Falls terrane (Larue, 1983), or uncomformity
(James et al., 1968). The Florence-Niagara terrane
consists of eight major fault-bounded packets that
strike E-W to NW-SE. The fault-bounded packets
containing highly deformed rocks that are, for the
most part, correlative with the passive margin terrane.
The Florence-Niagara terrane has been interpreted as
a fragment of the passive margin terrane which was

accreted to the forearc area of the magmatic terrane
during the Penokean arc-continent collision (Larue,
1983; Larue and Ueng, 1985; Ueng et al., 1988).
The magmatic arc terrane consists of several cores of
granitoid to gneissic rocks mantled by highly
deformed metavolcanic, metapellitic, and meta-
gabbroic rocks. The early Proterozoic dike swarms
are exposed mostly in the passive margin terrane
with various orientations.

Description of the Badwater greenstones

The Badwater greenstone is the youngest unit in
the Baraga group. The greenstone was formed, for
the most part, by the metamorphism of pillow lavas
and tuffaceous and agglomeratic phases, which
indicate deposition in a subaqueous environment.
The greenstones are generally massive chloritized
basaltic flows but locally ellipsoidal or slightly
foliated. The Badwater greenstone consists of
plagioclase, amphibole (actinolite and hornblende),
chlorite, epidote and clinozoisite as the major
constituents; biotite, quartz, and carbonate are minor
constituents. Most plagioclase occures as micro-
phenocrysts, but medium sized grains are also found
in the samples from the interior of the flows. Most
plagioclase grains are altered to sericite as well as
clinozoisite and epidote, and are often partially
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SiG; ALO; FeO MnO MgO CaO0 Nx0 KO TiO. P,O; Total Ni Cu Cr Zn Rb
CF-1 4736 1685 1111 016 813 824 292 034 136 012 9659 1245 354 3449 90.1 32
CF-2 5223 1362 1247 017 362 892 194 082 176 023 9578 246 492 223 1083 153
CF-3 5030 1390 1342 020 545 955 211 007 131 012 9643 442 1009 515 1071 1.0
CF-4 5088 1324 1253 019 507 1057 192 009 125 0.12 95,86 481 1329 515 966 13
CF-5 5000 1451 1170 018 543 1068 2.64 004 123 011 9652 520 363 776 914 12
CF-6 5129 1452 1285 020 591 716 210 092 140 012 9647 470 80.0 117.7 1095 125
FLE-2 4748 1588 1060 0.6 476 695 029 008 140 013 9773 937 187.7 2581 639 1.1
FLE-3 4598 1505 1269 020 786 1129 178 026 166 0.16 9693 1510 136.5 308 993 23
FLE-4 5129 1418 1221 018 681 703 338 054 136 018 9716 502 572 641 915 95
FLE-S 5250 1726 876 013 430 456 516 163 153 017 900 561 456 1356 1142 348
FLE-6 5170 1498 13.01 0.17 523 426 342 074 254 030 9635 238 0.1 1280 1270 125
FLETA 4944 1494 990 018 762 1222 192 021 112 0.4 9760 912 60.8 3681 730 18
FLE7B 5204 1432 743 014 731 1026 377 041 119 017 9704 994 578 3157 733 23
FLE-8 5095 1485 889 0.15 737 1098 247 042 097 010 9715 739 86.1 3204 758 83
FLE-9 4947 1452 1013 017 774 1276 132 048 107 010 9776 869 653 1095 713 81
FLW-1 4714 1559 1240 018 610 1212 108 034 156 014 9665 1349 163.9 2325 1119 75
FLW-2 4814 1564 1183 017 541 1108 177 037 154 015 9710 1181 119.8 290.1 868 6.7
FLW-3 4714 1542 1227 018 576 1020 210 066 225 027 9625 840 167.6 1973 923 70
M-1 5081 1376 1425 021 488 606 192 186 201 027 9603 493 680 1488 121.0 37.8
IM-2 4379 1727 1436 020 605 876 179 020 187 017 9446 431 2013 1234 946 22
IM-3A 4802 1599 921 014 443 849 346 034 128 0.12 9648 582 159.8 1639 622 32
IM-3B 4485 1738 1219 019 574 1154 252 012 174 016 9643 675 1113 2441 936 20
IM-3C 4753 1254 1535 025 525 1017 232 031 237 025 9634 329 2489 1720 1276 5.6
IM-4 4721 1580 1069 0.17 951 839 218 0.69 113 012 9589 280.8 1246 1792 754 122
IM-5 4854 1555 1214 018 654 882 221 061 170 0.16 9645 1108 1763 2286 945 72
IM-6A 4961 1599 1223 017 801 682 160 036 137 010 9626 1542 137.6. 2720 823 5.0
IM-7 4161 1458 1239 020 545 658 390 120 147 016 9754 364 484 1333 989 126
CP-1* 6926 1557 347 004 180 189 293 315 044 013 9868 79 146 53 717 942
WL-3* 7208 1151 400 006 049 106 276 430 056 009 9691 00 924 114 70.7 864
WE-6* 7409 1409 136 002 035 122 453 349 015 005 9935 00 19 01 381 655

Note : major element analyses are in wt. percent, trace and REE analyses are in parts per million, FeO represents total iron, *; ar-

chean granite

replaced by carbonate. The groundmass usually
consists of chlorite and very fine grained aggregates
of epidote, clinozoisite, and carbonate.

SAMPLING AND ANALYTICAL METHODS

In this study, sampling was focused on the
Badwater greenstones in Crystal Falls terrane.
Twenty seven samples from Badwater greenstone
and three supracrustal rocks were collected. Whole
rock samples from the Badwater greenstones and the
basement rocks were analyzed for major and selected
trace elements, including rare earth elements (REE).
Results of the chemical analyses are listed in Table 1.
Standard X-ray fluorescense (XRF) and Instrumental
Neutron Activation Analyses (INAA) procedures
developed at Michigan State University were used to
determine whole rock compositions of the major,
trace elements, and REE. Major and trace elements
such as Rb, Sr, Nb, Y, Cr, Ni, Cu, Zn, and Zr were

analyzed by XRF. REE and Th, Sc, and Hf were
analyzed by INAA.

Accuracy for major elements is within 2% except
for P, which is 5.4%. Trace elements by XRF are
accurate to within 5% except for Y and Zn, which
are less than 10%. Accuracy for elements by INAA
is less than 10%, but where concentrations are less
than 10 ppm (Tb, Lu, and Th), accuracy approaches
15%.

ANALYTICAL RESULTS
Major element

Analyzed rocks were plotted on a Na,0 + K,0
versus 100 X K,0/(K,0+Na,0) diagram (Hughes,
1973) which is useful to evaluate the effects of
secondary alteration (Figure 2). Rocks whose
compositions lie outside the envelope (“igneous
spectrum”) are probably due to element mobility
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Table 1. Continued.
S Y S Zt Nb Ba la Ce Sm Eu Tb Yb Lu Hf Th

CF-1 2552 186 370 1108 108 764 1132 2683 355 112 066 185 033 265 385
CF-2 4554 280 361 1859 98 2436 2884 6339 602 188 083 262 043 456 712
CF-3 424 204 443 1178 68 386 1511 3075 350 123 066 232 042 256 350
CF-4 4255 198 442 1136 57 304 1174 2780 352 119 061 204 037 240 36l
CF-5 3043 196 454 982 72 380 1156 2450 332 123 047 172 036 235 252
CF-6 2049 235 397 1100 103 8965 1590 2873 399 232 084 271 042 836 970
FLE-2 5240 189 352 1089 40 353 876 2269 339 117 052 180 037 266 266
FLE-3 2077 203 391 1028 101 570 1035 2749 376 123 058 212 038 293 183
FLE-4 1153 206 345 1344 128 1131 1395 2991 324 122 060 180 036 346 3.82
FLE-5 1500 296 330 1307 101 5060 3173 7107 405 212 067 233 038 565 340
FLE-6 1922 342 426 2109 251 5231 4088 10245 770 270 102 264 023 374 1185
FLETA 3415 181 355 924 86 881 1012 2759 323 208 077 238 041 554 487
FLE7B 1507 186 426 884 11.8 1902 1399 3139 329 099 058 211 036 217 3.63
FLE-8 2307 174 363 804 75 1211 1046 2648 333 192 073 233 040 499 528
FLE-9 1968 185 358 782 103 1121 2231 5238 659 212 074 246 040 704 6.06
FLW-1 2381 209 336 1022 88 1280 1073 2697 336 226 073 241 040 597 402
FLW-2 1886 216 312 961 99 2796 1038 2723 335 223 078 249 037 640 566
FLW-3 2797 275 337 1581 163 5440 1793 3049 545 294 083 265 039 940 769
IM-1 2046 337 334 1874 183 13405 2758 3372 721 258 088 264 039 548 738
IM-2 3709 246 478 1329 110 502 1700 43.15 465 180 086 194 040 347 426
IM-3A 2634 181 270 896 132 639 1089 1998 294 163 040 181 026 221 194
IM-3B 2447 203 507 1103 98 939 1604 2677 624 233 069 235 035 295 239
IM-3C 2169 300 311 1556 190 1601 1431 3335 315 287 099 291 045 366 320
IM-4 1832 188 464 818 127 2532 1827 2050 345 160 042 183 028 522 200
IM-5 1854 229 344 1099 158 1905 1662 2540 296 158 065 234 035 506 3.07
IM-6A 1613 198 378 818 125 1213 1136 2484 515 199 066 230 036 459 278
IM-7 1884 252 303 1375 258 5379 946 3024 375 205 081 248 038 747 6.00
CP-1* 2287 212 276 1234 50 5817 5011 5141 509 034 036 176 014 1205 6.52
WL-3* 587 440 97 3032 234 9940 4512 7328 977 160 040 140 024 329 010
WE-6* 5026 183 169 1761 00 9133 2930 2661 48 062 010 180 011 194 010
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Fig. 4. Varation diagrams of major elements vs differentiation index. Total Fe is reported as FeO.

the rocks from the study area fall well within the
field of modern volcanic suites on this diagram,
indicating that metamorphic alteration has only
been minimal.

The analyzed rocks have mostly basaltic
compositions with a relatively wide range of SiO, (43.
7~52.5%), and majority of the rocks fall within the
tholeiitic field in an AFM diagram (Figure 3). Major
and trace element composition of the rocks are similar
to that of continental tholeiites. The Mg numbers
(MgO/(MgO + FeO); FeO represents total iron) of the
tocks vary between 64 to 40 show a relatively narrow
range (mostly in 40 to 50). These relatively low Mg
numbers indicate significant fractionation of the
magma, and such evolved compositions are typical of
Precambrian basaltic rocks from other localities
(Condie ef al., 1987).

Differentiation trends for the Badwater green-
stones are shown in Figure 4. The abundances of
TiO,, P,Os, and FeO increase with increasing with
differentiation index, while MgO, CaO, ALO,
decrease. Decreasing MgQO corresponds with the
inception of ferromagnesian mineral fractionation,
while the decreasing of Al,O, and Ca0Q are indicative
of crystallization of pyroxene and plagioclase.

Trace and rare earth elements

Trace element behavior has been recognized as
more sensitive to the process of magma generation
and differentiation in basaltic systems (Yoder, 1976).
‘Decoupling of trace clements from major elements
contributes to this scnsitivity. Trace clements are not
as intimately tied with the polymerization of the melt
as are the major elements. This results in a greater
response of the trace clements to change during

magmatic processes.

Variation of trace elements with increasing
magmatic differentiation for the Badwater green-
stones are indexed with FeO/(FeO + MgO) and are
shown in Figure 5. Compatible elements such as
Ni and Cr, decrease with increasing differentiation,
while the hygromagmatophile elements (Rb, Ba, Zr,
Y, etc.) show a trend of enrichment with increasing
differentiation. It has been suggested that the
elements such as Ti, P, Zr, Hf, Th, Cr, Ni, Sc, Nb,
Y, and HREE in basalts are resistant to alteration
and metamorphism (Pearce and Cann, 1973; Floyd
and Winchester, 1975; Wood et al., 1976; Condie
et al., 1977; Ludden and Thompson, 1978; Ludden
et al., 1982), while other elements such as Sr, Ca,
Ba, K, and Na can be shown to be mobile even
during low grade alteration (Humphris and
Thompson, 1978). In this study, the LIL (large ion
lithophile) elements of the Badwater greenstones
show a much wider scattering and poorer
correlation as compared to the tight clustering of
the immobile elements (e. g., Zr, Y). This suggests
that the immobile elements can be used for
modelling whereas the LIL, whose scattering is
problem due to alteration and metamorphism, may
be used with caution.

The REE concentrations were normalized to
chondrite values and then plotted logarithmically
against atomic number. Plots of chondrite
normalized REE data for the Badwater greenstones
are shown in Figure 6. The Eu anomalies, positive
anomalies in less evolved rocks and showing flat in
more evolved rocks, might be suggest that
fractionation of plagioclase, which preferentially
deprives the melt of Eu under favorable oxygen
fugacity conditions.
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Chemical variation of the evolved rocks

The chemical differentiation of most magmas
results from processes operating in the subsurface.
Factors controlling their composition include the
source composition as well as pressure, temperature,
and degree of partial melting of the source.
Fractional crystallization and contamination may
operate at any level to produce further variation.

Crystal fractionation is one of the major controls on
the evolution of Badwater greenstones as supported by
the presence of phenocrysts of plagioclase,
clinopyroxene, and’ iron-oxides in the metabasalts. The
evaluation of fractional crystallization is best performed
on fresh rocks for which original mineral compositions
are available. Because of the alteration process, no
accurate chemical data for the original minerals are
available for these rocks. Thus, I concentrate mainly
on the element that appear to be immobile in basaltic
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assimilation crystal fractionation model. Tick on the
lines mark fraction of magma remaining.

rocks during weathering and metamorphism.

In order to simulate the solidification history using
the Rayleigh fractionation model (Allegre and
Minster, 1978), sample IM-4 is chosen here to
approximate the starting composition because it has
the least differentiated REE composition, low SiO,
(47.2%), high MgO (9.5%) and Ni (280 ppm)
contents. Figure 7 shows Ce/Yb vs Ce ppm plot for
the Badwater greenstones. Line CF marks the
modelling of the differentiation history using closed
system crystal fractionation model, whereas lines
ACF1 and ACF2 represent simulations using an
assimilation crystal fraction model developed by
DePaolo (1981). An assimilation rate of 0.35 is used
here because the same number has been successfully
applied in modeling the Deccan basalt of India and
the Coppermine River basalt of the northwest
territories, Canada (Dupuy and Dostal, 1984).
Partition coefficients are adopted from Cox et al.
(1979) and Henderson (1984). Bulk partition
coefficients are calculated assuming fractionations of
1) olivine, plagioclase, clinopyroxene in the
proportions 0.05: 0.45: 0.5 (Dc.=0.23, Dy,,=0.53),
and 2) plagioclase and clinopyroxene in the
proportions of 0.3:0.7 (Dc=0.28, Dy,=0.72). As
shown by the crystal fractionation trend in Figure 7,
differentiation by crystal fractionation (assumming
fractionation of olivine, plagioclase, and
clinopyroxene in the proportions 0.05 : 0.4 : 0.55)
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Fig. 8. Plot of Nb# vs. differentiation index for the
Badwater greenstones. Nb# is defined as the difference
between chondrite normalized Nb abundance and the av-
erage of chondrite normalized Th and La.

alone seems to have difficulty evolving the observed
Ce/Yb ratios present in the rocks before major
portions of the magma solidified.

Crustal contamination of the basaltic magma
during emplacement was considered to explain the
excessive enrichment of Ce in the Badwater
greenstones. The crustal rocks of the study area have
a higher Ce content and Ce/Yb ratios (Ce=50, Yb=1.
7, by average of 3 crustal rocks). Evaluation of the
Ce/Yb vs. Ce plot (Figure 7) tends to support the
assimilation crystal fractionation (ACF) model. It
thus appears that the preferred model to explain the
excessive enrichment of Ce in the present study is
ACF model and the trend of differentiation can be
interpreted to represent ACF rather than simple
fractional crystallization.

Geochemical pattern of averaged Badwater
greenstones shows distinctive depletion of Nb with
respect to its neighboring elements (see Figure 10b).
This depletion would require a mineral that
selectively removes Nb with respect to other
incompatible elements such as Th and La. Although
Nb partitions strongly into the Ti-rich minerals such
as sphene and rutile (Green and Pearson, 1987),
there is no correlation between calculated Nb values
((Nb)~[(Th). + (La).J/2) and Ti content. Therefore,
the depletion of Nb reflects the contamination of the
magma by Nb depleted crustal material. The reason
for the depletion of Nb in continental crust has not
been known exactly. Recently Hofmann (1988)
explained the Nb depletion by a switching of their
compatibility during the formation of continental and
oceanic crust. Nb was moderately incompatible
during the formation of the continental crust (similar
to Ce) and becomes highly incompatible (similar to
U and K) during the formation of MORB (Hofmann,
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1988). Nb # values (Figure 8) for the Badwater
greenstones decrease with increasing differentiation
index. This implies continuing assimilation
throughout the differentiation history.

Geochemical interpretations of tectonic set-
ting

The interpretation of paleoenvironments of basaitic
magma generation in the southern Lake Superior
region was based on the use of the previously
devised discrimination diagrams. Immobile elements
are suitable for use in a tectonic discrimination
diagrams. What these diagrams do not consider is
the temporal decrease in global heat flow. This
would have influenced the depth and degree of
partial melting of the mantle and the likelihood of
contamination by sialic crust. For above reasons, in
the diagrams which follow, the field boundaries
defined by modern velcanic rocks serve merely as a
reference framework to which the Precambrian data
can be compared.

Several discrimination schemes utilizing distinctive
trace element distributions in mafic volcanics have
been proposed to aid in the reconstruction of ancient
tectonic settings. The application of such schemes to
volcanic rocks of Precambrian age is based on the
assumption that the ancient and modern chemical-
tectonic systematics of magma genesis are basically
the same.

Figure 9a is a plot of Ti vs Zr used by Pharaoh
and Pearce (1984). This diagram discriminates
between basic and evolved lavas because the
dominant crystallizing phases in basic magma (ie.,
olivine, pyroxene, plagioclase) have an insignificant
effect in the Ti/Zr ratio of the melt. However, when
a Ti bearing phase begins to crystallize and the melt
evolves from basic to acid, the removal of Ti results
in a decrease in the Ti/Zr ratio (Watters and Pearce,
1987). In this diagram, it is apparent that the all
rocks fall in the basic lava side and that the rocks
plot in the MORB and within plate basalt (WPB)
field. ACF processes do mot significantly alter the
tectonic indicators in the Ti-Zr plot because Zr
concentrations are similar in the crustal material and
the magmatic differentiates of the intermediate stage
(Ueng et al., 1988), and because the tendency to
lower the Ti concentration of the magma by
assimilating supracrustal rock is overshadowed by an
enrichment trend caused by differentiation. Samples
were plotted in Ti-Zr-Y (Pearce and Cann, 1973) to
distinguish within plate basalt (WPB), ocean-floor
basalt (OFB), low-K tholeiites (LKT), and calc-
alkaline basalt (CAB) (Figure 9b). The WPB affinity
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Fig. 9. Tectonic discrimination diagrams for the Badwater
greenstones. (a) Ti vs Zr plot. MORE, WPB, and Arc lava
fields taken from Pharaoh and Pearce (1984), (b) Ti-Zr-Y
polt. A :low-K tholeiitic basalts, B : ocean floor basalts, C
: calc-alkaline basalts, D : within plate basalts, (c) log-
arithm plot of Zr/Y vs Zr.
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Fig. 10. Geochemical patterns (normalized to N-MORB) of basalts from known tectonic environments. For comparison, av-
eraged Badwater greenstones are presented. Data sourecs for Figure 11a cited in March (1983), and Chen and Frey (1983),

11b cited in Peccerillo and Taylor (1976).

of the rocks is a dominant feature of the plot.
However, a fairly large number of rocks plot in the
OFB fields. This kind of plot pattern has been
interpreted by Morrison (1978) and Holm (1982) as
representative of incipient spreading within
continental crust. It thus appears that the basaltic
rocks plot within and between WPB and OFB on
this diagram and suggests that they have
characteristic of continental basalts of transitional
setting; either continental rifting or back arc basin.
Figure 9c (Pearce and Norry, 1979) providing not
only a complete separation of WPB and MORB, but
effectively distinguishes between these types and
volcanic arc basalts. In this diagram, all the rocks are
plot within the WPB field.

Based on Figure 9, most of the samples from the
Badwater greenstones plotted in either the WPB field
or the MORB field. Of particular interest is that the
less evolved rocks plot near the MORB field and
evolved rocks show a trend into the WPB field as
seen in the Z1/Y vs Zr plot. Although these diagrams
do not provide a separation of normal MORB (N-
type) and plume type MORB (P-type), chemical
compositions of the least evolved samples are similar
to that of transitional type MORB (T-type) which
has relatively low Z1r/Nb (7.7~11.8), Y/Nb (1.3~3.0),
and slight LREE enrichment ((La/Yb)=1.7~4.3)
ratios (data from LeRoex et al., 1983).

Geochemical pattern of the average composition of
the Badwater greenstones was constructed by
normalizing to an average N-MORB composition.
Patterns for typical basalts from known tectonic
settings are presented for comparison. MORB
normalized geochemical patterns (Figure 10) provide
a useful means of comparing basalts based on the

analyzed elements.

Intraplate alkali basalts (Kula in Figure 10a) exhibit
an enrichment of all elements relative to N-type
MORB, similar to the pattern due to either
incompatibilities of the various elements in small
degree mantle melts or generated from the enriched
mantle source. Compared to N-type MORB, island arc
basalts (Figure 10a) are relatively enriched in Sr
through Ba and the low content of the immobile
elements. Selected modem suites of continental
tholeiitic basalts (Figure 10b) erupted in areas of
strong lithospheric attenuation also give pattern which
exhibit enrichment in the most incompatible elements
and depletion in Nb and P with respect to their
neighboring elements. It is difficult to chemically
distinguish the continental tholeiitic basalt (CTB) and
ocean alkali basalt (OAB) with respect to degree of
enrichment of overall elements. Both have enriched
LIL and HFS elements, however, they show a
distinctive difference in the concentration of Nb. The
geochemical pattern of the Badwater greenstones
(Figure 10b) show very similar distribution pattern and
resemble the continental tholeiitic basalts in regard to
the degree of enrichment of LIL/HFS elements and Nb
and P depietion. The interpretation of these data
strongly favor a model of intrusion into a crustal
environment undergoing lithospheric attenuation.

CONCLUSIONS

Despite the age and metamorphism of the studied
rocks, geochemical analysis, especially for immobile
elements, has provided useful information to
constrain the petrogenesis of the Badwater
greenstones and the paleotectonic environment of the
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studied area. Geochemical analyses, tectonic
comparisons using diagrammatic methods, and
limited chemical modelling of rocks allow the
following conclusions :

1. Geochemical data indicate that the Badwater
greenstones are tholeiitic; no alkalic basalts were
found. The absence of the alkaline basalts within the
region might be suggest that early Proterozoic
magmas were generated at relatively shallow depths,
under the influence of a high geothermal gradient.

2. Geochemical characteristics of the Badwater
greenstones show evidence of crustal contamination.
Assimilation of crustal rocks have greatly affected
elemental abundances, especially in Nb and
incompatible elements, which are enriched in crustal
rocks. Most of the least evolved rock samples plot in
the MORB field in tectonic discrimination diagrams,
and these rocks are chemically similar to present day
T-type MORB compositions. Thus, with con-
sideration of assimilation effects, it is suggested that
the rocks of the study area were derived from a
chemically MORB-like, relatively undepleted,
lithospheric upper mantle source. The relatively
undepleted parent modified by ACF process for the
studied rocks and these processes shifted the rock
composition to that of continental tholeiites as the
rock evolved.

3. Based on all the geochemical characteristics
and tectonic discrimination diagrams, the studied
rocks emplaced during rifting. The geochemical
patterns of these rocks are similar to continental
tholeiitic basalts from Lesotho, which erupted in
more recent rift environment.
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