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ABSTRACT 

PETROLOGY AND GEOCHEMISTRY OF INTERMEDIATE ROCKS IN 

GABBRO - GRANITE CONTACT ZONES, 

WICHITA PROVINCE, OKLAHOMA 

Jerry W. Kennedy 

The investigation of intermediate rocks in two granite - gabbro 

contact zones in the Wichita province of southwestern Oklahoma has 

established petrologic and geochemical constraints which suggest in¬ 

trusive relationships exist between the major silicic and basic plu- 

tonic rocks. Field studies of the Poko Mountain area in the eastern 

portion of the province indicate the contact of the younger granite 

with the underlying gabbro is discordant and is characterized by the 

presence of gabbro xenoliths within the granite. Whole-rock and trace 

element chemistry disclose the intermediate rock found highest in the 

gabbro section at this exposure is more fractionated than the contact 

phase of the granite. Negative Eu anomalies demonstrate the granite 

has experienced strong plagioclase fractionation. The gabbro, however, 

shows no complimenatry positive Eu patterns. In addition, the plagio- 

clases of the gabbro exhibit reverse cryptic variation with the most 

calcic plagioclase (An^y) being found in the intermediate rock immedi¬ 

ately below the granite contact. Petrogenesis of the intermediate rock 

at Poko Mountain is therefore attributed primarily to crystal fraction¬ 

ation of the gabbro and secondarily to alkali metasomatism from the 

overlying granite. Examination of the Twin Mountains outcrop in the 

western part of the province reveals the contact between granite 
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and intermediate rock is knife-sharp. The intermediate rock, origi¬ 

nally an anorthositic cumulate, is volumetrically composed of approx¬ 

imately 80% plagioclase but is now identified by a negative Eu anomaly. 

Contact thermal alteration and resorption of plagioclase within the 

intermediate rock are evident and indicate disequilibrium. The data 

suggest the development of the intermediate rock at this locale is due 

solely to hydrothermal contamination of the basic rock by alkali meta¬ 

somatism from the adjacent granite. The evidence thus suggests that 

at neither outcrop are the granites a product of differentiation of 

the basic rocks. ' Most probably the granites originated by partial 

melting of the Precambrian granitic basement by upwelling basic magmas 

during the rifting associated with the evolution of the southern Okla¬ 

homa aulacogen. 
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INTRODUCTION 

Regional Geology and Tectonic Setting 

The Wichita province of southwestern Oklahoma comprises a group 

of intrusive and extrusive igneous rocks distributed over a broadly 

linear west-northwesterly trend from east of Ardmore in south-central 

Oklahoma into Wheeler and Collingsworth Counties in the Texas Pan¬ 

handle (Plate 1). Spatially associated Late Precambrian (?) meta- 

sedimentary rocks are included within the province as well. The 

province is characterized by the presence of a core of older basic 

plutonic rocks called the Raggedy Mountain Gabbro Group (Ham et al., 

1964), overlain and crosscut by sills and irregular intrusions of 

younger epizonal granites known as the Wichita Granite Group (Ham 

et al., 1964). Included within the Wichita Granite Group are the 

Quanah, Lugert, Reformatory, Headquarters, and Mount Scott Granites. 

Together these granites constitute the dominant outcropping igneous 

rocks in the Wichita province. Relatively minor volumes of various 

intermediate rocks are also present which most typically intrude the 

older gabbroic rocks (Ham et al., 1964; Powell et al., 1980). Col¬ 

lectively these spatially associated intrusive rocks are known 

informally as the Wichita complex. 

Stratigraphically above the complex lies a series of rhyolitic 

flows and pyroclastics known as the Carlton Rhyolite Group (Ham et 

al., 1964). These rocks are essentially isochemical with the Wichita 

Granite Group and are regarded as the effusive equivalents of the 

latter (Ham et al., 1964; Hanson and Al-Shaieb, 1980). The only other 



2 

volcanic rocks in the Wichita province comprise a series of basic 

flows and tuffs which are only known in the subsurface. These rocks, 

called the Navajoe Mountain Basalt-Spilite Group (Ham et al., 1964), 

are distributed in two belts which are separated by an upthrown and 

intervening zone of gabbro. The Navajoe Mountain Basalt-Spilite 

Group is characterized by andesite, metabasalt, and basic homfels 

in the southern belt, and by basalt, spilite, and altered palagonite 

tuff in the northern belt. These rocks have been tentatively inter¬ 

preted as the extrusive equivalent of the gabbros (Ham et al., 1964), 

but this is speculative at best. Presently, only a single subsurface 

contact has been found between the basalt group and the gabbro and 

this has been interpreted as a fault (Ham et al., 1964). 

Exposed in the central area of the province is a sequence of 

layered anorthositic and gabbroic rocks called the Glen Mountains 

Layered Complex (herein referred to as the GMLC) (Powell et al., 1980). 

This layered intrusive, divided by Hunter (1970) into four mappable 

stratigraphic zones (K, L, M, and G), is known to be at least 2400 m 

and possibly as great as 4-5 km thick (Ham et al., 1964). It consists 

of gabbro, olivine gabbro, troctolite, and anorthosite, and was pre¬ 

sumably injected into a Precambrian or Early Cambrian unit known as 

the Tillman Metasedimentary Group. 

Generally considered to be the oldest rocks of the Wichita 

province, the Tillman group is dominated by graywacke but also con¬ 

tains siltsone, shale, arkose, and bedded chert. Included in the 

Tillman group is the Meers Quartzite which is found only as inclusions 

in the Raggedy Mountain Gabbro and Wichita Granite Groups. Estimates 
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of the provenance for the Tillman group indicate the probable source 

rocks are the granites and granodiorites of the Texas craton (Ham et 

al., 1964). 

Crosscutting and intruding the GMLC are many dikes and sills of 

biotite gabbro, microdiorite (i.e. the Otter Creek Microdiorite of 

Powell et al., 1980), aplite, granite, and a "mixed rock" Powell et 

al. (1980) have called the Cold Springs Breccia. The biotite gabbros 

have collectively been named the Roosevelt Gabbros, in accordance 

with the rock nomenclature which has been established by Powell et 

al. (1980), and include three individually mapped members called the 

Mount Sheridan Gabbro, the Sandy Creek Gabbro, and the Glen Creek 

Gabbro. Recent work has shown the Roosevelt Gabbros to be distinct 

petrographically and chemically from the feldspathic cumulates of the 

GMLC which they intrude, but the genetic relationships between the 

two are still a matter of conjecture (Powell, 1979 ; Powell et 

al., 1980). 

The igneous rocks were originally emplaced in the Cambrian in 

a northwest-trending continental rift valley, the formation of which 

marked the first stage in the evolution of what has come to be called 

the southern Oklahoma aulacogen (Shatski, 1946; Hoffman et al., 1974). 

As Powell and Fischer (1976) have noted, the magmatic activity at 

this time included extrusion of the Navajoe Mountain basalts followed 

by rhyolite volcanism and emplacement of granite. 

The time interval between the basic and silicic magmatic episodes 

was long enough, however, for some very important field relationships 

to develop. During this time structural modifications of the basic 



rocks occurred. The region underwent a period of faulting in which 

a central anticlinal block approximately 40 km wide was formed. 

According to Ham et al. (1964), the uplift was sufficient (i. a 

greater than 3 km) to result in the removal of the basalt and gray- 

wacke cover and exposure of the underlying gabbro. As a consequence, 

a large-scale unconformity was developed. 

Whether this event actually records the first subaerial exposure 

of the crystalline gabbro core is a matter of debate. As has already 

been mentioned, the Raggedy Mountain Gabbro Group is comprised of 

several units, one of which is the GMLC. Petrologic arguments pre¬ 

sented by Powell (1976), Powell and Phelps (1977), and Powell et al. 

(1980) indicate the GMLC is older than Middle Cambrian, and that prior 

to this uplift had already experienced substantial erosion. Their 

results, based on a comparative phase chemical study with other basic 

layered intrusions, suggest that the level of exposure of the GMLC 

does not represent the top of that unit but in fact is closer to its 

midsection. They reason that given the short span of time between 

the basic and silicic igneous episodes in the Cambrian (approximately 

535 m.y. for the basic rocks and 525 m.y. for the silicic rocks) it 

would require unreasonably high rates of uplift (2 mm/yr) to account 

for the removal of the upper half of the unit. It is more likely, 

they continue, that the GMLC is Precambrian in age and that prior to 

the Middle Cambrian event had endured previous weathering. They fur¬ 

ther propose the GMLC may have been the locus of the later Paleozoic 

structural activity associated with the evolution of the southern 

Oklahoma aulacogen. 
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Challenging the evidence presented by Powell and coworkers are 

the results of Sides and Stockton (1981) and Scofield (1975). Their 

data suggest the GMLC has undergone relatively little erosion, and 

that what is viewed of the GMLC in the field marks the top of the 

unit and not its "approximate midsection." Scofield, for instance, 

interprets exposures of the GMLC to be plagioclase float cumulates 

of the roof, of the intrusion. Interestingly, Huang (1962) had also 

proposed'floatation of plagioclase grains to account for the cumulates 

of the GMLC. Sides and Stockton, on the other hand, present lead iso¬ 

tope data which indicate the age of the GMLC (518 m.y.) is nearly 

identical to that of the Mount Scott Granite (509 m.y.). These ages, 

if correct, indicate the GMLC is not Precambrian, as is postulated by 

Powell et al. (1980), and suggest erosion of the layered complex may 

not have been very far advanced (i.e. there may not have been suffi¬ 

cient time for the weathering to have penetrated below its roof) when 

the overlying Mount Scott Granite was emplaced. 

Despite this uncertainty, it is nevertheless evident that shortly 

after the structural adjustments of the basic rocks in the Middle Cam¬ 

brian, the second phase of the igneous activity began - that concerned 

with the silicic rocks. Rhyolites were extruded upon the eroded sur¬ 

face, covering gabbro over the area of maximum uplift and basalt on 

the flanks of the uplift. This was followed in quick succession by 

emplacement of granites at shallow levels. Ham et al. (1964) suggest 

a favored horizon for injection of the granites was the base of the 

still-warm Carlton Rhyolite, along which the magma spread laterally, 

forming large sill-like bodies. 



6 

Thus, there appears to have been a hiatus between the basic and 

silicic magmatic episodes. The time of formation of the gabbro-basalt 

groups is separated from the time of formation of the granite-rhyolite 

groups by a period of faulting, uplift, and erosion. 

Towards the end of the Cambrian, after the last volcanic effusions 

had ended, the region was uplifted for the second time. The uplift was 

so pronounced that rhyolite flows were eroded away and the Upper Cam¬ 

brian strata (the lowest unit being the Reagan Sandstone) came to rest 

successively upon Wichita granites, Navajoe Mountain basalts, and Till¬ 

man metasediments (Ham et al., 1964). The form of the uplift was a 

broadly northward-plunging anticline (Ham et al., 1964). 

Sedimentation in the region in Paleozoic time appears to have 

been consistent with a gradual change in deposition from marine to 

nonmarine conditions. During the Early Paleozoic the region was inun¬ 

dated by an epicontinental sea and carbonate rocks were deposited over 

what may have been a broad, shallow shelf. This was followed in the 

Late Paleozoic by transition to a regressive style of sedimentation 

marked by the presence of nonmarine clastic sediments of Mississip- 

pian, Pennsylvanian, and Permian age, composed in part of carbonate 

rocks but consisting primarily of sandstone, shale, arkose, and con¬ 

glomerate. 

This change to nonmarine sedimentation apparently was the result 

of renewed uplift of the central Wichita block throughout a long span 

of Pennsylvanian time during which the area was faulted into a region 

of uplifts and grabens. The ensuing configuration was a central, up¬ 

lifted horst, bounded on the north and south by basins, with the 
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northern Anadarko Basin,, the deepest Paleozoic basin on the North 

American craton (greater than 9 km), separated from the uplift by 

a series of high-angle normal and reverse faults. The faulting 

seems to have been facilitated by zones of weakness which developed 

during the earlier Proterozoic-Cambrian intracratonic rift system 

or aulacogen (Shatski, 1946; Hoffman et al., 1974). 

Geologic and petrologic interpretations of geophysical anoma¬ 

lies over the aulacogen were made by Pruatt (1975), who proposed 

the gravity anomalies were consistent with models of a shallow, 

linearly shaped lopolith comprised of gabbro which graded_downward 

into denser ultramafic rocks. Taking note of the associated basic 

volcanic rocks, Pruatt suggested the rocks constituted a bimodal 

igneous suite emplaced in a cratonic rift during the Middle Cam¬ 

brian. 

Chase (1950) published the first modern geologic map of the 

gabbroic rocks of the central Wichita Mountains. It has since 

served as a basis for many of the maps that have later been pub¬ 

lished. Mapping of the Cold Springs area was accomplished by 

Walper (1951) in his study of the assimilation of a microdiorite 

by granite. This was later followed by several M.S. theses at 

the University of Oklahoma under the direction of H. E. Hunter, 

notably those of Gilbert (1960), Spencer (1961), and Freeh (1962). 

These investigations documented the layering phenomena within the 

gabbros and focused on mapping the basic rocks in the Glen Moun¬ 

tains vicinity. Ham et al. (1964) summarized well data on base¬ 

ment rocks in southwestern Oklahoma and developed a more comprehensive 



picture of the magmatic and structural evolution of the province. 

Detailed mapping of the various granitic units was then made by 

Merritt (1965; 1967) who separated what had originally been mapped 

as "Lugert granite" by Taylor (1915) and as "Lugert granophyre" by 

Hoffman (1930) into the Lugert and Mount Scott Granites. 

Geochronology 

The first formal lithostratigraphic nomenclature for the prin¬ 

cipal igneous rock groups present in the Wichita province was estab¬ 

lished by Ham et al. (1964). Since that time studies have revealed 

a greater degree of petrologic complexity than was previously recog¬ 

nized, particularly with respect to the mafic intrusive rocks. In 

order to accomodate this new data Powell et al. (1980) have provided 

a revised lithostratigraphic classification scheme, here presented 

as Table 1, using as their basis the original framework of rock 

groups developed by Ham et al. (1964). 

The most widely accepted isotopic age determinations show that 

granitic intrusion took place about 525 i 25 m.y. ago in the Wichita 

Mountains. They were first reported by Davis et al. (1957) using 
238 206 235 207 207 206 232 208 

the ü /Pb , U /Pb , Pb /Pb , and Th /Pb methods on 
87 87 40 40 

zircon, and Rb /Sr and K /Ar on biotite and feldspar. Signi¬ 

ficant is the fact that the ages that were obtained from five dif¬ 

ferent dating methods are consistent to within 10%, providing a com- 

pelling argument in favor of a Pre-Upper Cambrian age assignment. 

Granitic rocks of this age in the North American mid-continent 

are limited to the Wichita province. Isotopic age determinations on 
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TABLE 1. RELATIVE AGES AND LITHOSTRATIGRAPHIC CLASSIFICATION OF BASEMENT ROCKS OF THE WICHITA PROVINCE, 
OKLAHOMA (modified from Powell et al., 1980). 

Age, m.y. Group Formation Member General Lithology 

514+10*? Cold Springs 

Breccia 

Dark gray microdiorite blocks in matrix 

of pink leucogranite; locally medium 

gray quartz monzodiorite blocks in light 

gray granodiorite matrix 

525+25 Wichita 
Granite 

Group 

Quanah Granite 

Lugert Granite 

Reformatory Granite 

Headquarters Granite 

Mount Scott Granite 

Group typified by medium to fine-grained 

alkali feldspar granites; granophyrlc 

texture characteristic of Mount Scott 

Granite 

525+25 Carlton Rhyolite 

Group 

Rhyolitic lavas interbedded with minor 

tuffs and agglomerates 

? Otter Creek 

Microdiorite 

Fine-grained dlorite and quartz diorlte 

? 

Navajoe Mountain 

Basalt-Spillte 

Group 

Extrusive basalts, spilites and 

andesites, variably altered 

514-527+10* 

500-530+30* Raggedy 

Mountain 

Gabbro 

Group 

Glen Creek 

Gabbro 

Roosevelt Sandy Creek 

Gabbros Gabbro 

Mount Sheridan 

Gabbro 

Medium-grained biotite-amphibole-bearing 

olivine gabbro 

Medium-grained biotite-amphibole-bearing 

gabbro + olivine 

Medium-irained biotlte gabbro locally 

fractionated to diorlte 

M Zone Anorthosite, anorthositic-gabbro and 

troctollte with flne-ophitic auglte; 

cumulus plagioclase, auglte, olivine 

509-730* 

1300-1500** 

Glen 

Mountains 

Layered 

L Zone Anorthositic gabbro with minor trocto- 

lite; coar8e-ophitlc auglte; cumulus 

plagioclase and olivine 

Complex 
K Zone Alternating bands of anorthosite and 

troctollte; cumulus plagioclase, olivine 

G Zone Troctollte and olivine gabbro; medium¬ 

grained; cumulus plagioclase, olivine 

Tillman 

Metasedlmentary 

Group 

Meers 

Quartzite 

Meta-quartzite with microcline and 

sllllmanite; inclusions in rocks of the 

Raggedy Mountain Gabbro Group and 

Wichita Granite Group 

Undifferentiated Low-grade meta-graywackes and meta¬ 

argillites grading locally into mica 

schists and hornfelses 

★These ages may reflect reheating during granite emplacement and not the primary crystallization age of 
the unit (see text). 

**Age inferred from paleomagnetic data (see text). 



granites from central and eastern Missouri, southeastern Kansas, 

northeastern and southcentral Oklahoma, and northern Texas all 

give ages from 1300 to 1500 m.y. old (Bickford and Lewis, 1979). 

The Wichita granites are thus bordered on all sides by much older 

basement rocks. 

The ages for the Raggedy Mountain Gabbro Group are less 

firmly established than those for the granites. As discussed by 

Powell and Fischer (1976) and Powell et al. (1980), only a limited 

number of these rocks have been dated, and of these most have been 

biotite gabbro and diorite, both of which show intrusive relation¬ 

ships to the GMLC. The ages given by the biotite gabbros and dio- 

rites, as determined by the K/Ar method on whole-rocks and K/Ar and 

Rb/Sr on biotite, all fall within the range 500 - 535 m.y. (Ham et 

al., 1964). Surprisingly, common lead analyses of two plagioclase 

samples from the GMLC have yielded a similar age of 518 m.y. for 

this unit as well (Sides and Stockton, 1981). The one 700 - 750 m.y 

date on a troctolite from the GMLC, using the K/Ar method, is a 

notable exception, and has been attributed to excess Ar (Burke et al 

1969). However, it is possible this older age is closer to the true 

crystallization age of the rock, the younger dates resulting from a 

thermal overprint due to the silicic magmatism (Powell and Fischer, 

1976; Powell et al., 1980). 

Adding further confusion to the issue of the age(s) of the 

gabbroic and anorthositic rocks are the paleomagnetic results of 

Roggenthen etal. (1976). Using paleopolè migration paths they 

have determined that five of the six sites investigated show 



the rocks to be as old as 1300 to 1500 m.y. 

Wichita Granite Group 

Any attempt to understand the association of granite with gabbro 

in the Wichita province must first entail a detailed scrutiny of the 

major rock types involved. Although chemical and textural variations 

in the mafic plutonic rocks do exist, regional correlation of major 

units is possible. It is the granites which present most of the 

problems when trying to correlate different outcrops, and this is 

mainly due to overall chemical similarity. 

Five different granites are currently recognized as distinct 

and mappable units within the Wichita Mountains (Merritt, 1967). 

The relative age of each has been determined through a combination 

of chemical data, differentiation indices, and field relationships. 
♦ 

According to Merritt, the relative ages from oldest to youngest are 

as follows: (1) Mount Scott; (2) Headquarters; (3) Reformatory; 

(4) Lugert; and (5) Quanah Granite. 

Mineralogically, the granites are perthite-and quartz-bearing 

with only 2 to 5% ferromagnesian minerals. Ham et al. (1964) have 

demonstrated that the granite compositions do not greatly differ 

from these percentages and that the entire suite maintains "min- 

eralogical homogeneity." On the other hand, granites proximal to 

contacts with mafic rocks deviate markedly from this composition. 

This remains an important observation and its relevance to the ori¬ 

gin of the granites will be discussed later in this paper. 



However, despite the strong chemical similarity of the granites, 

there are some important considerations which need to be reviewed in 

deference to their textures. It was recognized since the early work 

of Taff (1904) that many of the Wichita granites are characterized 

by the presence of granophyric texture. As noted by Ham et al. (1964), 

"when Hoffman (1930) mapped and studied outcrops in the eastern part 

of the Wichita Mountains region, he was so impressed by this inter¬ 

growth that he called all the quartz-feldspar rocks granophyres." 

The use of the term granophyre was later adopted by Hamilton (1956, 

1959) in his work in the province. 

Yet clearly not all the granites in the province can be classed 

as granophyres. In spite of the local presence of the quartz and 

potassium fèldspar intergrowth in every body of granite exposed in the 

Wichita Mountains (Ham et al., 1964), the name is accurately applied 

only when the intergrowth actually characterizes the rock. 

Studies conducted on the granites in the western part of the 

province by Ham et al. (1964) indicate: 

Of the four granites present, three are nongranophyric 
and one granophyric. In much of this area, and over 
most of the region itself, there generally are two 
principal granite types - older granophyric granite 
intruded by younger nongranophyric granite. The rela¬ 
tive proportions of the two rocks are highly variable 
from place to place, yet regionally the area of each 
rock is approximately the same. These granites are 
locally in sharp contact, and the dissimilarity be¬ 
tween them indicates a difference in the environments 
under which the micrographie intergrowth was favored 
or rejected. 

Ham et al. (1964) make two generalizations about the Wichita 

granites. The first is that the granite which is intrusive into the 



basal part of the Carlton Rhyolite is characterized by micrographie 

intergrowth, and that granite bodies of this type occur exclusively 

as sills, of which the roof is rhyolite and the floor is basalt, 

gabbro, or graywacke. The second is that granophyres characterize 

the eastern half of the Wichita province (also see Hamilton, 1956). 

The distinctions made by Ham and his coworkers on the Wichita 

granites remain important observations. The strong chemical simi¬ 

larity of the granites makes it all too tempting to relate them all 

to a common origin, but this is possibly fallacious. The fact that 

the granophyres occur only as sills and not as irregular plutons, 

as do the nongranophyric granites, and have different trace element 

abundances from the other granites (a facet of their chemistry pre¬ 

sented later in this report) may indicate for them a separate history. 

Previous Studies 

Broadly speaking, two schools of thought have emerged from pre¬ 

vious studies with regard to the relationships of the granites to the 

gabbros. The first proposal, suggested by Hoffman (1930) and later 

much elaborated upon by Hamilton (1956, 1959), viewed the felsic rocks 

as products of extreme differentiation of a basic magma, as repre¬ 

sented by the gabbros and basalts. Hamilton envisioned the Wichita 

complex to be a lopolith and placed the granites on the top of a 

highly fractionated gabbroic-anorthositic sequence. Many of his con¬ 

clusions were drawn from comparisons with other stratitied gabbro 

bodies throughout the world. The nearly constant association of granite 

with gabbro in these complexes, he thought, necessitated some common 
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ancestry. 

Along a similar vein, Twyman and Fernandez (1976) have discussed 

a 200 m section of anorthosite-gabbro-diorite and overlying granite 

in the Mount Sheridan area of the eastern Wichita Mountains. Based 

on decreasing An content of the plagioclase with increasing Fe/Mg 

ratios in the pyroxenes, and increasing K, Rb, and Rb/K up section, 

they have concluded that fractional crystallization of a gabbroic 

magma by crystal settling of plagioclase and upward diffusion of 

alkali-silica-volatile-rich residual fluids provides an explanation 

compatible with the observed changes in rock composition for the 

exposure. 

It should be noted at this point that some of the more salient 

field and mineralogical relations as stated by Twyman and Fernandez 

are quite equivocal. Powell (personal communication) and Thornton 

(1975) have both indicated, for instance, that the sequence anortho¬ 

site to gabbro is not a smooth transition, but is marked by the pre¬ 

sence of a chilled margin in the gabbro. Furthermore, neither the 

An change in the plagioclase and the Fe/Mg change in the pyroxenes, 

nor the smooth progression into the capping granite has been sub¬ 

stantiated by this report, which concentrated on an area slightly 

to the west. 

In conflict with those studies proposing fractionation are 

the investigations by Walper (1951), Huang (1955), and in particular 

those by Ham et al. (1964). In these publications the intrusive 

nature of the granite-gabbro contacts have been emphasized. The 

more recent works of Scofield (1975) and Powell and Phelps (1977) 



only serve to reinforce this conclusion. As has already been men¬ 

tioned, Powell and Phelps have suggested, based on a comparison of 

phase chemistry of the gabbroic-anorthositic cumulates of the GMLC 

with some other well studied intrusions (i.e. Bushveld, Skaergaard, 

and Stillwater Complexes), that approximately the upper 2 - 4 km of 

basic plutonic rocks have been removed through erosion prior to the 

emplacement of the granites. They place the GMLC in the Precambrian 

and infer a large hiatus between it and the later Cambrian granites. 

Alternatively, Scofield subscribes to the view that what is presently 

seen in the field marks the upper limit to the layered intrusion. 

She bases this on a presumed reverse cryptic layering trend within 

the exposed cumulates, attributable, she suggests, to rafting of 

plagioclase. Despite the fact that her interpretation is based on 

bulk chemical composition of the plagioclase cumulates (not on phase 

chemistry) and does not take into account variations in modal min¬ 

eralogy, her findings are supported by a similar reverse cryptic 

trend in the Mount Sheridan Gabbro (this study). 

The results of Thornton (1975), who concentrated on the anortho- 

site-gabbro-granite sequence in the Mount Sheridan area, indicate the 

anorthosite (i.e. GMLC) is the oldest unit being cut discordantly by 

both gabbro and granite. Thornton proposes that the gabbroic and 

granitic magmas were emplaced simultaneously with the intervening 

intermediate rock possibly being a product of magma mixing. He 

suggests the granite may have been derived in part from a basaltic 

parent, and in support of this cites the oxygen isotope value of 
87 86 

4.7 ± 0.7 and initial Sr /Sr value of 0.707 ± 0.001 on the granite. 
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Nevertheless, based on volumetric considerations of the granitic rocks 

and the paucity of intermediate rocks he concludes that a considerable 

portion of the granite may have also been derived by partial melting of 

the lower crust or upper mantle. 

Giddens (1976) in his study of the same rock sequence as that of 

Thornton (1975) came to slightly different conclusions. Like Thornton, 

Giddens acknowledged the anorthosite is the oldest rock, being intruded 

by a sill-like body of Mount Sheridan Gabbro. Giddens believed the 

Mount Scott Granite caprock to be the youngest unit, suggesting that 

it physically cuts across the top of the Mount Sheridan Gabbro. In 

support, he cited the presence of hightly "granitized" xenoliths of 

gabbro in the granite. 

In an earlier study Huang (1955) investigated intermediate rocks 

between overlying granite and unerlying basic rocks in several local¬ 

ities in the Wichita Mountains. Two of Huang's field areas have been 

re-examined in this study and form the basis for this report. Huang 

stated that what is seen at granite-gabbro contacts is a narrow zone 

of hybrid rocks which has been derived from the alteration of gabbroic 

rocks through contamination by hydrothermal fluids from adjacent gran¬ 

ite intrusions. Temperature and compositional gradients which existed 

between the hot granite and solidified gabbro were considered to pro¬ 

vide the driving force necessary to facilitate the reactions. Like 

Hamilton, though, Huang perceived the common association of layered mafic 

intrusions and granite to be something more than fortuitous, and sug¬ 

gested some genetic connection between the two, although he specified 

no mechanism for relating the two magma types. 



It Is apparent that no single hypothesis as to the origin of the 

granites has been universally accepted. Most current investigators of 

the Wichita province, however, are of the opinion that intrusive rela¬ 

tions predominate between the older mafic and younger silicic rocks. 

Scope of the Present Investigation 

In the Wichita province there is particular uncertainty regarding 

the manner in which the overlying granites are related to the gabbros. 

The contacts between these two rock types are marked by the local pre¬ 

sence of a diversity of intermediate rocks, the origins of which have 

yet to be clearly established. 

The principal questions concern whether these intermediate rocks 

merely represent one horizon in a differentiated sequence from gabbro 

to granite, or if they are the result of contamination of gabbroic 

rocks by granites from a later magmatic event. In addition, what is 

the nature of the contacts? Are they sharply defined or transitional? 

Do the chemical and mineralogical trends in the underlying gabbro 

grade smoothly into the granites or are they drastically different? 

Can the relative order of emplacement be established? Furthermore, in 

the absence of temporal relationships, is it possible to ascertain 

genetic affinities between the granitic and basic rocks? 

In an attempt to solve these problems two areas have been selected 

for study (Figure 1). Both areas have excellent exposure and each lo¬ 

cale reveals contact relationships between granitic and gabbroic rocks 

of different lithologies. 



Figure 1. Generalized outcrop map of Late Cambrian igneous rocks in 

the Wichita Mountains and locations of the two areas of study (modi¬ 

fied from Johnson and Denison, 1973: Phelps, 1975). 
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The first locale to be discussed is the Poko Mountain area (Plate 2). 

Here, exposed along the northern slope of Poko Mountain, is a 200 m se¬ 

quence of gabbro - diorite - granite. The Mount Scott Gpanite forms the 

capping unit and is separated from the lower Mount Sheridan Gabbro by a 

horizon of intermediate rocks broadly dioritic in composition. This area 

is of particular interest for it shows contact relations of granite to 

one of the Roosevelt Gabbros, namely the Mo vint Sheridan Gabbro. It may 

be recalled the Roosevelt Gabbros are characterized by the presence of 

biotite and characteristically show intrusive relationships to the anorth- 

ositic-gabbros of the GMLC, considered to be the oldest plutonic rocks in 

the Wichita province. 

In order to take full advantage of the breadth of the exposure a 

traverse has been conducted from near the base of the gabbro through the 

intermediate rocks and to the top of the overlying granite. Sampling 

has intentionally been more closely spaced within the intermediate rocks 

and the granites most proximal to the contact. Of the 11 samples col¬ 

lected, four are of gabbro, three of diorite, and four of granite. 

The second locale is the Twin Mountains area and involves the con¬ 

tact of a composite intrusion of Lugert Granite and Mount Scott Granite 

against an intermediate rock Huang (1955) has called a "leucogranogabbro" 

(Figure 1). The leucogranogabbro is strikingly uniform in appearance 

and has a rather uncommon phase assemblage of calcic plagioclase, alkali 

feldspar, and quartz. It is nearly anorthositic in composition and in 

all probability represents a part of the GMLC. 

From the aforementioned descriptions, it is apparent that at each 

outcrop different members of the Wichita Granite Group are in contact 
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with different members of the Raggedy Mountain Gabbro Group. In view 

of the previously established field relations which dictate an older 

age for the GMLC relative to the Roosevelt Gabbros, it follows that 

contact relationships to the granites could be significantly different 

at each of the sites. It is precisely for this reason this investiga¬ 

tion has centered on these two areas. 

It is the purpose of this study to establish constraints on the 

development of these intermediate rocks. Particular attention will 

be focused on the detailed nature of the contacts through observation 

of field relationships, petrographic features, and bulk rock and 

phase chemical data obtained by electron microprobe. Variation in 

trace element abundances also will be used to test for fractionation 

trends and for evidence of granite contamination. Characterization 

of these parameters provides a logical step toward the development of 

an understanding of the temporal and genetic relationships between 

the granitic and gabbroic rocks. The petrogenesis of the intermediate 

rocks is an important part of the interpretation of the overall mag¬ 

matic history of the province. 



POKO MOUNTAIN 

Field Relationships 

Poko Mountain is situated along the northern flank of the eastern 

Wichita Mountains (Figure 1 and Plate 2). It forms part of a linear 

array of hills with Mount Sheridan to the east and Tarbone Mountain 

immediately to the west. A view of Tarbone Mountain looking west is 

given in Figure 2. The small knob located in the foreground along the 

left-hand margin of the figure represents the uppermost segment of the 

traverse conducted in the area (Plate 2). 

Capping the hills are red granophyre and granite. Immediately 

below, within the tree covered slopes, are found intermediate rocks 

which grade downward into the Mount Sheridan Gabbro. The transition 

between granite and intermediate rock is rather abrupt, occurring 

across a contact approximately h m wide. Between the intermediate 

rock and the gabbro the transition is quite gradational. The field 

relations are perhaps best seen at Mount Sheridan (Figure 3), here 

viewed from the northeast. 

The granophyre and granite mapped as the Mount Scott Granite by 

Merritt (1965) forms approximately half of the outcrop area in the 

eastern and central parts of the Wichita Mountains (Merritt, 1967). 

Specimens examined away from the contact are leucocratic with low 

ferromagnesian contents. The granite is medium-grained and salmon 

pink in color and typically contains elliptical potassium feldspar 

crystals. 



Figure 2. Tarbone Mountain as seen from the east. Location: NW%, 

Sec. 1, T.3N., R.14W., Comanche County. 

Figure 3. Mount Sheridan and Little Mount Sheridan (smaller hill 

to the left) viewed from the northeast. Granophyre and granite form 

the cap rock, below which are found, in turn, diorite and gabbro 

Location: Sec. 5, T.3N., R.13W,, Comanche County. 
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In contact phases the granite appears finer-grained and has a much 

higher color index. Xenoliths of gabbroic and anorthositic rocks, while 

not apparent at Poko Mountain, are, nevertheless, quite abundant only 

slightly above the gabbro contact at Mount Scott to the east (Figure 4) 

(see also Ham et al., 1964; Giddens, 1976). 

The granite forms part of a large sill, dipping 5° to the south, 

which was presumably emplaced as an intrusive sheet between the base of 

the Carlton Rhyolite and underlying gabbros and anorthosites (Ham 

et al., 1964; Merritt, 1965). The slight southerly dip and sill-like 

form of the Mount Scott Granite are particularly evident in Figure 5, 

which shows a view from the top of Mount Scott looking westward toward 

Mount Sheridan. The rhyolite, while stratigraphically higher than the 

granite, has since been removed through erosion. The sill, now highly 

jointed, is traceable 21 km to the northeast from Mount Sheridan, and 

is transected by enormous fault zones which are thought to have been 

the conduits through which the granite was emplaced (Merritt, 1965). 

Below this granite cap is a near-vertical exposure of basic rocks 

greater than 200 m. This unit, termed the Mount Sheridan Gabbro (Powell 

et al., 1980), consists of gabbro at the lower levels which grades into 

diorite near the granite contact. Medium to coarse-grained in charac¬ 

ter, its most distinctive feature is the presence of biotite. It re¬ 

presents the largest single outcrop of biotite gabbro (approximately 

15 km^) in the Wichita province (Powell et al., 1980). 

The Mount Sheridan Gabbro is marked by the presence of cross-cutting 

composite dikes (Figures 6 and 7). These dikes are typically pegmatitic 

with coarse-grained granitic material surrounding aphanitic basalt. 



Figure 4. Xenoliths of anorthosite (a) and gabbro (g) in 

Scott Granite. Location: SW%SW%, Sec. 2, T.3N., R.13W., 

County. 

the Mount 

Comanche 

Figure 5. View from the top of Mount Scott looking westward toward 

Mount Sheridan (right-center). Note the approximate 5° southward 

dip of the granite sill. 





Figure 6. Composite dike of granite and basalt along the Poko Moun¬ 

tain traverse. Location: NE^SW^s. Sec. 6, T.3N., R.13W., Comanche 

County. 

Figure 7. Composite dike of granite and basalt in the Mount Sheridan 

Gabbro. Location: NE%NE%, Sec. 6, T.3N., R. 13W., Comanche County. 
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The lower limit of the unit is an intrusive contact against the 

older rocks of the GMLC. The gabbro at the contact is finer-grained 
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(presumably chilled) and exhibits slight plagioclase lamination rough¬ 

ly parallel to the contact (Powell and Fischer, 1976). Layering of 

the gabbro, in what may be trough banding or flow features, is also 

evident low in the horizon. 

Found throughout the gabbro body is an extensive and possibly 

interconnected network of dikes and stringers of light colored rock. 

These are pegmatitic and mostly felsic in nature, with a marginal 

reaction zone consisting of large pyroxene and amphibole grains. In 

addition, many blebs, pods, and pockets of material of similar com¬ 

position are also present. The color of these segregations varies, 

generally from white to pink, with some almost ghost-like in appear¬ 

ance. 

Appreciable change in the color index of the Mount Sheridan Gab¬ 

bro is recognizable about 50 m below the granite contact. At this 

point alkali-feldspar and quartz become visible in the hand specimen 

and the size of the plagioclase grains increases to 1 - 2 cm. This 

effect has a tendency to make the rocks appear somewhat porphyritic 

(i.e. the pseudodiabasic texture of Huang, 1955), and is especially 

noticeable high in the section. The uppermost lithology is pinkish- 

gray and more leucocratic than the granite juxtaposed across the con¬ 

tact. Within the gabbro here, large blocks of the GMLC are found as 

inclusions (Figure 8). 



Figure 8. Inclusion of anorthosite (i.e. GMLC) in the intermediate 

rock of the Mount Sheridan Gabbro. Location: SEî^NW^, Sec. 6, T.3N., 

R.13W., Comanche County. 
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Petrography- 

Mount Scott Granite 

The Mount Scott Granite is composed of about one-third quartz and 

one-half potassium feldspar with only minor amounts of dark minerals 

in its stratigraphically highest portions. Modal analyses for the 

granite are given in Table 2. 

Texturally the rock is distinctly granophyric with insular quartz 

and K-feldspar intergrowths being pervasive throughout the mesostasis. 

Within the granophyre, quartz intergrowths are virtually always rounded 

and often show several patterns of extinction in a single grain. The 

quartz intergrowths never show prismatic and rhombohedral faces char¬ 

acteristic of cuneiform texture. Commonly, individual branching quartz 

intergrowths straddle grain boundaries and can be identified in adja¬ 

cent grains on the basis of extinction patterns. 

Large, ovoid microperthite grains up to 1 cm in length, probably 

the result of similar surface tensions between crystal and melt (Tuttle 

and Bowen, 1958), give the rock a slightly porphyritic appearance. 

These large phenocrysts have, in general, undergone partial alteration 

to clay (possibly kaolinite) and have a fine dusting of hematite which 

gives them a turbid look. Discrete grains of plagioclase are rare and 

usually occur as reacted cores rimmed by micropegmatite. Like the K- 

feldspars, they, too, are intensely clouded. Groundmass feldspar 

which can readily be identified as albite occasionally exhibits chess¬ 

board twinning (also see Hamilton, 1959) . 

The mafic minerals usually form clotted masses and include green 
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amphibole, irregular sheath-like aggregates of brown biotite, and 

magnetite. 

Typical accessory minerals are apatite, sphene, zircon, and 

fluorite, and are generally found in association with the mafic 

clots. Allanite has also been reported by Hamilton (1956) and 

Thornton (1975). 

Secondary minerals include chlorite and leucoxene, the latter 

commonly associated with magnetite. 

Slightly lower in the section the texture becomes increasingly 

more hypautomorphic-granular with the disappearance of granophyric 

intergrowths. Hornblende is more abundant at this level of exposure 

and commonly contains cores of relict pyroxene, now modified to a 

reddish-brown, granular hematite-like substance that Hamilton (1959) 

suggests is leucoxene. Zircon, as euhedral prisms, is still present 

as an accessory. Orthoclase microperthite is the dominant alkali 

feldspar, but microcline microperthite is present locally, although 

in lesser amounts than in the overlying granophyre. Chemical anal¬ 

yses of the perthites by Burwell (1956) indicate that they consist 

of subequal amounts of albite (An^^) and orthoclase. 

In its contact phase the granite displays significant changes 

in mineralogy and texture. The rocks are finer-grained, and horn¬ 

blende increases to as much as 23%. The amounts of biotite and mag¬ 

netite are nearly doubled, and clinopyroxene increases to almost 2%. 

Quartz continues a decline in modal abundance from its peak in the 

granophyres, as does potassium feldspar, with both minerals reaching 

a value close to 8% at the con-act. Sphene varies from trace amounts 
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in the granophyres to a maximum of 1.7%, while fluorite disappears 

entirely. Plagioclase increases to over 20% and becomes more eu- 

hedral. 

Additional changes in the rocks are marked by increased chlor- 

itization of biotite and higher contents of apatite, the latter 

often forming extremely acicular needles with an aspect ratio ex¬ 

ceeding 20:1. Finally, a minor amount of calcite appears as dis¬ 

crete grains, usually in association with quartz. 

Basic enclaves within the granite contact phases show strong 

evidence of alteration. The groundmass of the xenoliths has been 

homfelsed to a mottled mass of finely granular magnetite, ilmenite, 

pyroxene, and chlorite. Disequilibrium within the enclaves is 

evidenced by development of poikiloblastic hornblende and intense 

sericitization of the plagioclase grains. 

Mount Sheridan Gabbro 

The Mount Sheridan Gabbro exhibits the following generalized 

mineral abundances: 40 - 50% plagioclase, 20 - 30% augite, 1-6% 

hypersthene, 5 - 10% amphibole, 1-3% biotite, 1-5% apatite, and 

5 - 15% magnetite. Accessory phases include quartz, alkali feldspar, 

and sphene. Chlorite and various alteration products of the plagio¬ 

clase comprise the secondary phases. Together the accessory and 

secondary minerals contribute about 10% to the mode (Table 2) . 

Within the intermediate rocks stratigraphically above the gabbros 

significant changes in the modal proportions of the essential minerals 

are apparent. Quartz increases from about 1% to 5% as does alkali 



feldspar, and amphibole Increases to 15%. Orthopyroxene is only 

visible as small unreplaced remnants in fibrous mats of chlorite 

and serpentine. The plagioclase is more highly saussuritized and 

thus increases in sericite, zeolite, epidote, and prehnite also 

accompany the transition. Conversely, magnetite decreases steadily 

to a minimum value of 4% at the granite contact. 

Texturally the gabbro is hypautomorphic-granular. Commonly 

large pyroxene crystals subophitically inclose small, subhedral 

plagioclase laths. Grain size is variable but in general shows 

an increase in average plagioclase- dimensions up section, from 

2 mm in the gabbros to 1 cm in the intermediate rocks. Slight 

lamination of plagioclase in what may be a cumulate layer is dis¬ 

cernable in a restricted horizon low in the section. 

Plagioclase in the gabbroic rocks is euhedral to subhedral 

and shows various combinations of Albite, Carlsbad, and Pericline 

twinning. Bending and rupture of plagioclase laths indicates some 

degree of postconsolidational readjustment. 

Zoning patterns of the plagioclase suggest complicated crystal¬ 

lization and/or alteration histories. Major interior portions of 

large grains have been converted to more sodic compositions, and are 

characterized by a plethora of Ca-bearing minerals including calcite, 

prehnite, sericite, and a variety of zeolites of undetermined com¬ 

position. Resorptive features such as truncation of zone boundaries 

and selvedge embayments are particularly common in the intermediate 

rocks adjacent to the granite. 
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Compositionally the plagioclase ranges from An.0 to An, . How- 
67 

ever, the systematic cryptic variation of increased Na in plagioclase 

up section documented by Thornton (1975) and Twyman and Fernandez 

(1976) to the east was not observed in this study. Analyses made by 

U - stage on an average of 16 grains per thin section using the migra¬ 

tion curves of Burri et al. (1967) in conjunction with 2V determina¬ 

tions indicate that rather than decreasing in An content up section, 

as would be expected from a body that was undergoing crystal fraction¬ 

ation, the An content from the cores of individual grains actually 

increases. Plagioclase, therefore, displays reverse cryptic varia¬ 

tion, and, indeed, it is within the intermediate rock bordering the 

granite (sample K34 in Plate 2) that the most calcic plagioclase is 

found. Figure 9 illustrates the reverse cryptic variation in the 

plagioclase for the Poko Mountain traverse as well as changes in 

modal proportions of essential minerals. 

Rock samples that have been selected from the traverse up Poko 

Mountain are plotted on a plutonic rock classification scheme in 

Figure 10. As the diagram indicates, the rock compositions for the 

Mount Sheridan Gabbro vary up section from gabbro to quartz diorite 

to quartz monzodiorite, the latter occurring at the granite contact. 

With the exception of the laminated horizon where the texture 

of the rock resembles that of an orthocumulate, the femic minerals 

are for the most part restricted to the intergranular position. The 

most notable of these are the pyroxenes. Augite is the only Ca-rich 

variety which was observed and is found virtually in all the gabbros. 

Pigeonite occurs as exsolution lamellae in augite, but only in rare 



Figure 9. Changes in the modal proportions of essential minerals along 

the Poko Mountain traverse (vertical scale is logarithmic). Smaller 

diagram at top illustrates the reverse cryptic variation in the An con¬ 

tent of the plagioclase of the Mount Sheridan Gabbro. Note the most 

calcic plagioclase is found immediately below the granite contact 

(i.e. sample K34). 
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Figure 10. Modal classification of the rocks along the Poko Mountain 

traverse 
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instances is it coarse enough to be analyzed by electron microprobe. 

Hypersthene is observable only in the lowermost sections, although 

serpentinized masses with relict orthopyroxene cores within the in¬ 

termediate rocks suggest that it had originally been present but has 

since been pervasively altered. 

Hypersthene occurs as large subophitic grains occasionally attain¬ 

ing 2 cm in size, and as discrete anhedral crystals about 0.5 mm in 

diameter within the laminated portion of the gabbro. Orientation by 

U - stage on the smaller grains indicates a single direction of augite 

exsolution along the (100), suggesting the hypersthene is probably 

primary. However, the possibility exists that within the laminated 

horizon where pigeonite occurs as exsolution lamellae in augite, the 

associated Ca-poor pyroxene may be inverted pigeonite. Not uncommonly 

clinopyroxene rims the hypersthene. 

Augite ranges in size from 1.5 cm ophitic grains to smaller 0.5 - 

1.0 mm anhedral grains. Exsolution of minute opaque rods and plates 

of ilmenite are typical. 

Alteration products of the pyroxenes include serpentine with 

associated symplectic iron oxides, chlorite, hornblende, a tremolitic 

amphibole, and uralite. A fibrous green biotite has also been re¬ 

ported by Ham et al. (1964). Hornblende commonly rims pyroxene cores, 

whereas tremolite appears as fibrous aggregates mottling completely 

replaced pyroxene. A reddish-brown, slightly pleochroic amphibole 

(possibly pargasite) is infrequently found included in larger pyroxenes 

Amphibole of the gabbroic rocks is generally hornblende. It is 

ordinarily greenish in color with the pleochroic scheme being X ** 
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yellowish-brown, Y » green, and Z = brownish-green. Titaniferous 

magnesio-hastingsite has been reported in other biotite gabbros of 

the Wichita province by Powell et al. (1980), but is rare or absent 

here. ZAC for the hornblende appears variable, ranging from 14 - 

23°. Bluish-green uralite commonly forms overgrowths on hornblende. 

Biotite is ubiquitous in the samples examined. It is reddish- 

brown, the color probably due to a high content of titanium. It 

appears to be a late-stage primary mineral, often poikilitically 

enclosing apatite and plagioclase. It is exclusively found in in¬ 

terstitial positions, usually between earlier formed plagioclase, 

and tends to be associated with magnetite and quartz. The biotite 

is often partially altered to chlorite, the alteration usually accom¬ 

panied by the development of granular sphene. Pleochroic haloes 

around included small fragments of zircon are common. Within the 

laminated gabbros lower in the traverse biotite is present in abun¬ 

dances of 1 - 2%. Elsewhere throughout the unit it maintains an 

average of about 3% of the mode. 

Apatite occurs as stubby euhedral prisms normally 1.0 mm in 

length but exceeding 1 cm on occasion. It appears to have precipi¬ 

tated early as it sometimes occurs as inclusions within large plag¬ 

ioclase. Highest concentrations of apatite (3 - 4%) tend to be 

restricted to the laminated portion of thé gabbro. 

Grains of iron ore are universally present in the gabbro. Most 

of the grains are ilmagnetite, consisting of alternate lamellae of 

ilmenite and magnetite. The iron ore occasionally forms discrete 

crystals but typically occurs as wormy, scalloped clots with associated 
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biotite. The iron ore is frequently found accompanying clinopyroxene 

as inclusions within plagioclase and as symplectic intergrowths in 

completely replaced pyroxene. With the exception of sample K30, mag¬ 

netite exhibits a gradual decrease in modal abundance with increasing 

height in the unit, increasing again in the contact phase of the gran¬ 

ite (Figure 9). 

Quartz occurs both as discrete grains and as cuneiform granophy- 

ric intergrowths with alkali feldspar. It increases in amount up sec¬ 

tion, although the trend has minor fluctuations. 

Alkali feldspar roughly mimics the trend of quartz. It is gener¬ 

ally highly altered and perthitic. Clouding of the feldspar makes 

identification of the potassic phase difficult. Nevertheless, where 

identification is possible, the presence of cross-hatched twinning 

indicates it is for the most part microcline. 

Alkali feldpar occurs in nearly all the gabbro samples in the 

interstitial position, but commonly constitutes over half the minerals 

found in the cross-cutting felsic dikes and pods within the gabbro. 

In these segregations the alkali feldspar is typically accompanied by 

increases in the percentages of zircon, sphene, chlorite, and horn¬ 

blende . 

The quartz:feldspar ratios for several separate and unmapped . 

segregations have been determined and are illustrated in Figure 11. 

The ratio has obvious implications as to whether cotectic crystalli¬ 

zation can explain the formation of the granophyre present in the 

thin section. The volume ratios for all samples have been estimated 

directly from point counting and are indicated by the large dots. 



Figure 11. Quartz:feldspar ratios for some felsic segregations 

within the Mount Sheridan Gabbro. Cotectic curves for the system 

NaAlSi^Og - KAlSigOg - SiC^ - H2O at 1 and 3 kbar (Tuttle and 

Bowen, 1958) are indicated by the heavy lines. 
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Similar analyses on microcline microperthites from Norway (Vogt, 1930), 

California (Simpson, 1962), and Texas (Barker, 1970) are represented by 

the small dots. 

Whole-rock Chemistry 

Samples of all the major rock units in the Poko Mountain area were 

quantitatively analyzed for bulk composition by electron microprobe 

(see Appendix I for details of the sample preparation, operating pro¬ 

cedures, data reduction, and the accuracy of the method). Specimens 

were selected to afford the maximum interpretive control. 

Summaries of average whole-rock compositions are given in Table 3. 

All numbers are in weight percent of the oxide. The reader is referred 

to Plate 2 for respective sample locations. 

Analyzed granite specimens include K21 through K24. Unlike most 

previously published chemical analyses on the Mount Scott Granite (Ham¬ 

ilton, 1959; Ham et al., 1964; Hanson and Al-Shaieb, 1980), which have 

stressed strong chemical similarity, these analyses indicate variabil¬ 

ity within the unit. Presumably this relates to the contact effect, 

and the fact that many earlier investigators have been primarily inter¬ 

ested in regionally correlating the separate granitic intrusions on a 

chemical basis, thus biasing the sampling in favor of the more "normal" 

granites by avoiding the peripheral parts of the intrusions. To illus¬ 

trate the point, only a single sample (K23) falls within the range of 

71 to 78 wt % Si02* the limits of silica in the Wichita province as 

described by Ham et al. (1964). This value of 74.0% SiO£ corresponds 

well to the 73.6% value obtained by Taylor (1915) on the granite west 
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of Mount Sheridan, and is just below the average value from all 

Wichita province granites of 75.0% (Ham et al., 1964). The other 

three analyzed rock samples of Mount Scott Granite deviate signi¬ 

ficantly from these ideal proportions, with one rock (K21) reveal¬ 

ing a silica content as low as 53.6%. With such low silica con¬ 

tents these rocks can not all be properly termed granites. Figure 

10 indicates that the appropriate classifications of these three 

rocks are granite (K24 - 68.0% Si02), quartz monzonite (K22 - 57.9% 

SiÛ2), and granodiorite (K21 - 53.6% SiÛ2). 

Disregarding for the moment the contact phases of the Mount 

Scott Granite, the two stratigraphically highest granite samples 

are slightly metaluminous. That is, the molecular proportion of 

alumina is less than the combined proportions of lime, soda, and 

potash. Sample K23 strictly conforms to its classification as a 

quartz-perthite leucogranite. The sum of Si02» A^Og, Na20, and 

K2O accounts for over 94 percent of the total chemical composition 

of the sample. For sample K24 the sum of these oxides equals only 

91 percent. Nevertheless, in both samples, of the remaining oxides, 

only FeO and CaO exceed amounts greater than one percent. 

By contrast,samples of the granite contact phase, K21 and K22, 

are enriched in A1 0 , FeO, MgO, CaO, TiO~, and MnO. With the excep- 
2 3 ^ 

tion of alumina, when compared to the leucogranites, each of these 

oxides has increased on the average by a factor of four at the con¬ 

tact. This increase is illustrated in the variation diagram of 

Figure 12 which plots the chemical analyses from Table 3 versus 

stratigraphic position along the traverse. 



Figure 12. Variation diagram for the principal oxides according to 

relative sample position along the Poko Mountain traverse. Error 

for SiC>2 is i 3.61% of the calculated microprobe values, which are 

indicated by the dots. Estimates of the error for the remaining 

oxides are tabulated in Appendix I (Table ill). 
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Within the Mount Sheridan Gabbro overall trends for the oxides 

are quite regular, despite minor aberrations. From the base of the 

traverse upwards there are increases in SiC>2, Al^^, Na20, and K^O, 

and concomitant decreases in FeO, MgO, Ti02, and MnO. Yet, the 

transition to granite is not smooth. Nearly all the oxides show 

either sudden increases or decreases across the contact. In fact, 

K21, the lowermost rock of the Mount Scott Granite, is richer in 

FeO, MgO, Ti02, and MnO than the highest sample of the Mount Sheri¬ 

dan Gabbro, namely K34. 

Figure 13 is an AFM diagram which has been prepared from the 

chemical analyses of Table 3 for the Poko Mountain traverse. The 

dark solid curve representing the Skaergaard liquid fractionation 

trend and the lighter dashed line that for the Stillwater intrusion 

have been incorporated for comparison. Samples of granite display 

both iron depletion and alkali enrichment on increasing stratigraphic 

height, with all samples falling on a smooth curve. Trends within 

the Mount Sheridan Gabbro are less easily distinguishable. With the 

exception of K30, those samples which have been designated as gabbros 

on the basis of the presence of orthopyroxene and the general absence 

of K-feldspar - K26 to K31 - exhibit magnesium depletion up section, 

but within the intermediate rocks - K32 to K34 - the trend shifts 

heavily in favor of higher alkalis. Perhaps the single most signifi¬ 

cant feature- of the diagram is the overlapping nature of the patterns 

for granite and intermediate rock, a feature which is persistently 

repeated in trace element studies as well. It implies that rather 

than being less fractionated than the granite just above the contact, 



Figure 13. AFM diagram for rock samples along the Foko Mountain 

traverse. The dark curve represents the Skaergaard liquid frac¬ 

tionation trend, and the dashed line that for the Stillwater in¬ 

trusion. Note the more fractionated aspect of intermediate rock 

samples K33 and K34 than the contact phase of the granite (21). 
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those samples of intermediate rock occurring highest in the sequence 

(K33 and K34) are, indeed, more fractionated. 

Of the pegmatitic segregations within the gabbro only a single 

sample has been analyzed (K44 in Table 3) . The sample has a compara¬ 

bly greater abundance of SiC^ (56.7%) and less Al^O^ (8.95%) than 

either gabbro or intermediate rock. Similarly, its FeO content (11.5%) 

is less than that for the gabbro but greater than those values re¬ 

corded for intermediate rock. What is most surprising about K44, 

though, is that it has higher abundances of MgO (6.93%) and CaO (10.3%) 

than any other analyzed specimen in the PokO Mountain area. Moreover, 

its Na20 value (1.77%) and K^O value (1.44%) are also the lowest. 

Phase Chemistry 

Plagioclase 

As has been previously noted, within the Mount Sheridan Gabbro 

plagioclase demonstrates reverse cryptic variation. The trend is 

particularly evident in the upper level intermediate rock (K34) where 

the An content has increased to an average of 67 from a low of 43 in 

the gabbros below. Consequently, in an attempt to more fully verify 

the composition of this mineral phase, electron microprobe analyses 

for Ca, Na, and K have been made on a number of grains. 

The spatial relationships of the plagioclase as they appear in 

sample K34 are illustrated in Figure 14. An effort has been made to 

include a spectrum of grain sizes, resulting in the examined crystals 

ranging from less than 4 mm to over 16 mm in length. The manner of 



Figure 14. Plagioclase grains as they appear in a thin section from 

intermediate rock sample K34. Numbered scales which transect the 

grains indicate the path of the microprobe analysis. Stippled lines 

in the two larger grains refer to relict cores which have undergone 

resorption. 
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investigation has been to traverse each plagioclase along a straight 

line approximately through its mid-section by operating only one of 

the X-Y coordinate cranks on the microprobe. Separate analyses, 

performed roughly every 0.1 mm along the traverse, are indicated by 

the numbered scales. Profiles of zoning patterns for individual 

crystals are furnished in Figures 15 and 16. 

The results indicate broad agreement with those values obtained 

by U - stage, although, in general, the microprobe analyses suggest 

the An content of the plagioclase may be slightly less. Crystals 

numbered 1 and 2 in Figure 14, corresponding to traverses B-C and 

A-B respectively (Figures 15 and 16), average An on analyses taken 
64 

from their cores, with values as high as An being recorded. It 
69 

should be emphasized, however, that this average does not include 

all data points within the cores. Both large grains appear to have 

suffered major resorption, and thus only those points falling inside 

the unresorbed portions of the cores have been recognized in the 

averaging. The resorptive features, which are not to be confused 

with the generally symmetric patterns of oscillatory zoning that 

involve only minor fluctuations in composition (Smith, 1974), are 

indicated by sudden drops in the An content along the traverse, 

occasionally disclosing plagioclase compositions as sodic as that 

of andesine. Figure 15 is especially instructive with respect to 

this point. Also apparent in the larger grains is that the most 

calcic composition recorded occurs as a spike along the outer core, 

implying an abrupt change in the crystallization conditions. 

The history of the small plagioclase, denoted as number 3 in 



Figure 15. Profile of the zoning pattern for plagioclase grain 

number 1 in Figure 14. Large drops in the An content are attri¬ 

buted to resorption of the plagioclase by the melt. 
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Figure 16. Profiles of the zoning patterns for plagiodase grains 

numbered 2 and 3 in Figure 14. The most calcic composition of the 

larger grain (no. 2) occurs as a spike along the outer core margin. 

The smaller grain (no. 3) is normally zoned with a core composition 

essentially equal to the rim composition of grain 2. 
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Figure 14, seems to have been less complex. It is normally zoned and 

has no detectable compositional aberrations in the core (traverse D-E 

in Figure 16). From consideration of its size alone it does not appear 

unreasonable to assume that it has been formed late in the crystalliza¬ 

tion sequence. Such an assumption is supported by the observation that 

the composition of its core (An^g) is essentially identical to the rim 

composition of the two larger grains. 

Pyroxene 

Pyroxene compositions were investigated to corroborate the evi¬ 

dence of reverse cryptic variation apparent in the plagioclase of the 

Mount Sheridan Gabbro. The assumption is that if the normal pattern 

of fractionation in gabbroic bodies is to higher Na contents in the 

plagioclase and increased Fe/Mg ratios in the pyroxenes with strati¬ 

graphic elevation, then reversals of this trend should be evident in 

pyroxene compositions as well. 

Originally it had been hoped to analyze coexisting pyroxene 

pairs from each rock sample along the traverse, but this has been 

precluded due to alteration of these phases to amphibole and chlorite 

high in the section. As a consequence, analyses from the intermediate 

rocks, with the exception of K32, have been omitted and only those for 

gabbro reported. All grains have been analyzed for Si, Al, Ti, Fe, 

Mg, and Ca, and data reduction by computer has been identical to the 

procedure outlined in Appendix I for whole-rocks. 

Figure 17 shows the spread of the data when plotted on the py¬ 

roxene quadrilateral. No less than nine data points have been taken 



Figure 17. Primary pyroxene compositions as determined by microprobe 

analysis. Skaergaard trend (Sk) indicated by the heavy lines. Opti¬ 

cally determined compositions shown in inset diagram. 2V_ curves z 

after Muir (1951), and dashed 2V curves from Brown and Vincent (1963). 
z 

ZAc curves after Deer and Wager (1938). 
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on individual clinopyroxenes for any one sample. Analyses on ortho¬ 

pyroxene are fewer due to overall paucity of the phase and a greater 

tendency toward alteration. 

The results appear to be somewhat ambiguous. The highest gabbro 

in the section, sample K31 (refer to Plate 2 for sample location), is 

clearly the least fractionated in view of its more magnesian pyroxenes. 

Both lower gabbros (K26 and K28) have pyroxenes relatively more en¬ 

riched in iron, but fail to relate to a reverse cryptic pattern in 

that they are out of sequence with respect to their Fe/Mg ratios. 

Sample K28 is the only laminated rock in the unit, and curiously, its 

pyroxenes are chemically the most evolved (i.e. highest Fe/Mg). The 

one analysis on intermediate rock, K32, remains well within the range 

of those for gabbro. Overall, all determinations of Ca-rich and Ca- 

poor pyroxenes lie, respectively, above and below the compositional 

trends of the pyroxenes from the Skaergaard intrusion. 

Pyroxenes which have been documented by the microprobe include 

augite, pigeonite, and hypersthene. The analyses have been listed in 

Table 4 along with the calculated chemical formulae. The range in 

chemical composition is as follows: augite - Wo^g g_^3 ^En^g 4-39 3“ 

Fs^g 5_32 8* exs°lved pigeonite - Wo7.9En44#oFs4g4].; and hypersthene - 

Wo3.4-4.0En44.3-60.9Fs35.7-51.7- 

As a comparison to the analyses determined by the microprobe, 

optical data on the augites (bottom of Table 4) have been presented 

in the small inset diagram of Figure 17. The two sets of curves 

within the diagram plot variation in ZAC on (010) and 2V with com- 
z 

position for the Ca-Mg-Fe clinopyroxenes. The number of determinations 
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TABLE 4. REPRESENTATIVE PYROXENE ANALYSES (weight %) FROM MOUNT SHERIDAN GABBRO 

1 2 3 '4 5 

S102 52.1 51.1 53.; > 51.3 so.; 1 

Al, 
!°3 

1.59 0.77 1.00 1.54 0.17 

TIO2 0.57 0.43 0.33 0.57 0.16 

FeO* 13.1 15.6 11.5 14.8 30.1 

MgO 12.5 11.7 13.4 12.3 14.; Î 

CaO 19.4 19.4 20.6 19.4 4.16 

Total 99.26 99.00 100.03 99.85 99.99 

Z 
Si 

,A1 (iv) 
1.976 
0.072 

2.00 
1.972 
0.036 

2.00 
1.991 
0.009 

2.00 
1.953 
0.047 

2.00 
1.982 
0.008 

A1 (vi) 0.048' 0.008 0.035 0.023 —— •2.00 
Ti 0.016 0.013 0.009 

1.98 
0.015 

2.00 
0.005 

XY< Fe 0.415 1.97 0.503 2.00 0.360 0.471 0.984 

Mg 0.707 0.673 0.747 0.698 0.857 2.01 
Ca 0.788. 0.802. 0.826 0.791 0.174, 

Vo 43.5 39.4 42.; ) 40.0 7.< ) 
En 35.e 33.4 39.3 36,2 44.( ) 
Fs 20. $ ) 27.2 18.! 32.8 48.) L 
Fe/(Fe + Mg) 37.C ) 44.9 32.0 39.7 52.2 

2Vz (av.) 46. C )° 48.0° 50.0° 48.0° — 

ZAC (av.) 44.C )° 43.5° 42.0° 41.5° 

Analyses 1-5: Pyroxene formulae calculated on the basis of 6 oxygen. 

*Total iron expressed as FeO. 

1. Augite, NW*îNE*t Sec. 6, T.3N., R. 13W., Comanche County (Sample location K26). 
2. Augite, NE^tNWH Sec. 6, T.3N., R.13W., Comanche County (Sample location K28). 
3. Augite, SE*sNW*s Sec. 6, T.3N., R.13W., Comanche County (Sample location K31). 
4. Augite, NE**SW*t, Sec. 6, T.3N., R. 13W., Comanche County (Sample location K32). 
5. Exsolved pigeon!te coexisting with augite No. 2 (this table) (Sample location K28). 
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TABLE 4 (continued). REPRESENTATIVE PYROXENE ANALYSES (weight %) FROM MOUNT SHERIDAN GABBRO 

6 7 8 9 

Si02 51.6 49.3 1 52.8 51.6 

Al2 °3 
0.57 0.09 0.51 0.54 

Ti02 0.41 0.19 0.26 0.30 

FeO* 25.8 30.7 f 22.6 26.< ) 

MgO 19.5 14.9 1 21.9 18.9 

CaO 1.91 2.00 1.64 1.75 

Total 99.79 97.18 99.21 99.99 

Si 1.966 1.984 1.971' 1.970 
Z ' 

Al(iv) 
Al(vi) 

0.025 
2.00 

0.005 
2.00 

0.023 
2.00 

0.024 
2.00 

Ti 0.012 0.006 0.008 0.009 
XY Fe 0.822 

2.02 
1.033 0.712 

2.01 
0.859 

2.01 
Mg 1.107 0.894 2.01 1.230 1.075 

Ca 0.078 0.086, 0.066, 0.072, 

Wo 3.7 4.0 3.4 3 .< 
En 55.6 44.3 l 60.9 53.( 
Fs 40.7 51.7 35.7 42.8 

Fe/(Fe + Mg) 42.3 53.9 ) 37.0 44 J 

2Vx (ay.) 
— 52.0° 52.0° — 

ZAC (av.) 

Analyses 6-9: Pyroxene formulae calculated on the basis of 6 oxygen. 

*Total iron expressed as FeO. 

6. Hypersthene coexisting with augite No. 1 (this table). 
7. Hypersthene coexisting with augite No. 2 (this table). 
8. Hypersthene coexisting with augite No. 3 (this table). 
9. Hypersthene coexisting with augite No. 4 (this table). 



is admittedly small, and thus the conclusions which can be drawn 

from them must be viewed with some caution. Moreover, the error 

which can be introduced in optical methods of this type from such 

factors as minor components and exsolution phenomena is, at times, 

quite substantial. Nevertheless, the pattern that emerges is one 

of decreasing Fe/Mg ratio in the augites from samples progressively 

higher in the section. Only the augite from sample K30, a sample 

for which the pyroxenes have not been determined on the microprobe, 

fails to conform. Optically, K44 is the sample richest in iron. 

Interestingly, it was the only analysis from one of the granophyric 

segregations within the gabbro. 

The sparse U - stage data on orthopyroxene indicate a 2Vx of 

52° (Table 4). According to the optical classification of Leake 

(1968), a negative optic axis angle of this magnitude corresponds 

to the composition hypersthene-ferrohypersthene, thereby confirming 

the microprobe analyses. 

Trace Elements 

Rare Earth Elements (REE) 

In order to estimate the abundances of trace elements in those 

rock samples which had previously been subjected to bulk chemical 

analysis, an instrumental neutron activation (INAA) technique similar 

to that described by Korotev (1976) was used. Details of the proce¬ 

dure and the precision of the technique as well as a tabulation of 

the values used in chondrite normalization may be found in Appendix II 



57 

In all, 21 elements are included in the analysis. With the 

exception of Fe, Na, and K, which are presented in weight percent 

of the oxide and tabulated in Table 3, all data are given in ppm. 

The data for the REE from whole-rock analyses are listed in 

Table 5. By way of clarification, Eu/Eu* represents the ratio of 

Eu concentration in the sample to the interpolated value, Eu*, 

between Sm and Tb from the chondrite-normalized rare earth element 

fractionation pattern of the sample. 

Chondrite-normalized REE patterns for the Foko Mountain area 

are illustrated in Figure 18. Dashed portions of the graph indi¬ 

cate interpolation for unanalyzed Gd between Eu and Tb. Vertical 

scale is logarithmic. 

The Mount Scott Granite (Figure 18, samples K21 - K24) has 

the greatest overall REE enrichment relative to chondrites. It 

shows light REE (LREE) enrichment relative to the heavy REE (HREE), 

and is marked by large Eu depletions, with Eu/Eu* ranging from 

0.43 to 0.73. From its contact phase (K21) to its most strati- 

graphically elevated exposure (K23) it displays a pattern of regu¬ 

larly increasing total REE abundance, with all member samples 

maintaining identical slopes. 

Analyses of the Mount Sheridan Gabbro (K26 - K34) likewise 

show enrichment in the LREE, although to a lesser extent than the 

granite. The unit exhibits a variety of small Eu anomalies, some 

with slight enrichment, others with slight depletion, and still 

others with essentially flat patterns. Unlike the granite, there is 

no obvious correlation between height in the section and overall 
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Figure 18. Chondrite-normalized REE concentrations in the Mount Scott 

Granite (K21 - K24) and Mount Sheridan Gabbro (K26 - K34). K44 repre¬ 

sents a granophyric segregation in the gabbro. Dashed portions of the 

graph indicate interpolation for unanalyzed Gd between Eu and Tb. 

Vertical scale is logarithmic. 
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REE abundance. 

Sample K44, a granophyric segregation within the gabbro with 

values for Eu* of 78.50 and Eu/Eu* of 0.35, bears a pattern quite 

similar to those of granite. Differences between it and the four 

analyses of granite are in its flat LREE trend and its less strong¬ 

ly depleted HREE pattern. 

Large-Ion Lithophile (LIL) and Other Elements 

Abundances of the LIL (Ba, Rb, and Th) and remaining trace 

elements (Co, Cr, Hf, Sc, Ta, and U) are plotted according to prox¬ 

imity to the contact in Figure 19. In addition, Fe, Na, and K 

have been included in the plots, but are graphed as weight percent 

of the oxide. These elements have been placed in two groups on 

the basis of similarity of each pattern to that of other elements. 

Hence, the figure is comprised of two separate diagrams. 

Ba, Rb, U, Ta, and Th exhibit trends which closely mirror the 

distribution of K, probably reflecting concentration in alkali feld¬ 

spar and to a lesser extent in amphibole and biotite. All tend to 

occur in greater abundance in those rocks richer in silica. 

Co, Hf, and Sc, on the other hand, appear to follow closely 

after Fe, suggesting the distribution of these elements in the iron 

oxides and mafic silicates. Cr maintains a similar distribution but 

exhibits erratic behavior, most likely due to differences in the 

abundance of clinopyroxene. More importantly, however, a strong 

parallelism to the variation diagram of the oxides (Figure 12) is 

established by the patterns for these elements. Notwithstanding 



Figure 19. Concentrations of LIL and other trace elements along 

the Poko Mountain traverse. Abundances of U, Th, Ba, Ta, Hf, Rb, 

and Sc are normalized to chondrites using the factors of Schmitt 

et al. (1964). Co and Cr are in ppm, and K, Na, and Fe are pre¬ 

sented in wt.% of the oxide 
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the trend of Cr, each of the four elements shows a dramatic increase 

in abundance across the contact in the granite. This border phase 

of the granite, it may be recalled, contains magnetite in higher 

proportions than the adjoining Mount Sheridan Gabbro. 

Trace Element Modelling 

The attention now turns to the more general problem of testing 

the data for the rock suites and determining to what extent the trace 

elements can constrain possible petrogenetic relationships. The 

approach has been to look for variation in trace•elements which cor¬ 

respond to either sympathetic or antipathetic changes in other geo¬ 

chemical parameters. 

Figure 20 shows the comparison of the Differentiation Index 

(D.I.) of Thornton and Tuttle (1960), expressed as the sum of norma¬ 

tive Qtz + Or + Ab, with the Eu/Eu* values obtained from Table 5 for 

rocks along the Poko Mountain traverse. For those samples of Mount 

Scott Granite high in the section (K23 and K24) the D.I. is approxi¬ 

mately 78, and Eu/Eu* ranges from 0.43 to 0.56. At the contact (K21) 

the D.I. has decreased to about 30 while the magnitude of the negative 

Eu anomaly has diminished, giving a Eu/Eu* value of 0.74. In contrast 

to the granites, the gabbros do not exhibit a wide range with respect 

to Eu/Eu*. All samples record values near unity, indicating very 

minor or absent Eu anomalies. In addition, the trend in the gabbros 

is essentially vertical and diverges sharply from the granite trend. 

This latter point is particularly emphasized by the relative position 

of the uppermost gabbro (K34) and the lowermost granite (K21), which 



Figure 20. Plot of Eu/Eu* against the Differentiation Index (D.I.) 

of Thornton and Tuttle (1960). Eu/Eu*, which indicates the ratio of 

the observed Eu abundance to that expected by interpolation between 

the Sm and Tb abundances, is used as a measure of the Eu depletion 

in a rock. 
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are in direct contact in the field. The gabbro clearly shows a 

higher degree of fractionation with respect to the D.I. than does 

the granite. 

As a test for possible fractional crystallization and/or con¬ 

tamination, two-dimensional plots using either single element con¬ 

centrations or element ratios have been devised. Ideally, when one 

ratio is plotted versus another ratio, mixing between the selected 

end-member compositions is defined by a hyperbola (Langmuir et al., 

1977) . The general solution for plotting single elements is a 

straight line (Cox et al., 1979). 

In Figure 21 are plotted the ratios for U/Th and La/Yb for 

the Poko Mountain traverse. The U/Th ratio has been chosen because 

these two elements often maintain a remarkably constant linear rela¬ 

tion to abundance of K in fractionated tholeiitic bodies (Heier et 

al., 1965). The La/Yb ratio is included due to its sensitivity to 

increases in the LREE relative to the HREE. 

Figure 21 indicates the U/Th values for the gabbro range from 

about 2-6 and La/Yb from 3-7. Sample K28, a laminated gabbro, 

has a similar La/Yb value (approximately 4), but apparently contains 

a much less significant amount of Th, as is evidenced by its U/Th 

value of 15. Exclusive of K28, a straight line best fits the data. 

Values for granite, K21 - K24, reveal that they are, for the most 

part, within the trend established by the gabbroic rocks but are not 

representative of an end-member composition for the gabbros. 

Covariance between the ratios of Ce/Yb and La/Lu (i.e. light 

and heavy REE) is illustrated in Figure 22. Here a hyperbolic curve 



Figure 21. Covariance between the U/Th and La/Yb ratios for rock 

samples in the Poko Mountain area. Note the very anomalous behav¬ 

ior of sample K28 (a laminated gabbro with a low Th content), and 

the highly fractionated aspect of K34. 
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Figure 22. Comparison between the Ce/Yb and La/Lu ratios for the 

Mount Scott Granite and Mount Sheridan Gabbro. In terms of these 

elements the most highly differentiated rock is not granite, but 

the intermediate rock found immediately below the granite (K34). 
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is evident. End-members in the plot are K26 and K34, respectively 

the highest and lowest gabbros in the sequence. Granite values fall 

in an intermediate position along the curve. However, strict coin¬ 

cidence with the positions of the samples on the curve and their 

positions within the traverse is not apparent. Also, the highly 

fractionated aspect of K34 is again illustrated. 

Discussion 

Granite-Gabbro Contact Zone 

Evidence from detailed examination of the contact relationships 

in the poko Mountain area suggests the Mount Scott Granite was em¬ 

placed later than the Mount Sheridan Gabbro. Field studies indicate 

the contact area between the two units is narrow, encompassing a 

width on only % m, and is bordered above by a fine-grained granite 

which has apparently been chilled. Occurring within the granite are 

xenoliths of basic rock. The xenoliths are generally well rounded 

and show extensive effects of assimilation, features generally found 

in cognate inclusions (Didier, 1973). Below the contact composite 

dikes crosscut the intermediate rock. Elsewhere along the contact 

at Mount Scott, 2 km to the east, the Mount Scott Granite ceases to 

overly the Mount Sheridan Gabbro and instead a highly laminated 

anorthosite, a member of the GMLC, forms the underlying lithology. 

This last feature is of particular importance for it illustrates 

the discordant nature of the granite sill to the underlying basic 

rocks. Moreover, it implies the origin of the granite as a product 
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of in situ differentiation of the Mount Sheridan Gabbro is untenable. 

The lines of evidence thus point to an intrusive contact between gran¬ 

ite and basic rock, and clearly establish the younger age of the gran¬ 

ite. 

Corroborative evidence exists from the petrographic studies of 

the contact zone as well. Granite contact phases show significantly 

greater modal abundances of plagioclase, clinopyroxene, apatite, horn¬ 

blende, and magnetite than granites higher in the section (Figure 9). 

The increase in these minerals, which undoubtedly would have precipi¬ 

tated .early in the cooling history of the granite, corresponds to what 

Didier (1973) has referred to as a "basic border." Excellent illus¬ 

tration of the granite border zone is found in Figure 19. Within this 

region Cr, Co, Sc, and FeO show their highest concentrations in the 

granite, even exceeding the contents in the adjacent intermediate rock. 

The most reasonable' explanation for the basic border appears to have 

been emplacement of the granite against the colder country rock of the 

Mount Sheridan Gabbro. Upon intrusion the granite would have been at 

a relatively high temperature, perhaps close to 1000°C (Gilbert, person¬ 

al communication). Heat loss would have been greatest along the margins 

of the intrusion, and it is here that factors favoring the early cry¬ 

stallization of these phases would have been present. 

The crystal habit of the apatites within the border granites lends 

further support to the presence of a chilled margin. Occurring else¬ 

where as stubby prisms, they tend to be found along the contact as grains 

extremely elongate in the c-axis direction. As pointed out by Didier 

(1973), the factor most likel” to cause precipitation of highly acicular 



69 

apatites is a sudden cooling of the magma. 

Mention should also be made of the calcite which is occasion¬ 

ally observed along the contact. Although the origin of this min¬ 

eral remains uncertain, it is interesting to note that the contact 

zone was the only horizon where calcite was found as discrete grains 

and not as vein infilling. With regard to this point the observa¬ 

tions of Harker (1939) seem particularly relevant. He suggests that 

where basic rocks have suffered weathering calcite may be an abun¬ 

dant product. The implication, then, is that the underlying basic 

rocks may have undergone some degree of erosion prior to the em¬ 

placement of the Mount Scott Granite. Certainly the erosional un¬ 

conformity which is postulated to exist between the granites and 

underlying gabbros in the Wichita province lends support to this 

argument. 

Aside from the otherwise overwhelming field evidence, the 

most obvious difficulty confronting the possibility of in situ 

differentiation of the Mount Scott Granite is the An content of 

the plagioclase in the intermediate rock just below the contact. 

Not only does the plagioclase of this rock have a high An content 

(Ang4_gg), it represents the most calcic plagioclase recorded with¬ 

in the entire gabbro body. It seems most improbable that a rock 

with a phase composition of calcic labradorite would fall along a 

fractionating sequence in a position immediately below that of the 

granite, especially in view of the fact that plagioclase within the 

contact phase of the granite generally falls in the range albite- 

oligoclase (Ham et al., 1964). What is apparent is a very large 



70 

compositional gap in the plagioclase across the contact which can 

only be explained by separate intrusive events. 

Further emphasizing the hiatus between granite and gabbro is 

the high degree of alteration localized about the contact. Table 

2 shows the highest concentration of amphibole and saussuritization 

products of the feldspars in those rocks situated both immediately 

above and below the contact. Much of the amphibole is uralitic 

and is clearly a secondary product derived from the alteration of 

primary pyroxene by hydrothermal fluids which have emanated from 

the overlying granite. The attack of these metasomatizing fluids 

has been greatest on the ferromagnesian minerals, but detailed 

study of the plagioclase in the gabbros high in the section re¬ 

veals they, too, have been severly altered. Much of the interior 

portions of the plagioclase have suffered replacement to epidote, 

calcite, and sericite by infiltrating fluids along twin boundaries, 

creating repeated drops in the An content to compositions in the 

andesine range (Figure 15). Such drops in composition are commonly 

referred to as secondary normal zoning (Smith, 1974), and as Misch 

(1954) notes, usually occur when plagioclase is partially replaced 

by Ca-rich minerals. Lepezin (1968) suggests that zoning of this 

type can also result from diffusive metasomatism brought on by 

juxtaposition of rocks containing plagioclase with different An 

contents, such as occurs between the sodic plagioclases (albite - 

oligoclase) of the granite contact rock and the labradorites (^54.59) 

of the Mount Sheridan Gabbro. Thus, metasomatism has been an impor¬ 

tant mechanism (but not necessarily the sole mechanism) in transforming 
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the upper part of the Mount Sheridan Gabbro into a rock of inter¬ 

mediate composition. 

Chemistry of the Mount Sheridan Gabbro 

Having established the unlikelihood of the Mount Sheridan 

Gabbro having fractionated the Mount Scott Granite, the question 

remains as to the origin of the intermediate rocks within the 

higher sections of the gabbro. As has already been mentioned, 

metasomatism has played a principal role in the petrogenesis of 

these rocks. Yet the possibility of the composition of the rocks 

being a primary feature and not merely the result of secondary 

interaction with hydrothermal fluids from the granite must also 

be considered. The point which hereby needs to be emphasized is 

that despite the fact that the Mount Scott Granite cannot be di¬ 

rectly related to the gabbro by in situ differentiation does not 

preclude the process of differentiation from having operated with¬ 

in the gabbro body itself. 

In fact, there are several features of the Mount Sheridan 

Gabbro which distinctly favor such a possibility. For one, it is 

quite probable the magma from which the gabbro crystallized was 

hydrous. The ubiquitous nature of biotite throughout the entire 

sequence of gabbro and intermediate rock attests to the presence 

of water. Powell et al. (1980) have stated the biotite is clearly 

primary and forms well crystallized interstitial flakes even in 

samples where the pyroxenes are entirely fresh. Overall composi¬ 

tion of the gabbro also suggests the body may have undergone 
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fractionation. Even at its lowest levels of exposure Fe/(Fe + Mg) 

ratios in the pyroxenes indicate it is more evolved than the other 

Roosevelt Gabbros (Powell et al., 1980). Further evidence is pro¬ 

vided by the presence of abundant granophyric segregations within 

the mesostasis, possibly reflecting buildup of volatiles toward the 

end of the crystallization sequence. Finally the presence of a 

laminated gabbro (K28) low in the section may represent a cumulate 

horizon. If so, gravity settling or perhaps convection of plagio- 

clase, pyroxene, and olivine, the latter being reported by Thornton 

(1975), may have been an important mechanism in enriching the resi¬ 

dual liquid in silica and the alkalis. 

However, there are also certain difficulties with this inter¬ 

pretation. Phase chemical study of the plagioclase, for instance, 

reveals that they show a pattern of reverse cryptic variation up 

section, with the most calcic plagioclase found in the intermediate 

rock immediately below the granite contact (Figure 9). Curiously, 

Scofield (1975) reported a similar reverse cryptic pattern for the 

plagioclase of the GMLC. It is unlikely that if fractionation had 

occurred in the gabbro the trend would appear as it does, that is, 

unless certain mitigating factors, such as high P„ -, altered the 

crystallization conditions to such an extent as to prevent a normal 

cryptic pattern from developing. More likely, the phase chemistry 

would have documented results similar to that of Thornton (1975) and 

progressively more sodic plagioclase would have been observed in 

those rocks higher in the section. 
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The pyroxenes (Figure 17), on the other hand, show evidence 

of both normal and reverse cryptic variation. Pyroxenes which 

occur lowest in the sequence are generally more fractionated in 

terms of their Fe/(Fe + Mg) ratios, but this is true only in a 

gross sense. More accurately, the pyroxenes delineate an upward 

trend which is reversed just below the level of the intermediate 

rocks. • The pattern which emerges is normal cryptic variation of 

the pyroxenes within the lowermost gabbros (K26 - K28) followed by 

a reversal to more magnesian pyroxenes in sample K31. Normal cryp¬ 

tic variation is then resumed in the intermediate rocks (K31 - K32). 

Thus there appears to be an obvious dilemma. How can one min¬ 

eral group (Ca-rich pyroxenes) show at least some tendency toward 

normal cryptic variation while an accompanying mineral (plagioclase) 

shows a reverse trend? The most logical answer appears to be that 

there is a governing parameter to which one mineral responds and 

the other remains relatively insensitive. The discrepancy apparently 

results from the different susceptibilities of the crystallization of 

the two minerals to increasing water vapor pressure. Plagioclase, it 

appears, exhibits the more pronounced effect. More specifically, it 

has been determined that the anorthite content of plagioclase that 

will crystallize from a liquid of given composition is proportional 

to the increase in the water vapor of the liquid (Yoder, 1968). As 

crystallization proceeds, if the water content of the evolving liquid 

is increased, successively more calcic plagioclase will be precipi¬ 

tated (Figure 23). 



Figure 23. The albite - anorthite system at 1 bar (anhydrous) and 

at Pj^o 150 bars (Yoder, 1968). Liquids A and A' are in equilibrium 

with plagioclases B and B* at the same temperature for pressures of 

1 bar and 150 bars water pressure, respectively. 
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A case In point is the Kap Edvard Holm Intrusion, East Green¬ 

land, where normal cryptic trends in the clinopyroxenes and reverse 

cryptic trends in the plagioclase have been attributed to H2O build¬ 

up in the late stages of fractionation (Elsdon, 1971). 

Further evidence for buildup of water during the crystalliza¬ 

tion of the Mount Sheridan Gabbro is provided by detailed study of 

the plagioclase from the intermediate rock highest in the section 

(K34). As has already been noted, two distinct types of plagioclase 

were encountered in the investigation. These were small normally 

zoned crystals and larger crystals whose cores were marked by major 

compositional fluctuations (Figures 14 to 16). Many of these fluc¬ 

tuations have undoubtedly been due to metasomatic alteration of the 

plagioclase. Yet there are some segments across these large plag¬ 

ioclase where significant drops in the An were recorded which appear 

to have been unaffected by alteration. There is also the puzzling 

occurrence of the calcic spikes along the outer core margin of 

these grains. It is doubtful such features have been derived from 

hydrothermal replacement. It is more probable that these zoning 

patterns have resulted from convection of these crystal to areas of 

different water pressure during the solidification of the Mount 

Sheridan Gabbro. 

Studies which have been conducted by Gay and Muir (1962) on 

plagioclase crystals from the layered series of the Skaergaard intru¬ 

sion provide an interesting parallel to the features observed in the 

plagioclase from the Mount Sheridan Gabbro. Gay and Muir report, for 

instance, the feldspars consist of two types: large crystals formed 
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by settling in a convecting magma, and interspersed smaller crystals 

which crystallized from the residual magma. The smaller crystals 

show strong normal zoning, while the larger crystals have margins 

similar in composition to that of the smaller crystals. Gay and 

Muir note that the innermost boundary of each zone is strongly curved 

and irregular, a feature commonly attributed to convection (Smith, 

1974). 

The observations of Gay and Muir seem remarkably consistent with 

the features found in the plagioclase of sample K34. It is, there¬ 

fore, altogether possible that convection may have operated within 

the Mount Sheridan Gabbro. The presence of a laminated horizon of 

gabbro low in the traverse, which bears many of the earmarks of a 

cumulate, indeed supports this. Crystals moving up and down along 

convecting currents would have experienced different pressures in 

response to changing P , with major resorption occurring during 
“2° 

descent. The final stages may have involved congelation along the 

roof of the intrusion where the highest water pressures were incurred, 

resulting in the depression of the plagioclase solidus and the subse¬ 

quent precipitation of the calcic spike. 

However, the occurrence of a laminated horizon within the gab¬ 

bro requires further discussion. The horizon, which includes sample 

K28 but extends slightly higher, may be, in the terminology of Wager 

et al. (1960), an orthocumulate. This possibility was also recognized 

by Powell et al. (1980). Nevertheless, merely because the rocks are 

laminated does not, in itself, provide conclusive evidence that they 

represent cumulates. In fact, there is some evidence to-suggest they 
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are not. Layers such as this have often been interpreted as having 

crystallized at maximum liquidus temperatures (Carmichael et al., 

1974). As such, the magnesium content of the pyroxenes for these 

rocks should be higher than for pyroxenes elsewhere in the intrusion. 

Yet, just the opposite is seen. Analyses indicate in K28 (a sample 

of the laminated gabbro) the pyroxenes are richest in iron and poor¬ 

est in magnesium (Figure 17 and Table 4). Moreover, the U/Th ratio 

for K28 (Figure 21) is at least three times greater than any other 

analyzed sample of gabbro. 

Based solely on its anomalous chemistry, it is tempting to 

suggest the laminated horizon is possibly a separate intrusion with¬ 

in the Mount Sheridan Gabbro. Walker (1969), for instance, draws 

attention to the fact that in many fractionated gabbroic bodies the 

upward mineral trends may be interrupted or sharply reversed some 

distance above the floor, as may be implied by the pyroxene trend 

for the Mount Sheridan Gabbro. He explains the phenomenon by sug¬ 

gesting that the magma was injected in two pulses, separated in time 

long enough for the earlier (lower) "draft" to become sufficiently 

crystalline to retain much of its identity. Yet, attributing the 

differences in chemistry of the laminated horizon to a second intru¬ 

sion may be somewhat presumptuous, particularly in view of the lack 

of evidence for internal contacts (although such contacts could have 

been hidden beneath the talus) . Perhaps the development of the lam¬ 

inated horizon is due more to certain factors in the fluid dynamics 

of the system which permitted excursions to more fractionated mineral 

phases. Carmichael et al. (1974), for example, suggest sudden 



discontinuities or reversals of the vertical compositional trend 

may be related to differentiation during the course of lateral flow. 

In spite of these questions it is at least fairly certain the 

Mount Sheridan Gabbro was emplaced at moderate to low temperatures. 

Figure 24 shows the plot of the pyroxene analyses in terms of the 

augite-orthopyroxene solvus of Ross and Huebner (1975). The posi¬ 

tion of the bulk of the data points indicates emplacement of the 

gabbro within a temperature range from 900 - 1000°C, although, it 

is possible that subsolidus reequilibration may have effected the 

pyroxenes to some degree. If so, the original temperature of in¬ 

trusion could have been slightly higher. By comparison, the Ca¬ 

ri ch pyroxene trend in the Skaergaard intrusion (see Figure 17) 

suggests for this body a somewhat higher temperature of emplace¬ 

ment, perhaps on the order of 1100°C. 

Aside from these considerations, there is also the problem of 

determining the origin of the granophyric segregations within the 

gabbro. The principal question of concern is that if the gabbro 

was hydrous upon intrusion, a fact which now seems to be well 

established, was it able then, after it had become partially cry¬ 

stalline and when the diffusion rates may have been enhanced by a 

high volatile content, to "sweat out" the small lensoid and vein¬ 

like segregations of granophyric material so prevalent throughout 

the mesostasis. Such features are exceedingly common in many dif¬ 

ferentiated gabbroic bodies, and have generally been attributed to: 

(1) crystallization of interprecipitate residual melt of eutectic 

composition; (2) assimilation of the country rock during emplacement; 



Figure 24. Compositions of coexisting pyroxene pairs (solid lines) 

from the Mount Sheridan Gabbro plotted in terms of the augite-pigeon- 

ite solvus (dashed contours) and the augite-orthopyroxene solvus 

(solid contours) of Ross and Huebner (1975). 
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and (3) infiltration of granitic components via fracture systems. 

To develop the idea of under what conditions segregations such 

as these would tend to form in a rock body, the ideas of Ramberg 

(1952) have been most useful. Ramberg states that cracks and fis¬ 

sures open up most frequently in relatively brittle rocks, particu¬ 

larly when enclosed in more plastic rocks. The brittle rocks con¬ 

sist mainly of minerals with low chemical mobility (i.e. calco- 

ferromagnesian silicates). On the other hand, the minerals which 

concentrate in the cracks in the brittle rocks are comprised of 

the most mobile elements (Na, K, Si, and Al). Ramberg further sug¬ 

gests that crystallizing bodies do not have to be completely solid¬ 

ified to behave in a brittle manner. The hypothetical model of the 

manner in which a developing crack can eventually become infilled 

with material of eutectic composition from the host rock is outlined 

by Ramberg as follows: 

Cracks, joints, and fissures which form in a stessed rock 
complex represent pressure minima, so that any mineral (or 
liquid body) growing there has lower free energy than the 
same mineral (or liquid body) in the compact parts of the 
complex. The opening will first be filled with the most 
mobile constituents of the host rock, that is, water, car¬ 
bon dioxide, and other fugitive and mobile compounds exist¬ 
ing throughout the rock. When a small amount of the miner¬ 
als has been removed from the adjacent rocks and deposited 
in the fissure, the adjacent rock has shrunk by a certain 
volume fraction and the pressure acting on the minerals in 
the shrunken part of the rock is less than originally and 
will remain so until readjusted by plastic flow in the sur¬ 
roundings. For that reason, the tendency to disintegrate 
minerals in the immediate country rock and reprecipitate 
minerals in the secretion is not strongly present after the 
first leaching out has taken place. On the other hand, 
there is a tendency to displace material from more distant * 
places, where pressure is high, into the weakly leached-out 
zone, where pressure is low. This process introduces anew 
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mobile constituents into the host rock adjacent to the 
crack, and slow adjustment of pressure by plastic flow 
in the leached-out zone will intensify the pressure 
difference between fissure and adjacent rock so that 
matter will continue to creep into the fissure. When 
the secretion is filled, the rock pressure will act 
upon the secretion mineral with its full value, and it 
is likely that some of the secretion minerals therefore 
become chemically incompatible with the adjacent country 
minerals, so that a reaction zone may develop. 

With regard to Ramberg’s model it is noteworthy that the major¬ 

ity of granophyric segregations in the Mount Sheridan Gabbro do in¬ 

deed show evidence of marginal reaction zones. Typically these 

reaction zones are comprised of amphibole, some of which rim relict 

pyroxene. 

It may also be recalled that U - stage analysis of a pyroxene 

from one of these segregations (sample K44 in Figure 17) revealed it 

to be significantly more enriched in iron than pyroxenes in the host 

gabbro, an observation which appears to be consistent with crystalli¬ 

zation of the pyroxene from the residual melt. 

Granted that such a process could have occurred in the Mount 

Sheridan Gabbro, there still remains the need to ascertain whether 

the mineral assemblage of these segregations does in fact approximate 

a eutectic composition. In light of this, the quartz:feldspar ratios 

of several segregations have been measured (Figure 11). These ratios 

bear special significance to the problem because they can identify 

compositions which are either near to (i.e. along a cotectic) or at 

the eutectic in the Ab - Or - Qtz - H^O system (Smith, 1974). 

Of course, it may be argued that these segregations do not fall 

in this so-called "granitic" system in the strict sense, since at 

times they appear more dioritic than granitic in composition. 
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This is a point well taken. Nonetheless, it must also be emphasized 

that the final precipitates of either rock (i.e. diorite or granite) 

consist of quartz and alkali feldspar, and it is these two minerals, 

that indeed constitute the bulk of the segregations, to which this 

technique is addressed. 

Reviewing the data, the plot of some analyses appears to be 

consistent with the cotectic curves that have been established by 

Tuttle and Bowen (1958) for the Ab - Or - Qtz - 1^0 system for water- 

saturated conditions at 1 and 3 kbars. These segregations, it would 

seem, are more likely candidates for having been derived from the 

residual melt of the gabbro (i.e. the secretionary growth process 

of Ramberg). A serious difficulty appears in the placement of other 

analyses in that they are too rich in feldspar, failing to coincide 

with the cotectic curve even for high pressures. The observation 

that many of these segregations, whose ratios are not in cotectic 

proportions, are also associated with basaltic dikes (Figure 7), 

suggests an origin from outside the gabbro body, perhaps relating 

to introduction of quartzo-feldspathic material from the overlying 

Mount Scott Granite. Hopefully further investigations centering on 

the initial Sr^/Sr®^ ratios in both the segregations and the gabbro 

may provide some further insight into this problem. 

Trace Element Constraints 

Chondrite-normalized REE patterns for the Mount Scott Granite 

and Mount Sheridan Gabbro (Figure 18) indicate the two are not re¬ 

lated by in situ differentiation. Both units appear enriched in the 
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LKEE and depleted in the HREE, but fail to show complementary Eu 

patterns. 

REE patterns for the granite indicate the unit has experienced 

substantial plagioclase fractionation. This is shown by the large 

negative Eu anomalies for all the analyzed rock samples. The mag¬ 

nitude of the Eu anomalies as well as the total REE content increase 

up section within the granite away from the contact with the inter¬ 

mediate rock, and suggest the body crystallized from the margin in¬ 

ward (i.e. upward). The presence of a basic border along the granite 

contact (Figures 12 and 19) provides support for this inward crystal¬ 

lization. 

REE patterns for the Mount Sheridan Gabbro, on the other hand, 

show no significant positive Eu anomalies for the entire sequence of 

rocks. All REE patterns for this unit from Sm to Tb are essentially 

linear, with Eu/Eu* values near unity. This aspect of the gabbro is 

particularly evident in Figure 20. As the figure illustrates, the 

fractionation trends of gabbro and granite are distinctly different. 

There is, however, good evidence to suggest the Mount Sheridan 

Gabbro is fractionated. Figure 21 (U/Th versus La/Yb) and Figure 22 

(Ce/Yb versus La/Lu) reveal, for instance, that from its lowest to 

highest levels of exposure, all plotted analyses (with the exception 

of K28 in Figure 21) define linear paths. Moreover, the end-members 

within each diagram are represented by samples K26 and K34, respec¬ 

tively the lowest gabbro and highest intermediate rock in the se¬ 

quence. The reasonably good fit and relative positions of the indi¬ 

vidual data points along the curves provide a strong argument in 
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favor of fractional crystallization for the gabbro body. Further¬ 

more, the results imply that the petrogenesis of the intermediate 

rocks can be directly related to differentiation of the gabbro. 

The positions of the granite data on the curves of Figures 21 

and 22 reinforce the unrelated aspect of this body to the crystal- 

lizational history of the gabbro. In neither diagram do the plots 

for granite occur as end points. Rather, all analyses fall midway 

along the curves. Had the granite actually been a product of ex¬ 

treme differentiation of the gabbro it would have been necessary 

for its values to lie outside the field of the gabbro, beyond that 

recorded for K34. As such, the fact that the values do fall on 

the gabbro curves is thus either very fortuitous, or, more probably, 

indicates the intermediate rocks have been contaminated by the gran¬ 

ites to some extent. 

That granite contamination of the gabbro may have occurred is 

suggested by the REE pattern for one of the granophyric segregations 

found within the lower exposure of the gabbro (sample K44 in Figure 

18). The broad similarity of the REE pattern for the segregation to 

that of the granite and the presence of an accompanying basaltic 

dike serve to indicate that the segregation could have been derived 

from migrating fluids from the overlying granite. 

Thus granite contamination has affected the gabbro, a conclu¬ 

sion which is rendered unavoidable by petrographic study of the con¬ 

tact zone. Yet, it is also apparent that this contamination has not 

been the sole mechanism involved in the evolution of the intermediate 

rocks. These rocks, it seems, owe their origin, in large part, to 
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differentiation of the Mount Sheridan Gabbro. 

Differentiation of the Mount Sheridan Gabbro 

By what mechanism the Mount Sheridan Gabbro has been fractionated 

into a rock of intermediate composition is a question not easily re¬ 

solved. Subtleties in the trace element data suggest that more than 

one process may have been involved. For instance, trend reversals in 

trace element abundances up the Poko Mountain traverse, similar to the 

reversal observed in the pyroxene phase chemistry (Figure 17), indicate 

the gabbro may have been emplaced as a multiple intrusion. The most 

obvious of these reversals occurs at the level of exposure of K28 where 

mafic minerals are concentrated in a laminated horizon above the floor 

of the intrusion. 

In terms of its FEE, K28 is more evolved than any gabbroic or in¬ 

termediate rock except for K30 (Figure 18). Also, due primarily to its 

low Th content (Table 5), K28 exhibits particularly anomalous behavior 

with respect to the U/Th trend established by the other gabbro samples 

(Figure 21). Interestingly, Carmichael (1974) indicates that in cir¬ 

cumstances where reversals or abnormal chemical behavior such as this 

do occur there is a strong possibility that the magma, already partial¬ 

ly differentiated in some external reservoir, may have been injected 

into its present site in more than one pulse. 

On the other hand, profiles of the lithophile elements (Figure 

19) generally maintain a constant linear relation to height in the 

section. These patterns, like those for the bulk.chemistry (Figure 

12), are more typical of magma bodies which have fractionated in toto. 
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and suggest the differentiation may have been influenced by a gravity- 

controlled factor. 

Crystal settling is one mechanism in which vertical stratification 

of the Mount Sheridan Gabbro might have been achieved, but today there 

is general agreement that such a process can only be effective in bod¬ 

ies more than 300 to 400 m thick (Carmichael, 1974) , and it is doubtful 

the Mount Sheridan Gabbro exceeds these dimensions. In addition, al¬ 

though there have been recent advances in defining the physical proper¬ 

ties of magmas, their actual fluid mechanics is still a subject of 

which very little is known. For example, it is now realized that magmas 

have substantial yield strengths and that their effective viscosities 

increase dramatically with the onset of crystallization (Irvine, 1979). 

In some instances it appears that a crystal may have to attain a gigan¬ 

tic size or adhere together with other crystals in clusters before the 

yield strength of the fluid is exceeded and settling can be initiated 

(Irvine, 1979; Rice, 1981). Clusters of cumulus augite (oikocrysts) 

have been documented in the Raggedy Mountain Gabbro Group but these are 

restricted to exposures of the GMLC (Powell et al., 1980). To date, 

none have been identified in the Mount Sheridan Gabbro. 

Indeed, based on calculations by Bottinga and Weill (1970) for 

the Skaergaard intrusion, there is reason to question if gravity set¬ 

tling has played any significant role in the fractionation of the Mount 

Sheridan Gabbro. Their studies have shown that the density contrast 

between crystals (especially plagioclase) and liquid may become small 

or even reversed in the later cooling history of an intrusion due to 

the increasing density of the iron-enriched liquid. If these obser- 
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vations are coupled with those of Powell et al. (1980) who suggest 

the Fe/(Fe + Mg) ratios in the Mount Sheridan Gabbro are higher than 

that for the other Roosevelt Gabbros, the concept of gravity settling, 

when applied to these rocks, seems less likely. 

Another mechanism, less constrained by the weight of evidence 

against it and still capable of yielding the observed trace element 

and phase chemical trends, is convection. Certainly the zoning pro¬ 

files and the compositional fluctuations exhibited by the plagioclase 

grains of sample K34 (Figures 14 to 16) indicate the presence of this 

process during the solidification of the gabbro. Such zoning rever¬ 

sals in the cores of plagioclase grains from mafic intrusions are not 

unique and in other instances (i.e. Skaergaard intrusion) have often 

been attributed to convection (Gay and Muir, 1962; Rice, 1981). This 

mechanism also provides a means to account for the chemical reversals 

found in the Mount Sheridan Gabbro. As Irvine (1979) suggests, cry¬ 

stals precipitated earlier in a convecting system may become entrained 

in the flow and be deposited later, nearer the top of the intrusion. 

Irvine also indicates in some circumstances the convection currents 

may be rapid and intermittent, and depending on their scale, allow 

lateral variation in the depositional sequence to occur. This may 

provide an explanation as to why there exists a discrepancy between 

the chemical trend of Thornton (1975) and that of this study for the 

Mount Sheridan Gabbro. Of all the possible operations which could 

conceivably give rise to the changes in composition up the Poko Moun¬ 

tain traverse, convection seems the most likely. 



TWIN MOUNTAINS 

Field Relationships 

At Twin Mountains (Plate 3), the outcrop takes the form of two 

E - W trending granite hills that rise about 90 m above the flat- 

lying Permian sediments. Exposed along the eastern flank of the 

broader hill to the east in the SW% Sec. 2, T.3N., R.I8W., Kiowa 

County, is a contact of the Lugert Granite with an intermediate 

rock Huang (1955) has referred to as the "leucogranogabbro." 

The Lugert Granite was originally mapped by Taylor (1915) and 

by Hoffman (1930) to include the eastermost exposures of granite 

in the Wichita Mountains. It was redefined by Chase et al. (1956) 

who noted that rather than being a single body, as had originally 

been suspected, it consisted of two different granites, with the 

one in the west being intrusive into the one in the east. It was 

on this basis that Merritt (1965) renamed and mapped the eastern 

unit as the Mount Scott Granite. 

A notable feature of the Lugert Granite in the central and 

western areas of the Wichita Mountains is its variable appearance 

in different outcrops and even in the same exposure. Merritt 

(1958) stated that of the outcrops he studied, "there is no expo¬ 

sure of Lugert Granite which is entirely free of inclusions or 

their alteration products." Merritt attributed this nonuniform 

appearance to intrusion of the Lugert into the older Mount Scott 

Granite, and indicated that at most places the two units were so in¬ 

tricately mixed it was not practical to map them separately. Thus many 



Lugert occurrences, including Twin Mountains, were mapped as com¬ 

posite intrusions. As a result, not only was there a problem in 

selecting an exposure which could be considered typical of the 

Lugert, it was also necessary to consider what role the earlier 

Mount Scott Granite may have played in terms of the petrogenetic 

history of the area. 

Notwithstanding these difficulties, uncontaminated Lugert 

can best be described as medium-grained and reddish-pink on un¬ 

weathered surfaces. Weathering of the outer layer of the granite 

is common, usually as exfoliation rinds. Inclusions of darker, 

more mafic microgranite are widespread. Inclusions of gabbro, 

andesite, and pebbles of "granite conglomerate" have also been 

reported (Merritt, 1958). With an almost aplitic texture, the 

microgranite inclusions are easily overlooked in the field, hid¬ 

den beneath the rough weathering profile. 

Quartz and K-feldspar are the dominant minerals with the 

remainder comprised largely of plagioclase and amphibole. 

In contact phases of the Lugert at least two different lith¬ 

ologies occur. The most common is typical Lugert Granite in tex¬ 

ture and mineralogy; the other is darker, finer-grained, and 

richer in plagioclase and mafics. This again suggests the possi¬ 

bility of a composite intrusion, the younger granite having em¬ 

placed itself into the older, dislodging numerous small blocks and 

transgressing the latter's peripheral boundaries. 

The contact between granite and adjacent basic rock is knife- 

sharp (Figure 25). The granite is clearly intrusive and often cuts 



Figure 25. Knife-sharp contact of the leucogranogabbro (left) with 

the Lugert Granite. Note the extremely large size of the plagioclase 

megacrysts in the leucogranogabbro, some of which attain sizes up to 

20 cm in length. Location: SE^SE^s, Sec. 2, T.3N., R.18W., Kiowa 

County 
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the larger megacrysts of the older basic rock. 91 

The leucogranogabbro appears to have been anorthositic origin¬ 

ally. The plagioclase exhibits a crude lamination suggestive of 

layering, which may or may not have been more fully developed prior 

to the intrusion of granite. It has since, however, been converted 

into a homogeneous rock that, while still composed primarily of 

calcic plagioclase, has a curious interstitial makeup of quartz and 

alkali feldspar. Quite leucocratic in character, it appears rela¬ 

tively uniform throughout the entire -'600 m^ outcrop. 

Only trace amounts of mafic minerals are present throughout the 

rock. These include pyroxene, amphibole, and iron oxide. The amphi¬ 

bole is typically found within granitic veinlets and along the margins 

of larger apophyses of similar composition, and is undoubtedly hydrother¬ 

mal in origin. Small patches of olive-green prehnite are also visible. 

The principal means of impregnation of the anorthosite country 

rock seems to have been a minute but ramifying system of quartzo-feld- 

spathic veins. Through these the reconstitution of the anorthosite 

has been accomplished. Larger granite dikes, though less common, are 

nevertheless present (Figure 26). 

Petrography 

Lugert Granite 

The Lugert Granite is texturally and mineralogically distinct 

from the Mount Scott Granite. Features which readily distinguish 

the Lugert are its variable appearance, a higher mafic content, a 

greater accumulation of discrete plagioclase, and locally abundant 



Figure 26. Granite dike cross-cutting the leucogranogabbro. 

Location: SW^SW%, Sec. 1, T.3N., R.18W., Kiowa County. 
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hematite. It also lacks the porphyritic texture so characteristic 

of the Mount Scott Granite, being more coarsely even-grained. 

The Lugert Granite is comprised of microperthite (—60%), quartz 

(~20%), and plagioclase (~10%) (Table 6). Minor phases are amphi¬ 

bole, clinopyroxene, iron oxides, and biotite. These usually con¬ 

stitute approximately 8% of the mode. Accessory minerals include 

apatite, sphene, and zircon. Chlorite, epidote, prehnite, and 

calcite are the secondary minerals. 

Microperthite occurs most often as anhedral grains averaging 

3 - 4 mm in length. At exposures of Lugert Granite elsewhere in 

the western areas of the Wichita Mountains, orthoclase appears to 

be the dominant potassic phase with microperthite clearly subordin¬ 

ate (Merritt, 1958). Textural variations within the perthite-bearing 

rocks are numerous and are quite complex. Identified perthite types 

include vein or string perthite (most common), flame perthite, braid 

perthite, ribbon perthite, and patch perthite. Occasionally one type 

of perthite may he superimposed over a pre-existing type forming a 

compound perthite. 

Perthites frequently envelope large subhedral to euhedral grains 

of plagioclase, suggesting the plagioclase is now in the process of 

being resorbed (Tuttle and Bowen, 1958). Not uncommonly these large 

plagioclase inclusions contain sizeable amounts of hematite (Figure 

27). Gradations from totally unresorbed plagioclase to the original 

plagioclase grains present only as unreplaced remnants within patch 

perthites are typical. When in contact with other perthites "swapped 

rims" result, and when plagioclase forms the adjacent grain myrmekite 
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Figure 27. Plagioclase included with red hematite and rimmed by 

perthitic alkali feldspar in sample K135 from the Lugert Granite 

(crossed polars). Plagioclase ■ pi; alkali feldspar = a. Loca¬ 

tion: SEV>E%, Sec. 2, T.3N.» R.18W., Kiowa County. 
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is locally developed (Figure 28). 

Quartz occurs as anhedral crystals 1 to 2 mm in diameter, but 

granophyric intergrowths are uncommon. 

Plagioclase is found in euhedral, discrete crystals 1 - 3 mm 

long. It is generally twinned on the Albite law and is sometimes 

zoned. As Ham et al. (1964) have pointed out, these small inter¬ 

granular grains, ranging in composition from albite to oligoclase, 

are typically "water clear" and relatively free from alteration 

products. Within contact phases of the Lugert plagioclase com¬ 

prises nearly 50% of the mode. 

The principal mafic silicates are hornblende and biotite. 

Hornblende constitutes on the average about 5% of the mode and is 

typically associated with magnetite and zircon. Biotite is present 

only in accessory amounts (1.0%). It is clearly secondary and forms 

flaky aggregates, some nearly spherulitic, often rimming magnetite 

(see Figure 28). 

Iron oxides are magnetite, and hematite. The hematite is 

reddish and translucent, and often has sheaflike rims of prehnite. 

Increase in the modal percentages of the opaques to nearly 7% occurs 

at the contact. 

Granitic xenoliths within the Lugert are fine-grained, aplitic, 

and exhibit a sutured texture. Although their mineral assemblage is 

essentially the same as that for the Lugert, the modal proportions 

are different. The dark mineral content is strikingly higher, with 

the most obvious increase in the percentage of hornblende. It is 

slightly poikilitic within these inclusions and may be of hydrothermal 



Figure 28. Myrmekite developed at the juncture of alkali feldspar 

and plagioclase, and magnetite rimmed by biotite in sample T8 from 

the Lugert Granite (crossed polars). Plagioclase = pi; alkali 

feldspar =» a; magnetite =» mt; biotite =» bt; myrmekite * myr. Loca¬ 

tion: NE*sSE%, Sec. 2, T.3N., R.18W., Kiowa County. 
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origin. Commonly it replaces and rims an earlier prismatic amphi¬ 

bole (?) which is now extensively digested. 

Leucogranogabbro 

Adjacent to the Lugert Granite at Twin Mountains is a uniform¬ 

looking rock, volumetrically composed almost entirely of plagioclase 

(70 - 80%), alkali feldspar (10 - 15%), and quartz (5 - 10%) (Table 

6). The rock is coarsely crystalline and is dominated by plagioclase 

laths averaging 5 mm X 3 mm in size (Figure 29). Alkali feldspar and 

quartz are the essential components of the mesostasis, but incidental 

amounts of clinopyroxene, amphibole, titaniferous magnetite, prehnite, 

and sphene are present locally. 

Plagioclase is generally well twinned and compositionally aver¬ 

ages An^g. Albite twinning is most prevalent, but Carlsbad and Peri- 

cline are also present. Twinning according to the Ala law has also 

been reported by Huang (1955). 

Most plagioclase crystals are faintly clouded red by minute rod- 

lets of hematite (?) approximately 0.05 mm long. Inclusions of pyrox¬ 

ene and magnetite are also common. 

Elaborate zoning is present in nearly every plagioclase grain. 

Zone boundaries are rarely concentric and are typically irregular and 

embayed, giving a patchy pattern (Figure 30). Fractured, distorted, 

and bent laths are widespread, and mechanical (glide) twinning can 

occasionally be observed along these internal boundaries. Infilling 

the spaces provided by fracturing and resorptive features are more 

sodic plagioclase components which extent outward and form large 



Figure 29. The general mineralogical make-up of the leucogranogabbro 

consists of plagioclase (volumetrically 80%) with a mesostasis of 

quartz, alkali feldspar, and sphene (occasional). The plagioclase in 

the bottom-left of the picture shows development of fractures (crossed 

polars). Plagioclase = pi; alkali feldspar a a; quartz ■ q; sphene = 

Location: SW%SW%, Sec. 1, T.3N., R.18W., Kiowa County (sample T8). 
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Figure 30. Patchy zoning of plagioclase from sample K142 of the 

leucogranogabbro. Interpreted to result from metasomatism (crossed 

polars). Plagioclase a pi. Location: SW%SW%, Sec. 1, T.3N., 

R.18W., Kiowa County. 
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enveloping rims (Figures 31 and 32), and which are best developed in 

those rocks close to granite. 

Clinopyroxene occurs in only accessory amounts in the leuco- 

granogabbro. Subophitic relationships are at times developed, but 

more frequently the clinopyroxene is intergranular (Figure 33). With¬ 

in the larger grains exsolution of orthopyroxene (?) is not uncommon. 

Amphibole is present in variable amounts throughout the expo¬ 

sure. Near the contact with granite it approaches 6 vol%, but is 

only found in accessory amounts within the interior (0.5%). It occurs 

both as discrete euhedral grains approximately 5 mm in length and as 

replacements after pyroxene (Figure 34). Typically it is observed 

within small veinlets in association with alkali feldspar and quartz. 

Alkali feldspar and quartz likewise display modal variations 

throughout the leucogranogabbro paralleling that of amphibole. Al¬ 

kali feldspar decreases from a maximum of 13% in samples proximal to 

the granite contact to an average of 8% in more distally located 

specimens. Similarly, quartz declines in abundance from 10% to just 

under 6%. 

The alkali feldspar is invariably turbid with visible, minute 

particles of hematite, although small vacuoles may account for some 

of the clouding. It occurs as vein material with intergrown albite 

(An^) as patch perthite and with quartz as granophyre (Figure 35). 

Not uncommonly the perthites contain inclusions of calcic labradorite 

(Figure 36) . Determinations of the principal optic directions for 

the K-feldspar portion of the perthites and for the plagioclase in¬ 

clusions reveal the latter are not crystallographically related to 



Figure 31. Large albitic rims around plagioclase grains from sample 

K133 of the leucogranogabbro. The plagioclase from this rock, the 

contact phase of the leucogranogabbro, are now almost completely re¬ 

placed (crossed polars). Plagioclase = pi; albite « ab. Location: 

NE^sSEîs, Sec. 2, T.3N., R.18W., Kiowa County. 

Figure 32. Fracture and digestion of plagioclase grains are quite 

evident from this section of sample K133 of the leucogranogabbro. 

Here sodic solutions penetrate into the corroded feldspar (crossed 

polars). Plagioclase = pi. Location: NE^SE^s, Sec. 2, T.3N., 

R.18W., Kiowa County. 
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Figure 33. Interstitial clinopyroxene in sample K142 of the leuco- 

granogabbro (crossed polars). Clinopyroxene ■ cpx; plagioclase = pi. 

Location: SW%SW%, Sec. 1, T.3N., R.18W., Kiowa County. 

Figure 34. Clinopyroxene partly replaced by hornblende in sample K133 

of the leucogranogabbro (crossed polars). Hornblende = hb; clino¬ 

pyroxene « cpx. Location: NE%SE%, Sec. 2, T.3N., R.I8W., Kiowa 

County. 
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Figure 35. Granophyre in sample K142 of the leucogranogabbro (crossed 

polars). Location: SW%SWîs, Sec. 1, T.3N., R.18W., Kiowa County. 

Figure 36. Calcic labradorite partly replaced by perthite (in extinc¬ 

tion) in sample K142 of the leucogranogabbro (crossed polars). Plag- 

ioclase = pi. Location: SW%SW%, Sec. 1, T.3N., R.18W., Kiowa County. 
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the perthite hosts. Rather, the inclusions represent parts of adja¬ 

cent plagioclase grains which have been replaced (Figure 37). 

However, not all alkali feldspars are perthitic. Some inter¬ 

stitial grains are less clouded with inclusions and are optically 

homogeneous. U - stage measurements indicate the average 2V for 
A 

these grains is 53°, falling within the range for orthoclase (Figure 

38). Contrasting with the perthites, the orthoclase appears tex- 

turally to be in equilibrium with the plagioclase, showing no ten¬ 

dency towards replacement. 

Titaniferous magnetite is the only iron ore mineral associated 

with the body. Commonly it exhibits a rim of finely-granular sphene 

(Figure 39). 

Sphene occurs both with magnetite and as brown, anhedral masses 

often up to 4 mm in length. In some instances it is abundant along 

the periphery of large, corroded plagioclase grains, probably having 

formed from the Ca liberated during digestion of the feldspar (Figure 

40). 

The remaining minerals are strictly accessory and include fan¬ 

shaped aggregates of prehnite and minor occurrences of zircon. 

Whole-rock Chemistry 

Chemical analysis of whole-rock samples from the Twin Mountains 

area was conducted in the manner previously described. The results 

are tabulated in Table 7, and a corresponding variation diagram is 

illustrated in Figure 41. 



Figure 37. Stereographic projections of the principal optic directions 

(X, Y, and Z axes) for calcic labradorite inclusions and their K-feld- 

spar hosts in the leucogranogabbro. Projection A: (1) K-feldspar host; 

(2) and (3) plagioclase inclusions within the K-feldspar; (4) adjacent 

unreplaced plagioclase. Projection B: (1) and (2) Albite twin pair 

from plagioclase inclusion; (3) and (4) Albite twin pair from adjacent 

unreplaced plagioclase. Projection C: (1) K-feldspar host; (2) and (3) 

plagioclase inclusions within K-feldspar; (4) adjacent unreplaced plag¬ 

ioclase. 
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Figure 38. Comparison of mol.% Or and 2V for homogeneous alkali 

feldspars within the leucogranogabbro. Microprobe and U - stage 

analyses indicate the average composition and optic angle are Or^ 

and 53°, respectively. These parameters classify the alkali 

feldspar as an orthoclase. Diagram after Smith (1974). 
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Figure 39. Sphene occurring as a rim around titaniferous magnetite 

in sample K142 of the leucogranogabbro (crossed polars). Plagio- 

clase * pi; alkali feldspar = a; quartz = q; magnetite = mt; sphene = 

Location: SWV>W%, Sec. 1, T.3N., R.18W., Kiowa County. 

Figure 40. Sphene forming at the edge of a plagioclase grain in rock 

sample Til of the leucogranogabbro. The sphene probably originated 

from Ca liberated during replacement of the feldspar (crossed polars). 

Sphene = s; alkali feldspar = a; plagioclase = pi. Location: SW%SW^, 

Sec. 1, T.3N., R.18W., Kiowa County. 
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Figure 41. Variation diagram for the principal oxides according to 

position of sample relative to contact for the Twin Mountains area. 

Error for SiC>2 is ± 3.61% of the calculated microprobe values, which 

are indicated by the dots. Estimates of the error for the remaining 

oxides are given in Appendix I (Table iii). 
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Immediately apparent is the range of composition of the Lugert 

Granite - samples T5 to K134. Silica varies from a high of 72% to 

a low of just under 60% and, unlike the Mount Scott Granite, does 

not appear to relate in a straightforward manner to proximity to the 

contact. The granite appears equally heterogeneous when the cri¬ 

terion of alumina saturation is applied. The molecular ratios in¬ 

dicate the body exhibits peraluminous (T2 and K135), metaluminous 

(T8), and even subaluminous (T5) characteristics. In this regard, 

K135, an inclusion within the granite, is particularly noteworthy. 

Aside from the marginal rock, it is the richest in A^O^, MgO, CaO, 

and TiÛ2, and the poorest in SiÛ2. Random fluctuation is especially 

evident in K2O contents, which range from 5.51 - 1.14%. Oddly, the 

values for Na2Û are remarkably constant, varying from 4.05 - 4.55% 

for all samples. 

Contrasting with the heterogeneous nature of the Lugert is the 

chemical uniformity of the leucogranogabbro - samples K133 to Til. 

Analyses of the three samples indicate that the principal oxides, 

SiO^ and A^O^, whose sum constitutes approximately 82% of the total 

weight, do not vary by more than a percent. Only the alkalis and 

Ti02 show irregularities, the higher values tending to occur in the 

sample at the contact (K133). 

Included within the chemical analyses for the area is K152, a 

granophyric apophysis found in the leucogranogabbro. This material 

is higher in SiÛ2 and lower in A^O^ and CaO than its host. In 

addition, it records a remarkably high 1^0 content of nearly 10%, 

indicative of an extremely peralkaline composition. 
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Examination of the variation diagram reveals a contact effect 

not unlike that observed at Poko Mountain. FeO, MgO, TiC^, and MnO 

all show marked increases in abundance in the border phase of the 

granite, but undergo sudden decreases, persisting to levels below 

that of any granite sample, once the transition to leucogranogabbro 

has been made. 

Phase Chemistry 

Alkali Feldspar 

Alkali feldspars are found in virtually all rocks of intermediate 

character which have been studied in this investigation. Within the 

quartz diorites high in the section of the Mount Sheridan Gabbro they 

appear generally to be perthitic microclines intergrown with quartz 

as granophyre. However, within the leucogranogabbro at Twin Mountains 

the occurrence of alkali feldspar is of quite a different character. 

It is not that granophyre and perthitic potassic feldspars do not 

occur in the leucogranogabbro, for ample evidence is provided in some 

thin sections. Obviously, this is not the cause for the distinction. 

The difference rests in the fact that the bulk of the alkali feldspars 

in the unit are not perthitic but appear optically homogeneous. In 

light of this observation it was necessary to study both the compo¬ 

sition and structural state of these phases. 

The methods of investigation included use of both the U - stage 

and electron microprobe. Elements analyzed by the microprobe were 

Si, Al, Ca, Na, and K. Data reduction and background corrections 
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were made by computer (Appendix I). 

Optical analyses of nine homogeneous grains from samples K142 

and K152 reveal a range in 2V„ from 48" - 57° with the mean falling 

near 53°. Compositionally the nine grains vary from 92.0 to 94.6 

mol.% K-feldspar, averaging 93.0 mol.% K-feldspar, and have 6-7 

mol.% Ab and 0.6 mol.% An in solid solution. The optical data are 

summarized in Figure 38. 

With regard to the results of Figure 38, several items are 

worthy of note. First, the analyses are tightly clustered. All 

the examined grains are nearly identical compositionally as well 

as optically. Second, the alkali feldspars are extremely rich in 

potassium, a point which may have significant bearing on their 

degree of equilibrium in the leucogranogabbro. Third, all analyses 

are above the inferred solvus of Smith (1974). And finally, the 

potassium feldspar which is most consistent with the data is 

orthoclase. 

Those alkali feldspars which show clear evidence of exsolution 

were also analyzed by microprobe. Albite from these perthites com¬ 

monly has a composition of ^98.99 • It may be recalled that these 

perthites are typically observed to replace the plagioclase in the 

leucogranogabbro whereas the orthoclase was not, a feature which 

illustrates a fundamental difference between the compatibility of 

these two alkali feldspars in the basic rock. 

Amphibole 

The composition of the amphibole in sample K133 of the 
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leucogranogabbro (refer to Plate 3 for sample location) was also 

examined by microprobe. Si, Al, Ti, Fe, Mg, Ca, Na, and K com¬ 

prise the elements which were analyzed 

Compositionally the amphibole is rich in both potassium and 

iron, and corresponds to a potassian ferro-edenitic hornblende 

after the terminology of Leake (1978). Chemical analysis of the 

hornblende is given in Table 8. 

Trace Elements 

Rare Earth Elements (REE) 

Determination of trace element abundances of rock samples 

from the Twin Mountains area was accomplished by the method previously 

described. The data are tabulated in Table 9. 

In the Lugert Granite the REE patterns are variable (Figure 42). 

Granites typically demonstrate high abundances of dispersed or in¬ 

compatible elements, and therefore it is not surprising that all 

four granite analyses, T2, T5, T8, and K134 show the highest degree 

of total REE enrichment of the samples analyzed in this area. Like 

the Mount Scott Granite, all samples are enriched in the LREE rela¬ 

tive to the HREE, although the depletion in HREE is not as pronounced 

as in the Mount Scott Granite. The results for Eu, however, are less 

consistent. Despite the similarity of the patterns for the other REE, 

Eu, it appears, changes dramatically in abundance from one granite 

sample to the next. Sample T5, for instance, located farthest from 

the contact, displays no Eu anomaly. Sample K134, which represents 



115 

TABLE 8. AMPHIBOLE ANALYSIS (weight %) 

FROM THE LEUCOGRANOGABBRO 

Si02 40.8 

A12°3 
8.09 

Ti02 0.97 

FeO* 32.7 

MgO 1.62 

CaO 10.5 

Na20 1.72 

K2O 1.49 

Total** 97.89 

8.00 

5.13 

2.00 
0.67 

2.25 

Amphibole formula calculated on the 
basis of 24 oxygen. 

*Total iron expressed as FeO. 
**Total is low because ^0, F, and Cl 
were not analyzed. 

NOTE: potassian ferro-edenitic horn¬ 
blende, NE^S^s, Sec. 2, T.3N., R.18W., 
Kiowa County (Sample location K133). 

Si 6.623 
Al(iv) 1.377 
Al(vi) 0.178' 
Ti 0.118 
Fe 4.438 
.Mg 0.392 
Ca 1.819' 
Na 0.540' 
K 0.308 
OH 2.252' 
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Figure 42. Chondrite-normalized REE concentrations in the Lugert 

Granite (T2, K134, T5, and T8), leucogranogabbro (K133, K149, and 

Til), and the GMLC (WM242). Vertical scale is logarithmic. 
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the granite contact rock, shows a significant' negative anomaly. 

The two samples situated between both of these, T2 and T8, curi¬ 

ously exhibit positive anomalies. The Lugert thus seems to be 

heterogeneous with respect to Eu. Similar heterogeneity can also 

be said of Ni. The only granite sample to show a trace of Ni 

is T2. 

Analyses K133, K149, and Til are of the leucogranogabbro. 

All three patterns are nearly identical, an observation which is 

significant by reason of the coarse-grained nature of the rock 

and the increased possibility thereby of generating a biased 

sample. Interestingly, total light and heavy REE contents are 

nearly equal to that for the Mount Sheridan Gabbro, but slopes 

for the group more closely resemble the analyses for the Mount 

Scott Granite. Highest REE values are recorded for sample K133, 

located at the granite contact. Particularly anomalous, in view 

of the nearly anorthositic nature of the leucogranogabbro, are 

the recorded Eu abundances. All three rock specimens show signi¬ 

ficant Eu depletions (Eu/Eu* = 0.49 - 0.67) . 

As a possible end-member to which the data for the leucograno¬ 

gabbro could be compared an uncontaminated, fresh sample of anorth¬ 

osite (WM242) from the K zone (see Spencer, 1961) of the GMLC was 

chosen. The location of WM242 is approximately 8 km to the north¬ 

east of the leucogranogabbro outcrop (refer to Figure 1). 

As Figure 42 indicates, abundances of individual REE in WM242 

are substantially lower than those for the leucogranogabbro, rang¬ 

ing from a low chondrite-normalized value of 0.2 in the HREE (Lu) 
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to a high of 3.67 in the LREE (La). Eu records the highest value of 

all REE in WM242 at 6.78, and, in contrast to the negative anomalies 

in the leucogranogabbro, appears as a very large positive anomaly, 

a feature typical of trace element patterns for such plagioclase- 

rich cumulates. HREE in WM242 show slight depletion, whereas the 

LREE show enrichment, both trends similar to that of the leucograno¬ 

gabbro. 

Large-Ion Lithophile (LIL) and Other Elements 

Listed in Table 9 are the abundances for Ba, Rb, Th, Co, Cr, Hf, 

and Sc for the Twin Mountains area. These elements are plotted accord¬ 

ing to proximity of the rock sample to the contact in Figure 43. Fe is 

included in the graph, but is plotted as weight percent of the oxide. 

As the two diagrams of Figure 43 indicate, the overall pattern for 

these elements is very similar to that which is observed at the contact 

of the Mount Scott Granite and the Mount Sheridan Gabbro (Figure 19). 

Ba, Rb, Ta, Th, and U, for example, all display increases across the 

contact into the Lugert Granite. Unlike the other locale, though, the 

abundances of these elements do not steadily increase away from the 

contact. Instead, the patterns are very irregular, with some elements 

showing increases and others remaining steady or even dropping in abun¬ 

dance. The Lugert, it seems, is quite heterogeneous with respect to 

these elements as well as Eu. 

The closer parallel to the Poko Mountain area is actually exhibi¬ 

ted by the patterns of Co, Cr, Hf, Sc, and Fe. All five elements out¬ 

line a trend which shows a significant upswing in abundance for each 



Figure 43. Concentrations of LIL and other trace elements in the 

Twin Mountains area. Abundances of Ba, U, Th, Ta, Rb, Hf, and Sc 

are normalized to chondrites using the factors of Schmitt et al. 

(1964). Cr and Co are in ppm, and Fe is in wt.% of the oxide. 
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element across the contact into the magnetite-rich border rock (K134) 

of the granite, the same pattern which, incidently, is also shown by 

MgO, HO2» and MnO (Figure 41). Apparently the contact zones of each 

area are distinguished by a basic border along the periphery of the 

granites, which here suggests a lack of consanguinity between the 

Lugert Granite and the leucogranogabbro. 

Trace Element Modelling 

Figure 44(A) shows a plot for Ce versus Yb for the Twin Mountains 

area. The plot is based on the assumption that if the leucogranogabbro 

does in fact represent a hybridized rock, originally similar to WM242 

in composition, then any end-member solution for that rock which brought 

about the contamination would have to lie on a straight line drawn from 

WM242 through the data points for the leucogranogabbro. As can be seen 

from the diagram, plots for the Lugert Granite generally show a poor 

fit, with the points falling well off the line. Surprisingly, however, 

plots for the Mount Scott Granite from values obtained in Table 5 show 

a remarkably good fit, implying this older granite may have been the 

cause of the contamination. 

This same relationship is also seen in Figure 44(B). Here La has 

been plotted against Lu. With the possible exception of T2, all plots 

for the Lugert Granite provide poor solutions. Once again, it is the 

Mount Scott Granite which gives the better fit. 

Whether it is valid to extrapolate the Mount Scott Granite data 

in this fashion is, of course, questionable. The distance between the 

two outcrops is about 30 km. However, certainly the trace elements 



Figure 44. Covariance between Ce and Yb, and La and Lu for the 

Mount Scott and Lugert Granites, the leucogranogabbro, and sam¬ 

ple WM242 from the GMLC. Note the good straight line fit be¬ 

tween sample WM242, the leucogranogabbro, and the Mount Scott 

Granite values obtained from Poko Mountain (Table 5). 
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suggest the involvement of the Mount Scott Granite is something more 

than fortuitous. It must also be remembered that most of these occur¬ 

rences of granite in the western part of the Wichita Mountains have 

been mapped as composite intrusions, consisting of Mount Scott as well 

as Lugert Granite. There is thus good justification in trying to es¬ 

tablish what effect this older granite has had in altering the leuco- 

granogabbro at Twin Mountains. 

Discussion 

Textural Relationships and Chemistry of the Leucogranogabbro 

Textural and mineralogical features of the leucogranogabbro indi¬ 

cate the rock body was originally anorthositic, but has since suffered 

extensively from a complex history of contamination, perhaps involving 

two metasomatic events. Contamination principally involved the intro¬ 

duction of alkalis and silica in response to chemical gradients in 

part related to the intrusion of the Lugert Granite, but more accurate¬ 

ly traceable to the earlier emplacement of the Mount Scott Granite. 

Both the granite and the leucogranogabbro exhibit mineralogical 

and chemical variations consistent with this interpretation. As the 

contact is approached from within the granite body, systematic de¬ 

creases in SiC>2, K^O, and ^£<3 occur with concomitant increases in 

FeO, MgO, Ti02» MnO, and CaO. The result is the formation of a basic 

border rich in magnetite and plagioclase. Similarly, modal analyses 

within the leucogranogabbro indicate the plagioclase decreases from 

83 vol.% away from the contact to 70% at the contact, while alkali 
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feldspar increases from 9 to 13%, quartz from 6 to 10%, and horn¬ 

blende from 1 to 6%. Despite the uniform appearance in outcrop, 

the leucogranogabbro does, therefore, display compositional zona¬ 

tion. 

The origin of the basic border in the granite could be related 

to one of several processes. It may, for instance, have been due 

to rapid heat loss of the granite magma when it had first been in¬ 

truded along the colder anorthositic country rock. This could have 

facilitated abundant and early precipitation of high temperature 

mineral phases along the margins of the intrusion. Alternatively, 

it may have been the result of assimilation of the anorthosite. 

However, the highly leucocratic nature of the anorthosite sheds 

serious doubt on this possibility. Being almost devoid of ferro- 

magnesian minerals, the anorthosite would have been unable to derive 

the components necessary for the development of the basic border. 

The constituents for the basic border must have come from the granite 

magma. McBiraey (1979), on the other hand, suggests such basic bor¬ 

ders may form from yet another process. He notes, for instance, in 

rocks that have been exposed to hydrothermal alteration, anomalously 

low ratios have been found, especially along their edges, 

presumably the result of interaction with meteoric water. When 

xenoliths of these rocks are later incorporated in a magma, they 

exert an oxidizing effect on the adjacent liquid, leading to in¬ 

creased precipitation of magnetite along the contact. Thus,, the - 

magnetite-rich zone along the contact of the Lugert Granite and the 

leucogranogabbro may have been due to oxidation of the Lugert magma 
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during intrusion. More importantly, such a possibility implies 

that for the original anorthosite to have interacted with circu¬ 

lating, near-surface meteoric water it may have experienced a 

cycle of weathering prior to the emplacement of the granite. 

Less conjectural than the genesis of the basic border is the 

evidence for alkali metasomatism, which is particularly obvious in 

samples of the leucogranogabbro immediately adjacent to the granite 

contact. Here the influx of hydrothermal fluids has apparently 

been the greatest. The chemical attack has been primarily achieved 

through a well developed system of minute quartzo-feldspathic veins. 

The most conspicuous of the alteration features is the digestion of 

the plagioclase. The selvedges of these grains are heavily corroded 

and sinuous, and the cores are now only visible as unresorbed rem¬ 

nants within large sodic rims (Figure 45). Fracture and distortion 

of the plagioclase appears to have accompanied the alteration, sug¬ 

gesting the hydrothermal fluids may have been forcibly injected into 

the basic rock. In addition, many of the plagioclase grains are 

slightly clouded with what appears to be hematite. The origin of 

such inclusions has been much debated in the literature, but an 

extensive review of the existing data by Smith (1974) indicates that 

clouding is most often associated with introduction of water from 

outside the feldspar and likely involves some sort of complex 

annealing, perhaps associated with metasomatism. 

Amphibole, in particular, provides valuable insight into the 

nature of the contamination. It is commonly found replacing clino- 

pyroxene, but more often occurs as euhedral grains not associated 



Figure 45. Comparison of plagioclase grains from within the leuco- 

granogabbro. Stippled pattern indicates the cores. Plagioclase A 

is located away from the granite contact. It is relatively unaltered' 

with Albite twins that extend to the edge of the crystal. By contrast, 

the Albite twins in plagioclase B, from rock sample K133, located at 

the contact, no longer exist within the margin of the grain. Instead, 

a large albitic rim is present. In addition, the core of grain B is 

embayed and corroded. Plagioclase B is interpreted to have suffered 

from contact metamorphism. 
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with any other alteration products. The fact that the amphibole has 

well developed crystal outlines while the pyroxene, a higher tempera¬ 

ture phase, is intergranular, is, in itself, a good argument for the 

amphibole having been secondarily introduced. Even more significant 

is the composition of the amphibole. Microprobe analysis reveals it 

to be an edenitic hornblende containing 1.49 wt.% K2O and 32.7 wt.% 

FeO (Table 8) . Its composition as well as that of the alkali feld¬ 

spars disclose that the principal component which has been involved 

in the contamination of the leucogranogabbro is potassium. 

However, there is more to be said concerning the composition of 

the alkali feldspars in the leucogranogabbro, especially in view of 

their apparent disequilibrium with the plagioclase of this basic rock. 

Detailed chemical analysis of the homogeneous alkali feldspars indi¬ 

cate them to be potassic orthoclase (Or^). Similar studies of the 

plagioclase show them to be labradorite (An^) with rim compositions 

near An^ and occasional outer core compositions as calcic as An^. 

The question to a large part is whether such compositions actually 

represent a nonequilibrium phase assemblage. In this regard, it is 

interesting to note the research of McBimey (1979). He cites that 

minerals such as potassium feldspar which would not normally be pre¬ 

cipitated in abundance from a basic liquid have been found in marginal 

parts of basic rocks from a number of localities. He suggests the 

potassium feldspars appear to result from introduction of unusual 

amounts of late-crystallizing components during equilibration' of the 

basic rocks with their hosts. He continues by stating, "the condi¬ 

tions and compositions in the basic rocks and their hosts alter the 
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phase relations in such a way that the exchange between the two frac¬ 

tions differs from that which would be expected from simple mixing of 

the various components." 

Consider, for example, the feldspar phase relations in the pseu¬ 

doternary system KAlSigOg - NaAlSigOg - CaAJ^S^Og - H2O of Tuttle 

and Bowen (1958) in Figure 46. Dashed lines within the schematic 

diagram show compositions of the feldspars in equilibrium with liquids 

of differing composition. As the diagram illustrates, compositions 

of alkali feldspar coexisting with both plagioclase and liquid in¬ 

crease in their potassium content in proportion to the increase in 

anorthite content of the plagioclase. Thus, the high concentration 

of potassium in the alkali feldspars of the leucogranogabbro may re¬ 

flect an attempt to equilibrate under the conditions imposed during 

metasomatism. The development of the large albitic rims on the plag¬ 

ioclase may therefore be due not so much to reaction of the alkali 

feldspar with the cores of these grains, but rather with the less 

calcic margins (Marmo, 1971), the relative compositions of which are 

out of equilibrium. 

Two other processes may have also been involved, in part, in 

the development of the albitic rims. Smith (1974) suggests that 

simple introduction of late sodium-bearing solutions is often the 

cause for such rims. Wright (1967), on the other hand, proposes 

that rims such as these are commonly found in rocks in which the 

alkali feldspar has been completely or substantially homogenized 

into a more potassic orthoclase. According to Tilling (1968), this 

latter process involves a reheating event followed by redistribution 



Figure 46. Schematic diagram showing the compositions of feldspars 

in equilibrium with liquids of differing compositions. Note that the 

alkali feldspar, A^, in equilibrium with a liquid, L^, that is pre¬ 

cipitating an An-rich plagioclase, P^, is richer in the potassium 

end member, Or, than is the intermediate alkali feldspar, A£, in 

equilibrium with a liquid, L2, that precipitates a more albitic 

plagioclase, P2 (after McBirney, 1979). 
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of the released sodlc component within the rock. Typically the 

"excess" sodium shows up as sodic rims around the plagioclase or 

causes the plagioclase to undergo a compositional change. 

Tilling*s ideas seem particularly attractive and, in view of 

the similarities of the alkali feldspars he has observed to the 

alkali feldspars in the leucogranogabbro, deserve further elabora¬ 

tion. Tilling notes, for instance, that orthoclase is commonly 

found in contact zones of basic rocks with younger more acidic 

intrusives. He also indicates that the bulk compositions of al¬ 

kali feldspars are more potassic in the orthoclase zone than else¬ 

where. The orthoclases within the leucogranogabbro appear to sat¬ 

isfy these conditions. They lack visible exsolution lamellae and 

are unclouded with inclusions, both features consistent with a 

reheating event in the leucogranogabbro. Moreover, the orthoclases 

are very potassic (Or^j). 

However, as was pointed out earlier, not all the alkali feld¬ 

spars in the leucogranogabbro are homogeneous. Some are coarsely 

perthitic with intergrown albite (Abgg_gg), and are turbid with 

minute particles of hematite. If reheating of the contact of the 

leucogranogabbro with the Lugert Granite has occurred, why then are 

not all the alkali feldspars homogeneous? It could be argued that 

the orthoclase represents a primary phase, but this proposition 

appears very unlikely for occurrences of intermediate rock of 

similar lithology to the leucogranogabbro occur, with few excep¬ 

tions, in the intervening zone between granitic and basic rocks 

(Huang, 1955). These represent the only horizons in which alkali 
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feldspars are found in abundance in the basic rocks. Furthermore, 

if the assumption is correct that the leucogranogabbro prior to its 

contamination was typical GMLC, a unit essentially devoid of alkali 

feldspar (Powell, personal communication), then the orthoclase can¬ 

not have been precipitated as a primary phase. The evidence thus 

implies derivation of all alkali feldspars in the leucogranogabbro 

by metasomatism. 

The fact that two distinct types of alkali feldspars are ob¬ 

served in the leucogranogabbro could indicate the body is not fully 

equilibrated, although this seems doubtful in view of the extreme 

textural difference between the orthoclase and perthite grains. It 

is improbable the equilibration of the alkali feldspars would have 

been so selective, causing coarse exsolution of some while leaving 

others totally unexsolved. A more reasonable hypothesis is that 

the leucogranogabbro may have been contaminated twice. 

The sequence of events which led to the multistage hybridiza¬ 

tion of the anorthosite was apparently related to the intrusion of 

two granites. The source of the first stage of alkali feldspar 

contamination was the emplacement of the older Mount Scott Granite. 

Homogenization of the alkali feldspars from this first episode of 

contamination into a highly potassic orthoclase was then facilitated 

by reheating from contact metamorphism during the intrusion of the 

Lugert Granite. This, in turn, was followed by a separate phase of 

alkali metasomatism, related to the Lugert Granite, but which in¬ 

volved instead a more sodic alkali feldspar, now recognized as the 

coarsely exsolved perthites. 
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That the granite body which is in contact with the leucograno- 

gabbro at Twin Mountains is actually comprised of a composite intru¬ 

sion of Mount Scott and Lugert Granite gives added weight to the 

liklihood of this two stage contamination. Such composite intrusions, 

although not necessarily involving the Mount Scott Granite, character¬ 

ize the plutonic style of the Lugert Granite in many of its western 

exposures in the Wichita province (Merritt, 1965) (Figure 47). 

Moreover, since a stronger chemical gradient would have pre¬ 

vailed during the first phase of contamination, this event should be 

more easily recognizable in terms of its trace elements, and indeed 

is. This is a point which will be returned to in the next section. 

Trace Element Evidence for Contamination 

Trace element analyses indicate the leucogranogabbro has been 

derived from contamination of an anorthosite, most probably a member 

of the GMLC, through the interaction of hydrothermal fluids. The 

origin of the hydrothermal fluids seems more closely linked with the 

earlier intrusion of the Mount Scott Granite, and less so with the 

more recent emplacement of the Lugert Granite. 

REE patterns (Figures 18 and 42) reveal the Lugert Granite is 

slightly more enriched than the Mount Scott Granite in the HREE, and, 

unlike the Mount Scott, the Lugert is heterogeneous with respect to 

Eu. Two of the four Lugert Granite analyses show positive Eu anoma¬ 

lies, probably inferring local concentration of plagiodase. Of the 

remaining two analyses, one has a flat Eu pattern and the other a 

negative anomaly. The variability in the Eu patterns thus contrasts 



Figure 47. Composite intrusion involving Lugert Granite at 

Little Bow Mountain. Location: SW%NE^, Sec. 32, T.5N., 

R. 18W., Kiowa County. 
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markedly with the near uniform Eu patterns for the Mount Scott Gran¬ 

ite. There is also no direct relationship between proximity of the 

samples to the contact and each sample's degree of total REE enrich¬ 

ment. 

The chemical variability of the Lugert Granite may reflect an 

original inhomogeneity which was produced during the formation of 

the granite (i.e. such as incomplete melting of rocks in the source 

region). It could, on the other hand, be due to the composite na¬ 

ture of the granite. Xenoliths of an earlier granite contained with¬ 

in the Lugert might lead to variability in the REE profiles. There 

is even the further possibility that the Lugert may have experienced 

massive interaction with meteoric-hydrothermal water. Taylor and 

Forrester (1971) suggest this process often causes mobilization of 

major and trace elements in a granite. Certainly the abundant hema¬ 

tite in the Lugert implies some hydrothermal interaction has taken 

place (Merritt, 1958). 

Perhaps the single most important aspect of the REE plots with 

regard to the origin of the leucogranogabbro is the negative Eu anom¬ 

aly associated with this rock. On first inspection the situation 

appears very incongruous. The rock is volumetrically composed of 

approximately 80% plagioclase, a mineral phase which strongly frac¬ 

tionates Eu, and yet it shows a significant depletion of the element. 

If a Eu anomaly should have been detected at all, most certainly it 

should have been a positive one, such as the type which is observed 

in sample WM242. Why, then, is just the opposite seen? It is pri¬ 

marily this observation that underscores the petrogenesis of the 
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leucogranogabbro. 

To understand this problem it becomes necessary to recognize 

certain relevant chemical parameters which have been involved in 

the formation of the leucogranogabbro, and to establish under what 

conditions during crystallization of a rock Eu will be favored in 

the plagioclase. To begin, it is widely known that Eu occurs in 

two valence states - Eu+^ and Eu+3. Among the REE it is unique in 

this respect, as all others occur exclusively as trivalent ions 

(Ce also occurs as Ce+^). As a result, the degree to which either 

divalent or trivalent Eu predominates in the magma and is availa¬ 

ble for incorporation into plagioclase is directly related to the 

oxygen fugacity (Jo2) of the magma at the time of plagioclase cry¬ 

stallization (Drake and Weill, 1975). To a lesser extent, the 

acceptance of Eu in plagioclase is also controlled by the charge 

balance requirements in the plagioclase (i.e. the AlîSi ratio). 

Nevertheless, when the /O2 in the magma is low, the divalent state 

of Eu is preferred. Under these reducing conditions the distribu¬ 

tion coefficient (DP/^) for Eu+^/(Eu+^ + Eu*"^) approaches unity 

(Figure 48), and Eu has an equal chance of being fractionated into 

the melt or the plagioclase. In such instances, plagioclase often 

acquires significant amounts of Eu+2, usually substituting for Ca+^ 

in the lattice, and large positive Eu anomalies are developed. Such 

reducing conditions have obviously prevailed during the crystalliza¬ 

tion of the plagioclase in sample WM242. 

However, as Figure 48 illustrates, under increasingly more 

+3 +2 
oxidizing magmatic conditions the relative proportion of Eu to Eu 



Figure 48. Plot of (i.e. distribution coefficient) versus 

atomic number for Y and the REE with variation in oxygen fugacity 

(/O2) . The partition of Eu in plagioclase/magmatic systems is 

strongly dependent upon valence state. Under extreme reducing 

-12.5 
conditions (/O2 “10 ), D for Eu approaches unity, and Eu 

can easily fit into the plagioclase framework in substitution for 

Ca. Under oxidizing conditions (/O2 “ 10-®*^) Eu acts as an 

excluded element to plagioclase. 
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becomes greater. Since Eu+^ fits less easily into the feldspar 

framework, the tendency then is for Eu to behave more or less 

like the other REE. Under these circumstances either a much 

smaller positive Eu anomaly or an essentially flat Eu pattern 

results. 

Excess H2O in the magmatic system often brings about oxi¬ 

dizing conditions. Sato and Wright (1966) suggest the increase 

in /O2 is brought about during cooling of the magma to the point 

where H£0 can no longer diffuse freely, causing dissociation of 

the water molecule into H+, which continues to escape, and O2. 

The buildup of O2 is subsequently reflected in increased /C^. 

In this regard, there is some evidence to suggest there may 

have been high P„ . in the anorthositic body prior to its con- 

tamination. The extremely large size of the plagioclase mega- 

crysts (up to 20 cm in length) indicates a high volatile concen¬ 

tration during crystallization, perhaps associated with slow cool¬ 

ing. Presumably, such volatiles inhibit nucléation of grains, re¬ 

sulting in fewer grains, and/or aid the rate of diffusion and 

growth, resulting in larger grains (Hyndman, 1972). Furthermore, 

zoning profiles of the plagioclase show calcic spikes well devel¬ 

oped along the outer margins of the cores (Figure 49). As has 

been discussed earlier, the most likely explanation for these 

calcic zones is a depression of the plagioclase solidus due to 

increased P„ in the pore fluid. This, by the way, is the mechan- 

sim Phelps (1975) subscribes to in his explanation of the "highly 

calcic partial rims" of the plagioclase from the GMLC. 



Figure 49. Zoning profile through a plagioclase grain from rock 

sample K142 of the leucogranogabbro. Compositions determined by 

microprobe. Note presence of calcic spikes (An^g) along the 

outer margins of the core (stippled pattern). 
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If such conditions were prevalent during the crystallization 

of the anorthosite, it may have been sufficiently oxidizing to 

favor conversion of most of the Eu+^ into Eu+^, thereby inhibiting 

the otherwise strong preference of this element for plagioclase. 

The original Eu anomaly in the anorthosite could therefore have 

been quite small or possibly nonexistent before the contamina¬ 

tion of the rock by granite. 

Yet, even if highly oxidizing conditions had been present 

during the crystallization history of the anorthosite, the model 

of Drake and Weill (1975) (Figure 48) cannot account for the large 

negative Eu anomaly which is now observed in the leucogranogabbro. 

Aside from the textural evidence, it is the presence of this one 

feature (i.e. the negative Eu anomaly) which provides unequivocal 

evidence the anorthosite has been converted into the leucograno¬ 

gabbro by contamination from granitic hydrothermal fluids. 

The process which has facilitated the development of the REE 

patterns now observed in the leucogranogabbro appears to have in¬ 

volved introduction of sufficient amounts of hydrothermal constit¬ 

uents to have elevated the overall REE abundance of the original 

anorthosite, and to have either masked or altered its former Eu 

pattern. As a result, the REE of the leucogranogabbro now reflect 

a pattern closer to that of the contaminant. 

The amount of the introduced contaminants does not necessarily 

refer to the volume of the contaminants, but corresponds more pre¬ 

cisely to the total abundance of REE contained within the contami¬ 

nants. For example, modal (i.e. volume) analyses indicate the 
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leucogranogabbro is comprised of about 80% plagioclase (Table 6). 

The modal percent of alkali feldspar and quartz is obviously less. 

However, the abundance of Eu in the Mount Scott Granite is 54 - 68 

times greater than the chondritic abundance (Figure 18), whereas 

in WM242,a rock presumably similar to the leucogranogabbro prior 

to its alteration, it is only 7 times the chondritic abundance 

(Figure 42). The point is, therefore, that although the meta- 

somatically introduced components such as alkali feldspar consti¬ 

tute only a small percent of the volume of the leucogranogabbro, 

their REE abundances are much greater than that for the plagioclase 

of the rock. 

In part, such abundances simply reflect composition-dependence 

of the lattice parameters for these minerals. But, they also serve 

to illustrate why it has been estimated that there is a "ten-fold 

increase in the partition coefficients for the REE from equilibrium 

with basic liquids to that with acidic ones” (Cox et al., 1979). 

In light of this, it seems reasonable to propose that the Eu 

pattern which had originally been present in the leucogranogabbro 

has now been overshadowed by the Eu pattern of the quartzo-feld- 

spathic components of the rock. 

That the original Eu pattern of the leucogranogabbro has been 

converted, through contamination, into a pattern similar to granites 

is evidenced in Figures 50 and 51. In these diagrams Eu/Eu* is 

plotted against Sm/Nd (Figure 50) and Ce/Yb (Figure 51) for all rock 

samples in the Twin Mountains area as well as WM242 and the Mount 

Scott Granite. The graphs indicate the range in values of Sm/Nd 



Figure 50. Plot of Sm/Nd versus Eu/Eu* for the Mount Scott and 

Lugert Granites, the leucogranogabbro, and sample WM242 of the 

GMLC. Notice the close placement of the data points for the 

Mount Scott Granite and the leucogranogabbro. 

Figure 51. Plot of Ce/Yb versus Eu/Eu* for the Mount Scott and 

Lugert Granites, the leucogranogabbro, and sample WM242 of the 

GMLC. The positions of the data points for the Mount. Scott Gran¬ 

ite and the leucogranogabbro are almost identical. 
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(0.60 - 0.63) and Ce/Yb (5.07 - 6.39) and also Eu/Eu* (0.49 - 0.67) 

for the leucogranogabbro closely approximate those values for gran¬ 

ite. In particular, plots of the Mount Scott Granite, which has 

values of Sm/Nd from 0.53 - 0.64, of Ce/Yb from 4.99 - 5.33, and of 

Eu/Eu* from 0.43 - 0.75, are nearly identical to those of the leuco¬ 

granogabbro. The diagrams thus suggest that while some contamina¬ 

tion has been due to the Lugert Granite, the bulk of the alteration 

has been through metasomatic fluids derived from the Mount Scott 

Granite. 

Establishment of the Mount Scott Granite as the rock primarily 

responsible for the alteration of the leucogranogabbro is even more 

dramatically illustrated in the element-element plots of Ce versus 

Yb and La versus Lu in Figure 44, In each of the two diagrams for 

this figure a remarkably good straight line fit is achieved between 

WM242, the leucogranogabbro, and the Mount Scott Granite. The plots 

of the Lugert Granite lay off the lines and indicate that it has 

played a less active role, though no less real, in the contamina¬ 

tion. 



PETROGENESIS OF THE GRANITES: 

THEIR RELATIONSHIPS TO THE BASIC ROCKS 

Some of the more salient chemical features of the Wichita Gran¬ 

ite Group have recently been discussed by Hanson and Al-Shaieb (1980). 

They note that all of the silicic rocks in the Wichita province, in¬ 

cluding the rhyolites, are essentially subalkaline. Whole-rock chem¬ 

ical analyses of the Mount Scott and Lugert Granites contained in this 

report confirm this. On the basis of major element chemistry and rel¬ 

ative rock ages, Hanson and Al-Shaieb suggest the Wichita granites 

represent a differentiated sequence from the Mount Scott Granite (old¬ 

est) to the slightly peralkaline Quanah Granite (youngest). 

Gilbert (1978) postulates two possibilities as to the source of 

the silicic magmas. These include differentiation of a large volume 

of underlying basaltic magma produced as a result of the upwelling of 

mantle material during continental rifting in the area (i.e. the devel 

opment of the southern Oklahoma aulacogen), or partial melting of the 

continental crust. 

With reference to the idea of differentiation, several observa¬ 

tions need to be made. Within the subsurface there exist basalt (the 

Nava joe Mountain Basalt-Spilite Group) and diabase which have yet to 

be firmly correlated to any chronological event or genetically con¬ 

nected to any of the exposed rock types. On the north flank of the 

Wichita Mountains the basalts have been penetrated in several wells 

and have a maximum drilled thickness of about 350 m (Ham et al., 1964) 

They are believed to extend beneath the thick sedimentary cover 
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throughout much of the Anadarko Basin to the north. 

While it is true Ham et al. (1964) interpret these mafic sub¬ 

surface volcanics to be the extrusive equivalents of the Raggedy 

Mountain Gabbro Group, by their own admission they acknowledge that 

time relations of the basalt group to the basic plûtonic rocks are 

lacking. Furthermore, no isotopic age determinations have been 

made of minerals in the basaltic rocks. 

Relationships of the granites to the basalt and diabase are 

also poorly established. Ham et al, (1964) favor an unrelated ori¬ 

gin for the two rock groups, reporting that in many wells the ba¬ 

salts have been moderately to thoroughly reconstituted by granite 

intrusion, yielding metabasalts and basic homfels. They indicate 

an unconformity separates the basalt from the silicic rocks, citing, 

for this interpretation, the lack of consistency between the subae¬ 

rial and subsurface rock sequences. They note, for example, that 

sills of granite are found between rhyolite and gabbro in the exposed 

portions of the province, but in the subsurface the granite sills 

occur between rhyolite and basalt. Such relationships, they argue, 

cannot be indicative of the granites having been derived by differen¬ 

tiation of the basic rocks. Certainly the difference in fractionation 

trends between the Mount Sheridan Gabbro and the Mount Scott Granite 

which has been borne out by this investigation (Figure 20), substan¬ 

tiates this claim insofar as these two rocks are concerned. 

However, the picture may be more complex than this. Hanson and 

Al-Shaieb (1980) have noted, for instance, that dikes and sills of 

diabase often cut the silicic rocks of the province, and Thornton (1975) 
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has documented the presence of composite dikes of granite and basalt 

or diabase which crosscut the Mount Sheridan Gabbro (also see Figures 

6 and 7 this report). Moreover, Hanson and Al-Shaieb (1980) have 

drawn attention to the lack of evidence for alkaline affinity in the 

mafic plutonic rocks of the Wichita province (Powell and Phelps, 1977). 

This same subalkaline trend is also exhibited by the Wichita granites. 

Such intimate associations of diabase, basalt, and granite, and the 

subalkaline nature of the basic and silicic rocks argue more in favor 

of emplacement of these rocks over a close interval of time. The pos¬ 

sibility must therefore be considered that extreme differentiation 

(but not necessarily in situ differentiation) of basalt may have pro¬ 

duced at least a portion of the Wichita granites. 

That portion of the Wichita Granite Group which may have been 

differentiated from a basalt is the Mount Scott Granite. REE patterns 

reveal this rock has experienced strong plagioclase fractionation. 

The enrichment in the LREE suggests a source perhaps containing ortho¬ 

pyroxene and/or clinopyroxene. These two minerals generally prefer 

the HREE and, hence, when fractionated out of a magma cause a relative 

enrichment in the LREE (although the maximum partition coefficient for 

clinopyroxene is probably aroud Dy;, Nagasawa and Schnetzler, 1971). 

The depletion in the HREE may also have been due to zircon fractiona¬ 

tion. The granite appears to have experienced little or no hornblende 

fractionation. When hornblende is a residual phase to any major ex¬ 

tent the resultant REE pattern is commonly concave-up (Nagasawa and 

Schnetzler, 1971), a feature not evident in the pattern for the Mount 

Scott Granite. The mineral assemblage thus conjectured to represent 
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the residuum of the Mount Scott Granite - plagioclase, orthopyroxene, 

and clinopyroxene - does, nevertheless, comprise the essential compo¬ 

nents of a basalt. 

The initial Sr^/Sr^ value for the Mount Scott Granite also in¬ 

dicates the body may have evolved through differentiation of a basalt. 

Johnson and Denison (1973) report the value as 0.707 ±0.001. As 

Thornton (1975) accurately points out, this value is within the range 

of continental tholeiitic magma (0.704 - 0.708), but is lower than 

that which would be expected from anatexis of basement rock (>0.710). 

The REE profiles for the Lugert Granite, on the other hand, do 

not suggest an origin by crystal fractionation of a basalt. The REE 

patterns show positive Eu anomalies which are features not typically 

associated with granites that have been derived from such a process 

(Kuo and Crocket, 1979). 

Thus, while there is some indication the Mount Scott Granite 

could be genetically related to the basaltic rocks of the Wichita 

province, the possibility of the Lugert Granite having a similar ori¬ 

gin appears to be precluded. This distinction raises some important 

questions. Is it possible the Mount Scott Granite has a history un¬ 

like that of the other granites in the province? Of the granites it 

is considered to be the oldest and also the most closely allied chem¬ 

ically to the Carlton Rhyolite (Hanson and Al-Shaieb, 1980). Textural- 

ly it is also quite unlike the other granites, for although it has been 

referred to as a granite it is actually a granophyre. Furthermore, 

Ham et al. (1964) have indicated that it is only the granophyres of 

the Wichita province that characteristically occur as sills. The 
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granites (including the Lugert Granite), on the other hand, generally 

occur in the western part of the province as irregular plutons. Along 

a different line, if the Mount Scott Granite has not been a product of 

basalt fractionation, but rather a result of partial melting of thé 

basement rocks, a process which seems consistent with the petrogenesis 

of the Lugert Granite, and is indeed the oldest granite, then why does 

it appear to be more fractionated in terms of Eu than the younger Lu¬ 

gert Granite? 

Before some of these questions can be answered it becomes neces¬ 

sary to digress for a moment and analyze some rather fundamental con¬ 

cepts in experimental petrology. It is well known that a large amount 

of experimental data tends to support the fractional crystallizational 

model for the production of granitic magma from a basaltic parent (see 

Bowen, 1914, 1915; Andersen, 1915; Bowen and Schairer, 1938; Schairer 

and Bowen, 1938, 1947; Schairer, 1954, 1957; and Schairer and Yoder, 

1960). All the systems that have been used to test this hypothesis, 

however, have been relatively simple systems not sufficiently complex 

enough to duplicate natural magmas. Moreover, many of these simpli¬ 

fied systems do not lend support to Bowen's theory. As an example, 

the system MgO - FeO - SK^ (Bowen and Schairer, 1935) shows late- 

stage iron enrichment in the residual liquids (i.e. the Fenner trend). 

Even recent attempts to evaluate the interaction between iron and sil¬ 

ica enrichment (Presnail, 1966) are not complete because the systems 

contain no NajO or K^O and are still not complex enough. As Presnail 

(1979) has so aptly stated the dilemma, "it is a remarkable fact that 

more than half a century of experimental studies has failed to prove 
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conclusively whether or not fractional crystallization of basaltic 

magma is capable of yielding a granitic residual liquid at any pres¬ 

sure." More importantly, even if it is eventually established that 

granitic liquids can be so produced, these end products of fractional 

crystallization would only occur in very small amounts (Morse, 1976). 

Thus, there appear to be some rather severe restrictions on the 

possibility of the Mount Scott Granite having been derived from a 

basalt. Even if one were to ignore that the process has yet to be 

fully demonstrated in the labratory, there still remains the problems 

of accounting for the large volumes of silicic magma and why no large 

amounts of intermediate magma (also absent in the subsurface) are 

present. While it may be tempting, therefore, to relate the Mount 

Scott Granite to such an origin, much of the theoretical considera¬ 

tions are not entirely supportive. 

A more attractive idea for the origin of the Wichita granites 

is fractional fusion (Presnail, 1969) of the basement rocks. In this 

process, the liquid which is produced on melting is immediately re¬ 

moved and is prevented from reacting with the crystalline residue. 

Here the path of the liquid is discontinuous (as opposed to a contin¬ 

uous path of the liquid in fractional crystallization) and large vol¬ 

umes of melt can be produced with no intermediate magma types. Addi¬ 

tionally, if the melting occurs at either a peritectic or eutectic 

invariant point all the melts can be chemically homogeneous. Yoder 

(1976) suggests that under conditions in which stress is involved it 

is usually this process which produces copious amounts of chemically 

similar magma. 
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It Is significant, in this respect, that the average chemical 

compositions of all the Wichita granites are nearly Identical (Ham 

et al., 1964). Certainly the presence of voluminous amounts of 

silicic magma in what is now recognized as the southern Oklahoma 

aulacogen, an area which undoubtedly has experienced much tensional 

stess, lends credence to Yoder's reasoning. 

However, complete fractional fusion may not always be realized 

in a natural environment (Presnall, 1979). During some melting events 

the liquid produced on heating could react and reequilibrate with the 

residue. It may also be possible for some of the residue to be in¬ 

corporated in the magma during its ascent. This could provide an 

explanation as to why the Lugert Granite has a greater accumulation of 

plagioclase (and thus positive Eu anomalies) despite its younger age 

than the Mount Scott Granite. Perhaps during the genesis of the Lu¬ 

gert Granite complete separation of plagioclase residue from the melt 

was not achieved. The many reactions of plagioclase with alkali feld¬ 

spar in the Lugert (Figure 27) provide support for this possibility. 

The closeness of the 525 i 25 m.y. age for the Wichita Granite 

Group and the 500 - 530 i 30 m.y. age for the Roosevelt Gabbros, In¬ 

dicate the latter may have, in part, been responsible for partial 

melting of the basement. 

The relationship of the GMLC to the origin of the granites is 

less certain. The small number of isotopic age determinations that 

have been made on this unit reveal an age of 509 - 730 m.y., but. 

these ages may reflect reheating during granite emplacement and not 

the primary crystallization age (Powell et al., 1980). The age of 
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the GMLC may, in fact, be Precambrian and thus substantially older 

than the granites. The petrologic evidence that the upper 2 - 4 km 

of the unit is missing (Powell and Phelps, 1977), and the 1300 - 

1500 m.y. age inferred from paleomagnetic data (Roggenthen, 1976) 

suggest an older age. 

Conversely, the results of Scofield (1975) indicate the GMLC 

is presently exposed near its top, not its midsection. In addition, 

common lead analysis conducted by Sides and Stockton (1981) on the 

GMLC and Mount Scott Granite support Late Cambrian ages for both 

units. According to Sides and Stockton, their data are consistent 

with mantle derivation of the GMLC and an origin of the Mount Scott 

Granite, a formation with low common lead isotope ratios, by partial 

melting of uranium-depleted metamorphic crustal rocks. 

If the data and interpretations of Sides and Stockton and of 

Scofield are correct, the timing of the major silicic and basic mag¬ 

matic events, and the ages of the GMLC and Roosevelt Gabbros are all 

relatively close. Thus, the heat required for melting the basement 

rocks could have been derived from upwelling of basic magmas during 

the rifting associated with the development of the southern Oklahoma 

aulacogen. 



CONCLUSIONS 

Intrusive relationships between granite and basic rocks are 

evident at both areas which have been investigated in this study. 

The origin of the Mount Scott Granite and the Lugert Granite by 

in situ differentiation is therefore precluded. 

Contamination by alkali metasomatism from adjacent granites 

is apparently the cause of local development of intermediate rocks 
» 

along the contacts of the granites with basic rocks. The petro- 

genesis of the leucogranogabbro at Twin Mountains, presumably an 

anorthositic member of the Glen Mountains Layered Complex, is due 

solely to this effect. 

At Poko Mountain other factors in addition to alkali metasoma¬ 

tism have apparently been involved in producing the intermediate 

rocks. The diorite high in the section of the Mount Sheridan Gabbro 

is a result of both crystal fractionation of the underlying gabbro 

and of hydrothermal alteration from fluids derived from the over- 

lying Mount Scott Granite. 

The granites of the Wichita province represent a more recent 

magmatic episode than that of the gabbroic rocks. The lack of suf¬ 

ficient volumes of intermediate rocks suggest the origin of the 

granites is related to fractional fusion of the Precambrian granitic 

basement rocks, the melting of which was caused by upwelling basic 

magmas during the rifting associated with the development of the 

southern Oklahoma aulacogen. 
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APPENDIX I 

Electron Microprobe Analysis 

Sample Preparation 

Sample preparation for quantitative chemical analysis by elec¬ 

tron microprobe was made following the procedure outlined by Brown 

(1977). Approximately 20 mg of crushed rock powder was melted on a 

molybdenum heater strip housed in a pressurized aluminum canister. 

The molybdenum strip was first cleaned by heating to ~1600°C in an 

inert argon atmosphere. The sample was then loaded onto the strip 

and the pressure raised to 60 psi, with the chamber flushed several 

times while maintaining this pressure. To drive off 1^0 and CO^ the 

strip was heated to 900°C for 15 seconds. The temperature was then 

increased sufficiently above the rock liquidus to insure complete 

melting of the sample, varying from 1450 - 1650°C for diorite and 

gabbro to 1650 - 2000°C for granite. Melting took about 5 seconds 

but another 15 to 20 seconds was added to help achieve homogeneity 

of the melt. For quenching, the voltage was turned off and the 

chamber quickly reduced to room temperature and pressure by flushing 

with argon. 

Contamination of the melt by the molybdenum strip was noted in 

nearly all runs. Biggar (1970) reported that molybdenum contamina¬ 

tion of basaltic melts is typically 0.3 - 0.8 wt. %. However, Powell 

(personal communication), in his investigation of several fused 

glasses from gabbros which were prepared in conjunction with this 
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study, found the molybdenum strip metal contamination to be slightly 

higher at 0.5 - 1.5 wt.; %. Biggar (1970) suggested such discrepan¬ 

cies probably result from a more minimal reaction of the molybdenum 

with the melt under increased reducing conditions. To avoid errors 

due to strip - melt interaction, microprobe analyses were conducted 

over regions of glass not in contact with the strip. 

Operating Conditions and Data Reduction 

Chemical analyses were obtained on the ETEC Autoprobe of the 

Department of Geology at Rice University. LiF, PET, and RbAP cry¬ 

stals were used simultaneously in the three wavelength spectrometers. 

Operating conditions were: 15 - 20 kv accelerating potential; 0.25 

microamperes specimen current on benetoite; spot size 1 micron; and 

a 20 sec counting time. 

Background intensities were determined by spectrometer offsets 

for elements with peak to background ratios less than 7:1. Correc¬ 

tions for instrument drift, background, deadtime, absorption, atomic 

number, and fluorescence were done by computer as well as reduction 

of the data using the PROBEG IV program of J. A. Wood. Compositions 

of the unknowns were calculated by comparing the elemental X-ray 

intensities in the unknowns to that of standards of similar composi¬ 

tion. The total uncertainty of each analysis was estimated by the 

computer program using the following equation: 
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where ■ uncertainty due to counting statistics 

U2 ■ 50% of beam current drift 

» 200% of uncertainty due to counting statistics 

on the background 

U4 » 25% of the absorption correction 

■ 50% of the fluorescence correction 

U5 ■ 15% of the atomic number correction 

Table i shows an example of a clinopyroxene analysis from sample 

K31 of the Mount Sheridan Gabbro. In this analysis the uncertainty 

for Ca is 14.84 1 0.16. Zbar refers to the mean atomic number of the 

unknown. 

Accuracy of the Method 

To gauge the accuracy of the microprobe technique, the average 

of 10 analyses of U.S.G.S. reference standard BHV0-1 obtained in this 

study has been listed in Table ii along with its published recommen¬ 

ded abundances (Leeman et al., 1980) for the principal oxides. With 

the exception of CaO and MgO, all values are in good agreement (i.e. 

all ratios are near 1.00). 

To test for sampling error and homogeneity of the glass, 10 repli¬ 

cate fusions were made on rock sample K28, with each fusion using a 

separate aliquot of powder. All glasses were then examined on the mi¬ 

croprobe. In all, 100 points were analyzed (10 points on each of the 

10 replicates). The coefficient of variation (i.e. standard deviation 

X 100/mean) for the nine oxides is tabulated in Table iii. Deviation 

for all oxides, with the exceptions of Na2Û and 1^0, is' sll% of the mean. 
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TABLE il 

This Study Published Ratio* 

Si02 50.25 unknown 

A12°3 
13.88 13.90 1.001 

FeO 11.09 11.11 1.002 

MgO 6.64 7.30 1.099 

CaO 12.87 11.60 0.901 

Na20 2.26 2.25 0.996 

K2° 0.49 0.54 1.102 

TIO2 2.60 2.75 1.058 

MnO 0.16 0.17 1.063 

*published/this study 
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TABLE iii 

Oxide Coefficient of Variation (%) 

SiO, 

A12°3 

TiO„ 

FeO 

MgO 

MnO 

CaO 

Na20 

3.61 

4.57 

5.55 

3.78 

11.02 

5.38 

5.35 

14.79 

14.37 



APPENDIX II 

Trace Element Analysis 

Analytical Method 

In order to determine trace element abundances In selected rock 

samples an instrumental neutron activation (INAA) technique was adop¬ 

ted. Approximately 40 mg samples from powders prepared for whole- 

rock chemistry were selected for the process. Three Ü.S.G.S. stan¬ 

dards, BCR-I, BHVO-1, and GSP-1, chemically similar to the unknowns, 

were used as monitors. 

Irradiation of the samples was conducted in the Triga Hark III 

reactor of the Nuclear Science Center of Texas A & M University, 

College Station, TX. Sample preparation and counting was carried out 

in the INAA lab of the Lyndon B. Johnson Space Center, Houston, TX. 

Two radioassays of the sample set, the first after 6 to 8 days after 

irradiation for the short-lived isotopes and "high activity" long- 

lived isotopes, and the second from 41 to 46 days for the long-lived 

isotopes were obtained. 

Certain systematic errors in the counting procedure associated 

with peak area determinations for Tb and Ce were rectified, and dead¬ 

time corrections were made. Chondrite normalization for REE was done 

using values of Haskin et al. (1968). The remainder of the trace 

elements were normalized using the values of Schmitt et al. (1964). 

All normalization factors are listed in Table iv. 



167 

TABLE iv 

Element Chondrlte Normalization Factors 

Haskin et al 

La 0.330 

Ce 0.88 

Nd 0.60 

Sm 0.181 

Eu 0.069 

Tb 0.047 

Yb 0.20 

Lu 0.034 

Ba 

Hf 

Rb 

Sc 

Sr 

Ta 

Th 

U 

(1968) Schmitt et al. (1964) 

3.8 

0.2 

2.1 

8 

11 

0.02 

0.04 

0.005 
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Precision of the Technique 

The precision of the technique for two of the chosen standards 

(BCR-1 and BHVO-1), insofar as can be determined from a single 

analysis, is given in Table v. In general the ratios indicate good 

agreement between the published abundances and those of this study. 

Cr, U, and Eb show the.poorest reproducibility. 

Published trace element abundances of BCR-1 are found in Flan¬ 

agan (1973), and those-for BHVO-1 are tabulated in Leeman et al. 

(1980). 



TABLE v 

U. S.G.S. BCR-1 U.S .G.S. BHVO-1 

Published This Study Ratio* Published This Study Ratio* 

FeO 12.10 12.0 1.008 11.11 11.06 1.005 

Na20 3.27 3.26 1.003 2.25 2.23 1.009 

K2O 1.70 1.79 0.950 0.54 n.d. - 

Co 36 36 1.000 43.9 42.1 1.043 

Cr 15 17.8 0.843 266 340 0.782 

Ba 675 669 1.009 125 122 1.025 

La 24.6 24 1.025 15.1 15 1.007 

Ce 53.7 53.5 1.004 38.4 37.9 1.013 

Nd 30.4 30 1.013 25.5 28.5 0.895 

Sm 6.80 6.80 1.000 6.31 6.34 0.995 

Eu 1.93 1.93 1.000 2.06 2.06 1.000 

Tb 1.10 1.10 1.000 1.01 0.8 1.263 

Yb 3.37 3.35 1.006 1.98 1.92 1.031 

Lu 0.526 0.52 1.012 0.285 0.28 1.018 

Sc 31.6 31 1.019 30.7 30 1.023 

Hf 5.2 5.2 1.000 4.6 4.4 1.045 

Ta 0.91 0.88 1.034 1.32 1.42 0.930 

Th 6.0 6.1 0.984 1.25 1.28 0.977 

U 1.74 1.94 0.897 0.3 0.7 0.429 

Rb 44.6 51.2 0.871 10 8 1.250 

*published/this study 

n.d. = not determined 


